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Abstract: It is proven that music listening can have a therapeutic impact in many clinical fields.
However, to assume a curative value, musical stimuli should have a therapeutic logic. This study
aimed at assessing short-term effects of algorithmic music on cardiac autonomic nervous system
activity. Twenty-two healthy subjects underwent a crossover study including random listening to
relaxing and activating algorithmic music. Electrocardiogram (ECG) and non-invasive arterial blood
pressure were continuously recorded and were later analyzed to measure Heart Rate (HR) mean,
HR variability and baroreflex sensitivity (BRS). Statistical analysis was performed using a general
linear model, testing for carryover, period and treatment effects. Relaxing tracks decreased HR and
increased root mean square of successive squared differences of normal-to-normal (NN) intervals,
proportion of interval differences of successive NN intervals greater than 50 ms, low-frequency
(LF) and high-frequency (HF) power and BRS. Activating tracks caused almost no change or an
opposite effect in the same variables. The difference between the effects of the two stimuli was
statistically significant in all these variables. No difference was found in the standard deviation of
normal-to-normal RR intervals, LFpower in normalized units and LFpower/HFpower variables. The
study suggests that algorithmic relaxing music increases cardiac vagal modulation and tone. These
results open interesting perspectives in various clinical areas.

Keywords: cardiac autonomic nervous system; physiological parameters; music therapy; music
listening; algorithmic music

1. Introduction

A large body of research has documented how different musical approaches can have
a strong therapeutic impact in many clinical fields [1]. However, the validity of reported
results in relation to different types of musical stimuli deserves scrutiny.

Neurophysiological and neurochemical effects of active and receptive music ap-
proaches are well supported by several studies [2-5], including the effects on cardiores-
piratory parameters like heart rate (HR), respiratory rate (RR) and heart rate variability
(HRV) [6-11]. However, the results are frequently inconsistent [8] and the relationship
between music stimuli and their effects is still unknown. The need to better understand this
relationship derives from the general complexity and heterogeneity of music stimuli, as
well as from methodological weaknesses of the studies in terms of design, sample size and,
especially, unclear music stimuli definition and treatment (self- or experimenter-selected
music, rationale and administration criteria, music features description, setting, delivery
schedule, etc.) [12].
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This study investigates the impact of two clearly-defined, experimenter-selected music
stimuli, one activating and another relaxing, on a set relevant non-invasive markers of
cardiac autonomic nervous system activity using a sound experimental design and in-
house developed signal analysis algorithms [13-18]. We hypothesized that the two music
stimuli would have a different impact on cardiac autonomic activity and that this difference
would be consistent with their supposed effect (e.g., a reduction in HR during the relaxing
stimulus and an increase during the activating stimulus).

The important innovation of this study concerns the use of algorithmic music
(Melomics-Health) created with specific therapeutic aims [19]. The use of Melomics-Health
music allows to create standardized and homogeneous stimuli bypassing cultural elements
and the complexity of conventional music.

2. Materials and Methods
2.1. Subjects

Subjects for the study were 22 healthy volunteers, 9 men and 13 women, aged
34.5 £ 12 years (range: 21-58). None of the subjects practiced intensive sports activi-
ties or took drugs potentially interfering with cardiac autonomic activity. Baseline systolic
and diastolic arterial pressure were 118.5 £ 13.7 mmHg and 74.8 & 10.5 mmHg, respectively.
The study was approved by the Ethical Board of the Istituti Clinici Scientifici Maugeri, Pavia,
Italy (2420 CE, 23 April 2020) and all subjects provided written consent to the participation
in the study.

2.2. Music Intervention

The neuroscientific literature bases the effectiveness of music on its predictability
and familiarity for the listener. Indeed, our perceptual system can predict and recognize
musical patterns, and our reward system is satisfied by the emotional recognition of such
patterns [20]. However, we cannot exclude that some effects (in the case of this study
physiological effects) may result from the subjective pleasure of listening but also from
specific music structures and specific music parameters [21,22].

The music used in the study was composed by the Melomics-Health algorithm [19,21]
(Figure 1) that composes music tracks (melodies whose notes belong to the temperate
system) based on specific sound parameters and appropriate musical structures to achieve
the expected therapeutic objective. This way of composing music gives the possibility
to work on the design of the music itself, thereby creating the necessary conditions for
its use in the therapeutic field. In fact, one of the advantages of this technology is the
possibility of shaping and modelling music according to the therapeutic objective. The
algorithm has already been used in some experimentations in the field of pediatric acute
pain, stress, and radiotherapy [23-25]. For this study, Melomics-Health created two couples
of pieces for cello (couple 1) and clarinet (couple 2), lasting 5 min each. Each couple
consisted of one relaxing and one activating track. Short examples from tracks are reported
in Supplementary Materials (audio samples 1, 2, 3, 4).
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* Definition of sound-music parameters according to the

Music therapeutic objective
Modeling
» Markov process (roulette wheel selection) whose
DL weights are given so as to respect the constraints
ceneration _ defined in the modeling
DL * Virtual Instruments - PDF score -> MP3 file
Synthesis
Figure 1. Algorithmic Music (creation process).
2.3. Experimental Protocol
The study was conducted using a two-period, two-sequence crossover design compar-
ing the activating music model (Act) with the relaxing model (Rel). Subjects were randomly
and evenly (1:1 ratio) allocated to the Act—Rel or Rel—Act sequence. Subjects in the
Act—Rel sequence (Sequence 1) received the activating music stimulus during the first
recording session (Period 1) and, after signal re-calibration, received the relaxing stimulus
during the second recording session (Period 2) (Figure 2). Subjects in the Rel— Act sequence
(Sequence 2) received the Rel stimulus during Period 1 and the Act stimulus during Period
2. Each session included a baseline (5 min), a stimulation (Act or Rel, 5 min) and a recovery
sub-section (5 min) (Figure 2).
Period 1 Signal Period 2
re-calibration
L
Sequence 1 | Baseline — Recove A Baseli Rel R
q stimulation y aseline stimulation ecovery
. Rel - . Act
Sequence 2 | Baseline | _. . . | Recovery Baseline | _. = -, | Recovery

Figure 2. Schematic diagram of the experimental design of the study. Each recording subsection
(baseline, stimulation, recovery) lasted 5 min. Act = activating; Rel = relaxing.

Recordings were carried out in the sitting position on a comfortable armchair, in
our laboratory for the Study of the Autonomic Nervous System and Cardiorespiratory
Activity. After instrumentation and signal stabilization, we recorded the ECG, lung volume
through respiratory inductive plethysmography (Q-RIP Respiratory Effort System, Braebon
Medical Corporation, Kanata, Ontario, Canada) and continuous non-invasive arterial blood
pressure (CNAP, CNSystems Medizintechnik GmbH, Graz, Austria).
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2.4. Signal Analysis and Measurement of Autonomic Indices

The ECG and arterial blood pressure signals were processed by dedicated software [13]
to obtain beat-to-beat RR interval and systolic arterial pressure (SAP) time series. Both
time series were visually inspected simultaneously and the widest segment free from
artifacts, large transients or marked changes in the oscillatory pattern of the signals, was
interactively selected [26]. After correction of isolated ectopic beats by linear interpolation,
mean heart rate (HR), the standard deviation of normal-to-normal RR intervals (SDNN),
the root mean square of successive squared differences (RMSSD) of NN intervals, and the
proportion of interval differences of successive NN intervals greater than 50 ms (pNN50),
were computed [27].

In order to compute spectral indexes of cardiovascular variability, a 2-Hz re-sampled
version of RR and SAP time series was obtained by cubic spline interpolation. After
detrending via least-square second-order polynomial fitting, the power spectral density
of the RR time series in the low-frequency (LF, 0.04-0.15 Hz) and high-frequency (HE,
0.15-0.45 Hz) bands was estimated by the autoregressive method (Burg algorithm) with
spectral decomposition (Johnsen and Andersen algorithm). The autoregressive model
order was set at 26, but was interactively increased when negative components appeared
in the spectral decomposition table [26]. In order to cope with the possible presence of
more than one spectral component within each band, we computed the power of the LF
and HF bands as the sum of the powers of the spectral components identified in each of
them [17]. Components showing < 10% of the overall power in the band were ignored as
they probably represented pure noise contributions. The LF power in normalized units
(LFnu) was computed as: LF power/(LF power + HF power)*100. The HF power in
normalized units (=100 — LFnu) was not analyzed, to avoid redundancy in the results.

Baroreflex sensitivity (BRS) was estimated by computing the average value of the
transfer function modulus between SAP and RR interval time series in the LF band [14].

2.5. Statistical Analysis

The effect of each music stimulus on a given autonomic index was calculated as the
difference between the value of the index during stimulation and that during the preceding
baseline condition. The analysis was performed using a two-factor analysis of variance:
Sequence (two levels: Act—Rel, Rel—=Act) and Period (two levels: 1, 2), with repeated
measures on the factor Period. The test for the Seq factor is a test for the presence of a
carryover effect, which is a potential drawback of any crossover design, whereas the test
for the Period factor is a test for the presence of a systematic drift in autonomic indexes
between the first and the second part of the experiment. We hypothesized that such a drift
could occur due to the length of the recording (about 35 min) and the consequent possibility
of developing drowsiness or irritation over time. Finally, the test for the interaction between
the factor Seq and the factor Period is a test for the difference between the effects of the
two treatments (i.e., effect of Rel stimulation vs effect of Act stimulation; null hypothesis:
effect of Rel stimulation = effect of Act stimulation). Before analysis, the normality of
the data was checked by the Shapiro-Wilks test, and an attempt was made to convert
non-normally distributed variables into normally distributed variables using variable
transformation. Moreover, treatment effects were analyzed in these variables using a
non-parametric approach (Wilcoxon test). One-sample tests were performed by the t-test
or Wilcoxon signed-rank test, when appropriate. All statistical tests were two-tailed and
statistical significance was set at p < 0.05. The analyses were carried out using the SAS/STAT
statistical package, release 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results

Summary statistics (mean - SEM) of mean heart rate and cardiovascular variability
indices in the two baseline conditions and during the subsequent relaxing and activating
musical stimulation are shown in Table 1. Summary statistics of the difference between the
value of these variables during stimulation and that during the preceding baseline condition
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(stimulation effect), as well as the significance probability of the tests for the carryover
and period effects, and for the difference between the effects of the two treatments, are
shown in Table 2. For the sake of completeness of information, the same tables are also
reported in the Supplementary Materials (Tables S1 and S2) using a different descriptor
of the central tendency and dispersion (median (Q1, Q3)). In some variables (RMSSD, LF
power, HF power, LE/HF), the distribution of the effect was non-normal in a subset of the
four measurement conditions, therefore it was not possible to find a variable transformation
capable at the same time to achieve normality in some conditions and preserving it in the
others. Accordingly, in these variables, testing for the treatment effect was also performed
using a non-parametric approach.

Table 1. Summary statistics of heart rate and cardiovascular variability indices in the two baseline
conditions and during the subsequent relaxing (Rel) and activating (Act) musical stimulation.

Variable Rel Rel Act Act
Baseline Stimulation Baseline Stimulation
HR, bpm 734 +22 722 +2.1 735+ 2.1 733 +£2.1
SDNN, ms 428 +£2.6 409 £2.5 447 £ 3.2 403 £ 2.8
RMSSD, ms 30.8+22 33.0+23 35.0 £ 34 30.3 + 2.7
PNN50, % 11.7 £ 2.6 141 +26 12.6 £ 2.7 11.1£25
LEpower, ms? 559 & 87 644 + 108 712 + 144 512 4 105
LFnur, NLU. 517+ 44 50.5 1+ 4.2 539 +4.7 53.24+4.1
HFpower, ms? 443 + 65 519 4 59 479 4+ 90 408 + 62
LF/HF, A.U. 1.51 +£0.26 1.37 £ 0.22 1.78 = 0.34 1.51 +£0.22
BRS, ms/mm Hg 6.0+ 0.6 704+ 0.7 6.3+ 0.6 59+05

Summary statistics are expressed as mean + SEM. HR = mean heart rate; SDNN = standard deviation of
normal-to-normal RR intervals; RMSSD = root mean square of successive squared differences of NN intervals;
PNN50 = proportion of interval differences of successive NN intervals greater than 50 ms; LFpower = low
frequency power; HFpower = high frequency power; LFyy = low frequency power in normalized units;
LF/HF = LFpower / HFpower; A.U. = atbitrary units; BRS: baroreflex sensitivity.

Table 2. Summary statistics of the difference between the value of heart rate and cardiovascular
variability indices during stimulation and that during the preceding baseline condition (stimulation
effect), with the significance probability of the tests for the carryover and period effects, and for the
difference between the effects of the two treatments.

. Rel Act p p p
Variable Effect Effect Carryover Period Treatment
HR, bpm —-12+£04 1t —-02£03 0.63 0.36 0.018

SDNN, ms -19+14 —44+19+% 1.0 0.82 0.31
RMSSD, ms 22+10t —47 +1.7 11 0.87 0.53 0.0002
PNN50, % 24+11+¢ —-15£038 0.95 0.61 0.010
LFpower, ms? 85 £ 50* —201 +88* 0.72 0.47 0.015
LFnu, N.U. —-12+27 —0.7+26 0.97 0.88 0.89
HFpower, ms? 76 + 50 * —72+54 0.69 0.78 0.05
LF/HF, A.U. —0.14+023 —027+0.21 0.40 0.85 0.72
BRS, ms/mm Hg 1.0£04% —04+£04 0.73 0.48 0.018

Summary statistics are expressed as mean + SEM. HR = mean heart rate; SDNN = standard deviation of
normal-to-normal RR intervals; RMSSD= root mean square of successive squared differences of NN intervals;
PNN50 = proportion of interval differences of successive NN intervals greater than 50 ms; LFpower = low
frequency power; HFpower = high frequency power; LFyy = low frequency power in normalized units;
LF/HF = LFpower/ HFpower; A.U.= arbitrary units; BRS: baroreflex sensitivity. In some variables with non-normal
distribution (RMSSD, LEpower, HFpower, LF/HF; see text), treatment effects were estimated using a non-parametric
approach. * borderline non-significant (0.05 < p < 0.11); + p < 0.05; +1 p < 0.005.

The relaxing stimulus caused a decrease in HR and an increase in RMSSD, pNN50, LF
power, HF power and BRS, while the activating stimulus caused almost no change or an
opposite effect in the same variables. The difference in effect between the two stimuli was
statistically significant in all these variables (last column of Table 1). No difference in effect
was found in the SDNN, LENU and LF/HEF variables (p > 0.30 for all).
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The change in breathing frequency was —0.005 £ 0.36 Hz during the relaxing stimulus
and 0.005 % 0.024 Hz during the activating stimulus. The difference between these effects
was largely non-significant (p = 0.24).

4. Discussion

This study shows that two different musical stimuli (relaxing and activating) obtained
through the use of Melomics-Health, a novel algorithmic music capable of providing
standardized stimuli with specific therapeutic aims, have a significantly different impact
on cardiac autonomic nervous system activity as assessed by the measurement of mean HR
and standard cardiovascular variability indices.

The study evaluates the short-term effects of algorithmic music. A major aspect of
this approach is the possibility of relating structures and music parameters to the effects
produced. This is not possible with conventional music pieces where structures are complex
and overlapping. Algorithmic music consists of parameters and structures that can be
identified, reproduced and modulated in relation to the effects produced. These aspects are
of fundamental importance in the field of music therapy. Indeed, the modeling of musical
pieces with a clear de-activating rather than activating effect is a particularly important
resource in different therapeutic clinical contexts: temporary or structural anxiety, stress,
behavioral disorders, etc. This study shows with rigorous and sensitive measurements clear
effects on crucial markers of parasympathetic activity. In particular, the decrease in HR with
the algorithmic relaxing music model constitutes a result of considerable interest, congruent
with the increase in RMSSD, pNN50 and BRS that reached a statistical significance in the
evaluation of this effect.

4.1. Interpretation of Changes in Cardiovascular Variability Indices

Based on the classical Rosenblueth-Simeone model [28], the decrease in mean HR
observed during the relaxing musical stimulus can be interpreted as the effect of an increase
in tonic vagal activity, a decrease in tonic sympathetic activity or both. The RMSSD, pNN50
and HF power are well-known correlated markers of cardiac vagal modulation [29,30].
These indices increased during the relaxing stimulus and showed an opposite trend during
the activating stimulus, thus indicating that vagal modulation was enhanced by the former
and possibly lessened or left almost unchanged by the latter.

Several studies have demonstrated the capability of BRS, as estimated non-invasively
by the transfer function method, to detect the change in cardiac baroreflex function fol-
lowing structural cardiovascular disease [14], as well as its clinical and prognostic rele-
vance [16,18,31,32]. Using a beat-to-beat mathematical model of baroreflex blood pressure
and HR control and simulating different physiological and pathological hemodynamic
and autonomic conditions, van de Vooren et al. showed that BRS is almost exclusively
vagally mediated and that, accordingly, the LF oscillations of HR mainly represents vagal
transmission of the corresponding blood pressure oscillation via the baroreflex [33,34]. The
latter finding is consistent with a number of investigations on healthy human subjects
using a similar or different methodology to estimate BRS [35-38]. In our study, we found
that BRS and the LF power had significantly opposite changes during the two musical
stimulations, namely an increase during the relaxing stimulus and a decrease during the
activating stimulus, suggesting a vagally mediated increase in baroreflex sensitivity during
the former and the opposite during the latter.

The LF/HF and LFyy have long been proposed as two mathematically-related indexes
describing the so-called “sympathovagal balance” [39]. This concept, however, has been
heavily criticized on the grounds that it lacks a precise definition and a sound physiological
construct, and that the response of the LF/HF and LFyy to some autonomic conditions
does not reflect the underlying changes in the physiological state [40—44]. This might
explain why we found no difference in LF/HF and LFyy between the responses to the two
musical stimuli (treatment effect: p > 0.60 for both), and why the two responses separately
were largely non-significant (p > 0.85 for both).
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Finally, the SDNN is a measure of global HR variation, thereby including both sympa-
thetic and vagal modulations. A known limitation of this index is its dependence on the
length of the recording period [27]. Indeed, during short-term recordings, as in the present
study, the SDNN is markedly influenced by the slow trends resulting from fragments of
very-low and ultra-low HR oscillations [27]. These issues make the interpretation of a
non-significant treatment effect rather difficult.

Based on all these considerations, our interpretation of the study findings is that the
relaxing stimulus increased cardiac vagal modulation, and, possibly, also cardiac vagal
tone, while the activating stimulus had an opposite effect or no effect at all.

4.2. Study Strengths and Limitations

Although several studies have shown that music listening may provide therapeutic
effects, such effects can hardly be attributed to a specific type of music [45]. This study
is an attempt to assess the effects of a specific type of music (algorithmic music) whose
structure and parameters are known in detail. These effects were tested using physiological
outcome measures that partially by-pass the subjectivity of music perception, thereby
making the assessment process objective. Moreover, previous findings on the impact of
music on cardiovascular autonomic parameters were often inconsistent [8], likely because
of methodological shortcomings and poor definition of musical stimuli [12]. The present
study fills both of these gaps by using appropriately designed and standardized stimuli
and a sound methodological approach.

The study was sufficiently powered to detect a significant difference in the outcome
of the study in the five parameters in which there was a clear and meaningful trend in
descriptive statistics (HR, RMSSD, Pnn50, HF, BRS, Table 1). A largely non-significant
result was found in the three parameters in which there was no clear and meaningful
trend (SDNN, LE, LE/HF). As for the ancillary analyses shown in the first two columns of
Table 2, the lack of adequate power was likely the reason for the non-significance of some
univariate tests in which a clear and meaningful trend in descriptive statistics was observed
(e.g., HF power).

Two limitations of the study are the limited number of subjects recruited and the fact
that only short-term effects on healthy subjects were studied. Another limitation is that
the study did not include a control group undergoing conventional music listening (i.e.,
listening to self-selected music that is subjectively considered to be relaxing or activating).
Moreover, in future studies, it might be interesting to integrate the assessment of physi-
ological responses with the evaluation of the subjective impact of music stimuli. Indeed,
the latter has already been tested in previous studies [21,23], and could complement the
protocol presented in this study. Finally, a potentially critical aspect of the study protocol
was the sense of boring often reported by participants and related to the time elapsed from
the end of the first stimulation to the beginning of the second stimulation (i.e., recovery,
re-calibration and the next baseline). Although, as indicated by the non-significance of
the Period effect in all variables (Table 1), this subjective feeling did not translate into a
systematic bias in the results, it might have increased measurement variation.

The extent of change in mean HR observed with the relaxing stimuli deserves some
comments. Although a one-beat reduction in heart rate might be regarded as of limited
physiological value, it is worth saying that several studies have shown that even a one-beat
change in heart rate carries relevant clinical value. In particular, the MESA study involving
over 5000 asymptomatic individuals without a history of cardiovascular disease showed
that for a one bpm increase in resting heart rate there was a 4% greater adjusted risk for
incident heart failure [46].

We conclude that the results of this exploratory study are encouraging and open
interesting clinical perspectives in various potential areas of application (cardiovascular
disease, anxiety and stress conditions, chronic pain, sleep disorders, etc.). To consolidate
our findings, adequately-powered randomized controlled trials involving different clinical
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populations, and including the comparison between algorithmic and traditional music,
are needed.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcm11195738/s1, Audio S1: Excerpt of Cello Relaxing Music;
Audio S2: Excerpt of Cello Activating Music; Audio S3: Excerpt of Clarinet Relaxing Music; Audio
S4: Excerpt of Clarinet Activating Music. Table S1: Summary statistics of mean heart rate and
cardiovascular variability indices in the two baseline conditions and during the subsequent relaxing
(Rel) and activating (Act) musical stimulation. Table S2: Summary statistics of the difference between
the value of heart rate and cardiovascular variability indices during stimulation and that during the
preceding baseline condition (stimulation effect), with the significance probability of the tests for the
carryover and period effects, and for the difference between the effects of the two treatments.
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Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of Istituti Clinici
Scientifici Maugeri, Pavia, Italy (2420 CE, 23 April 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: The data presented in this study are available in the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Raglio, A; Oasi, O. Music and health: What interventions for what results? Front. Psychol. 2015, 2, 230. [CrossRef] [PubMed]

2. Boso, M.; Politi, P; Barale, F; Enzo, E. Neurophysiology and neurobiology of the musical experience. Funct. Neurol.
2006, 21, 187-191. [PubMed]

3. Koelsch, S. A neuroscientific perspective on music therapy. Ann. N. Y. Acad. Sci. 2009, 1169, 374-384. [CrossRef] [PubMed]

4. Koelsch, S. Brain correlates of music-evoked emotions. Nat. Rev. Neurosci. 2014, 15, 170-180. [CrossRef]

5. Chanda, M.L,; Levitin, D.J. The neurochemistry of music. Trends Cogn. Sci. 2013, 17, 179-193. [CrossRef]

6. Raglio, A.; De Maria, B.; Perego, F,; Galizia, G.; Gallotta, M.; Imbriani, C.; Porta, A.; Vecchia, L.A.D. Effects of Algorithmic Music
on the Cardiovascular Neural Control. J. Pers. Med. 2021, 11, 1084. [CrossRef]

7. Orini, M,; Al-Amodi, F.; Koelsch, S.; Bailén, R. The Effect of Emotional Valence on Ventricular Repolarization Dynamics Is
Mediated by Heart Rate Variability: A Study of QT Variability and Music-Induced Emotions. Front. Physiol. 2019, 10, 1465.
[CrossRef]

8.  Koelsch, S.; Jancke, L. Music and the heart. Eur. Heart J. 2015, 36, 3043-3049. [CrossRef]

9. Loomba, R.S,; Arora, R.; Shah, P.H.; Chandrasekar, S.; Molnar, J. Effects of music on systolic blood pressure, diastolic blood
pressure, and heart rate: A meta-analysis. Indian Heart |. 2012, 64, 309-313. [CrossRef]

10. Raglio, A.; Oasi, O.; Gianotti, M.; Manzoni, V.; Bolis, S.; Ubezio, M.C.; Gentile, S.; Villani, D.; Stramba-Badiale, M. Effects of
Music Therapy on Psychological Symptoms and Heart Rate Variability in Patients with Dementia. A Pilot Study. Curr. Aging Sci.
2010, 3, 242-246. [CrossRef]

11. Okada, K.; Kurita, A.; Takase, B.; Otsuka, T.; Kodani, E.; Kusama, Y.; Atarashi, H.; Mizuno, K. Effects of music therapy on
autonomic nervous system activity, incidence of heart failure events, and plasma cytokine and catecholamine levels in elderly
patients with cerebrovascular disease and dementia. Int. Heart ]. 2009, 50, 95-110. [CrossRef] [PubMed]

12. Robb, S.L.; Burns, D.S.; Carpenter, ].S. Reporting guidelines for music-based interventions. J. Health Psychol. 2011, 16, 393.
[CrossRef] [PubMed]

13.  Maestri, R.; Pinna, G.D. POLYAN: A computer program for polyparametric analysis of cardio-respiratory variability signals.
Comput. Methods Programs Biomed. 1998, 56, 37-48. [CrossRef]

14. Pinna, G.D.; Maestri, R.; Raczak, G.; La Rovere, M.T. Measuring baroreflex sensitivity from the gain function between arterial
pressure and heart period. Clin. Sci. 2002, 103, 81-88. [CrossRef]

15. La Rovere, M.T,; Pinna, G.D.; Maestri, R.; Mortara, A.; Capomolla, S.; Febo, O.; Ferrari, R.; Franchini, M.; Gnemmi, M.; Opasich,

C.; et al. Short-term heart rate variability strongly predicts sudden cardiac death in chronic heart failure patients. Circulation
2003, 107, 565-570. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/jcm11195738/s1
https://www.mdpi.com/article/10.3390/jcm11195738/s1
http://doi.org/10.3389/fpsyg.2015.00230
http://www.ncbi.nlm.nih.gov/pubmed/25784891
http://www.ncbi.nlm.nih.gov/pubmed/17367577
http://doi.org/10.1111/j.1749-6632.2009.04592.x
http://www.ncbi.nlm.nih.gov/pubmed/19673812
http://doi.org/10.1038/nrn3666
http://doi.org/10.1016/j.tics.2013.02.007
http://doi.org/10.3390/jpm11111084
http://doi.org/10.3389/fphys.2019.01465
http://doi.org/10.1093/eurheartj/ehv430
http://doi.org/10.1016/S0019-4832(12)60094-7
http://doi.org/10.2174/1874609811003030242
http://doi.org/10.1536/ihj.50.95
http://www.ncbi.nlm.nih.gov/pubmed/19246850
http://doi.org/10.1177/1359105310374781
http://www.ncbi.nlm.nih.gov/pubmed/20709884
http://doi.org/10.1016/S0169-2607(98)00004-2
http://doi.org/10.1042/CS20010249
http://doi.org/10.1161/01.CIR.0000047275.25795.17
http://www.ncbi.nlm.nih.gov/pubmed/12566367

J. Clin. Med. 2022, 11, 5738 90f 10

16.

17.
18.
19.
20.
21.
22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.
41.
42.

43.

Pinna, G.D.; Maestri, R.; Capomolla, S.; Febo, O.; Robbi, E.; Cobelli, F.; La Rovere, M.T. Applicability and clinical relevance
of the transfer function method in the assessment of baroreflex sensitivity in heart failure patients. J. Am. Coll. Cardiol.
2005, 46, 1314-1321. [CrossRef] [PubMed]

Pinna, G.D.; Maestri, R.; Torunski, A.; Danilowicz-Szymanowicz, L.; Szwoch, M.; La Rovere, M.T.; Raczak, G. Heart rate variability
measures: A fresh look at reliability. Clin. Sci. 2007, 113, 131-140. [CrossRef]

La Rovere, M.T.; Maestri, R.; Robbi, E.; Caporotondi, A.; Guazzotti, G.; Febo, O.; Pinna, G.D. Comparison of the prognostic values
of invasive and noninvasive assessments of baroreflex sensitivity in heart failure. J. Hypertens. 2011, 29, 1546-1552. [CrossRef]
Raglio, A.; Vico, F. Music and technology: The curative algorithm. Front. Psychol. 2017, 8, 2055. [CrossRef]

Zatorre, R.J. Why Do We Love Music? In Cerebrum: The Dana Forum on Brain Science; Dana Foundation: New York, NY, USA, 2018.
Raglio, A.; Baiardi, P.; Vizzari, G.; Imbriani, M.; Castelli, M.; Manzoni, S.; Vico, F.; Manzoni, L. Algorithmic Music for Therapy:
Effectiveness and Perspectives. Appl. Sci. 2021, 11, 8833. [CrossRef]

Sihvonen, A.J.; Pitkdniemi, A.; Sarkamo, T.; Soinila, S. Isn’t There Room for Music in Chronic Pain Management? ]. Pain
2022, 23, 1143-1150. [CrossRef] [PubMed]

Requena, G.; Sanchez, C.; Corzo-Higueras, ].L.; Reyes-Alvarado, S.; Rivas-Ruiz, F,; Vico, F,; Raglio, A. Melomics music medicine
(M3) to lessen pain perception during pediatric prick test procedure. Pediatr. Allergy Immunol. 2014, 25, 721-724. [CrossRef]
Raglio, A.; Bellandi, D.; Gianotti, M.; Zanacchi, E.; Gnesi, M.; Monti, M.C.; Montomoli, C.; Vico, E; Imbriani, C.; Giorgi, I,
et al. Daily music listening to reduce work-related stress: A randomized controlled pilot trial. J. Public Health 2020, 42, e81-e87.
[CrossRef] [PubMed]

Raglio, A.; Oddone, E.; Meaglia, I.; Monti, M.C.; Gnesi, M.; Gontero, G.; Imbriani, C.; Ivaldi, G.B. Conventional and Algorithmic
Music Listening before Radiotherapy Treatment: A Randomized Controlled Pilot Study. Brain Sci. 2021, 11, 1618. [CrossRef]
[PubMed]

Pinna, G.D.; Maestri, R.; Di Cesare, A. Application of time series spectral analysis theory: Analysis of cardiovascular variability
signals. Med. Biol. Eng. Comput. 1996, 34, 142-148. [CrossRef] [PubMed]

Task force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology. Heart rate
variability. Standards of measurement, physiological interpretation and clinical use. Circulation 1996, 93, 1043-1065. [CrossRef]
Rosenblueth, A.; Simeone, F. The interrelations of vagal and accelerator effects on the cardiac rate. Am. J. Physiol. 1934, 110, 42-55.
[CrossRef]

Bigger, ].T., Jr.; Fleiss, J.L.; Steinman, R.C.; Rolnitzky, L.M.; Kleiger, R.E.; Rottman, ].N. Correlations among time and frequency
domain measures of heart period variability two weeks after acute myocardial infarction. Am. J. Cardiol. 1992, 69, 891-898.
[CrossRef]

Ramaekers, D.; Ector, H.; Aubert, A.E.; Rubens, A.; Van de Werf, F. Heart rate variability and heart rate in healthy volunteers. Is
the female autonomic nervous system cardioprotective? Eur. Heart J. 1998, 19, 1334-1341. [CrossRef]

Gouveia, S.; Scotto, M.G.; Pinna, G.D.; Maestri, R.; La Rovere, M.T.; Ferreira, PJ. Spontaneous baroreceptor reflex sensitivity for
risk stratification of heart failure patients: Optimal cut-off and age effects. Clin. Sci. 2015, 129, 1163-1172. [CrossRef]

Pinna, G.D,; Porta, A.; Maestri, R.; De Maria, B.; Dalla Vecchia, L.A.; La Rovere, M.T. Different estimation methods of spontaneous
baroreflex sensitivity have different predictive value in heart failure patients. J. Hypertens. 2017, 35, 1666-1675. [CrossRef]
[PubMed]

Van de Vooren, H.; Gademan, M.G.; Swenne, C.A.; Tenvoorde, B.J.; Schalij, M.].; Van der Wall, E.E. Baroreflex Sensitivity, Blood
Pressure Buffering and Resonance: What are the Links? Computer Simulation of Healthy Subjects and Heart Failure Patients.
J. Appl. Physiol. 2007, 102, 1348-1356. [CrossRef] [PubMed]

Pinna, G.D. Assessing baroreflex sensitivity by the transfer function method: What are we really measuring? J. Appl. Physiol.
2007, 102, 1310-1311. [CrossRef] [PubMed]

Bernardi, L.; Leuzzi, S.; Radaelli, A.; Passino, C.; Johnston, J.A ; Sleight, P. Low-frequency spontaneous fluctuations of R-R interval
and blood pressure in conscious humans: A baroreceptor or central phenomenon? Clin. Sci. 1994, 87, 649—-654. [CrossRef]
Sleight, P.; La Rovere, M.T.; Mortara, A.; Pinna, G.; Maestri, R.; Leuzzi, S.; Bianchini, B.; Tavazzi, L.; Bernardi, L. Physiology and
pathophysiology of heart rate and blood pressure variability in humans: Is power spectral analysis largely an index of baroreflex
gain? Clin. Sci. 1995, 88, 103-109. [CrossRef]

Cevese, A.; Gulli, G.; Polati, E.; Gottin, L.; Grasso, R. Baroreflex and oscillation of heart period at 0.1 Hz studied by alpha-blockade
and cross-spectral analysis in healthy humans. J. Physiol. 2001, 531, 235-244. [CrossRef] [PubMed]

Goldstein, D.S.; Bentho, O.; Park, M.Y.; Sharabi, Y. Low-frequency power of heart rate variability is not a measure of car-
diac sympathetic tone but may be a measure of modulation of cardiac autonomic outflows by baroreflexes. Exp. Physiol.
2011, 96, 1255-1261. [CrossRef]

Malliani, A.; Pagani, M.; Lombardi, F.; Cerutti, S. Cardiovascular neural regulation explored in the frequency domain. Circulation
1991, 84, 482-492. [CrossRef]

Eckberg, D. Sympathovagal balance: A critical appraisal. Circulation 1997, 96, 3224-3232. [CrossRef]

Goldberger, ].J. Sympathovagal balance: How should we measure it? Am. J. Physiol. 1999, 276, H1273-H1280. [CrossRef]
Bootsma, M.; Swenne, C.A.; Janssen, M.J.; Cats, V.M.; Schalij, M.]. Heart rate variability and sympathovagal balance: Pharmaco-
logical validation. Neth. Heart J. 2003, 11, 250-259. [PubMed]

Billman, G.E. The LF/HF ratio does not accurately measure cardiac sympatho-vagal balance. Front. Physiol. 2013, 4, 26. [CrossRef]


http://doi.org/10.1016/j.jacc.2005.06.062
http://www.ncbi.nlm.nih.gov/pubmed/16198850
http://doi.org/10.1042/CS20070055
http://doi.org/10.1097/HJH.0b013e3283487827
http://doi.org/10.3389/fpsyg.2017.02055
http://doi.org/10.3390/app11198833
http://doi.org/10.1016/j.jpain.2022.01.003
http://www.ncbi.nlm.nih.gov/pubmed/35124251
http://doi.org/10.1111/pai.12263
http://doi.org/10.1093/pubmed/fdz030
http://www.ncbi.nlm.nih.gov/pubmed/30942385
http://doi.org/10.3390/brainsci11121618
http://www.ncbi.nlm.nih.gov/pubmed/34942921
http://doi.org/10.1007/BF02520019
http://www.ncbi.nlm.nih.gov/pubmed/8733551
http://doi.org/10.1161/01.CIR.93.5.1043
http://doi.org/10.1152/ajplegacy.1934.110.1.42
http://doi.org/10.1016/0002-9149(92)90788-Z
http://doi.org/10.1053/euhj.1998.1084
http://doi.org/10.1042/CS20150341
http://doi.org/10.1097/HJH.0000000000001377
http://www.ncbi.nlm.nih.gov/pubmed/28399043
http://doi.org/10.1152/japplphysiol.00158.2006
http://www.ncbi.nlm.nih.gov/pubmed/17185500
http://doi.org/10.1152/japplphysiol.00035.2007
http://www.ncbi.nlm.nih.gov/pubmed/17218433
http://doi.org/10.1042/cs0870649
http://doi.org/10.1042/cs0880103
http://doi.org/10.1111/j.1469-7793.2001.0235j.x
http://www.ncbi.nlm.nih.gov/pubmed/11179406
http://doi.org/10.1113/expphysiol.2010.056259
http://doi.org/10.1161/01.CIR.84.2.482
http://doi.org/10.1161/01.CIR.96.9.3224
http://doi.org/10.1152/ajpheart.1999.276.4.H1273
http://www.ncbi.nlm.nih.gov/pubmed/25696224
http://doi.org/10.3389/fphys.2013.00026

J. Clin. Med. 2022, 11, 5738 10 of 10

44. Reyes del Paso, G.A.; Langewitz, W.; Mulder, L.J.; van Roon, A.; Duschek, S. The utility of low frequency heart rate variabil-
ity as an index of sympathetic cardiac tone: A review with emphasis on a reanalysis of previous studies. Psychophysiology
2013, 50, 477-487. [CrossRef]

45. Hole, J.; Hirsch, M.; Ball, E.; Meads, C. Music as an aid for postoperative recovery in adults: A systematic review and meta-analysis.
Lancet 2015, 386, 1630. [CrossRef]

46. Opdahl, A.; Ambale Venkatesh, B.; Fernandes, V.R.S.; Wu, C.O.; Nasir, K.; Choi, E.Y.; Almeida, A.L.C.; Rosen, B.; Carvalho, B.;
Edvardsen, T.; et al. Resting heart rate as predictor for left ventricular dysfunction and heart failure: MESA (Multi-Ethnic Study
of Atherosclerosis). . Am. Coll. Cardiol. 2014, 63, 1182-1189. [CrossRef] [PubMed]


http://doi.org/10.1111/psyp.12027
http://doi.org/10.1016/S0140-6736(15)60169-6
http://doi.org/10.1016/j.jacc.2013.11.027
http://www.ncbi.nlm.nih.gov/pubmed/24412444

	Introduction 
	Materials and Methods 
	Subjects 
	Music Intervention 
	Experimental Protocol 
	Signal Analysis and Measurement of Autonomic Indices 
	Statistical Analysis 

	Results 
	Discussion 
	Interpretation of Changes in Cardiovascular Variability Indices 
	Study Strengths and Limitations 

	References

