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ARTICLE INFO ABSTRACT

Keywords: This paper provides an accessible review of the biological and psychological evidence to guide new and expe-
Emotion rienced researchers in the study of emotional piloerection in humans. A limited number of studies have
Physiology attempted to examine the physiological and emotional correlates of piloerection in humans. However, no review
E;loci:rge{:tion has attempted to collate this evidence to guide the field as it moves forward.

Methodology We first discuss the mechanisms and function of non-emotional and emotional piloerection in humans and

animals. We discuss the biological foundations of piloerection as a means to understand the similarities and
differences between emotional and non-emotional piloerection.

We then present a systematic qualitative review (k = 24) in which we examine the physiological correlates of
emotional piloerection. The analysis revealed that indices of sympathetic activation are abundant, suggesting
emotional piloerection occurs with increased (phasic) skin conductance and heart rate. Measures of para-
sympathetic activation are lacking and no definite conclusions can be drawn. Additionally, several studies
examined self-reported emotional correlates, and these correlates are discussed in light of several possible

Systematic review

theoretical explanations for emotional piloerection.
Finally, we provide an overview of the methodological possibilities available for the study of piloerection and
we highlight some pressing questions researchers may wish to answer in future studies.

1. Introduction

Piloerection—also known as goosebumps or goose pimples—is the
contraction of small muscles at the base of hair follicles resulting in
visible erection of hair. Piloerection has many different functions in
various species. It serves as a form of temperature regulation in mam-
mals (Chaplin et al., 2014; Tansey and Johnson, 2015) and also repre-
sents a method of making non-human animals appear larger in response
to threat. In humans, however, piloerection also occurs in response to a
wide variety of emotional stimuli. This emotional piloerection is not well
understood and raises many interesting questions about the psychology
and physiology of emotion.

The goal of this review is to provide an accessible guide to the sci-
entific study of piloerection from both biological and psychological
perspectives. Some of the research questions from these two perspec-
tives are similar, but many diverge widely. However, they can both
inform each other and it is our goal to synthesize this information to
make cooperation between the two fields easier. Therefore, in this
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article, we provide an overview of biological foundations of non-
emotional piloerection and discuss how it can be used to inform the
study of emotional piloerection from a psychological perspective.

This review is organized into four main sections. First, we discuss the
biological mechanisms of piloerection and introduce piloerection as a
temperature regulation mechanism. In the second section, we discuss
the psychology of emotional piloerection and its physiological corre-
lates. Then we conduct a systematic review of the literature on physio-
logical correlates of emotional piloerection. In the final section, we
provide an overview of the current methodological state of the art and
suggest some ideas for how researchers may move forward in this area.

1.1. A note on terminology

Many terms and various definitions are used to refer to piloerection
across the literature. Several scholars have discussed the relationship
between piloerection and chills. For example, Benedek and Kaernbach
(2011, p. 320) emphasize that in “humans, the study of emotional
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piloerection (i.e., goose bumps) is tightly linked to the study of chills or
thrills. While piloerection actually denotes the visible erection of body
hair, the phenomenon of chills or thrills usually relates to a subjective
experience.” Further, Craig (2005, p. 281) found that in 52 % of the
cases subjective chills responses featured objective piloerection and
concludes that”pilo-erection marks the occurrence of a chill, but a chill
may also occur without pilo-erection.”. Other researchers differentiated
between objective chills (with piloerection) and subjective chills (without
piloerection, (Sumpf et al., 2015). Similarly, Maruskin et al. (2012)
consider chills as a subjective experience consisting of two higher order
clusters labelled goosetingles and coldshivers that have different corre-
lates. Goosebumps or piloerection are considered as part of goosetingles
and are associated with positive affect and approach intentions (see also
Bannister and Eerola, 2021, for conceptualizing different types of chills).

In this manuscript, we use the term piloerection to refer to the
physical contraction of the muscles resulting in hair erection, regardless
of the cause. The term goosebump is used when referring to piloerection
colloquially—for example, when describing the experience subjectively
or relying on self-reports. The term chills (or frisson, thrills) is used almost
exclusively in the context of listening to music and often refers to a self-
reported sensation (de Fleurian and Pearce, 2021). Based on previous
definitions, we consider piloerection a subpart of the psychological
construct of chills. Studies focusing exclusively on (musical) chills are
therefore informative when reviewing evidence with regard to piloer-
ection, although it is possible that such studies treated chills occurring
without piloerection. However, one corollary goal of this paper will also
be to determine the similarities and differences between chills and
piloerection.

2. Non-emotional piloerection
2.1. Biological mechanisms

The mechanisms of piloerection have been well-understood since the
mid-1800s. For example, in Darwin's book The expression of emotion in
man and animals (Darwin, 1872, pp.101-103), he cites a variety of
biological evidence describing piloerection in non-human animals (e.g.,
Lister, 1853).

In the years since, scientific evidence has further illuminated our
understanding of the physiological mechanisms underlying piloerection
(Chaplin et al., 2014; Glatte et al., 2019a). Presumably, both non-
emotional and emotional piloerection rely on the same neurological
and molecular mechanisms. In this first section, those mechanisms will
be identified briefly so that they can then be applied to the under-
standing of emotional piloerection. Specifically, it is hoped that re-
searchers can implement this theoretical understanding of piloerection
into their research along with a focus on physiological measurement in
place of relying purely on self-report.

2.2. Muscular mechanisms

Piloerection is the result of the contraction of arrector pili muscles
(APM), which reside in the dermis layer of skin. APM are smooth muscle
bundles between the hair follicle and the connective dermal tissue, and
are connected to the bulge, the permanent portion of the hair follicle,
throughout the hair cycle (Barcaui et al., 2002; Narisawa and Kohda,
1993). Multiple follicular units can share a single muscle (Poblet et al.,
2002; Song et al., 2005). When the muscle contracts, the hair follicle is
pulled and the hair shaft becomes erect (Hanukoglu et al., 2017; Tor-
kamani et al., 2014). As a result, the skin bunches up and forms little
bumps, increasing the surface area. The density of hair follicles also
differs across bodily sites, with estimates suggesting 14 follicles per cm?
on the calf, 17 on the thigh, 18 on the forearm, 29 on the back, and 32 on
the upper arm (Otberg et al., 2004).

Most mammals have APM, with some exceptions (Chaplin et al.,
2014; Starcher et al., 2005). In contrast, birds have feather muscles
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which are different from the APM in mammals (Homberger and Silva,
2000; Stettenheim, 1972). Thus, while the functions (e.g., increased
size, temperature regulation) may be the same as that of mammals, the
mechanism is not strictly identical.

2.3. Neurochemical mechanisms

The APM are innervated by the sympathetic nervous system (Hell-
mann, 1963). Specifically, postganglionic class C nerve fibres provide
both adrenergic and cholinergic innervation to dermal organs, including
the APM.'

The APM are generally believed to be under sympathetic control,
they have a-1 adrenergic receptors (Glatte et al., 2019b), and use
norepinephrine as their neurotransmitter. In short, norepinephrine is
received by the receptor which begins an intracellular signalling process
(Qin et al., 2011) that ultimately results in smooth muscle contraction
(Carlson and Kraus, 2019). In humans, direct administration of o-1
adrenergic agonists has been observed to cause piloerection. For
example, iontophoresis of phenylephrine causes piloerection (Alsene
et al., 2006; Siepmann et al., 2012).

2.4. Piloerection as a temperature regulation mechanism

Thermoregulation via piloerection appears to be common in both
human and non-human animals (Chaplin et al., 2014; Davenport, 1992;
Herrington, 1951). In short, humans have thermoreceptors in their skin
(Granovsky et al., 2005; Hensel, 1974) and throughout their body (e.g.,
in the gut; Villanova et al., 1997), which detect sensory inputs from
temperature and pain. Some of these thermoreceptors are dedicated to
either hot or cold temperatures (Campero et al., 2001).

Hairy skin is generally more sensitive to thermal information
compared to hairless (i.e., glabrous) skin (Ackerley et al., 2014; Filingeri
et al., 2018; Hamalainen et al., 1985) and functions as a highly sensitive
organ, relaying information about touch, airflow, and other sensations.
Humans have relatively little hair so, while piloerection may be useful in
non-human animals to trap a layer of air around the skin (Herrington,
1951), it seems less useful in humans. It is thought that piloerection may
be useful in conjunction with shivering (Parsons, 2014) particularly
because shivering increases metabolism and piloerection does not
(Chaplin et al., 2014; DeGroot and Kenney, 2007; Tansey and Johnson,
2015).

2.5. Relation to the sympathetic and parasympathetic nervous system

The APM are controlled by the sympathetic branch of the autonomic
nervous system. The primary function of the autonomic nervous system
is to adjust the body's function to changes in the external environment.
For example, external threats require modifications to blood and oxygen
flow by regulating smooth muscle, as in the “fight or flight” response of
the sympathetic nervous system. Additionally, temperature changes
require activation of sweat glands to cool the body (in humans) or to trap
in a layer of heat (in non-human animals) and promote vasoconstriction
(Chaplin et al., 2014; Glatte et al., 2019a).

Only a few experimental studies have been published showing
deliberate induction of piloerection via direct sympathetic nerve acti-
vation (Hijazi et al., 2020). However, it is clear that piloerection occurs
in response to many types of external events. These events might be
purely physiological in nature, such as temperature change, or they
might have a psychological component, such as a positive or negative
emotional experience. In the next section, we turn to discussing the

1 Some cholinergic fibres were reported in the muscles in one study and are
believed to represent parasympathetic fibres (Donadio et al., 2019), though
they are sparse and it is unclear whether they are directly responsible for APM
functioning and related to piloerection.
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psychological antecedents of piloerection.

3. Emotional piloerection

Thus far, we have discussed the biological mechanisms and functions
of non-emotional piloerection. In this section, we turn to discussing
emotional piloerection, exclusively. The mystery of piloerection is that it
also occurs in response to a wide variety of emotional stimuli and ex-
periences. Presumably, when emotional stimuli cause piloerection, it
does so via the same physiological mechanisms as non-emotional
piloerection. However, some psychological theories make varying pre-
dictions regarding the involvement of the sympathetic nervous system
(SNS) and the parasympathetic nervous system (PNS) based on the
classification of the emotional antecedents.

3.1. Piloerection and human psychology

The psychological mechanisms of piloerection are not as well un-
derstood as the biological mechanisms. Piloerection is often discussed in
both scientific and non-scientific media as resulting from (or co-
occurring with) strong emotions, such as awe, excitement or fear;
there is little evidence for or against these claims. Importantly, much of
the psychological literature is concerned with a phenomenon called
chills, which is similar to goosebumps, but does not necessarily require
the hair to be visibly raised (e.g., (Maruskin et al., 2012)). As mentioned
earlier, the methodologies employed to study these phenomena are
extremely similar and we will therefore also consider the literature on
chills when evaluating the psychological structure of emotional piloer-
ection, well-knowing that chills do not necessarily need to involve
objective piloerection.

3.2. Emotions in humans

Perhaps the most common cause of piloerection in humans, and the
most attractive to psychological researchers, is emotional experience.
(Darwin, 1872) for example, suggested that piloerection occurs in
response to anger, fear, or excitement. Indeed, one of the main driving
forces behind psychological research is that the environment can in-
fluence bodily responses via perceptive input and cognitive processing
(Harris et al., 2015).

3.3. Positive emotions

In psychological literature, goosebumps and the chills are often
claimed to have an emotional tie. For example, researchers have pro-
vided evidence that they are related to being moved (Benedek and
Kaernbach, 2011), a predominantly positive emotional experience
occurring in response to significant social events or values (Cullhed,
2019; Zickfeld, Schubert, Seibt, & Fiske, 2019; though see for example
Menninghaus et al., 2015 who consider being moved a mixed emotion).
Similarly, it is often believed they occur as a physiological correlate of
awe (Quesnel and Riecke, 2018; Schurtz et al., 2012), typically defined
as a positive emotion elicited by perceived vastness and the need for
accommodation (Keltner and Haidt, 2003; though see Gordon et al.,
2017 discussing a negative type of awe). However, some evidence failed
to find a relationship between piloerection and awe (McPhetres and
Shtulman, 2021; Zickfeld et al., 2020). They are reported to occur at the
peak of the pleasure response (Salimpoor et al., 2009) and in response to
strong positive emotions (Grewe et al., 2011; Maruskin et al., 2012;
Sumpf et al., 2015; Wassiliwizky et al., 2015). Much of this research
focuses on musical stimuli (Goldstein, 1990) though they can also occur
in response to videos and virtual reality (Quesnel and Riecke, 2018;
Schubert et al., 2018).
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3.4. Negative emotions

Piloerection has been hypothesized to be linked to negative emotions
as well, stemming mostly from animal models. For example, it was
proposed (Panksepp, 1995) to be linked with coldness and sadness in
animals who have been separated from their caretaker (e.g., the sepa-
ration call hypothesis). Some research has uncovered physiological pat-
terns associated with sadness (Benedek and Kaernbach, 2011).
However, other research (Wassiliwizky, Jacobsen, et al., 2017; Zickfeld
et al., 2020) has failed to find evidence for the physiological patterns,
expected to accompany this emotional state of sadness (Kreibig, 2010).

Though a common belief is that piloerection occurs with the emotion
of fear—consider that Goosebumps is the title of a popular horror novel
series—this has not been studied empirically. The experience of
piloerection in response to fear has only been recorded using self-
reported, retrospective reports of goosebumps or chills (Grewe et al.,
2011; Maruskin et al., 2012; McCrae, 2007; Schurtz et al., 2012).

Going beyond the specific valence of the emotional experience, some
scholars have argued that piloerection occurs in response to any strong
emotional reaction or high emotionality (Bannister and Eerola, 2018;
Beier et al., 2020a; Rickard, 2004). This is related to findings arguing
that there are at least three different types of aesthetic chills (warm, cold,
and moving), highlighting different types of negative and positive emo-
tions (Bannister, 2019).

3.5. Emotions in non-human animals

Piloerection has also been observed in non-human animals in a va-
riety of situations assumed to have an emotional component. For
example, during mating rituals, when separated from others, or when in
threatening situations—in some ways, these experiences are similar to
those experienced by humans. Insights from these situations are often
called upon when questioning the functions of piloerection in humans
and form the basis of some theorising (e.g., the separation call hypoth-
esis; Panksepp, 1995).

3.6. Mating

In non-human animals, piloerection has been observed to accompany
various behaviours related to mating, including accompanying genital
displays (Abbott, 1984) and mating dances in birds (Coleman et al.,
2004; Nishida, 1997). Male pygmy marmosets show increased piloer-
ection and courtship behaviours prior to their mates ovulatory period
(Converse et al., 1995). Titi monkeys, which are monogamous, display
higher levels of arousal, including piloerection, after being separated
from their mates for prolonged periods of time (Fernandez-Duque et al.,
1997).

3.7. Response to threat

In non-human animals, piloerection is used to make an animal
appear larger, either to communicate or respond to a threat. In states of
anger, fear, or anxiety animals experience piloerection (Masuda et al.,
1999). For example, when a dog hears a knock at the door or sees
something move out of the window, the hairs on its back (the “hackles™)
stand up. This behavior has been documented in marmosets (Abbott,
1984), night monkeys (Wright, 1978), and chimpanzees (Muller et al.,
2006, 2007) when charging at or threatening other individuals. This
behavior has also been noted in various species of birds (e.g., Morris,
1956; Wolovich et al., 2010; Yorzinski and Platt, 2012), but birds do not
have APM; they use “feather muscles” to control their feathers. Juvenile
monkeys also display increased piloerection when separated from their
parents (Dettling et al., 1998).
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3.8. Theoretical considerations

Several theoretical explanations have been put forth by various re-
searchers in an attempt to explain why (certain) emotional experiences
may be associated with piloerection or what function emotional
piloerection serves. An overview is provided in Table 1. For simplicity,
we will discuss these in terms of two sets of theories. For an in-depth
discussion of these theoretical propositions as they relate to the chills
in the context of music research, see de Fleurian & Pearce (2020b).

One set of theories proposes that psychological needs for social
functioning activate the same mechanisms used for thermoregulation.
The other set of theories proposes that emotional experience is directly
tied to autonomic activation. Thus, both sets of theories propose an
explicit connection between social and biological mechanisms mediated
in various ways by autonomic activation. However, as you will see, these
sets of theories differ in whether this would require SNS or PNS acti-
vation and in the valence of the emotions.

3.8.1. Thermoregulation

Some perspectives propose that emotions and piloerection are con-
nected because they happen to rely on the same mechanisms used for
thermoregulation. The separation-call hypothesis proposes that feelings of
physical coldness are linked to social coldness and sadness, which elicita
piloerection response (Panksepp, 1995, 2009). According to this prop-
osition, separation distress calls from parents and offspring have specific
acoustic qualities resembling the qualities of music responsible for
eliciting piloerection in humans. These acoustic qualities have been
examined in past research (e.g., Bannister, 2020; Bannister and Eerola,
2018). Considering the physiological predictions, there is mixed evi-
dence on the relationship between specific ANS responses and feelings of
loneliness and sadness. A systematic review has differentiated between
forms of activating and deactivating sadness, suggesting that sadness
accompanied by crying shows increased SNS activity, while sadness
without crying is characterized by sympathetic withdrawal (Kreibig,
2010). Previous studies have found that piloerection and crying co-
occurred with increased SNS activation, though piloerection was not
necessarily accompanied by crying (Wassiliwizky, Jacobsen, et al.,
2017). Therefore, it remains unclear whether the separation-call hy-
pothesis would predict increases in SNS or PNS activity.

Similarly, IJzerman et al. (2015) proposed that social attachment
needs and thermoregulation are connected physiologically. That is,
thermoregulation can be satisfied through social interaction (e.g., hud-
dling, sharing food and shelter) or through solitary metabolic means.
First evidence has supported the idea that physical and social warmth
share similar underlying mechanisms (Inagaki and Eisenberger, 2013).
Both forms are achieved via physiological mechanisms mediated by the
SNS (e.g., heart rate, vasoconstriction, etc). Thus, these perspectives
suggest that psychological and physiological experiences of loneliness
and coldness can modulate the SNS, which can result in piloerection.

Table 1
Overview of different theories explaining emotional piloerection.
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3.8.2. Emotional activation

Other theories propose that emotional functioning directly activates
the autonomic nervous system (Kreibig, 2010). That is, rather than
overlapping with a specific function like thermoregulation, it is possible
that the experience of certain emotions could then sometimes cause
piloerection directly. From these perspectives, piloerection is an indi-
cator of “strong” emotional experiences.

One particular example is the emotion of being moved by music and
other experiences that is often accompanied by piloerection (Schubert
et al., 2018; Zickfeld, Schubert, Seibt, Blomster, et al., 2019). There is
disagreement whether being moved represents a positive or mixed
emotion, but the majority of theories agree that it is evoked by some
kind of social closeness or attachment (Cullhed, 2019). It has been
speculated that piloerection often co-occurs with strong instances of
being moved, as it provides a social communicative function, signalling
approach tendencies (Maruskin et al., 2012; Zickfeld, Schubert, Seibt,
Blomster, et al., 2019). Supporting this notion, piloerection has been
associated with social closeness (Maruskin et al., 2012; Schoeller and
Eskinazi, 2019). In this vein, being moved (and the accompanying
piloerection) might also fulfil a social thermoregulation function
(IJzerman et al., 2015). There is mixed evidence with regard to the ANS
correlates of being moved, with most theoretical and empirical contri-
butions highlighting a co-occurrence of tonic PNS and phasic SNS ac-
tivity (Mori and Iwanaga, 2021a; Zickfeld, Schubert, Seibt, & Fiske,
2019; Zickfeld et al., 2020).

Considering that piloerection can occur with a multitude of different
emotional experiences, other researchers have proposed that piloer-
ection occurs at the point when the height of emotional experience is
surpassed (Grewe et al., 2009; Rickard, 2004). This was termed the peak
arousal hypothesis (Benedek and Kaernbach, 2011). This perspective
argues that piloerection can occur in response to both strong negative (e.
g., sadness, fear) and positive emotional (e.g., awe, excitement, plea-
sure) experiences and is strongly related to increases in SNS activity. It is
not completely clear, whether piloerection would occur to any peak
arousal surpassing a specific threshold or whether other cognitive
evaluations or appraisals need to be in place according to this view.

In contrast, another perspective relying on the interplay of emotions
is vigilance theory, which was proposed to understand musical chills (also
called contrastive valence; Huron, 2008). Vigilance theory proposes that
listeners have an expectation about how music will progress. When
listeners experience a surprising or unexpected change in the music
(change in tempo, crescendo, entrance of new voices, etc), emotional
and attentional systems are activated. Some research has found these
changes to be associated with chills (Bannister, 2020; Beier et al., 2020a;
Grewe et al., 2007a; Guhn et al., 2007). Such unexpected outcomes
might lead to fear appraisals that are then resolved by considering the
stimulus as safe. This contrast between negative and neutral/positive
evaluation then results in perceiving piloerection as pleasurable. By
highlighting the perception of safeness and secure attachment, this the-
ory could also be considered to indirectly build on thermoregulation

Theory Type Elicitor ANS Valence  Main source
Separation call Thermoregulation Coldness/sadness highlighting need for social reunion ~ SNS/ - (Panksepp, 1995)
PNS
Being Moved Emotional Activation/ Increased social closeness/morality SNS/ +(=) (Konecni, 2005; Zickfeld, Schubert,

Thermoregulation

PNS Seibt, & Fiske, 2019)

Peak Arousal Emotional Activation Surpassing threshold in emotional/physiological SNS +/= (Benedek and Kaernbach, 2011)
arousal
Vigilance/Contrastive Emotional Activation/ Contrast between fear appraisal and safe stimuli SNS +(=) (Huron, 2008)
Valence Thermoregulation
Knowledge Emotional Activation Maximum in Dis/Similarity between Mental SNS/ +/= (Schoeller, 2015)
Acquisition Representations and External World PNS
Note: ANS = Autonomic nervous system; SNS = sympathetic nervous system; PNS = parasympathetic nervous system; — = negative valence; +/— = negative and

positive valence; +(—) = predominantly positive valence.
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processes.

This vigilance perspective is loosely based in an evolutionary
explanation involving fight-or-flight and attention mechanisms (Ban-
nister, 2020). Essentially, the idea is that changes in the environment
require attention due to the possibility of danger. For example, increased
volume is associated with approaching agents, and changes in tempo or
the introduction of new sounds may signal some new danger in one's
environment. Broadly, this would suggest that attention and aspects of
knowledge (e.g., surprise, uncertainty) are the key experiences that
would activate the SNS and yield piloerection. However, the exact
mechanisms and processes have not been proposed by these theorists.

A final explanation, labelled knowledge-acquisition (or knowledge-in-
stinct), argues that piloerection occurs when the similarity between in-
ternal mental representations and the external world reaches a
maximum (either positive or negative; Schoeller, 2015). This perspec-
tive emphasizes that humans strive to acquire knowledge about the
external environment and create meaningfulness. Piloerection is either
expected to occur when this knowledge is acquired and fully understood
or when no information is internalized. It is thereby related to both
positive and negative affect depending on the amount of knowledge
acquisition. Which physiological activations this perspective would
predict is not straightforward. On the one hand, sudden insights, that
could be considered as a full acquisition of knowledge regarding a
specific phenomenon, have been related to increased SNS activity (Nam
et al., 2021). On the other hand, the emotion of awe that is proposed to
involve a violation of expectations (Keltner and Haidt, 2003), is asso-
ciated with PNS activation (Chirico et al., 2017; Shiota et al., 2011) and
is often assumed to be indicated by piloerection.

3.8.3. Summary

In summary, each of these theories imply that some emotional
response may activate the autonomic nervous system, resulting in
piloerection. While they do not make explicit predictions about the
underlying physiology, these perspectives differ in many ways. First, the
basic mechanism differs—that is, whether emotions directly activate the
autonomic system or whether they overlap with temperature regulation
mechanisms. Second, the theories differ in whether they focus on posi-
tive (e.g., calming, pleasurable) or negative (e.g., sadness, aloneness)
emotions. Following this point, they also differ in whether they propose
that emotional experienced activate the SNS or PNS primarily (see
Table 1).

To begin to answer these questions, a review of the available liter-
ature is needed. Once we understand how emotional piloerection is
working physiologically, we can work backwards and begin to under-
stand the emotional antecedents and functions of this experience.
Physiological correlates indicating SNS activation would yield evidence
for the peak-arousal and vigilance explanations, whereas evidence
showing PNS activation would be more in line with the separation call,
being moved, or knowledge acquisition perspectives. Alternatively,
piloerection may be associated with both SNS and PNS activation, or
with both positively and negatively valenced experiences.

It's important to disentangle the method of physiological activation
because a single action can be differentially associated with different
physiological patterns depending on other factors, such as the valence of
experience. For instance, in a recent study two different type of chills
(vigilance chills and social chills) showed different ANS correlates (Ban-
nister and Eerola, 2021).

However, it's also worth considering that different theories of emo-
tions make different predictions. For example, (social) constructionist
perspectives suggest that specific emotions should not map on to phys-
iological activation patterns one-to-one (Siegel et al., 2018) and we
should instead be focusing on classes of experiences. On the other hand,
identifying specific physiological patterns has been a focus of much
emotion research (Kreibig, 2010). Many researchers may see piloer-
ection as a possible indicator of some specific emotional state, but an
overview of the evidence is needed before any conclusions can be

10
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drawn.

4. Systematic review: the physiological correlates of emotional
piloerection

Thus far, we have discussed the biological and psychological causes
and functions of piloerection. Further, there are different theoretical
explanations for why emotions may cause piloerection. However, no
systematic review has been conducted so far (though see de Fleurian &
Pearce, 2020a for a systematic review on musically evoked chills). Thus,
it is difficult to determine the consistent and inconsistent correlates of
piloerection without a birds-eye view of the literature.

The goal of this review is not to identify average effect sizes or
evaluate statistical significance; meta-analysis has issues that are often
insurmountable, especially with small sample sizes (Vosgerau et al.,
2019). Rather, the goal here is simply to collate the studies and provide
an overview of 1) the research that has been conducted, 2) the measures
that are being used most and least often, and 3) the most consistent
physiological correlates of emotional piloerection. Following this, we
can move forward and determine the outstanding questions and how
those questions should be answered.

4.1. Method

4.1.1. Procedure

We conducted two independent literature searches on PsycARTICLES
and PsycINFO. The first author performed a first search in summer 2020
using the keywords “Piloerection OR goosebump* OR chills AND
physiolog*” on PsycARTICLES. On PsycINFO, the terms “physiological
arousal OR physiological psychology OR physiological correlates” (from
their pre-specified list of phrases) were selected in place of physiolog™.
The first author also searched on PsyArXiv but uncovered no additional
articles that met the inclusion criteria. The second author performed an
additional independent search on the 5th of November 2021 using the
same keywords as in the first search, but adding horripilation, frisson, and
goose pimples.

Results were pre-screened by each author independently and rele-
vant articles were downloaded and further examined according to the
criteria described below. Throughout the review process, any additional
eligible articles were included and are noted as “other sources”. This
protocol was not preregistered, though we report all articles found in the
Supplementary Material and reasons for exclusion (see Tables S1-S2).
The PRISMA flow chart is depicted in Fig. 1 and the summary of the final
included articles is presented in Table 2.

4.1.2. Eligibility

A study was included if it 1) examined human participants, 2) used
psychological stimuli to attempt to elicit piloerection/chills/goose-
bumps, and 3) reported the co-occurrence of piloerection/chills/
goosebumps and any physiological indicators. Studies which did not
include other objective physiological indicators were excluded along
with studies that were designed to investigate other correlates. For
example, Zickfeld et al. (2020) examined the physiological correlates of
kama muta so, while piloerection was observed sometimes, the stimuli
were not specifically designed to elicit piloerection. Finally, qualitative
studies were also excluded as these could not quantitatively assess
physiological data.

4.2. Results

4.2.1. Screening

The first search identified 1268 articles (n = 1216 PsycINFO, n = 42
PsycARTICLES, n = 10 other sources). In total, 79 articles were retained
after screening, resulting in 75 articles after duplicates removed. The
second search identified 706 articles and retained 57 full-text articles
after excluding 19 duplicates (both searches retained 97 individual full-
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Fig. 1. PRISMA diagram depicting the search and review process.

text articles). Of all articles, the same 32 articles were retained by both
searchers and the authors reached the same decision for final inclusion
in all except one instance (Cohen's kappa 0.93). After full-text
screening, the first author coded 27 articles from the first search and
the second author coded 26 articles from the second search. A total of 30
different articles were coded across both searches. We realized after
coding that of these 30 articles four articles used skin conductance re-
sponses to validate chills (a self-reported chill was only defined as such if
it occurred with an electrodermal response), four articles did not employ
stimuli to induce chills specifically, and one article focused mostly on
ASMR responses. Therefore, 21 final articles were retained and coded
from both searches. Overall, the authors indicated the same coding in 86
% of all instances (same codes in 111 out of 129 instances) for these 21
articles. Differences in coding were resolved through discussion.

The final review included 24 studies from 21 articles. An overview is
provided in Table 2. For each study, we searched through the article to
find a report of the relevant physiological measure. Physiological mea-
sures were grouped into cardiovascular, electrodermal, respiratory,
temperature-related, and other changes based on previous studies (e.g.,
Siegel et al., 2018). We recorded the outcome of the piloerection/chills
condition in contrast to a baseline or control condition. We recorded
whether effects were statistically significant or not and if yes, whether
they showed in increase or decrease in the specific physiological mea-
sure.” Finally, we summarised the self-reported emotions measures from
each study in Table 3.

Note. The total number of screened articles does not reflect the sum
of both searches since both searchers may include the same article. Since
we only recorded full-text articles assessed in the first search, we are not
able to quantify the total amount of articles across both searches. Note
that the final number of studies included is k = 24.

4.2.2. Study details
Articles were recently published ranging from 2001 to 2021 in
publication year and included small sample sizes ranging from a total of

2 We acknowledge that this approach has some drawbacks, as a study might
uncover a strong effect size (and potentially practical significant effect) that is
not statistically significant due to low power and a small sample size (which is
common for physiological studies). However, the majority of studies did not
report effect sizes, so focusing on them might have resulted in more exclusions.
Further, most studies have similar sample sizes, so power (and therefore effect
size cutoff) can be expected to be similar. Also note that a statistically non-
significant effect does not equal the absence of an effect (Lakens et al., 2018).
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10 to 95 participants (M = 38.25, SD = 19.07). Such small sample sizes
might severely limit the effects one is able to obtain with a high power.
As an example, a sample size of 40 will be sensitive for detecting cor-
relation effects at r = 0.52, or between-subjects differences (e.g., in an
experiment with two groups of 20) of d = 1.17 given a power of 95 %
(and an alpha level of 0.05). These effects are very large—much larger
than the average psychological effect (Funder and Ozer, 2019; Gignac
and Szodorai, 2016)—and small samples inflate effect sizes (Button
et al., 2013; Ioannidis, 2008; Rochefort-Maranda, 2017). As a result, it is
likely that some associations are spurious (or may even have been
missed) due to the sample size.

4.2.3. Stimuli

The most popular stimuli used was music (k = 21); though four
studies used music in combination with some other stimuli (mainly film
clips). One study used video stimuli, one used poetry, one used the recall
of emotional events, and auditory, tactile, and gustatory stimuli.

4.2.4. Type of construct

The majority of studies (k = 21) focused on chills or different variants
thereof. For instance, Bannister & Eerola (Bannister and Eerola, 2021)
differentiated between social and vigilance chills and Sumpf et al. (Sumpf
et al., 2015) distinguished between chills with and without piloerection.
Only five studies focused on piloerection specifically.

4.2.5. Piloerection measure

Overwhelmingly, studies relied on self-reported chills (k = 23). Only
five studies measured piloerection objectively; four of those also
included a self-report measure.

Physiological correlates.

4.2.6. Cardiovascular changes

As can be seen in Table 2, the majority of studies (k = 16) included
some type of cardiovascular measure. In all instances, heart rate was
assessed, pulse volume amplitude in three instances, and flattened
emotionality in one article. In eleven of those instances, the study re-
ports an increase in heart rate. This was observed in eight out of 12
studies using self-reported chills; and in 3 out of 4 studies using objective
piloerection measures. Sumpf et al. (2015) provided a direct comparison
between self-reported chills with and without piloerection and found a
significant increase in heart rate only for responses including objective
piloerection. The other cardiovascular measures show mixed results. For
example, three studies report pulse volume amplitude; two reported a



J. McPhetres and J.H. Zickfeld

Table 2
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Physiological correlates of emotional piloerection as identified through a systematic review of the literature. (+) indicates that piloerection or chills was associated
with a stat. Significant increase in that measure; (—) indicates that piloerection or chills was associated with a significant decrease in that measure; (ns) indicates that
piloerection or chills was associated with no statistically significant change in that measure; SR = self-report; HR = heart rate; PVA = pulse volume amplitude; BVP =
blood volume pulse; Ex = flattened emotionality; SCL = skin conductance level; SCR = skin conductance response; RR = respiratory rate; RD = respiratory depth; ST =
skin temperature; EMG = electromyography; corr = corrugator supercilii; zyg = zygomaticus major.

Study details DV Cardiovascular Electrodermal Respiratory Temperature Other
Author(s) Year N Stimuli Type Objective SR HR PVA/ Ek SCL SCR RR RD ST
Piloerection BVP
Bannister & Eerola 2018 24 Music Chills X + +
Bannister 2020 40 Music Chills X +
Bannister & Eerola 2021 44 Music Vigilance X + + -
Chills
Bannister & Eerola 2021 44 Music Social Chills X ns ns ns
Benedek & Kaernbach 2011 50 Music/Film Piloerection =~ Goosecam X ns ns ns + ns +
Blood & Zattore 2001 10 Music Chills X + ns” + ns + (EMG)
Craig 2005 32 Music Chills/ Observation +° ns
Piloerection
Grewe et al 2009 95 Music Chills X + + + ns
Grewe et al 2011 36 Pictures/Music/Sounds/  Chills X ns/ + ns
Tactile/Gustatory/Recall +°
Guhn et al 2007 27 Music Chills X ns +
Laeng et al 2016 52 Music Chills X + (pupil
diameter)
Mori & Iwanaga 2014 32 Music Chills X + + ns
Mori & Iwanaga 2015 32 Music Chills X +
(Study 2)
Mori & Iwanaga 2017 32 Music Chills X ns + + ns +
Mori & Iwanaga 2021 20 Music Chills X + + +
(Study 1)
Mori & Iwanaga 2021 34 Music Chills X ns + +
(Study 2)
Polo 2017 71 Music Chills X + +
Salimpoor et al 2009 26 Music Chills X + - + ns ns
Salimpoor et al 2011 10 Music Chills X + - + + -
Starcke et al 2019 39 Music Chills X + -
Sumpf et al 2015 58 Music/Film Chills w/o X ns ns ns
Piloerection
Sumpf et al 2015 58 Music/Film Chills w Goosecam X + +
Piloeretion
Wassiliwizky & Jacobsen 2017a 25 Videos Piloerection  Goosecam X + ns ns + (corr); ns
et al (zyg)
Wassiliwizky & Koelsch  2017b 27 Poems Piloerection =~ Goosecam X + + + (corr); ns
et al (zyg)

N is reported before any exclusions.
? Electrodermal measure not specified (GSR).
b | for some stimuli, ns for the majority.

decrease, and one found no statistically significant effect.

4.2.7. Electrodermal changes

Nearly all of the studies included a measure of electrodermal activity:
ten studies included a skin conductance level (tonic) measure, 16 studies
included a skin conductance response (phasic) measure, and two studies
did not specify the exact type of electrodermal measure. Fourteen out of
the 16 studies report a significant increase in phasic electrodermal ac-
tivity and seven out of ten studies report a significant increase in tonic
activity. This is the most consistent correlate identified through this
analysis: both self-reported chills and objectively recorded piloerection
were associated with an increase in (phasic) electrodermal response
around the time period of the incident. Bannister and Eerola (2021)
reported evidence that phasic activity differed for specific types of chills,
with social chills showing no significant effect with regard electrodermal
responses. It is unclear whether these responses also involved piloer-
ection though.

4.2.8. Respiratory & temperature changes
Of the 11 studies measuring respiration rate, three showed a
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significant change, but the majority of eight reported no statistically
significant effect. For respiration depth, all three studies reported a
statistically significant increase. Five studies explored temperature
related changes and found no statistically significant effect in four in-
stances and a decrease in one study. Note, that skin temperature mea-
surements were performed at different locations (e.g., finger, palmar
surface, left upper arm) and therefore might not be comparable, as there
has been found different degrees of variability in temperature (e.g.,
Zaproudina et al., 2008).

4.2.9. Other changes

Additionally, facial electromyography measures in two studies
revealed an increase in corrugator but not increase in zygomaticus ac-
tivity. One study—(Blood and Zatorre, 2001) found an increase in
muscle contractions, but did not report the location of EMG measure-
ment. Finally, another study reported an increase in pupil diameter
(Laeng et al., 2016).

Mori and Iwanaga (2014) also looked at the influence of resting
respiratory sinus arrhythmia and inter-beat intervals on subsequent
chills, finding that these measures, typically indicating PNS activation,
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Table 3

Self-reported emotions associated with chills and goosebumps according to study.
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Valence & arousal High arousal

Negative valence

Positive valence

Author Year Valence Pleasantness Arousal Agitated Alertness Anxiety Fear Nervous Perturbed Tense Amused Emotional Energetic
intensity

Bannister & Eerola 2018 ns + ns

Bannister 2020 ns ns ns

Bannister & Eerola 2021 nr

Benedek & Kaernbach 2011 ns ns

Blood & Zatorre 2001 nr nr

Craig 2005 + - -

Grewe et al 2009 + +

Grewe et al 2011 /4 nr +/ns¢ nr

Guhn et al 2007

Laeng et al 2016

Mori & Iwanaga 2014 + ns

Mori & Iwanaga 2015 + + +

Mori & Iwanaga 2017 + + +

Mori & Iwanaga 2021 (S1) ns +

Mori & Iwanaga 2021 (S2) nr ns

Polo 2017

Salimpoor 2009 + +

Salimpoor 2011

Starcke 2019

Sumpf et al 2015 + ns + + + +

Wassiliwizky & Jacobsen 2017a

Wassiliwizky & Koelsch 2017b

Note: ns = not significant; nr = not reported. Categorization of emotion terms with regard to valence and arousal based on (Barrett, 2004; Feldman Barrett and

Russell, 1998).
aFor vigilance chills.
bFor social chills.
cPositive for music, negative for sounds and pictures.
dPositive for music, ns for sounds and pictures.

predict the experience of self-reported chills negatively. These findings
should be explored further in future research.

Finally, three studies investigated neural correlates (Blood and
Zatorre, 2001; Salimpoor et al., 2011; Wassiliwizky, Koelsch, et al.,
2017). Though this was not the intended focus of the present review,
neural correlates represent an area of interest for future investigations
and those reports may be useful as a starting point.

4.3. Discussion

This systematic review revealed that emotional piloerection (or
goosebumps or the chills), as investigated in 24 studies (and 21 articles),
co-occur with an increase in electrodermal, most commonly phasic ac-
tivity, and heart rate. We also observed frequent non-significant effects
for respiratory rate and skin temperature changes. In summary, the
evidence points towards emotional stimuli activating the SNS. However,
direct evidence for or against PNS activation has not been adequately
tested: only one study (Mori and Iwanaga, 2014) investigated resting
respiratory sinus arrhythmia, an index believed to indicate PNS activity.
In addition, all three studies showed a significant increase in respiratory
depth, which has been related to increased PNS activity. We can mainly
indirectly infer decreased PNS activation due to findings of increased
cardiovascular and electrodermal activity.

Notably, we did not observe any systematic differences between
piloerection and (subjective) chills. This might be due to the fact that the
majority of chills studied also involved instances of piloerection or that
the physiological basis of both responses is rather similar. More specific
evidence could only be derived from one study exploring the difference
between chills with or without piloerection (Sumpf et al., 2015), mainly
observing a difference in cardiovascular activity.
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4.3.1. Indicators of SNS versus PNS activation

The studies included in this review identified mostly indicators of
SNS activation; only one study looked at more direct indicators of PNS
activation (Mori and Iwanaga, 2014) which were however resting RSA
and IBI. In addition, three studies reported measuring respiratory
depth,® which has been associated with increases in heart rate vari-
ability (Laborde et al., 2017), but there is not enough evidence to make
any conclusive statements. Thus, as mentioned previously, emotional
piloerection seems to be associated with (phasic) SNS activation. How-
ever, limited conclusions can be drawn concerning PNS activity.

Researchers may benefit from a focus on PNS activation because
experiences associated with goosebumps are often believed to be
calming (Mori and Iwanaga, 2014) and are associated with positive,
low-arousal emotions (Chirico et al., 2017; Shiota et al., 2011).

4.3.2. Emotional antecedents

Regarding emotional antecedents, there is not enough research
available to evaluate the specific emotions associated with the occur-
rence of emotional piloerection. Emotional adjectives were not
measured in every study and, where they were, the adjectives used
varied widely. The summary of emotions across studies is provided in
Table 3.

4.3.3. Discrete emotions
Many studies considered the emotion of being moved as indicative of

3 The consistent finding on respiratory depth seems noteworthy, as it might
suggest that breathing plays an important role in the experience of piloerection
or chills. However, it should be highlighted that there are too few studies
assessing respiratory depth and previous self-report findings focusing on
voluntarily generated piloerection found no association of breathing with
producing piloerection (Heathers et al., 2018; Katahira et al., 2020).
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High arousal Low arousal

Positive valence Negative valence

Positive valence

Enjoyment  Happy Inspiring Joy  Powerful = Melancholic =~ Sad  Affection ~Awe Beingmoved Calm  Nostalgia Relaxing Sentimental  Tender
nr ns ns ns ns + ns
ns ns ns ns ns ns ns ns
nr +° +P
+
+ + ns
ns
ns
+ + + + ns +

emotional piloerection (Bannister and Eerola, 2021; Benedek and
Kaernbach, 2011; Mori and Iwanaga, 2017, 2021a; Wassiliwizky,
Jacobsen, et al., 2017) providing some theoretical evidence for the
perspective that piloerection is tightly linked to this emotional experi-
ence. However, only a few studies asked participants to report discrete
emotions, and these emotions varied across studies (Bannister, 2020;
Egermann et al., 2011; Sumpf et al., 2015). Further, there are other
studies in which self-reported emotions were collected (Park et al., 2019;
Rickard, 2004; Salimpoor et al., 2009) but correlations with chills were
not reported because the study focused on other aspects. As a result, it is
premature to determine any consistent correlations between subjective
emotions, piloerection, and ANS activation.

Six studies reported associations between emotional piloerection and
being moved. Two of these found a positive relationship, three no sta-
tistically significant relationship, and one defined a specific chill type
based on being moved reports. This provides only weak evidence that
emotional piloerection would be specifically tied to experiences of being
moved.

Similarly, two out of four studies reported positive associations be-
tween sadness and emotional piloerection, also providing limited evi-
dence for the separation call account. In general, emotional piloerection
was positively related to experiencing a variety of emotional episodes
(see Table 3), suggesting that this bodily reaction is not specific to any
emotion.

Different theories of emotions make different predictions about how
and why emotions may be related to autonomic activation. For example,
social constructionist perspectives suggest that specific emotions should
not map on to physiological activation patterns one-to-one (Siegel et al.,
2018), meaning that piloerection should not be associated with any one
specific emotion (speaking against the separation call, being moved, and
contrastive valence perspectives). In contrast, classical theories of
emotion propose that individual emotions would have specific patterns
of physiological activation identifying them (Barrett et al., 2007). This
means that piloerection should be associated with some specific emo-
tions more frequently than others (e.g., being moved, awe, sadness).
Future research will be needed to navigate between these perspectives.

4.3.3.1. Valence. Putting aside discrete emotions, these studies can tell
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us something about the qualities of emotions. For example, one study
reported that negatively valenced music elicited arousal and piloer-
ection, while positively valenced music elicited piloerection only
(Grewe et al., 2007b).

Eleven studies included a self-report measure of valence (or pleas-
antness; with higher scores indicating pleasantness; Table 3), of which
seven reported positive associations, one reported a negative associa-
tion, and the remainder did not report statistically significant associa-
tions (or did not report any associations). This could be considered
evidence that stimuli eliciting chills or piloerection is positively
valenced. Such an observation would speak against the separation call
hypothesis and more for the being moved and contrastive valence
accounts.

Alternatively, there may not be a specific valence of emotional
experience associated with piloerection as suggested by the peak arousal
or knowledge acquisition theories. Kreibig (2010) noted that surprise
does not have a clear valence connotation, yet it is associated with a skin
conductance response and an increase in heart rate. More systematic
research on (objective) measures of valence in response to emotional
piloerection is needed.

4.3.3.2. Arousal/emotional intensity. Finally, we observed that thirteen
studies measured self-reported arousal or emotional intensity. For
arousal, these reported a positive association with emotional piloer-
ection in six out of nine cases, a negative relationship in one, and sta-
tistically non-significant findings for the remaining two. For emotional
intensity, this showed a positive association with emotional piloerection
in three studies and the specific association was not reported in the
remaining three cases. These findings partly replicate the physiological
data showing that emotional piloerection occurs in response to
increased SNS activity and lending partial support to the peak arousal
and contrastive valence perspective.

4.3.4. Measurement objectives

It must be noted again that the majority of the published research did
not objectively measure piloerection. Instead, most research measured
self-reported goosebumps or chills response. At the same time, it should
be emphasized that there is quite a lot of similarity in the physiological
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correlates between the studies investigating chills and piloerection. Thus,
despite evidence that subjective measures show only weak relations to
objective measures of piloerection (Benedek and Kaernbach, 2011;
McPhetres and Shtulman, 2021), the two phenomena demonstrate
similar SNS activity providing some further evidence that they might be
strongly related phenomena (Maruskin et al., 2012) or that the majority
of subjective chills responses studied also included some actual piloer-
ection responses.

4.3.5. Theoretical considerations revisited

Above, we discussed five types of theories: separation-call, being
moved, peak arousal, contrastive valence, and knowledge acquisition.
These theories also differed in the valence of the emotions and the
specific ANS activity associated with emotional piloerection. As
mentioned earlier, the main body of literature suggests that emotional
piloerection shows an increase in SNS activation as indexed by increased
heart rate and (phasic) electrodermal activity. This finding would
mainly provide support for the peak arousal and contrastive valence
explanations. However, two studies (Wassiliwizky, Jacobsen, et al.,
2017; Wassiliwizky, Koelsch, et al., 2017) measuring valence via facial
EMG observed only significant increases in corrugator activity, typically
associated with negative valence, but not increased zygomaticus activity
during emotional piloerection. This observation would speak against the
contrastive valence perspective, though the amount of evidence is
limited with only two out of 24 studies testing fEMG. Similarly, self-
reported pleasantness ratings showed positive correlations with
emotional piloerection in the majority of studies, which might provide
evidence against the separation call hypothesis. Another observation
supporting a peak arousal account would be the fact that several studies
theoretically define chills by increases in physiological arousal (Beier
et al., 2020a; Colver and El-Alayli, 2016; Egermann et al., 2011; Grewe
et al., 2007a). In these studies, a self-reported chill response is only
considered as valid if it also occurs with a skin conductance response.
Similarly, the fact that piloerection has been associated with a range of
positive and negative emotions (see Table 3) would further support the
peak arousal hypothesis.

However, there are two main shortcomings in the present literature
which preclude any clear conclusions. In the studies reviewed here,
researchers have focused almost exclusively on indicators of SNS acti-
vation and have employed specific PNS measures less frequently. Thus,
there is not enough evidence to adequately compare these perspectives
based on the physiological correlates available in the published litera-
ture. It is indeed possible that emotional piloerection involves a co-
activation of the SNS and PNS, thereby providing support for the
remaining theoretical perspectives. Additionally, as discussed above,
there is not enough evidence to come to conclusions about emotional
antecedents. Nevertheless, this review can provide us with a host of
information about the research that has been conducted. Particularly,
this review can tell us about the useful indicators of SNS activation,
emotional qualities, measurement objectives, and can help to identify
future directions.

5. The future of piloerection research

The information reviewed thus far is intended to be a comprehensive
but accessible overview of the current knowledge of piloerection. We
have discussed evidence on the biological mechanisms and functions of
piloerection and have outlined the available evidence concerning its
psychological mechanisms. Digesting the above information yields
many interesting and exciting questions. Additionally, there are some
important limitations that must be considered. Therefore, the goal of
this section is to outline the pressing questions for future goosebumps
research and to provide an overview of how one can study the
phenomenon.
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5.1. What are the pressing questions?

It is clear that the remaining questions concern the explicit physio-
logical similarities and differences between non-emotional and
emotional piloerection. For example, the biological function of the
arrector pili muscle is quite well understood, as are the ways in which
body processes temperature-related information. Yet, this system is
somehow co-opted by cognitive and perceptual information. Thus, we
expect that the one fruitful future research will be attempting to identify
the biological mechanisms underlying the psychological experience.
Below we outline a few interesting questions, which we hope spark ideas
in interested researchers.

5.1.1. Voluntary goosebumps

Darwin (1872), while having noted the apparent non-conscious
function of piloerection, could not help but notice that the arrector
pili muscles also seem to be under the control of voluntary muscles
simultaneously. Much more recent research has also remarked on this
puzzlement (Grewe and Kopiez, 2010; Heathers et al., 2018; Katahira
et al., 2020a; Muzik et al., 2018): humans should not be able to control
the autonomic system consciously.

However, it is worth considering that some animals can exhibit
piloerection in ways that seem to be voluntary. For example, birds can
also raise their feathers for self-cleaning (Homberger and Silva, 2000)
and several aspects of peacock courtship rituals appear to be purposeful
and complex (Dakin et al., 2016; Dakin and Montgomerie, 2009). The
ability to piloerect for mating displays or to make themselves appear
larger in response to a threat also seems to have purposeful elements
(Morris, 1956; Yorzinski and Platt, 2012).

The ability of some humans to consciously piloerect suggests even
more similarity between humans and non-human animals. Humans are,
of course, mammals, so perhaps a vestigial system remains in some
humans. In depth study of the people who are able to voluntarily control
piloerection may provide answers to these questions (Benedek et al.,
2010; Heathers et al., 2018; Katahira et al., 2020Db).

5.1.2. Chills and piloerection

As noted previously, most of the research has been conducted by
asking people to self-report chills or goosebumps. Some research finds
that self-reports are much more frequent than objective piloerection
(McPhetres and Shtulman, 2021). Yet, according to the systematic re-
view above, chills seem to be associated with a similar pattern of
physiological correlates. Are chills just unobserved instances of piloer-
ection? What are the neurological mechanisms of chills and how are
they different from observable piloerection? Does piloerection include
more subjective components (e.g., tingling in the spine, chills) than what
has previously been considered? Future research can begin to answer
these questions.

5.1.3. Directionality

One important question relates to the direction of the relations be-
tween perception and physiology. Organisms take in information about
the world through sensory organs, and that information influences how
the organism functions. Indeed, emotions are posited to interrupt sys-
tematic processing and reorder priorities (Simon, 1967): when one
visually perceives a threat, one's body responds accordingly. However,
this also suggests that emotions can influence perceptions (Zadra and
Clore, 2011) because an object in the environment must be evaluated in
context of the current situation—an evaluation partly determined by
one's emotional and physiological state. A classic issue in psychology is
the concept of embodiment: the idea that aspects of cognition are shaped
by bodily functions much in the same way that cognition shapes bodily
functions (Harris et al., 2015).

Accordingly, some research has suggested that artificially inducing
piloerection creates the feeling of surprise in research subjects
(Fukushima and Kajimoto, 2012). Other researchers have “embodied”



J. McPhetres and J.H. Zickfeld

certain physiological signals and created a wearable suit which com-
municates the experience of awe and piloerection (Neidlinger et al.,
2019). One possible avenue for future research may be to explore exactly
how piloerection is connected to perceptions by considering these
alternative directionalities.

5.1.4. Emotional correlates

As discussed above, identifying the emotional antecedents of
piloerection is an aim of much research. Different theoretical perspec-
tives on emotions propose oppose possibilities: that specific emotions
may or may not show a one-to-one relation with physiological activation
patterns. Given the mixed evidence from the review above, future
research should try to include consistent measures of discrete emotions
in order to address this question.

Some research regarding piloerection and emotions is quite well
developed but would not have been included in this review because it
did not involve other physiological measures. A future systematic
investigation could investigate a broader set of studies focusing only on
emotional correlates. Such a task is outside the scope of the present
review but may yield more information on self-reported emotions.

5.1.5. Genetic candidates and neurochemical mechanisms

Some of the neurochemical mechanisms of how piloerection func-
tions have been identified. However, these mechanisms have not been
investigated in emotional piloerection. That is, it remains unclear
whether emotional piloerection works through the same or different
pathways—this is an important area for future research to explore.
There are several resources which provide an overview of the genetic
mechanisms involved in piloerection, and this research has identified
some specific receptors that may be involved. However, this research is
still in progress (e.g., Fujiwara et al., 2011; Guipponi et al., 2007;
Rouillard et al., 2016).

Additionally, the known innervation pathways imply that specific
neurotransmitters will be involved at certain stages of the physiological
response (e.g., norepinephrine as discussed by Laeng et al., 2016). Thus,
future research can investigate whether these pathways are the same in
both non-emotional and emotional piloerection, as well as in voluntary
and non-voluntary piloerection. Such an investigation could use in situ
or in vitro measurements of neurotransmitters, hormones, or other bio-
signals such as nerve conduction.

5.2. How do we study emotional piloerection?

In order to begin to answer the above questions, we must have a
standardised and reproducible methodology and analytic procedure. In
this regard, the study of piloerection from a psychological perspective
can be optimized. In this section we discuss some limitations with past
research, as well as some methodological strengths.

5.2.1. Limitations

A first step in understanding how one can study emotional piloer-
ection is to understand where the shortcomings are. We first identify and
briefly discuss two shortcomings before moving on to discuss
methodologies.

5.2.1.1. Limitations of the available evidence. The psychological litera-
ture on emotional piloerection suffers from some important limitations.
First, there is very little research to begin with. As can be noted in the
systematic review, above, there were only 24 studies that investigated
physiological correlates and fit our criteria. Only five of those measured
piloerection objectively, and those five studies varied in terms of
methodology (e.g., the camera devices were constructed independently,
analysis procedures and computation decisions vary, the stimuli were
different). Thus, while there is some evidence to rely on, this area of
research is almost entirely nascent.
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Of the research that does exist, there is little standardisation in terms
of methodology. For example, despite the availability of various objec-
tive measurements of piloerection (to be discussed below), the majority
of research has examined self-reported chills.

A final limitation is that researchers in biological psychology and
psychophysiology have been slow to implement open and transparent
practices (Mayo-Wilson et al., 2021). See for example the TOP factor
scores, which evaluates journals on their implementation of eight
transparency standards (https://topfactor.org/journals). Tools like pre-
registration and norms around sharing data, code, and materials will
only improve the quality of research on this topic and we encourage
researchers to adopt these practices.

5.2.1.2. Limited uptake of biological theory. An additional shortcoming
is that the psychological literature has incorporated very little evidence
or theory from the biological literature. Despite the fact that humans are
animals and share common ancestors and biology, psychological studies
on piloerection occur almost entirely in isolation from other bodies of
theory. For example, self-reported goosebumps are often discussed in
terms of broad social and emotional theories (e.g., awe, being moved) or
are very loosely connected to “evolutionary explanations” (e.g., vigi-
lance, fight-or-flight). It is unclear how well such perspectives relate to
the biological processes occurring. Clearly, an interesting question is
how human perception and cognition influence physiological processes.
To answer this question will require the synthesis of evidence and the-
ories from multiple areas of research.

5.2.2. Measurement

Several options for the objective measurement of piloerection exist.
However, all of these options are used relatively infrequently and all of
them lack more efficient standardisation and reproducibility in the
workflow. Thus, one issue for future research to alleviate will be to
standardise an efficient and reproducible workflow.

5.2.2.1. Goosecam. Benedek et al. (2010) designed a MatLab program
(Gooselab; http://www.goosecam.de/gooselab.html) and recording de-
vice (Goosecam), which analyses video of a subject's skin for the visual
occurrence of goosebumps. This is the most widely adopted measure-
ment system (e.g., Katahira et al., 2020b; McPhetres and Shtulman,
2021; Quesnel and Riecke, 2018; Sumpf et al., 2015; Wassiliwizky,
Jacobsen, et al., 2017; Wassiliwizky, Koelsch, et al., 2017; Zickfeld et al.,
2020). In general, it is quite simple and affordable. The program has
recently been updated for more recent versions of MatLab.”

However, the workflow is flexible and is not entirely reproducible.
Based on private communications with researchers who have imple-
mented this software, large variations in equipment use, methodological
choices, and analytic decisions are made. Thus, many authors are using
very different protocols despite the same method. This means that 1) it is
difficult for naive researchers to adopt this protocol without training,
and 2) it is unclear exactly how much this variation affects research
results and conclusions.

5.2.2.2. Location of the recording device. Researchers have recorded the
occurrence of piloerection at several bodily locations. Most researchers
(Benedek and Kaernbach, 2011; McPhetres and Shtulman, 2021; Ques-
nel and Riecke, 2018; Sumpf et al., 2015; Zickfeld et al., 2020) placed
the camera on the non-dominant forearm or visually observed the arm
(Craig, 2005). Wassiliwizky and colleagues (Wassiliwizky, Jacobsen,
et al., 2017; Wassiliwizky, Koelsch, et al., 2017) placed the camera on
the leg above the calf muscle. One study reports that chills and/or
goosebumps are most likely to occur on the legs (Wassiliwizky et al.,

4 The most stable release working on at least up to MatLab 2021 can be found
at: https://github.com/DurhamARC/gooselab.
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2015), but this has not been tested empirically using objective measures.

While it seems premature to us to make any specific recommenda-
tions with regard to measurement methods or placement locations, it
should be noted that recording the forearm with the Goosecam has been
the most frequently used approach. Similarly, self-report evidence on
voluntarily generated goosebumps suggest that piloerection was expe-
rienced most frequently on the arms (Heathers et al., 2018). Future
studies would need to systematically compare different measurement
approaches or placement locations in order to investigate the most valid
option to measure piloerection objectively.

5.2.2.3. Image-based measurement. Similar to the goosecam, Uchida
et al. (2018) describe a program which analyses changes in skin texture
(e.g. the sulcae cutis) by means of a greyscale conversion. This has not
yet been applied in any experimental research and attempts to contact
the authors to access the code have not been successful.

5.2.2.4. Flexible skin sensor. Kim et al. (2014) describe a flexible skin
capacitor which detects piloerection. While promising and technologi-
cally feasible, this device has not been used in any experimental
research, nor has it been cited in any applied research articles.” How-
ever, another flexible skin sensor is in development which allows for
distinguishing phasic changes based on the presence of piloerection
(Jing et al., 2022).

5.2.2.5. Stimuli. After having determined how one will measure
piloerection, it is important to be able to elicit it consistently. As noted in
Table 2, researchers use a variety of stimuli to elicit the chills and
piloerection—the most commonly used is music. However, there are
many types of stimuli that are believed to elicit piloerection and an
important goal of future research will be to narrow down the charac-
teristics of the stimuli.

For example, Panksepp (1995) posits that specific acoustic qualities
and dynamics may cause piloerection because of their similarity to
distress calls of wild animals. A few studies describe in-depth analyses of
the stimuli used in their research (Beier et al., 2020b; Guhn et al., 2007;
Mori and Iwanaga, 2021b; Quesnel and Riecke, 2018; Wassiliwizky,
Jacobsen, et al., 2017). However, future research could benefit from
continued anlaysis of the visual and acoustic characteristics of effective
stimuli.

Additionally, most of the research allows subjects to select their own
stimuli from a pre-determined list or to provide their own stimuli,
claiming that this helps increase the chance of observing piloerection
(Craig, 2005). A few papers examine this (e.g., Benedek and Kaernbach,
2011; Mori and Iwanaga, 2021a; Wassiliwizky, Koelsch, et al., 2017)
and report no differences in the effectiveness of the stimuli. However, no
studies have been designed with the express purpose of testing this hy-
pothesis. Such a study design would be complicated and invokes many
related questions: are participants able to identify powerful stimuli on
their own? Can participants choose from a pre-determined list? Does the
participant need to be completely naive to the stimuli? Additionally, a
very large set of stimuli will be needed in order to generalise across the
specific characteristics inherent in the stimuli. On the other hand, other
researchers note that the familiarity of the stimuli is not related to its
ability to induce goosebumps (Colver and El-Alayli, 2016; Grewe and
Kopiez, 2010).

6. Conclusion

To date, a range of interesting research has uncovered details about
the causes and mechanisms of emotional piloerection. However, many

5 Multiple attempts to contact the authors to gain further details about the
device have not been successful.
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questions still remain. The most pressing of these questions regard the
similarities and differences of non-emotional and emotional piloer-
ection. We suggest here that a focus on the underlying biology and
physiology of emotional piloerection will yield interesting and useful
insights into the study of emotion.

Particularly, researchers should focus on including measures of PNS
activation and self-reported measures of emotion in order to distinguish
between possible theoretical explanations. Additionally, neurochemical
mechanisms have not been investigated and can yield additional insight
into the connection between psychology and physiology.

There are many tools available to researchers who wish to study this
interesting phenomenon; we have outlined them here. Simultaneously,
there is much work to be done to ensure that the tools are easy to
implement and the work is reproducible. We hope that this review serves
as a foundation for future research in this area.
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