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Many people enjoy sad music, and the appeal for tragedy is widespread among the consumers of film and literature.
The underlying mechanisms of such aesthetic experiences are not well understood. We tested whether pleasure
induced by sad, unfamiliar instrumental music is explained with a homeostatic or a reward theory, each of which
is associated with opposite patterns of changes in the key hormones. Sixty-two women listened to sad music (or
nothing) while serum was collected for subsequent measurement of prolactin (PRL) and oxytocin (OT) and stress
marker (cortisol and adrenocorticotropic hormone) concentrations. Two groups of participants were recruited on
the basis of low and high trait empathy. In the high empathy group, PRL and OT levels were significantly lower with
music compared with no music. And compared to the low empathy group, the high empathy individuals reported
an increase of positive mood and higher ratings of being moved with music. None of the stress markers showed any
changes across the conditions or the groups. These hormonal changes, inconsistent with the homeostatic theory
proposed by Huron, exhibit a pattern expected of general reward. Our findings illuminate how unfamiliar and low
arousal music may give rise to pleasurable experiences.
Keywords: being moved; music; sadness; prolactin; oxytocin; cortisol

Introduction
Deriving immense pleasure from listening to personally relevant music is a germane experience for
millions of people. Some of these experiences have
seemingly puzzling components, such as lack of
familiarity or negative or somber emotional content. Such experiences offer an intriguing window
into the way music—and art in general—is able
to capitalize on our mental and physiological processes aimed to deal with interpersonal interactions
and loss. Here, we explore how music may harness
mechanisms involved in homeostasis and reward.
Often, strong emotional experiences associated
with sad music are linked to personal memories triggered by the music.1 They are also heav-

ily related to personally meaningful lyrics,2 shaped
by attitudes,3 and connected to the brain’s reward
system.4 However, there are multiple challenges
in linking these experiences to the music itself,
since external reasons, such as memories and lyrics,
provide the most obvious explanations for the
experiences.5 Past research has demonstrated that
previously unfamiliar sad instrumental music may
elicit highly pleasurable experiences in some listeners, whereas others find such music merely
relaxing.6 The key difference here seems to be that
enjoyment is linked to the ability to empathize with
fictional events and expression conveyed by music.
This has been recently conceptualized as the Pleasurable Compassion Theory,7 which draws from
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empirical studies involving sad music3,8,9 that have
identified that the enjoyment of sad music is linked
with the feeling of being moved rather than actually liking the sadness expressed. This enjoyment,
in turn, is more common for people who score high
on empathy, whereas those low on empathy tend to
focus on negative aspects of the experience.
What might be the mechanism that underpins
this distinct and paradoxical feeling of being moved
by unfamiliar sad music? This question has parallels
in other forms of art, such as film and literature.10,11
Several explanations have been offered that range
from misattribution of the emotion12 to the enjoyment of beauty,13 mood repair,14 nostalgia,15 and
reassessing one’s values in life.16 An integrated
review of mechanisms across biological, psychological, and cultural explanations has suggested that
none of the existing reasons alone are sufficient to
fully explain the experiences,17 and biological substrates have only rarely been probed despite theoretical proposals18,19 and the focus on reward mechanisms and intense emotions involved in music
listening.20,21
Our primary research aim is to test whether the
feeling of being moved induced by unfamiliar sad
music can produce a distinct hormonal response
in listeners. More specifically, we explore whether
the pattern of hormonal responses is either consistent with a conjectured homeostatic response to
a social loss that leads to reward at a distal stage,
or with an alternative explanation related to the
brain’s reward system at a proximal stage. Moreover, we hypothesize that the capacity to empathically engage with fictional events, such as music,
may modulate the theorized response,7 allowing
us to selectively observe the predicted pattern of
responses.
The first conjecture relates to the homeostatic
theory, put forward by Huron.18 According to
this theory, increased prolactin (PRL) levels are
assumed to reflect the homeostatic function that
mitigates the negative effects of social distress and
loss that a serious tragedy—or its simulated version
in the case of fiction and music—is able to trigger.
The homeostatic theory predicts an increase in
PRL levels in response to various stressors,22 and
an increase in oxytocin (OT) levels linked to its
anxiolytic functions.23 This increase in PRL at the
proximal stage will eventually lead to reward at a
distal stage when the effects of this homeostatic
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adjustment are experienced without any actual loss.
Administration of OT has been shown to act as
an anxiolytic and to reduce stress and anxiety.24,25
However, the impact of experimentally induced
emotion on OT levels is less clear; elevated OT levels
have been observed after negative emotion induction in some studies,26,27 but a decrease has been
reported in others.28,29 The homeostatic theory also
predicts increased cortisol and adrenocorticotropic
hormone (ACTH) levels as part of the engagement
of the hypothalamic–pituitary–adrenocortical
(HPA) axis triggered by stress or negative emotions.
Increases in stress-related hormones (cortisol or
interleukin-6) have been observed in studies where
negative emotions have been induced through
social rejection,30 laboratory-based social stress,31
unpleasant pictures,32 or stressful or unpleasant
music.33,34 However, a recent empirical test of
the homeostatic theory conducted by Huron and
colleagues35 found no change in PRL levels associated with sad music exposure. This study utilized an
additional (nonmusical) negative emotion induction procedure, used self-selected music that may
have brought additional confounds (autobiographical memories, familiarity, and arousal differences),
and had both men and women as participants,
introducing differences in PRL secretion36 and
emotional contagion,37 all of which may have
contributed to the null results.
Another putative explanation for the enjoyable
aspects involved in experiencing negative emotions
with art is provided by the reward theory. Psychological reward and its biochemical correlates are
known to originate from the dopaminergic system38
that is involved in a host of functionalities and
responses involved in prediction and anticipation.
The striatal dopaminergic system is engaged by
rewarding activities at a proximal stage,39 including
listening to intensely pleasurable music.40 Recently,
it was found that music-induced pleasure was
up- and downregulated, respectively, by exciting
or inhibiting the dorsolateral prefrontal cortex
with transcranial magnetic stimulation (tMS)20 in
line with the finding that tMS of the prefrontal
cortex induces striatal dopamine release.41 Furthermore, a recent study42 found that an orally
administered dopamine precursor increased (and a
dopamine antagonist decreased) the hedonic experience induced by music, consistent with dopamine
as causally related to music-induced pleasure. The
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hormonal markers linked to reward are complex;
first, the release of PRL is tightly controlled by the
dopaminergic system, and dopamine is known to
inhibit endogenous PRL release.43,44 This suggests
that any pleasurable activity producing dopamine
would decrease PRL levels. Curiously, this pattern
of increased dopamine and decreased PRL levels
has been reported in rodents after exposure to classical music,45,46 which is in line with the reward
theory if we side with the assertion that rats actually enjoy music—or are at least able to derive
positive effects from it, as suggested by a recent
meta-analysis.47 OT, another complex neuropeptide
involved in social and rewarding behaviors,48 is now
assumed to interact with the dopaminergic system
by enhancing attention toward social stimuli and,
therefore, increasing their rewarding potential.49,50
It is likely that these complex couplings of the systems and the focus of the studies, the past research
using emotion manipulations to trace changes in
OT levels have yielded mixed patterns of results;
some studies have recorded decreased OT levels
after positive emotion induction by films,27 while
other studies have reported increased levels of OT
after positive emotion manipulations using other
means, such as being comforted after stress,51 or
behaving in synchrony with a partner.52
The two theories are supported by scattered
evidence, and as they provide opposite predictions
for the key hormones in relation to the valence
of the triggering emotion, it is no surprise that
the evidence is mixed. For instance, the increased
levels of endogenous PRL have been reported
after positive emotion induction using films27 and
pleasant pictures,32 which is inconsistent with both
theories. If we adopt an influential theory by Kemp
and Guastella,53 regarding how hormonal correlates are connected to social interaction, conflicts
relating to positively versus negatively valenced
triggers dissipate. This account proposes that the
hormonal responses are not really driven by the
nominal valence of the emotion induced, but by
the motivational direction as in approach and
withdrawal motivation,54 a scheme that successfully integrates diverse neural processes involved
in emotions. More importantly, this scheme puts
a strong emphasis on empathy that drives the
interpretation of emotional triggers in terms of
the approach–withdrawal scheme. In Kemp and
Guastella’s framework, “empathy is an approach-
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related affective state regardless of whether the
stimulus to which empathy is directed is negative or
positive” (p. 225).53 This explanation may reconcile
the inconsistent outcomes of the homeostatic and
reward theories as empathic engagement is associated with exogenously administered OT. However,
studies involving empathy and sad emotion, tracing
endogenous OT levels, have recorded decreases in
OT levels after negative emotion induction. For
instance, Barraza and Zak55 observed decreased
OT levels after an emotion manipulation with a
sad video only when empathy was primed with a
perspective-taking task, whereas the video without
the task led to an increase in OT. A similar reversal
of OT levels has been reported when trait empathy
has been one of the distinctions between the clinical
and control groups; decreased OT levels have been
observed after an empathy-eliciting sad film clip
viewed by normal participants, but increased OT
levels were recorded in schizophrenic patients,
who scored significantly lower in trait empathy
compared with the normal group.56
In sum, we have two contrasting predictions
regarding hormonal levels in response to listening
to sad music. The homeostatic theory predicts that
sad music induces negative emotions and distress
that is sufficient to engage the HPA system and trigger an increase in peptide (PRL and OT) and stress
(cortisol and ACTH) hormones at a proximal stage.
The pleasure comes through at a distal stage via
a reward mechanism triggered through the homeostatic adjustment to the loss, which is excessive
with respect to the actual loss. The reward theory,
on the other hand, simply accounts for the pleasurable experience with an associated decrease in
peptide hormones (PRL and OT) due to an interaction with the reward system at a proximal stage
(dopamine inhibition) and posits no changes in
stress-related markers (there are no distal stages
involved). Moreover, a third position emphasizes
empathic engagement with the emotional event in
terms of approach-avoidance, which predicts either
an increase or a decrease in OT levels depending on trait empathy (i.e., an increase in OT levels after emotion manipulation when no particular empathic engagement takes place and a decrease
in OT levels by those scoring high on empathy in an empathy-eliciting task). Recent studies
focused on pleasure derived from listening to sad
music have shown that trait empathy is a strong
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mediator of experienced pleasure.6,7 This phenomenon enables a design that capitalizes on the
individual differences in reactivity to unfamiliar sad
music by contrasting the participants’ trait empathy
levels. We predict that participants scoring high on
empathy will experience a stronger positive mood
and feelings of being moved after listening to unfamiliar sad music, as well as hormonal patterns consistent with the reward theory, whereas those that
score low on empathy will exhibit the pattern predicted by the homeostatic theory, similar to studies showing OT increases after exposure to sad film
clips.55,56
Methods
The study protocol was approved by the Medical Ethics Board of the Hospital District of Southwest Finland (medical ethics approval, ETMK
58/1801/2016). The setup mirrors partially the
study by Eerola and colleagues,6 where emotion
induction was carried out using unfamiliar sad
instrumental music that induced a pleasurable
experience in highly empathic participants and
boredom in participants scoring low in empathy
selected from a nationally representative sample.
The same musical stimulus (as well as two additional ones), similar behavioral measures, and psychophysiological measures (electrodermal activity
(EDA) and heart rate variability (HRV)) were used
in the present study, but additionally, blood samples
drawn at baseline and after each of the two experimental conditions were collected.
Participants
Participants were recruited initially from local colleges using an online survey targeted toward women
between the ages of 18 and 39. Exclusion criteria
for the study were pregnancy, mental health issues,
medical operations, endocrine disorders, medication, smoking, and drug or alcohol abuse. The sample size was estimated on the basis of the previous
studies involving PRL (expected n = 39 per group;27
expected n = 7–10 per group32 ) and OT (expected
n = 54;52 expected n = 7–47 per group55 ), using
power analysis with a significance level of 0.05 to
obtain a power of 0.80 with the past effect sizes. This
aggregated estimate suggested n = 34 as the average
group size, and we decided to target 35 participants
per group. From the 300 candidates who responded,
70 participants were invited, half representing low
124
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and half representing high capacity for being moved
by sad music. The capacity for being moved by sad
music was predicted on the basis of a previous
study,6 using the lowest and highest 25 quantiles
in an aggregate measure comprising the Emotional
Contagion Scale (ECS)37 and the fantasy subscale
of the Interpersonal Reactivity Index (IRI).57 Eight
participants failed to give repeated blood samples
during the experiment. Table 1 summarizes the
background variables across the groups and highlights the main differences concerning empathy (the
IRI and ECS) and emotional reactivity (the musical sophistication index (MSI)-Emotions and the
Toronto Alexithymia Scale (TAS), defined below).
Stimulus selection
The musical manipulation consisted of a sequence
of three 6- to 8-min tracks validated to induce pleasurable sadness and feelings of being moved in past
studies.6,58,59 These tracks were the Piano concerto
no. 23, 2nd movement by W. A. Mozart, performed
by François-Xavier Roth and Les Siècles; Discovery
of the Camp by Michael Kamen; and Oblivion by
Astor Piazzola, performed by Stjepan Hauser and
the Zagreb Philharmonic Orchestra.
Procedures
Participants were seated in a comfortable chair in a
private room. A qualified nurse inserted an intravenous catheter into the nondominant arm. This
was followed by a 20-min adaptation period60 followed by the baseline measures (blood samples and
self-reported mood). This was followed by the first
condition, either music or silence detailed below,
each lasting 20 min, after which the second set of
measures were taken. The second 20-min manipulation, either silence or music, whichever they had
not previously gone through, was followed by the
third set of identical measures. The duration of the
conditions was optimized for capturing hormonal
changes in plasma samples; plasma PRL has been
shown to peak 15 min after a stressor,61 while OT
has a 15-min half-life.62 To control for the diurnal
variation of hormones, each experimental session
took place between 2:00 and 6:00 p.m. Blood samples were centrifuged at 3000 g at 4 °C for 45 min,
and plasma samples were stored at −80 °C.
During the experiment, the participants’ current
mood was assessed using the Profile of Mood
States questionnaire (POMS, 24-item version),63
supplemented with two mood descriptors relevant
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Table 1. Participant background measures across the high and low empathy groups (means and standard errors)
N
Age
IRI-Fantasy
ECS
BDI
TAS
GAD
GHQ
MSI-General
MSI-Engagement
MSI-Perceptual
MSI-Training
MSI-Singing
MSI-Emotions
ASM

High empathy
32

Low empathy
30

Statistics

24.2 (0.88)
32.5 (0.58)
64.2 (0.66)
3.8 (0.70)
50 (1.34)
10 (0.52)
22.2 (0.53)
4.2 (0.17)
7.8 (0.64)
5.2 (0.14)
3.4 (0.33)
4.2 (0.17)
5.6 (0.10)
97.3 (2.05)

24.9 (0.90)
24.7 (0.60)
50.8 (0.68)
3.9 (0.73)
55 (1.38)
9.6 (0.53)
22.9 (0.54)
3.6 (0.17)
7.0 (0.66)
4.8 (0.14)
2.8 (0.34)
3.5 (0.18)
5.9 (0.11)
91.0 (2.12)

t = −0.54, P = 0.590
t = 9.34, P ≤ 0.001
t = 14.18, P = 0 < 0.001
t = −0.12, P = 0.909
t = −2.64, P = 0.011
t = 0.58, P = 0.564
t = −0.90, P = 0.371
t = 2.25, P = 0.028
t = 0.94, P = 0.353
t = 1.63, P = 0.108
t = 1.22, P = 0.227
t = 2.79, P = 0.007
t = 4.22, P < 0.001
t = 2.13, P = 0.037

ASM, Attitudes toward Sad Music; BDI, Beck Depression Inventory; ECS, Emotional Contagion Scale; GAD, generalized anxiety
disorder; GHQ, General Health Questionnaire; IRI, Interpersonal Reactivity Index; MSI, musical sophistication scale; TAS, Toronto
Alexithymia Scale.

for the design, being moved and sadness. The mood
measurements were taken after baseline and each
experimental condition. In addition, after the music
condition, participants reported their emotional
experiences using visual analog scales (0–100) for
felt pleasure, being moved, anxiousness, relaxation,
and sadness. They also rated how much they liked
the music and how familiar they were with it.
Participants received 50 EUR in compensation for
travel expenses.
Several background measures were collected
from all participants: the ECS,37 IRI,57 Beck Depression Inventory (BDI),64 TAS,65 a measure of generalized anxiety disorder (GAD),66 Goldsmith MSI
(Gold-MSI),67 the Attitudes toward Sad Music Scale
(ASM),3 and the General Health Questionnaire
(GHQ).68 Participants also reported the number of
days since menstruation and whether they relied on
hormonal contraception.
Data analysis
Hormonal assays. OT was assayed from 1 mL
of blood plasma drawn into chilled EDTA tubes,
centrifuged at 4 °C and transferred to plastic
tubes, and stored at −80 °C. OT concentration
was assessed using enzyme-linked immunosorbent
assay (ELISA) kits (Ab133050, Abcam) following
manual procedure. The detection threshold of the
OT assay was 15.625 pg/mL. The intra-assay coeffi-

cient of variation was 17.31%. Mean accuracy was
measured on three concentration values and was
90% with 18% CV at 1000 pg/mL, 105% with 5% CV
at 125 pg/mL, and 15.625 with 133% CV at 15.625
pg/mL. PRL was determined from 1 mL of serum
using a two-site sandwich immunoassay using the

chemiluminometric method (ADVIA Centaur by
Siemens AG). The coefficient of variation of the
method ranged from 3.1% to 6.6%, with PRL levels
from 3.3 to 118 ng/mL. Cortisol was assayed from 1

mL serum samples analyzed with the IMMULITE
2000 (Siemens AG) automated chemiluminescent
enzyme immunoassay with 8.2% CV at 3.3 µg/dL.
ACTH was assayed from 2 mL of plasma drawn
into chilled EDTA tubes and analyzed with the
IMMULITE 2000 (Siemens AG) automated chemiluminescent immunoassay analyzer with 10.0% CV
at 24 pg/mL. C-reactive protein was assayed from
1 mL serum using an immunoturbidimetric assay
with ADVIA 2400 (Siemens AG). The intra-assay
variations ranged from 4.9% to 7.8%, depending on
the level (2.25–49.96 mg/L). This marker of inflammation was collected to screen for acute inflammation, although it has also been used as an index of
depressive symptoms and negative moods.69
R

R

Psychophysiological indices. EDA and electrocardiogram (ECG) signals were continuously measured during the experiment. EDA was measured
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from the distal phalanges of the index and middle
fingers, and the ECG signal was captured using electrodes placed on the lower chest and neck using
a NeXus-10 MKII system with BioTrace software
(Mind Media BV, Netherlands). For both measures,
the sampling rate was 256 Hz, and the signals were
filtered with a low-pass filter (a first-order filter
with a 5-Hz cutoff). One tonic (mean tonic activity) and three phasic components (the number of
significant phasic responses, nSCR; the sum of the
amplitudes of the phasic driver peaks, AmpSum;
and time integral of the phasic driver, iSCR) were
extracted using the Ledalab toolbox for MatLab.70
HRV indices were derived from the ECG signal after
extracting R peaks from the signal using stationary wavelet transforms,71 and visually inspecting
the tachograms and removing artifacts. The standard measure of variability (standard deviation of
all normal-to-normal R-R intervals, SDNN), and
the power of normalized low frequency (LF, 0.04–
0.15 Hz) and high frequency (HF, 0.15–0.40 Hz)
spectral components were estimated with wavelet
transforms using the RHRV library.72 The ratio of
LF and HF frequencies was also calculated (LF/HF).
All indices were extracted from epochs of equal
duration (10 min), with each epoch starting 4 min
after the beginning of the condition.
Analysis operations. Psychophysiological and
hormonal measures were log-transformed before
the analyses. Self-report measures, psychophysiological and hormonal measures were adjusted
for baseline levels by calculating the percentage
change from the baseline to keep the units comparable. After the baseline adjustment, hormonal
and psychophysiological measures were checked
for outliers, and all values above 1.5 IQR were
constrained to 1.5 IQR. In the case of the hormonal
variables, a maximum of 8 (6.4%) and in the case
of the psychophysiological variables, a maximum
of 7 (5.6%) values were constrained in this way.
Analyses were carried out using generalized linear
mixed models with two fixed effects (condition and
empathy) and two random effects (participant and
session), unless the data came from a single session
(self-reported emotions) where a normal betweensubjects t-test was conducted. We also added a
number of covariates to the analyses to determine
the impact of age, menstruation phase, musical
sophistication, mood, and the use of hormonal
126
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contraception on the outcome measures, although
they did not interact with the main variables of
interest (see Tables S1–S4, online only).
Code and data availability. All data and analysis
code are available at Github: https://tuomaseerola.
github.io/sad-music-hormones/.
Results
There were no differences between the empathy groups in self-reports of negative moods at
baseline (t(1,60) = 0.83, P = 0.41), nor after
silence (t(115) = −0.97), P = 0.336) or music
(t(115) = 0.46), P = 0.65). For positive mood,
no baseline difference was observed between the
two groups (t(1,60) = 0.46, P = 0.65). However,
after the music condition, the high empathy (HE)
group gave significantly higher ratings of positive
mood (M = 3.09, expressed as the relative change
from baseline, SE = 4.76) than the low empathy
(LE) group (M = −9.73, SE = 3.74; t(114) = 2.56,
P = 0.012), and the increase in positive mood was
significant within the HE (t(60) = 2.92, P = 0.005)
but not in the LE group (t(60) = 0.14, P = 0.889),
as illustrated in Figure 1A. The ratings of emotions
felt during the music condition showed significant differences between different emotion scales
(t(246) = 3.90, P = 0.00012). Two out of the
three most highly rated emotion scales showed
significant differences across the empathy groups,
namely, feeling relaxed (M = 79.4, SE = 3.10, and
M = 62.6 SE = 4.74 for the HE and LE groups,
respectively; t(272) = 2.87, P = 0.0044), and
being moved (M = 67.2, SE = 3.70, M = 52.3,
SE = 4.60, for the HE and LE groups; t(272) = 2.54,
P = 0.0117). However, there was no significant
difference in the ratings of pleasantness (M = 84.8,
SE = 2.58 for the HE group; M = 75.6, SE = 3.05
for the LE group, t(272) = 1.56, P = 0.119). This
replicates previous findings,6 where participants
with high trait empathy have consistently reported
stronger feelings of being moved than those
with LE.
Turning to peptide hormones and stress markers, there were no significant differences between
the groups at baseline (t’s(60) < 1.47, P’s > 0.147).
PRL exhibited decreased levels from the baseline for all groups and conditions. The HE group
exhibited significantly lower levels of PRL in the
music condition (M = −7.76, SE = 1.20, expressed
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Figure 1. The percentage change with respect to baseline for positive mood (A), prolactin (B), and oxytocin (C) for the high (red)
and low (blue) empathy groups. All values are represented as the average change across the groups (N = 32 and N = 30). The black
bars represent the standard error of the mean.

as a relative change from the baseline) than in
silence (M = −5.65, SE = 1.27, t(60) = 3.17,
P = 0.0024), whereas for the LE group, the levels were comparable across the two conditions
(music M = −3.50, SE = 1.17; silence M = −3.26,
SE = 1.39; t(60) = 0.592, P = 0.556). There was no
difference in PRL levels between the groups in the
silence condition (t = 1.38, P = 0.172), but there
was a significant difference in the music condition
(t = 2.45, P = 0.0166). OT showed a similar pattern;
in the HE group, the music condition (M = −7.94,
SE = 3.21) exhibited significantly lower levels of
OT than silence (M = −0.06, SE = 2.64, t = 2.37,
P = 0.0211), while the LE group showed an increase
in OT from silence (M = −3.22, SE = 3.39) to music
(M = 1.77, SE = 3.24), although this difference
failed to reach statistical significance (t = 1.381,
P = 0.1724). A comparison of the relative change
in OT between the groups revealed a significant
difference only in the music condition (t = 2.21,
P = 0.0297), with the LE group exhibiting higher
relative OT levels. During silence, the levels were
comparable in both groups (t = 0.72, P = 0.475).
The stress markers (cortisol and ACTH) failed to
exhibit any significant differences between the conditions and empathy groups (for cortisol, all ts <
1.54, P’s > 0.128; for ACTH, all t’s < 0.5, P’s > 0.66).
Figure 1 displays the relative change from baseline
in the main predictors across participant groups
and conditions (a full breakdown of all variables
is given in Table S1, online only). Ancillary analyses explored the use of hormonal contraception
(n = 28) and the phase of the menstruation cycle
based on participants’ self-reported days since men-

strual onset (cycle day 1), and the musical sophistication index as covariates, which yielded the identical patterns of results (see Tables S2–S4, online
only).
Psychophysiological responses exhibited an
interaction between condition and empathy: Two
out of three indicators of phasic EDA, the area of
the phasic driver and the number of significant phasic
peaks, showed significantly lower relative values in
the music condition compared with silence in the
LE group (both t’s > 2.30, P’s < 0.05), but such
changes were not observed in the HE group (t(54)
< 0.77, P > 0.42). The tonic skin conductance
level showed no differences between conditions or
groups (t’s < 1.1, P’s > 0.27). Indicators of HRV
exhibited a pattern similar to phasic EDA, with all
measures (SDNN, LF, HF, and LF/HF) showing significant decreases in the music condition compared
with silence in the LE group (t’s > 2.1, P’s < 0.035),
but no changes in the HE group (all P’s > 0.51).
In sum, the hormone measurements (PRL and
OT) were consistently lower in the music condition
compared with silence in the HE group, but this
change is absent in the LE group. Both measures are
also significantly different between the two groups
in the music condition only. None of the stress hormones showed any significant changes between the
conditions or groups. The self-reports demonstrate
that the HE group had a more positive mood after
the music condition than the LE group, and the
reporting of emotions after the music condition also
indicated that HE participants felt more moved and
relaxed during music listening. However, decreases
in EDA and HRV suggested that the LE group was
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more relaxed during the music listening condition
than in silence, but such differences were not evident in the HE group. Taken together, the pattern of
results is consistent with the reward theory in HE
participants, whereas the homeostatic theory did
not receive support from the HPA system markers
or the theorized increases in the peptide hormone
levels in either group of participants.
Discussion
This is the first evidence of subtle experimenterselected music induced changes in peripherally
measured neuropeptides as opposed to studies
involving stress reactions to music33,73,74 or neurochemical indicators of reward in response to selfselected music involving strong emotions involved
in rare situations where listeners experience chills
to their favorite music.20,40 The self-reports of felt
emotions replicate the findings of an earlier study6
involving the same stimuli, exhibiting similar emotional differences related to empathy. The hormonal
changes observed in the present study are consistent with the reward theory, where the enjoyment of sad music is related to triggering of the
dopaminergic system in those that engage empathically with the music and are being moved by it (i.e.,
the HE group). The activation of the dopaminergic reward system is known to rapidly inhibit the
continuous secretion of PRL,44 which may explain
the consistent low levels of PRL in those who
reported higher levels of positive mood and enjoyment (i.e., the HE group). The findings are also
partially consistent with a prior emotion induction
study using sad and happy music, which showed
decreases in PRL levels only after listening to happy
music, but not after sad music.35 This complementary evidence from two different designs addressing the same theory provides converging evidence
that the homeostatic theory is incorrect. Moreover,
the decreased levels of OT are also consistent with
the interpretation that emphasizes the approach–
avoidance perspective and social interpretation of
the trigger; decreased levels of OT have previously been observed after viewing empathy-eliciting
films or films paired with empathic engagement,55,56
whereas increased OT is associated with psychological and physical stressors.75 Thus, the hormonal
results are in line with the reward theory and the
notion that empathic engagement modulates the
emotional interpretation of this experience.
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We have established that merely listening to unfamiliar instrumental sad music can cause notable
changes in neuropeptides at the peripheral level
in certain types of listeners. These changes are
interpreted to support the reward theory, although
direct evidence is missing since dopamine cannot be assessed from blood samples. Dopamine
has been shown to increase during intense musicinduced pleasure; more specifically, Salimpoor and
colleagues40 observed increased dopamine levels
in the right nucleus accumbens through positron
emission tomography. The reports how musicinduced reward can be modified by the stimulation or inhibition of the frontostriatal circuits and
by pharmacological manipulation of dopamine levels provide direct causal evidence of how dopaminergic system modulates the hedonic experiences
related to intense musical pleasure and reveals
the neural architecture involved in this process in
more detail.20,42 Our findings do not provide any
additional insights into the circuitry involved in
these processes, but broaden the scope of such
reward processes from the intensely pleasant experiences to those that can be experienced in the
context of unfamiliar, low-arousal music. Moreover, the empathy-related differential reactivity in
hormonal and emotional measures is an important building block in the process, and consistent with past results obtained with self-reports,6,8
psychophysiology,76 and neural responses.4 This
differential neuropeptide reactivity related to different trait empathy levels may be linked to genotypes related to dopamine transporters and receptors that have been implicated in dopaminergic
functionality associated with trait empathy,77 as well
as genotypes related to OT receptors.78 However,
these observations relate mainly to social interactions and positive emotions,79 although the jury
is still out on whether these associations hold.80
Music may nevertheless provide an elegant and ecologically valid means of unraveling the social and
emotional contribution of empathy on experiencing
positive emotions. The findings further our understanding of how affective processes capitalize on the
reward system and are influenced by individual differences, such as trait empathy. Further research
that focusses on other emotional concepts, individual differences, or gender would be good alternatives for follow-up investigations, as the current
study focused on a one type of emotion (pleasant
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experience induced through sad music), maximized
the group differences in empathy in lieu of other
potential individual differences, and only focused
on young women. It would also be important to
seek a causal understanding of how the reward system contributes to the experience of music-related
pleasure by inhibiting the effects of dopamine using
an antagonist, such as naltrexone or risperidone,
as done by Ferreri et al.,42 but in a context of less
arousing and less familiar music. In order to design
better therapeutic interventions involving music, it
would be crucial to establish whether the enjoyment
of these experiences could be modified by empathy
or compassion training,81,82 and whether such experiences are able to help individuals suffering from
anhedonia and depression linked to dopaminergic
impairments.
Acknowledgments
This research was financially supported by the
Academy of Finland, Grant 270220 (Surun
Suloisuus). We acknowledge the essential contribution of Dr. Mauno Vanhala for his invaluable support in all stages of the project, and Mr.
Markku Pöyhönen for tireless help in running the
experiment.
Author contributions
T.E. contributed to the experiment design and
stimulus selection, analyzed and interpreted the
obtained data, and played the main role in writing the manuscript. J.K.V. assisted in data collection,
experiment design, and writing. H.K. contributed
to the experiment design and data analysis. H-R.P.,
V.P., and K.S. contributed to collection of data and
writing.
Supporting information
Additional supporting information may be found in
the online version of this article.
Table S1. Means and standard errors of all hormone
markers.
Table S2. Summary of the phase of the menstrual
cycles in participants.
Table S3. Contraception and menstruation—
impact on prolactin.
Table S4. Contraception and menstruation—
impact on oxytocin.

Hormonal correlates of being moved

Competing interests
The authors declare no competing interests.

References
1. Van den Tol, A.J.M. & J. Edwards. 2013. Exploring a rationale
for choosing to listen to sad music when feeling sad. Psychol.
Music 41: 440–465.
2. Brattico, E., B. Bogert, V. Alluri, et al. 2016. It’s sad but I like
it: the neural dissociation between musical emotions and liking in experts and laypersons. Front. Hum. Neurosci. 9: 676.
3. Eerola, T., H.-R. Peltola & J.K. Vuoskoski. 2015. Attitudes
towards sad music are related to both preferential and contextual strategies. Psychomusicol. Music Mind Brain 25: 116–
123.
4. Wallmark, Z., C. Deblieck & M. Iacoboni. 2018. Neurophysiological effects of trait empathy in music listening. Front.
Behav. Neurosci. 12: 66.
5. Taruffi, L. & S. Koelsch. 2014. The paradox of music-evoked
sadness: an online survey. PLoS One 9: e110490.
6. Eerola, T., J.K. Vuoskoski & H. Kautiainen. 2016. Being
moved by unfamiliar sad music is associated with high
empathy. Front. Psychol. 7: 1176.
7. Huron, D. & J.K. Vuoskoski. 2020. On the enjoyment of sad
music: pleasurable compassion theory and the role of trait
empathy. Front. Psychol. 11: 1060.
8. Kawakami, A. & K. Katahira. 2015. Influence of trait empathy on the emotion evoked by sad music and on the preference for it. Front. Psychol. 6: 1541.
9. Vuoskoski, J.K. & T. Eerola. 2017. The pleasure evoked by
sad music is mediated by feelings of being moved. Front. Psychol. 8: 439.
10. Hanich, J., V. Wagner, M. Shah, et al. 2014. Why we like to
watch sad films. The pleasure of being moved in aesthetic
experiences. Psychol. Aesth. Creat. Arts 8: 130–143.
11. Menninghaus, W., V. Wagner, J. Hanich, et al. 2017. The
distancing-embracing model of the enjoyment of negative
emotions in art reception. Behav. Brain Sci. 40: E347.
12. Kivy, P. 1990. Music Alone: Philosophical Reflections on the
Purely Musical Experience. Cornell University Press.
13. Juslin, P.N. 2013. From everyday emotions to aesthetic emotions: toward a unified theory of musical emotions. Phys. Life
Rev. 10: 235–266.
14. Garrido, S. & E. Schubert. 2013. Adaptive and maladaptive attraction to negative emotions in music. Music. Sci. 17:
147–166.
15. Wildschut, T., C. Sedikides, J. Arndt, et al. 2006. Nostalgia:
content, triggers, functions. J. Pers. Soc. Psychol. 91: 975–
993.
16. Knobloch-Westerwick, S., Y. Gong, H. Hagner, et al. 2013.
Tragedy viewers count their blessings: feeling low on fiction leads to feeling high on life. Commun. Res. 40: 747–
766.
17. Eerola, T., J.K. Vuoskoski, H.-R. Peltola, et al. 2018. An integrative review of the enjoyment of sadness associated with
music. Phys. Life Rev. 25: 100–121.
18. Huron, D. 2011. Why is sad music pleasurable? A possible
role for prolactin. Music. Sci. 15: 146–158.

Ann. N.Y. Acad. Sci. 1502 (2021) 121–131 © 2021 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals LLC on behalf of New York Academy of Sciences

129

Hormonal correlates of being moved

19. Sachs, M.E., A. Damasio & A. Habibi. 2015. The pleasures
of sad music: a systematic review. Front. Hum. Neurosci. 9:
404.
20. Mas-Herrero, E., A. Dagher & R.J. Zatorre. 2018. Modulating musical reward sensitivity up and down with transcranial magnetic stimulation. Nat. Hum. Behav. 2: 27–32.
21. Pereira, C.S., J. Teixeira, P. Figueiredo, et al. 2011. Music
and emotions in the brain: familiarity matters. PLoS One 6:
e27241.
22. Burg van den, E.H. & I.D. Neumann. 2011. Bridging the gap
between GPCR activation and behavior: oxytocin and prolactin signalling in the hypothalamus. J. Mol. Neurosci. 43:
200–208.
23. Taylor, S.E., G.C. Gonzaga, L.C. Klein, et al. 2006.
Relation of oxytocin to psychological stress responses
and hypothalamic–pituitary–adrenocortical axis activity in
older women. Psychosom. Med. 68: 238–245.
24. Heinrichs, M., T. Baumgartner, C. Kirschbaum, et al. 2003.
Social support and oxytocin interact to suppress cortisol and
subjective responses to psychosocial stress. Biol. Psychiatry
54: 1389–1398.
25. Kirsch, P., C. Esslinger, Q. Chen, et al. 2005. Oxytocin modulates neural circuitry for social cognition and fear in humans.
J. Neurosci. 25: 11489–11493.
26. Procyshyn, T.L., N.V. Watson & B.J. Crespi. 2020. Experimental empathy induction promotes oxytocin increases and
testosterone decreases. Horm. Behav. 117: 104607.
27. Turner, R.A., M. Altemus, D.N. Yip, et al. 2002. Effects of
emotion on oxytocin, prolactin, and ACTH in women. Stress
5: 269–276.
28. Turner, R.A., M. Altemus, T. Enos, et al. 1999. Preliminary research on plasma oxytocin in normal cycling women:
investigating emotion and interpersonal distress. Psychiatry
62: 97–113.
29. Speck, L.G., J. Schöner, F. Bermpohl, et al. 2019. Endogenous oxytocin response to film scenes of attachment and loss
is pronounced in schizophrenia. Soc. Cogn. Affect. Neurosci.
14: 109–117.
30. Blackhart, G.C., L.A. Eckel & D.M. Tice. 2007. Salivary cortisol in response to acute social rejection and acceptance by
peers. Biol. Psychol. 75: 267–276.
31. Slavich, G.M., B.M. Way, N.I. Eisenberger, et al. 2010. Neural sensitivity to social rejection is associated with inflammatory responses to social stress. Proc. Natl. Acad. Sci. USA
107: 14817–14822.
32. Codispoti, M., G. Gerra, O. Montebarocci, et al. 2003. Emotional perception and neuroendocrine changes. Psychophysiology 40: 863–868.
33. Gerra, G., A. Zaimovic, D. Franchini, et al. 1998. Neuroendocrine responses of healthy volunteers to techno-music:
relationships with personality traits and emotional state. Int.
J. Psychophysiol. 28: 99–111.
34. Evers, S. & B. Suhr. 2000. Changes of the neurotransmitter
serotonin but not of hormones during short time music perception. Eur. Arch. Psychiatry Clin. Neurosci. 250: 144–147.
35. Ladinig, O., C. Brooks, N.C. Hansen, et al. 2019. Enjoying sad music: a test of the prolactin theory. Music. Sci.
https://doi.org/10.1177/1029864919890900.

130

Eerola et al.

36. Roelfsema, F., H. Pijl, D.M. Keenan, et al. 2012. Prolactin
secretion in healthy adults is determined by gender, age and
body mass index. PLoS One 7: e31305.
37. Doherty, R.W. 1997. The emotional contagion scale: a measure of individual differences. J. Nonverbal Behav. 21: 131–
154.
38. Schultz, W. 2015. Neuronal reward and decision signals:
from theories to data. Physiol. Rev. 95: 853–951.
39. Schultz, W. 2013. Updating dopamine reward signals. Curr.
Opin. Neurobiol. 23: 229–238.
40. Salimpoor, V.N., M. Benovoy, K. Larcher, et al. 2011.
Anatomically distinct dopamine release during anticipation
and experience of peak emotion to music. Nat. Neurosci. 14:
257–262.
41. Strafella, A.P., T. Paus, J. Barrett, et al. 2001. Repetitive transcranial magnetic stimulation of the human prefrontal cortex induces dopamine release in the caudate nucleus. J. Neurosci. 21: RC157.
42. Ferreri, L., E. Mas-Herrero, R.J. Zatorre, et al. 2019.
Dopamine modulates the reward experiences elicited by
music. Proc. Natl. Acad. Sci. USA 116: 3793–3798.
43. Ben-Jonathan, N. & R. Hnasko. 2001. Dopamine as a prolactin (PRL) inhibitor. Endocr. Rev. 22: 724–763.
44. Fitzgerald, P. & T.G. Dinan. 2008. Prolactin and dopamine:
what is the connection? A review article. J. Psychopharmacol.
22: 12–19.
45. Tasset, I., I. Quero, Á.D. García-Mayórgaz, et al. 2012.
Changes caused by haloperidol are blocked by music in Wistar rat. J. Physiol. Biochem. 68: 175–179.
46. Moraes, M.M., P.C. Rabelo, V.A. Pinto, et al. 2018. Auditory stimulation by exposure to melodic music increases
dopamine and serotonin activities in rat forebrain areas
linked to reward and motor control. Neurosci. Lett. 673:
73–78.
47. Kühlmann, A., A. de Rooij, M. Hunink, et al. 2018.
Music affects rodents: a systematic review of experimental
research. Front. Behav. Neurosci. 12: 301.
48. Dal Monte, O., M. Piva, K.M. Anderson, et al. 2017.
Oxytocin under opioid antagonism leads to supralinear
enhancement of social attention. Proc. Natl. Acad. Sci. USA
114: 5247–5252.
49. Love, T.M. 2014. Oxytocin, motivation and the role of
dopamine. Pharmacol. Biochem. Behav. 119: 49–60.
50. Bethlehem, R.A., S. Baron-Cohen, J. van Honk, et al. 2014.
The oxytocin paradox. Front. Behav. Neurosci. 8: 48.
51. Seltzer, L.J., T.E. Ziegler & S.D. Pollak. 2010. Social vocalizations can release oxytocin in humans. Proc. R. Soc. B: Biol.
Sci. 277: 2661–2666.
52. Spengler, F.B., D. Scheele, N. Marsh, et al. 2017. Oxytocin
facilitates reciprocity in social communication. Soc. Cogn.
Affect. Neurosci. 12: 1325–1333.
53. Kemp, A.H. & A.J. Guastella. 2011. The role of oxytocin in
human affect: a novel hypothesis. Curr. Dir. Psychol. Sci. 20:
222–231.
54. Harmon-Jones, E. 2019. On motivational influences,
moving beyond valence, and integrating dimensional
and discrete views of emotion. Cogn. Emot. 33: 101–
108.

Ann. N.Y. Acad. Sci. 1502 (2021) 121–131 © 2021 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals LLC on behalf of New York Academy of Sciences

Eerola et al.

55. Barraza, J. & P. Zak. 2009. Empathy toward strangers triggers
oxytocin release and subsequent generosity. Ann. N.Y. Acad.
Sci. 1167: 182–189.
56. Montag, C., J. Schöner, L.G. Speck, et al. 2020. Peripheral oxytocin is inversely correlated with cognitive, but
not emotional empathy in schizophrenia. PLoS One 15:
e0231257.
57. Davis, M.H. 1983. Measuring individual differences in
empathy: evidence for a multidimensional approach. J. Pers.
Soc. Psychol. 44: 113–126.
58. Vuoskoski, J.K., B. Thompson, D. McIlwain, et al. 2012. Who
enjoys listening to sad music and why? Music Percept. 29:
311–317.
59. Vuoskoski, J.K. & T. Eerola. 2015. Extramusical information
contributes to emotions induced by music. Psychol. Music
43: 262–274.
60. Mills, P.J. & M.G. Ziegler. 2008. Sympathetic hormones in
health psychology research. In Handbook of Physiological
Research Methods in Health Psychology. L.J. Luecken & L.C.
Gallo, Eds.: 75–94. Sage Publications Inc., Thousand Oaks,
California.
61. Muir, J.J. & H.P. Pfister. 1987. Time course of the corticosterone and prolactin response following predictable and
unpredictable novelty stress in Rattus norvegicus. Physiol.
Behav. 40: 103–107.
62. Amico, J.A., J.S. Ulbrecht & A.G. Robinson. 1987. Clearance studies of oxytocin in humans using radioimmunoassay measurements of the hormone in plasma and urine.
J. Clin. Endocrinol. Metab. 64: 340–345.
63. Terry, P.C., A.M. Lane, H.J. Lane, et al. 1999. Development
and validation of a mood measure for adolescents. J. Sports
Sci. 17: 861–872.
64. Beck, A.T., R.A. Steer & M.G. Carbin. 1988. Psychometric properties of the Beck depression inventory:
twenty-five years of evaluation. Clin. Psychol. Rev. 8: 77–
100.
65. Taylor, G.J., R.M. Bagby & J.D. Parker. 2003. The 20item Toronto Alexithymia Scale: IV. Reliability and factorial validity in different languages and cultures. J. Psychosom.
Res. 55: 277–283.
66. Spitzer, R.L., K. Kroenke, J.B. Williams, et al. 2006.
A brief measure for assessing generalized anxiety
disorder: the GAD-7. Arch. Intern. Med. 166: 1092–
1097.
67. Müllensiefen, D., B. Gingras, J. Musil, et al. 2014. The
musicality of nonmusicians: an index for assessing musical sophistication in the general population. PLoS One 9:
e89642.

Hormonal correlates of being moved

68. Jackson, C. 2007. The General Health Questionnaire. Occup.
Med. 57: 79–79.
69. Elovainio, M., L. Keltikangas-Järvinen, L. Pulkki-Råback,
et al. 2006. Depressive symptoms and C-reactive protein: the
cardiovascular risk in Young Finns Study. Psychol. Med. 36:
797–805.
70. Benedek, M. & C. Kaernbach. 2010. A continuous measure
of phasic electrodermal activity. J. Neurosci. Methods 190:
80–91.
71. Kalidas, V. & L. Tamil. 2017. Real-time QRS detector using
stationary wavelet transform for automated ECG analysis. In
2017 IEEE 17th International Conference on Bioinformatics
and Bioengineering (BIBE), 457–461. IEEE.
72. Rodriguez-Linares, L., X. Vila, M.J. Lado, et al. 2019. RHRV:
heart rate variability analysis of ECG data.
73. Knight, W.E. & N.S. Rickard. 2001. Relaxing music prevents
stress-induced increases in subjective anxiety, systolic blood
pressure, and heart rate in healthy males and females. J.
Music Ther. 38: 254–272.
74. Khalfa, S., S.D. Bella, M. Roy, et al. 2003. Effects of relaxing music on salivary cortisol level after psychological stress.
Ann. N.Y. Acad. Sci. 999: 374–376.
75. Onaka, T. 2004. Neural pathways controlling central and
peripheral oxytocin release during stress. J. Neuroendocrinol.
16: 308–312.
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