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Abstract

Relaxation and excitation are components of the effects of music listening. The tempo of
music is often considered a critical factor when determining these effects: listening to slow-
tempo and fast-tempo music elicits relaxation and excitation, respectively. However, the
chemical bases that underlie these relaxation and excitation effects remain unclear. Since
parasympathetic and sympathetic nerve activities are facilitated by oxytocin and glucocorti-
coid, respectively, we hypothesized that listening to relaxing slow-tempo and exciting fast-
tempo music is accompanied by increases in the oxytocin and cortisol levels, respectively.
We evaluated the change in the salivary oxytocin and cortisol levels of participants listening
to slow-tempo and fast-tempo music sequences. We measured the heart rate (HR) and cal-
culated the heart rate variability (HRV) to evaluate the strength of autonomic nerve activity.
After listening to a music sequence, the participants rated their arousal and valence levels.
We found that both the salivary oxytocin concentration and the high frequency component
of the HRV (HF) increased and the HR decreased when a slow-tempo music sequence was
presented. The salivary cortisol level decreased and the low frequency of the HRV (LF) to
HF ratio (LF/HF) increased when a fast-tempo music sequence was presented. The ratio of
the change in the oxytocin level was correlated with the change in HF, LF/HF and HR,
whereas that in the cortisol level did not show any correlation with indices of autonomic
nerve activity. There was no correlation between the change in oxytocin level and self-
reported emotions, while the change in cortisol level correlated with the arousal level. These
findings suggest that listening to slow-tempo and fast-tempo music is accompanied by an
increase in the oxytocin level and a decrease in the cortisol level, respectively, and imply
that such music listening-related changes in oxytocin and cortisol are involved in physiologi-
cal relaxation and emotional excitation, respectively.
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Introduction

Music is an art common to all humankind that transcends national and cultural boundaries.
Listening to music has a wide range of effects on human beings in that it can excite or relax,
and these effects have been widely investigated in brain imaging studies, endocrinological
studies and physiological studies involving, for example, the measurement of autonomic
responses [1,2]. Listening to exciting music elicits physiological arousal such as an increase in
heart rate (HR) [3]. Listening to music often induces intense emotion accompanied by chills
and increases in HR and the skin conductance response [4-6]. Listening to music can also
have an anti-stress or relaxing effect. The secretion of salivary cortisol induced by a psychologi-
cal stress task is attenuated by listening to relaxing music [7], and this is more pronounced
when the music is in a major key than when it is in a minor key [8]. Listening to relaxing
music suppresses stress-induced increases in HR and blood pressure [9]. Listening to music
has a wide range of positive effects as noted above, and this has led to the frequent use of music
therapy [10,11].

Although listening to music can have a wide variety of effects on human beings such as
causing changes in cardiovascular activity and inducing emotion [12-14], the key factors
behind these effects have not been fully understood. Tempo has been considered a factor
when determining whether the effect of listening to music is exciting or relaxing. Earlier
studies demonstrated that listening to music with a fast tempo induces an increase in sym-
pathetic nerve activity [15]. On the other hand, listening to slow tempo music reduces the
HR and is felt to be relaxing [16]. The effect of tempo on excitation and relaxation can
extend to human behavior and emotions. When walking in synchrony with music stimuli,
the walking speed is entrained with a change in the musical tempo if the music is relaxing or
activating [17].

However, the chemical bases of the effects of musical tempo on relaxation and excitation
remain unknown. Oxytocin is a candidate for the chemical basis of relaxation because oxy-
tocin has anti-stress [18] and anti-anxiety effects [19] as does listening to music. Oxytocin
has the potential to facilitate vagal activity [20] and also plays a role in protecting the heart
from sympathetic reactivity to stress [21], which implies that an increase in the oxytocin
level contributes to the relaxation effect through activation of the vagal nerve. It is reason-
able to hypothesize that the sedative effect of listening to music is based on these functions
of oxytocin.

It can be assumed that cortisol is a candidate chemical basis of the excitation effect of music
listening. Since corticosterone, a glucocorticoid in rodents, increases the firing rate of cardio-
vascular neurons in the rostral ventrolateral medulla (RVLM), which is the primary regulator
of the sympathetic nerve that controls cardiac activity [22]) in rats [23], it is possible that an
increase in the cortisol level will contribute to excitation through the activation of the sympa-
thetic nerve. Therefore, it is fair to hypothesize that excitation induced by listening to music is
based on the cortisol function.

Taken together, we can expect that listening to relaxing music with a slow tempo would
increase the oxytocin level, while listening to exciting music with a fast tempo would increase
the cortisol level. The present study compared the oxytocin and cortisol levels in saliva before
and after listening to music with fast and slow tempi. In contrast to the collection of blood
samples, obtaining saliva samples is non-invasive and the samples include protein-free cortisol
that precisely reflects physiological actions that cannot be confirmed based on the total blood
hormone levels [24,25]. Carter et al. indicated that salivary oxytocin is a good biomarker with
which to monitor central oxytocin function [26].
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Materials and methods
Ethics statement

Before the experiment, participants were provided with an information sheet that outlined the
general purpose of the study and informed them that they could withdraw at any time without
penalty. All participants except the author signed the consent form. All methods employed in
this study were approved by the Ethics and Safety Committees of NTT Communication Sci-
ence Laboratories, and were in accordance with the Declaration of Helsinki.

Participants

Twenty-six healthy males aged 21-34 years (29.4 + 0.81; mean + SEM) participated in the
experiments. Females were not selected to avoid any effects of the menstrual cycle. All of the
participants had normal hearing ability, no specific musical training, and no habit of listening
to classic music or piano pieces. The participants were informed that they might hear some
pieces of music. They were asked to provide two saliva samples, and to describe their arousal
and valence levels, and their familiarity with the pieces of music they heard after the experi-
ment. They gave their informed consent, which was approved by the Ethics Committee of
NTT Communication Science Laboratories, and were paid for their participation. The experi-
ments were performed in a sound-insulated room. The participants sat on a sofa. The experi-
ments were conducted between 14:00 and 18:00 h to minimize the effect of circadian rhythms.

Chemicals

Protease inhibitor cocktail tablets were purchased from Roche Diagnostics (Basel, Switzer-
land). [3H]-labeled oxytocin was obtained from NEN (USA). Oxytocin ELISA kits were
obtained from Enzo Life Sciences (USA). Trifluoroacetic acid (TFA) and acetonitrile (ACN)
were purchased from Wako Pure Chemicals (Japan). Other reagents were of the highest com-
mercially available grade.

Music stimuli

We prepared two contrasting stimuli, namely slow-tempo (149 touches, 56 crotchets/min aver-
age) and fast-tempo (417 touches, 233 crotchets/min average) music sequences, both of which
lasted 20 min and consisted of several piano pieces composed by Chopin. Here, one touch
means striking one note or chord on the piano with the right hand. All the pieces were in a
major key and taken from commercially available CDs. The sampling rate and quantization
level for all the piano pieces were 44.1 kHz and 16 bits, respectively. To examine the properties
of the piano pieces we selected, the following six characteristics were rated by six music
experts; tempo (0-slow to 15-fast), rhythm (0-vague to 15-outstanding), pitch level (0-low to
15-high), pitch range (0-narrow to 15-wide), harmonic complexity (0-simple to 15-complex),
and consonance (0-dissonant to 15-consonant) [27]. The six music experts consisted of a pro-
fessional pianist, a semi-professional jazz pianist, a signal-processing researcher who uses
music as a sample signal, two semi-professional drummers, and a semi-professional violinist.
For the assessment, we prepared a paper on which we had drawn six 15-cm lines [28]. The
experts were instructed to make marks somewhere along the lines to rate the features of the
music. The names of the piano pieces, their properties and the data of rated music features are
shown in S1 Table in Supporting Information. Only the rating score for tempo showed a sig-
nificant difference between slow- and fast-tempo music sequences (S2 Table). The sound pres-
sure levels (SPL) of all the piano pieces were adjusted so that they did not exceed an A-
weighted SPL of 75 dB in the slow mode. The music stimuli were converted to analogue signals
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with an audio interface (EDIROL UA-5, Roland, Japan) and presented through loudspeakers
(CM9, Bowers & Wilkins, UK).

Self-reported familiarity with music pieces

The participants reported their familiarity with the pieces of music used in the experiment. For
the assessment, we prepared a paper on which we had drawn one 15-cm line as well as the
music rating features. After all the experiments (after rating arousal and valence on the second
day), the participants once again listened to each piece of music used in this study (4 pieces
with slow-tempo music sequences, 7 pieces with fast-tempo music sequences. See S1 Table) for
30 seconds, and were asked to rate their familiarity with each piece on a scale of 0 (never heard
it before) to 15 (knows this piece very well) [29].

Self-reported emotions when listening to music

The participants reported the arousal and valence after listening to music. For the assessment,
we prepared a paper on which we had drawn two 15-cm lines as well as the music rating fea-
tures. After the second saliva collection, the participants were asked to rate arousal (0-relaxing
to 15-exciting) and valence (0-unpleasant to 15-pleasant). A significant difference was observed
in arousal level (Wilcoxon signed-rank test, p = 0.00004, r = 0.80 for slow tempo vs fast tempo)
and in valence level (Wilcoxon signed-rank test, p = 0.0077, r = 0.52 for slow tempo vs fast
tempo) (S1 Fig). Although the valence for the fast-tempo music sequence was significantly
lower than that for the slow-tempo music sequence, it indicated that the fast-tempo music
sequence was sufficiently pleasant because the valence for the fast-tempo music sequence suffi-
ciently exceeded the midpoint 7.5 (Wilcoxon signed-rank test, p = 0.0056, r = 0.54). The arousal
for the fast-tempo music sequence was divided. In particular, the arousal rating for the fast-
tempo music sequence was not significantly different from the midpoint despite some of the
participants rating it 0~1 (very relaxing).

Endocrinological measurements

We measured the oxytocin and cortisol levels in the participants’ saliva. Human saliva samples
(3 mL/person) were directly collected in conical tubes from healthy men (age 21 to 34 years)
between 14:00 and 17:00 h. Saliva was collected from participants via passive drool into a cold
tube. The saliva was then divided into equal 1 mL amounts, two of which were used for the
oxytocin assay and the other for the cortisol assay. Each sample for the oxytocin assay was
immediately mixed with half the amount of protease inhibitor solution (0.5 mL) to prevent
oxytocin degradation. Protease inhibitor cocktail solution was prepared immediately before
use to avoid the hydrolysis of inhibitor peptides. All the samples including those used for the
cortisol assay were frozen immediately and stored at -80°C until needed for the measurement.

Assay of oxytocin concentration. On the day of the oxytocin concentration measure-
ment, a saliva sample was thawed and kept on ice. [*H]-labeled oxytocin was added to one
group of tubes (“hot” samples), with which we evaluated the rate of oxytocin loss during pro-
cessing until an enzyme-linked immunosorbent assay (ELISA) was performed. Another group
of tubes (“cold” samples) was used in the oxytocin concentration measurement with ELISA.
The radioactive counts of [3H]-labeled oxytocin added to the samples were adjusted to 20,000
using a liquid scintillation counter (Beckman Coulter, USA) with Clearsol (Nacalai Tesque,
Japan) on each day of extraction processing.

Next, 1.5 mL of trifluoroacetic acid (TFA) (0.1% in double distilled water) was added to
each saliva sample. After careful mixing, the samples were centrifuged at 2,000 rpm for 10 min
at 4°C. The supernatant was carefully obtained for column purification. C18 columns (Waters,
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USA) were first washed with 5 mL of acetonitrile (ACN) and then with 12 mL of 0.1% TFA.
Samples were applied to the column and were again washed with 12 mL of 0.1% TFA. Finally
the columns were eluted with 6 mL of elution buffer composed of 0.1% TFA and ACN com-
bined at a 40:60 ratio. The elution was collected and dried under a constant airflow in a chemi-
cal fume hood at 4°C. After drying, 200 pl of the assay buffer from the ELISA kit was added to
each sample thus concentrating the samples (200 ul from 1 ml saliva), resulting in a sample
with a salivary concentration five times higher than the original saliva. The counts in the hot
samples were measured in a liquid scintillation counter and recorded for the recovery rate cal-
culation. Cold samples were employed for oxytocin ELISA.

Oxytocin ELISA was carried out according to the manufacturer’s instructions with minor
modifications. The absorption at 405 nm was read with a Model 550 plate reader (BioRad,
UK). A standard logarithmic curve was generated from 8 doses of oxytocin standard (1000,
500, 250, 125, 62.5, 31.3, 15.7, 7.81 pg/mL) whose coefficient of correlation r° was around 0.98.
The standard curves were similar across all the assays.

When the oxytocin concentration of the sample was calculated as “C” pg/mL, the true oxy-
tocin concentration “Ct” was evaluated as follows:

Ct = C*1/5 % 20000/a(pg/mL), (1)

«_»

where “a” indicates the radioactivity count of the corresponding hot sample.

Assay of cortisol concentration. Saliva samples (1 mL) to be used for cortisol measure-
ment were stored at -80°C. The cortisol concentration in saliva was determined using a liquid
chromatography-tandem mass spectrometry (LC-MS/MS) system. All the analyzes of the cor-
tisol level in saliva were performed using the standard protocols by ASKA Pharma Medical
Co. Ltd. (Japan) [30,31], which has significant experience as regards various types of steroid
hormonal assay. Staff at the company were not informed of the sample content or the nature
of the study.

Physiological measurements

ECGs were used to measure interbeat intervals (R-R intervals). Analogue data were amplified
and digitized with a BIOPAC MP150 (BIOPAC Systems, USA). The sampling rate was 1,250
Hz.

HR and heart rate variability (HRV). To calculate the R-R intervals in the ECG measure-
ment, R-wave detection was performed with AcqKnowledge (analysis software produced by
BIOPAC MP150, USA), and the result was visually screened to eliminate any inappropriate R-
wave detection related to artifacts such as movement. The appropriately collected R-R interval
data were resampled at 10 Hz by cubic spline interpolation. For HR analysis, the interpolated
R-R interval data were converted to second-by-second values and expressed in beats per min-
ute (bpm) by dividing 60 by each value. For HRV analysis, a fast Fourier transformation (FFT)
was applied to this interpolated R-R interval data after removing the linear trend to calculate
the HRV power spectra using a Hanning window. Low frequency (LF) and high frequency
(HF) components were obtained by integrating the power spectra over their respective ranges
0f 0.04-0.15 Hz and 0.15-0.40 Hz. The magnitude of the HF and the ratio of LF to HF (LF/
HF) correspond to the strength of the vagal activity [32] and the sympathovagal balance [33],
respectively. The magnitude of the LF involves both vagal and sympathetic nerve activity [34].
FFT was applied to each 2-min window of the interpolated data series of R-R intervals. The
magnitude of each spectral component was evaluated by using the natural logarithms of the
power (InLF and InHF). The ratio of the LF component to the HF component (LF/HF ratio)
was evaluated by dividing InLF by InHF (InLF/InHF).
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Design and experimental procedure

We used a 2 x 2 within-subjects design, where Time (before and after music stimuli) and
Tempo (slow and fast tempi) were independent variables. This study dealt with the following
dependent variables; the salivary oxytocin and cortisol levels, and cardiovascular responses
(InLF, InHF, InLF/InHF, and HR), all of which are described above.

This study consisted of two listening sessions a day, an earlier listening session (14:30-
15:30) and a later listening session (16:00-17:00). Participants came to the laboratory for 2
days, and on each day they listened to one of the experimental music sequences (slow- or fast-
tempo music sequence). On each experiment day, 2 participants came to our laboratory and
one of them was assigned to the earlier listening session and the other to the later listening ses-
sion. On the second day, they were assigned to the same listening session time. The order of
the music sequences, the order of the pieces of music in each sequence and the assignment to
the earlier or later listening session were randomized.

The participants were instructed not to drink anything containing alcohol or caffeine from
20:00 on the day before their participation, and not to consume anything except still water
after lunch (12:00-13:00) on the day of the experiment. On the day of the experiment, they
were given general information about the experiment on arrival and their written consent was
obtained. The experimental procedure consisted of four periods: rest period — saliva collec-
tion period 1— music period — saliva collection period 2. Prior to the listening session, the
participants sat on a sofa, and were attached to ECG transducer electrodes for 10 min to famil-
iarize them with the experimental environment. This time period is referred to as the “rest
period”. The last 2-min of the ECG recording was regarded as the baseline. We then collected
saliva samples of over 3 mL from the participants via passive drool into a cold tube for hor-
mone measurements (saliva collection period 1). This saliva sample was used as the baseline
for the salivary levels of oxytocin and cortisol. When the listening session started (music
period), the participants were presented with one of the experimental music sequences, namely
a slow- or fast-tempo music sequence with a maximum level of 75 dB SPL (A), for 20 min.
There was then a second period during which a saliva sample was obtained (saliva collection
period 2). After the second collection of saliva, the participants were asked to rate arousal and
valence. After all the procedures (after rating arousal and valence on the second day), they
were asked to report their familiarity with pieces of music that they heard in this study. Before
reporting their familiarity, they once again listened to each piece for 30 seconds.

The experimental procedure is summarized in Fig 1A. A sample time series of the HR and a
sample analysis of the HRV are shown in Fig 1B and 1C, respectively.

Data analysis

Data are presented as means = SEM, and the probability value p < 0 .05 was considered to be
statistically significant. We analyzed the influence of listening to music on changes in the
secretion of oxytocin and cortisol into saliva with a two-factor repeated measures ANOVA
with Tempo (slow and fast) and Time (before and after music stimuli) as factors. The influence
on arousal and valence levels was analyzed with a Wilcoxon signed-rank test. The same statisti-
cal procedure was applied to the HR and HRV data as was applied to the hormone level data
noted above. We used Pearson’s correlation method to examine the statistical correlation
between the ratio of the changes in oxytocin and cortisol levels and that in each parameter of
the autonomic responses. We used Spearman’s correlation method to examine the statistical
correlation between the ratio of the change in the oxytocin or cortisol level and the arousal or
valence level.

Huynh-Feldt corrections were applied where appropriate.
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Fig 1. Experimental procedure and analysis of HR and HRV. (A) Paradigm of Experiment 1. The
participants experienced one 10-min silent period as a rest period, two saliva collection periods (1 and 2),
each of which was 1-3 min long, and one 20-min music period. After the rest period, in saliva collection period
1 we took a saliva sample of over 3 mL from the participants for hormone assays. In the next music period,
which lasted 20 min, a slow- or fast-tempo music sequence was presented. Finally, the participants again
provided saliva during saliva collection period 2. The participants heard one of the slow- and fast-tempo music
sequences on each day. The maximum sound pressure level of the music was regulated at 75 dB (A) in the
slow mode. (B) A sample recording of the HR during baseline recording and music stimulation for 20 min. The
HR was calculated with the following equation: HR (bpm) = 60*1000/R-R interval (ms). t = 0 indicates the start
of the music. To evaluate the effect of music listening on the autonomic nerves, we analyzed the HR and HRV
data in the t = 1080 to 1200 region (assessed region) and compared them with that at the baseline. (C) A
sample analysis of HRV. Low-frequency (LF) and high-frequency (HF) components were obtained by
integrating the power spectra over their respective ranges of 0.04-0.15 Hz and 0.15-0.40 Hz.

https://doi.org/10.1371/journal.pone.0189075.9001

Results
Self-reported familiarity with music pieces

The participants rated their familiarity with a total of 11 pieces of music, consisting of 4 pieces
of slow-tempo music and 7 pieces of fast-tempo music, all of which were used in the experi-
ment. All of the participants rated every music piece at 0, thus indicating that none of them
had heard any of the Chopin pieces used in the experiment.

A B ‘baseline
] :20 min after onset of music
g g -
£ 1200
D 9 *kKk =
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® 8 5
3 \ 3 1000
c 7 —_
g | & 900
S l B8
% 6 Ii S 800
g s | g 100
S >
= =
S 4 ‘ , 8 600
slow tempo fast tempo slow tempo fast tempo

Fig 2. Effect of music stimuli on salivary oxytocin and cortisol levels. (A) Salivary oxytocin level before
and after 20 min of music stimulation. The salivary oxytocin level was greater after listening to the slow-tempo
music sequence. (B) Salivary cortisol level before and after 20 min of music stimulation. The salivary cortisol
level was lower after listening to the fast-tempo music sequence. Data are presented as means + SEM; *

p <0.05, *** p <0.001 for a simple main effect test.

https://doi.org/10.1371/journal.pone.0189075.9002
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Salivary oxytocin and cortisol levels before and after listening to slow-
and fast-tempo music sequences

We performed a two-factor repeated measures ANOVA on the oxytocin and cortisol levels,
with Tempo (slow and fast) and Time (before and after music stimuli) as within-subjects fac-
tors. The data obtained for 3 participants were excluded from the oxytocin analysis because
there was an abnormal result as regards the oxytocin concentration in their saliva (it exceeded
700 pg/ml). The data obtained for 1 participant were excluded from the cortisol analysis
because there was insufficient saliva for the cortisol analysis. Consequently, we analyzed data
for 23 participants for the oxytocin analysis, and 25 participants for the cortisol analysis.

The ANOVA revealed a significant Tempo x Time interaction for the oxytocin level (F
(1,22) = 13.44, p = 0.0014, partial ° = 0.38, n = 23 participants, no significant main effect) and
that for the cortisol level (F (1,24) = 8.31, p = 0.0082, partial ° = 0.26, n = 25 participants, no
significant main effect) (Fig 2A and 2B). A simple main effect test demonstrated that the sali-
vary oxytocin level was significantly greater (F (1,44) = 13.64, p = 0.0007, n = 23 participants)
than the baseline after the participants listened to the slow-tempo music sequence, while no
significant change in the salivary cortisol level was observed (F (1,48) = 0.72, p=0.40,n =25
participants). The salivary cortisol level was significantly lower (F (1,48) = 5.65, p = 0.022,

n = 25 participants) than the baseline after the participants listened to the fast-tempo music
sequence, while no significant change in the salivary oxytocin level was observed (F (1,44) =
0.032, p = 0.86, n = 23 participants).

Effect of listening to slow- and fast-tempo music sequences on
autonomic nerve activity

A two-factor repeated measures ANOVA with Tempo (slow and fast) and Time (before and
after music stimuli) as within-subjects factors revealed a significant main effect of Time (F
(1,25) = 12.20, p = 0.0018, partial ° = 0.33, n = 26 participants, no significant interaction
effect) for InLF, a significant Tempo x Time interaction (F (1,25) = 6.91, p = 0.015, partial 172 =
0.22, n = 26 participants, no significant main effect) for InHF, a significant Tempo x Time
interaction (F (1,25) = 4.42, p = 0.046, partial ° = 0.15, n = 26 participants) and a main effect
of Time (F (1,25) = 11.75, p = 0.0021, partial 77° = 0.32, n = 26 participants) for InLF/InHF, and
a significant Tempo x Time interaction (F (1,25) = 7.29, p = 0.012, partial 77° = 0.23, n = 26 partici-
pants) and a main effect of Time (F (1,25) = 9.41, p = 0.0051, partial ° = 0.27, n = 26 participants)
for HR (Fig 3A-3D). A simple main effect test demonstrated that InHF was significantly greater

(F (1,50) = 5.53, p = 0.023, n = 26 participants) and the HR was lower (F (1,50) = 15.66, p = 0.0003,
n = 26 participants) than the baseline after listening to a slow-tempo music sequence, while there
was no significant change in InLF/InHF (F (1,50) = 0.017, p = 0.90, n = 26 participants). LnLF/
InHF increased significantly (F (1,50) = 13.26, p = 0.0007, n = 26 participants) after the participants
listened to a fast-tempo music sequence compared with the baseline, while there was no significant
change in InHF (F (1,50) = 1.51, p = 0.22, n = 26 participants) or HR (F (1,50) = 2.29, p = 0.14,

n = 26 participants).

Correlation of changes in salivary oxytocin and cortisol levels with
changes in autonomic nerve activity and self-reported emotion
To investigate the possibility that oxytocin and cortisol are chemical bases of excitation and

relaxation induced by music listening, we analyzed the correlation of the changes in oxytocin
and cortisol levels with the changes in autonomic nerve activity and self-reported emotion.
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Fig 3. Effect of music stimuli on indices of autonomic nerve activity. (A) LnLF before and after music
stimulation for 20 min. The main effect of Time was observed. (B) LnHF before and after music stimulation for
20 min. LnHF increased significantly after the participants listened to a slow-tempo music sequence. (C)
LnLF/InHF before and after music stimulation for 20 min. LnLF/InHF increased significantly after the
participants listened to a fast-tempo music sequence. (D) HR before and after music stimulation for 20 min.
HR decreased significantly after the participants listened to a slow-tempo music sequence. Data are
presented as means + SEM; * p <0.05, *** p < 0.001 for a simple main effect test; t1 p < 0.01 for a main
effect test.

https://doi.org/10.1371/journal.pone.0189075.9003

Pearson’s method was used to analyze the correlation between the changes in oxytocin and
cortisol levels and in autonomic nerve activity. The results showed that the ratio of the increase
in the oxytocin level correlated significantly with that of the increase in InHF, that of the
decrease in InLF/InHF, and that of the decrease in HR (r = 0.35, p = 0.017 for oxytocin vs
InHF; r = -0.32, p = 0.031 for oxytocin vs InLF/InHF, r = -0.47, p = 0.0009 for oxytocin vs HR,
46 data points) (Fig 4B-4D), and was uncorrelated with the change in InLF (r = -0.057,

p = 0.71 for oxytocin vs InLF, 46 data points) (Fig 4A). On the other hand, there was no signifi-
cant correlation between the change in the cortisol level and that in autonomic nerve activity
(r=-0.18, p = 0.22 for cortisol vs InLF; r = -0.11, p = 0.44 for cortisol vs InHF; r = -0.071,

p = 0.62 for cortisol vs InLF/InHF; r = 0.066, p = 0.65 for cortisol vs HR, 50 data points) (Fig
5A-5D).

Spearman’s method was used to analyze the correlation between the changes in oxytocin
and cortisol levels and self-reported emotions. The results showed that the ratio of the change
in the oxytocin level did not show any significant correlation with arousal level (rtho = -0.19,

p = 0.20, 46 data points) or valence level (rho = -0.0077, p = 0.96, 46 data points) (Fig 6A and
6B). On the other hand, the ratio of the change in the cortisol level showed a significant nega-
tive correlation with arousal level (rho =-0.31, p = 0.031, 50 data points) but did not show any
significant correlation with valence level (rho = -0.0070, p = 0.96, 50 data points) (Fig 6C and
6D).

Discussion

Listening to music can have a range of effects on human beings including inducing relaxation
[7-9] and excitation [3-6]. Although it is well known that the tempo of music is a critical factor
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in determining whether the effect of listening to music is exciting [15] or relaxing [16], it has
been unclear what chemical bases underlie these relaxation and excitation effects. To address
the question, we assume oxytocin and cortisol to be candidates for the chemical bases of relax-
ation and excitation, respectively. Oxytocin has anti-stress [18], anti-anxiety effects [19] and
has the potential to facilitate vagal activity [20]. Corticosterone, a glucocorticoid of rodents,
increases the firing rate of cardiovascular neurons in the RVLM in rats [23]. Taken together,
we therefore hypothesized that listening to relaxing music with a slow tempo would increase
the oxytocin level, while listening to exciting music with a fast tempo would increase the corti-
sol level. This study found that the salivary oxytocin level and InHF, which is an index of vagal
activity, increased when a slow-tempo music sequence was presented, while the salivary corti-
sol level decreased and InLF/InHF, which is an index of the sympathovagal balance, increased
when a fast-tempo music sequence was presented. Intriguingly, the increase in the oxytocin
level correlated significantly with the increase in InHF, the decrease in InLF/InHF and the
decrease in HR. This indicates that oxytocin is related to the dominance of the parasympa-
thetic nerve activity. On the other hand, the decrease in the cortisol level correlated signifi-
cantly with the arousal level. Therefore, we infer that listening to slow/ fast-tempo music
induces changes in oxytocin/cortisol levels, which are involved in physiological relaxation and
emotional excitation, respectively.

The slow-tempo music sequence used in the current study can be regarded as soothing
music because the self-reported arousal level was sufficiently small and the valence level was
sufficiently large (S1 Fig). Our results, which show a significant increase in the salivary oxyto-
cin and InHF and a significant reduction in the HR induced by listening to the slow-tempo
music sequence, are consistent with an earlier study demonstrating that soothing music
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listening enhances the plasma oxytocin level [35], reduces the HR [36], and increases the
amplitude of respiratory sinus arrhythmia (RSA) (equal to the HF component of HRV) [37].
When we consider another study demonstrating that the application of oxytocin protects
against the social stress-induced suppression of RSA [20], we can assume that oxytocin secre-
tion induced by music listening is related to vagal nerve activity originating from the nucleus
ambiguous (NA) [32]. Our results demonstrated that the change in the oxytocin level accom-
panied by music listening correlates positively with that in InHF (Fig 4B). It should be noted,
however, that there is no significant immunostaining of the oxytocin receptors in NA, whereas
there is in the nucleus tractus solitarius (NTS) [38]. Oxytocin possibly has an indirect influence
on the enhancement of NA-derived vagal activity through NTS. However, we could not find
any correlation between the music listening-related change in the oxytocin level and self-
reported relaxation, suggesting that oxytocin is involved not in emotional relaxation but in
physiological relaxation. This is consistent with an earlier study demonstrating that oxytocin is
related to implicit empathic responses rather than self-reported empathy scores [39].

By measuring the cortisol level and autonomic nerve activity, previous studies have indi-
cated that listening to music can reduce mental stress or physiological dysfunction. Listening
to relaxing music can suppress the stress-induced elevation of the cortisol level [7,8], while one
study reported that listening to relaxing music fails to induce such effects [9]. Our results
appear to be inconsistent with both earlier studies and our hypothesis because we observed
that listening to a fast- rather than a slow-tempo music sequence resulted in a decrease rather
than an increase in the cortisol level (Fig 2B). This inconsistency might derive from the indi-
vidual variability of the glucocorticoid responses [40] or the complex relationship between
music components, emotional state and relaxation [41,42]. Another reason could be the com-
plexity of the sympathetic nerve activity. Our hypothesis that listening to a fast-tempo music
sequence induces an increase in the cortisol level is based on an earlier study demonstrating
that the introduction of corticosterone into the RVLM increases the firing rate of cardiovascu-
lar neurons in the RVLM [23]. However, there is another study, indicating that glucocorticoid
agonist reduces the sympathetic outflow [43]. That would be why the change in the cortisol
level resulting from listening to music had no correlation with changes in autonomic nerve
activity (Fig 5A-5D). Such dissociation between autonomic nerve activity and the change in
the cortisol level was reported in earlier studies [44,45]. Interestingly, we found that that the
cortisol level is related to the self-reported arousal score (Fig 6C). In contrast to the case with
oxytocin, cortisol is involved in emotional excitation. Our result showing a negative correla-
tion between the music listening-related change in the cortisol level and the self-reported
arousal score is consistent with earlier studies in the sense of there being a negative relation-
ship between cortisol and emotional arousal [46,47].

In conclusion, we found that the salivary level of oxytocin increased when a slow-tempo
music sequence was presented, while the salivary level of cortisol decreased when a fast-tempo
music sequence was presented. Since the change in the salivary oxytocin level was correlated
with the change in the parasympathetic nerve activity and the change in the salivary cortisol
level was correlated with the arousal level, we suggest that each hormonal response is involved
in the relaxation and excitation in a different way when listening to music.

Limitations

Since we wanted to examine the effect of naturally audible and comfortable music, we selected
professionally played pieces that were taken from commercially available CDs. To prepare

slow-tempo relaxing and fast-tempo exciting music sequences, we selected 4 slow tempo and 7
fast tempo piano pieces, all of which were composed by Chopin. To confirm that the difference
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between the subjective impressions of the two music classes is predominantly characterized in
terms of tempo, we asked six music experts to rate the following music features; tempo (0-slow
to 15-fast), rhythm (0-vague to 15-outstanding), pitch level (0-low to 15-high), pitch range
(0-narrow to 15-wide), harmonic complexity (0-simple to 15-complex), and consonance
(0-dissonant to 15-consonant) [27]. We observed a significant difference between the classes
only in tempo (S2 Table).

It is, however, premature to conclude that musical tempo is the essential factor behind the
physiological responses observed in the present study. First, the present experimental design,
which involved adopting human subjects, was not sufficient to probe the causality between
music listening and the physiological responses. Also, it should be remembered that a subjective
tempo is likely determined by complex interactions between various acoustical and detailed
musical features, and that the way of integrating those features to derive tempo perception and
cognition can vary among individuals. Thus, there is a possibility that other unknown features,
rather than the resulting tempo, might be the essential factor. Interestingly, however, with this
scheme we found a significant correlation between the change in salivary oxytocin level and the
change in autonomic responses (InHF, InLF/InHF, and HR), and also between the changes in
the salivary cortisol level and arousal level. A future direction will involve examining the effects
of different composers and controlling the music features to uncover the mechanisms by which
endocrinological systems are regulated when listening to music.

In this study, none of the participants were in the habit of listening to classic music or piano
pieces. None of them knew any of the pieces by Chopin used in this study. These participant
characteristics must be reflected in the results of arousal and valence for the Chopin composi-
tions used in this study.
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(PPTX)

S1 Table. Characteristics of the music pieces used in the experiment.
(DOCX)

$2 Table. Comparison of the six features of the music pieces used in the experiment for
slow- and fast-tempo music sequences.
(DOCX)

S1 Text. Legends of S1 Fig, S1 Table and S2 Table.
(DOCX)

S1 File. Data set 1. This includes all the original data from which the results shown in Figs 1-6
were produced.
(XLS)

S2 File. Data set 2. This includes all the rating scores for music pieces assessed by 6 music
experts.
(XLSX)

Author Contributions
Conceptualization: Yuuki Ooishi, Hideo Mukai, Makio Kashino.
Formal analysis: Yuuki Ooishi, Hideo Mukai, Ken Watanabe.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189075 December 6,2017 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189075.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189075.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189075.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189075.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189075.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189075.s006
https://doi.org/10.1371/journal.pone.0189075

@° PLOS | ONE

Increase in oxytocin and decrease in cortisol after listening to slow and fast tempo music

Funding acquisition: Makio Kashino.

Investigation: Yuuki Ooishi, Hideo Mukai.

Methodology: Yuuki Ooishi, Hideo Mukai, Suguru Kawato.

Project administration: Yuuki Ooishi, Hideo Mukai, Makio Kashino.

Resources: Suguru Kawato, Makio Kashino.

Software: Yuuki Ooishi, Ken Watanabe.

Supervision: Yuuki Ooishi, Hideo Mukai, Makio Kashino.

Validation: Yuuki Ooishi, Hideo Mukai.

Visualization: Yuuki Ooishi, Hideo Mukai, Makio Kashino.
Writing - original draft: Yuuki Ooishi, Hideo Mukai.

Writing - review & editing: Yuuki Ooishi, Hideo Mukai.

References

1.

10.

11.

12.

13.

14.

Chanda ML, Levitin DJ (2013) The neurochemistry of music. Trends Cogn Sci 17: 179-193. hitps://doi.
org/10.1016/j.tics.2013.02.007 PMID: 23541122

Koelsch S (2014) Brain correlates of music-evoked emotions. Nat Rev Neurosci 15: 170-180. https:/
doi.org/10.1038/nrn3666 PMID: 24552785

Koelsch S, Jancke L (2015) Music and the heart. Eur Heart J 36: 3043—-3049. https://doi.org/10.1093/
eurheartj/ehv430 PMID: 26354957

Salimpoor VN, Benovoy M, Longo G, Cooperstock JR, Zatorre RJ (2009) The rewarding aspects of
music listening are related to degree of emotional arousal. PLoS One 4: e7487. https://doi.org/10.1371/
journal.pone.0007487 PMID: 19834599

Salimpoor VN, Benovoy M, Larcher K, Dagher A, Zatorre RJ (2011) Anatomically distinct dopamine
release during anticipation and experience of peak emotion to music. Nat Neurosci 14: 257-262.
https://doi.org/10.1038/nn.2726 PMID: 21217764

Rickard NS (2004) Intense emotional responses to music: a test of the physiological arousal hypothesis.
Psychology of music 32: 371-388.

Khalfa S, Bella SD, Roy M, Peretz |, Lupien SJ (2003) Effects of relaxing music on salivary cortisol level
after psychological stress. Ann N 'Y Acad Sci 999: 374-376. PMID: 14681158

Suda M, Morimoto K, Obata A, Koizumi H, Maki A (2008) Emotional responses to music: towards scien-
tific perspectives on music therapy. Neuroreport 19: 75-78. https://doi.org/10.1097/WNR.
0b013e3282{3476f PMID: 18281896

Knight WE, Rickard Ph DN (2001) Relaxing music prevents stress-induced increases in subjective anxi-
ety, systolic blood pressure, and heart rate in healthy males and females. J Music Ther 38: 254-272.
PMID: 11796077

Kern P, Rivera NR, Chandler A, Humpal M (2013) Music therapy services for individuals with autism
spectrum disorder: a survey of clinical practices and training needs. J Music Ther 50: 274-3083. https://
doi.org/10.1093/jmt/50.4.274 PMID: 25014668

Whitehead-Pleaux AM, Baryza MJ, Sheridan RL (2006) The effects of music therapy on pediatric
patients’ pain and anxiety during donor site dressing change. J Music Ther 43: 136—-153. PMID:
16897906

Haas F, Distenfeld S, Axen K (1986) Effects of perceived musical rhythm on respiratory pattern. J Appl
Physiol (1985) 61: 1185-1191. PMID: 3759758

Okada K, Kurita A, Takase B, Otsuka T, Kodani E, et al. (2009) Effects of music therapy on autonomic
nervous system activity, incidence of heart failure events, and plasma cytokine and catecholamine lev-
els in elderly patients with cerebrovascular disease and dementia. Int Heart J 50: 95-110. PMID:
19246850

Grewe O, Nagel F, Kopiez R, Altenmuller E (2007) Emotions over time: synchronicity and development
of subjective, physiological, and facial affective reactions to music. Emotion 7: 774—788. https://doi.org/
10.1037/1528-3542.7.4.774 PMID: 18039047

PLOS ONE | https://doi.org/10.1371/journal.pone.0189075 December 6,2017 14/16


https://doi.org/10.1016/j.tics.2013.02.007
https://doi.org/10.1016/j.tics.2013.02.007
http://www.ncbi.nlm.nih.gov/pubmed/23541122
https://doi.org/10.1038/nrn3666
https://doi.org/10.1038/nrn3666
http://www.ncbi.nlm.nih.gov/pubmed/24552785
https://doi.org/10.1093/eurheartj/ehv430
https://doi.org/10.1093/eurheartj/ehv430
http://www.ncbi.nlm.nih.gov/pubmed/26354957
https://doi.org/10.1371/journal.pone.0007487
https://doi.org/10.1371/journal.pone.0007487
http://www.ncbi.nlm.nih.gov/pubmed/19834599
https://doi.org/10.1038/nn.2726
http://www.ncbi.nlm.nih.gov/pubmed/21217764
http://www.ncbi.nlm.nih.gov/pubmed/14681158
https://doi.org/10.1097/WNR.0b013e3282f3476f
https://doi.org/10.1097/WNR.0b013e3282f3476f
http://www.ncbi.nlm.nih.gov/pubmed/18281896
http://www.ncbi.nlm.nih.gov/pubmed/11796077
https://doi.org/10.1093/jmt/50.4.274
https://doi.org/10.1093/jmt/50.4.274
http://www.ncbi.nlm.nih.gov/pubmed/25014668
http://www.ncbi.nlm.nih.gov/pubmed/16897906
http://www.ncbi.nlm.nih.gov/pubmed/3759758
http://www.ncbi.nlm.nih.gov/pubmed/19246850
https://doi.org/10.1037/1528-3542.7.4.774
https://doi.org/10.1037/1528-3542.7.4.774
http://www.ncbi.nlm.nih.gov/pubmed/18039047
https://doi.org/10.1371/journal.pone.0189075

@° PLOS | ONE

Increase in oxytocin and decrease in cortisol after listening to slow and fast tempo music

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

BernardiL, Porta C, Sleight P (2006) Cardiovascular, cerebrovascular, and respiratory changes
induced by different types of music in musicians and non-musicians: the importance of silence. Heart
92: 445-452. https://doi.org/10.1136/hrt.2005.064600 PMID: 16199412

Standley JM (1986) Music research in medical/dental treatment: meta-analysis and clinical applications.
J Music Ther 23: 56-122. PMID: 10301218

Leman M, Moelants D, Varewyck M, Styns F, van Noorden L, et al. (2013) Activating and relaxing music
entrains the speed of beat synchronized walking. PLoS One 8: e67932. https://doi.org/10.1371/journal.
pone.0067932 PMID: 23874469

Heinrichs M, Baumgartner T, Kirschbaum C, Ehlert U (2003) Social support and oxytocin interact to
suppress cortisol and subjective responses to psychosocial stress. Biol Psychiatry 54: 1389-1398.
PMID: 14675803

Ring RH, Malberg JE, Potestio L, Ping J, Boikess S, et al. (2006) Anxiolytic-like activity of oxytocin in
male mice: behavioral and autonomic evidence, therapeutic implications. Psychopharmacology (Berl)
185: 218-225.

Grippo AJ, Trahanas DM, Zimmerman RR 2nd, Porges SW, Carter CS (2009) Oxytocin protects against
negative behavioral and autonomic consequences of long-term social isolation. Psychoneuroendocri-
nology 34: 1542—1553. https://doi.org/10.1016/j.psyneuen.2009.05.017 PMID: 19553027

Grewen KM, Light KC (2011) Plasma oxytocin is related to lower cardiovascular and sympathetic reac-
tivity to stress. Biol Psychol 87: 340-349. https://doi.org/10.1016/j.biopsycho.2011.04.003 PMID:
21540072

Kumagai H, Oshima N, Matsuura T, ligaya K, Imai M, et al. (2012) Importance of rostral ventrolateral
medulla neurons in determining efferent sympathetic nerve activity and blood pressure. Hypertens Res
35: 132—-141. https://doi.org/10.1038/hr.2011.208 PMID: 22170390

Rong W, Wang W, Yuan W, Chen Y (1999) Rapid effects of corticosterone on cardiovascular neurons
in the rostral ventrolateral medulla of rats. Brain Res 815: 51-59. PMID: 9974122

Goncharov N, Katsya G, Dobracheva A, Nizhnik A, Kolesnikova G, et al. (2006) Diagnostic significance
of free salivary testosterone measurement using a direct luminescence immunoassay in healthy men
and in patients with disorders of androgenic status. Aging Male 9: 111-122. https://doi.org/10.1080/
13685530600713060 PMID: 16916746

Hofman LF (2001) Human saliva as a diagnostic specimen. J Nutr 131: 16215-1625S. PMID:
11340128

Carter CS, Pournajafi-Nazarloo H, Kramer KM, Ziegler TE, White-Traut R, et al. (2007) Oxytocin:
behavioral associations and potential as a salivary biomarker. Ann N Y Acad Sci 1098: 312-322.
https://doi.org/10.1196/annals.1384.006 PMID: 17435137

Gomez P, Danuser B (2007) Relationships between musical structure and psychophysiological mea-
sures of emotion. Emotion 7: 377-387. https://doi.org/10.1037/1528-3542.7.2.377 PMID: 17516815

Halpern DL, Blake R, Hillenbrand J (1986) Psychoacoustics of a chilling sound. Percept Psychophys
39: 77-80. PMID: 3725541

Leow LA, Rinchon C, Grahn J (2015) Familiarity with music increases walking speed in rhythmic audi-
tory cuing. Ann N'Y Acad Sci 1337: 53-61. https://doi.org/10.1111/nyas.12658 PMID: 25773617

Matsui F, Koh E, Yamamoto K, Sugimoto K, Sin HS, et al. (2009) Liquid Chromatography-tandem Mass
Spectrometry (LC-MS/MS) assay for simultaneous measurement of salivary testosterone and cortisol
in healthy men for utilization in the diagnosis of late-onset hypogonadism in males. Endocr J 56: 1083—
1093. PMID: 19734692

Yamashita K, Miyashiro Y, Maekubo H, Okuyama M, Honma S, et al. (2009) Development of highly
sensitive quantification method for testosterone and dihydrotestosterone in human serum and prostate
tissue by liquid chromatography-electrospray ionization tandem mass spectrometry. Steroids 74: 920—
926. https://doi.org/10.1016/j.steroids.2009.06.007 PMID: 19576916

Porges SW (1995) Orienting in a defensive world: mammalian modifications of our evolutionary heri-
tage. A Polyvagal Theory. Psychophysiology 32: 301-318. PMID: 7652107

(1996) Heart rate variability. Standards of measurement, physiological interpretation, and clinical use.
Task Force of the European Society of Cardiology and the North American Society of Pacing and
Electrophysiology. Eur Heart J 17: 354-381. PMID: 8737210

Pomeranz B, Macaulay RJ, Caudill MA, Kutz |, Adam D, et al. (1985) Assessment of autonomic function
in humans by heart rate spectral analysis. Am J Physiol 248: H151-153. PMID: 3970172

Nilsson U (2009) Soothing music can increase oxytocin levels during bed rest after open-heart surgery:
a randomised control trial. J Clin Nurs 18: 2153-2161. hitps://doi.org/10.1111/.1365-2702.2008.
02718.x PMID: 19583647

PLOS ONE | https://doi.org/10.1371/journal.pone.0189075 December 6,2017 15/16


https://doi.org/10.1136/hrt.2005.064600
http://www.ncbi.nlm.nih.gov/pubmed/16199412
http://www.ncbi.nlm.nih.gov/pubmed/10301218
https://doi.org/10.1371/journal.pone.0067932
https://doi.org/10.1371/journal.pone.0067932
http://www.ncbi.nlm.nih.gov/pubmed/23874469
http://www.ncbi.nlm.nih.gov/pubmed/14675803
https://doi.org/10.1016/j.psyneuen.2009.05.017
http://www.ncbi.nlm.nih.gov/pubmed/19553027
https://doi.org/10.1016/j.biopsycho.2011.04.003
http://www.ncbi.nlm.nih.gov/pubmed/21540072
https://doi.org/10.1038/hr.2011.208
http://www.ncbi.nlm.nih.gov/pubmed/22170390
http://www.ncbi.nlm.nih.gov/pubmed/9974122
https://doi.org/10.1080/13685530600713060
https://doi.org/10.1080/13685530600713060
http://www.ncbi.nlm.nih.gov/pubmed/16916746
http://www.ncbi.nlm.nih.gov/pubmed/11340128
https://doi.org/10.1196/annals.1384.006
http://www.ncbi.nlm.nih.gov/pubmed/17435137
https://doi.org/10.1037/1528-3542.7.2.377
http://www.ncbi.nlm.nih.gov/pubmed/17516815
http://www.ncbi.nlm.nih.gov/pubmed/3725541
https://doi.org/10.1111/nyas.12658
http://www.ncbi.nlm.nih.gov/pubmed/25773617
http://www.ncbi.nlm.nih.gov/pubmed/19734692
https://doi.org/10.1016/j.steroids.2009.06.007
http://www.ncbi.nlm.nih.gov/pubmed/19576916
http://www.ncbi.nlm.nih.gov/pubmed/7652107
http://www.ncbi.nlm.nih.gov/pubmed/8737210
http://www.ncbi.nlm.nih.gov/pubmed/3970172
https://doi.org/10.1111/j.1365-2702.2008.02718.x
https://doi.org/10.1111/j.1365-2702.2008.02718.x
http://www.ncbi.nlm.nih.gov/pubmed/19583647
https://doi.org/10.1371/journal.pone.0189075

@° PLOS | ONE

Increase in oxytocin and decrease in cortisol after listening to slow and fast tempo music

36.

37.

38.

39.

40.
M,

42,

43.

44.

45.

46.

47.

lwanaga M, Moroki Y (1999) Subjective and Physiological Responses to Music Stimuli Controlled Over
Activity and Preference. J Music Ther 36: 26—-38. PMID: 10519843

Zhou P, Sui F, Zhang A, Wang F, Li G. Music therapy on heart rate variability; 2010. |IEEE. pp. 965—
968.

Boccia ML, Petrusz P, Suzuki K, Marson L, Pedersen CA (2013) Immunohistochemical localization of
oxytocin receptors in human brain. Neuroscience 253: 155-164. https://doi.org/10.1016/j.
neuroscience.2013.08.048 PMID: 24012742

Theodoridou A, Rowe AC, Mohr C (2013) Men perform comparably to women in a perspective taking
task after administration of intranasal oxytocin but not after placebo. Front Hum Neurosci 7: 197.
https://doi.org/10.3389/fnhum.2013.00197 PMID: 23754995

Sapolsky RM. Individual differences and the stress response; 1994. Elsevier. pp. 261-269.

Elliott D, Polman R, McGregor R (2011) Relaxing music for anxiety control. J Music Ther 48: 264—288.
PMID: 22097099

Gerra G, Zaimovic A, Franchini D, Palladino M, Giucastro G, et al. (1998) Neuroendocrine responses of
healthy volunteers to 'techno-music’: relationships with personality traits and emotional state. Int J Psy-
chophysiol 28: 99-111. PMID: 9506313

Golczynska A, Lenders JW, Goldstein DS (1995) Glucocorticoid-induced sympathoinhibition in
humans. Clin Pharmacol Ther 58: 90-98. https://doi.org/10.1016/0009-9236(95)90076-4 PMID:
7628186

Schommer NC, Hellhammer DH, Kirschbaum C (2003) Dissociation between reactivity of the hypothal-
amus-pituitary-adrenal axis and the sympathetic-adrenal-medullary system to repeated psychosocial
stress. Psychosom Med 65: 450-460. PMID: 12764219

Arch JJ, Brown KW, Dean DJ, Landy LN, Brown KD, et al. (2014) Self-compassion training modulates
alpha-amylase, heart rate variability, and subjective responses to social evaluative threat in women.
Psychoneuroendocrinology 42: 49-58. https://doi.org/10.1016/j.psyneuen.2013.12.018 PMID:
24636501

Het S, Schoofs D, Rohleder N, Wolf OT (2012) Stress-induced cortisol level elevations are associated
with reduced negative affect after stress: indications for a mood-buffering cortisol effect. Psychosom
Med 74:23-32. https://doi.org/10.1097/PSY.0b013e31823a4a25 PMID: 22155939

Rimmele U, Domes G, Mathiak K, Hautzinger M (2003) Cortisol has different effects on human memory
for emotional and neutral stimuli. Neuroreport 14: 2485-2488. https://doi.org/10.1097/01.wnr.
0000095495.09138.b6 PMID: 14663215

PLOS ONE | https://doi.org/10.1371/journal.pone.0189075 December 6,2017 16/16


http://www.ncbi.nlm.nih.gov/pubmed/10519843
https://doi.org/10.1016/j.neuroscience.2013.08.048
https://doi.org/10.1016/j.neuroscience.2013.08.048
http://www.ncbi.nlm.nih.gov/pubmed/24012742
https://doi.org/10.3389/fnhum.2013.00197
http://www.ncbi.nlm.nih.gov/pubmed/23754995
http://www.ncbi.nlm.nih.gov/pubmed/22097099
http://www.ncbi.nlm.nih.gov/pubmed/9506313
https://doi.org/10.1016/0009-9236(95)90076-4
http://www.ncbi.nlm.nih.gov/pubmed/7628186
http://www.ncbi.nlm.nih.gov/pubmed/12764219
https://doi.org/10.1016/j.psyneuen.2013.12.018
http://www.ncbi.nlm.nih.gov/pubmed/24636501
https://doi.org/10.1097/PSY.0b013e31823a4a25
http://www.ncbi.nlm.nih.gov/pubmed/22155939
https://doi.org/10.1097/01.wnr.0000095495.09138.b6
https://doi.org/10.1097/01.wnr.0000095495.09138.b6
http://www.ncbi.nlm.nih.gov/pubmed/14663215
https://doi.org/10.1371/journal.pone.0189075

