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Abstract: It is well recognized that regular physical activity may improve cardiac autonomic regulation
preventing chronic non-communicable diseases. Accordingly, the assessment of cardiac autonomic
regulation (CAR) with non-invasive techniques, such as RR interval Variability (V) might be of
practical interest. We studied 56 soccer players (21.2 ± 4.2 years.) and 56 controls (22.2 ± 1.5 years.)
and used a ranked Autonomic Nervous System Index (ANSI), resulting from the combination of
multivariate statistical methodologies applied to spectral analysis derived indices from RRV. We
hypothesized that ANSI would be higher in soccer players as compared to controls (p < 0.001) and
that values would be greatest in defenders and midfielders, who are known to run longer distances
during competitions. Conversely in the intrinsically stationary goalkeepers ANSI would be similar to
controls. Our data show that it is possible to assess the overall level of autonomic performance in
soccer players as compared to the general population, using a ranked composite autonomic proxy
(ANSI). This approach suggests as well that CAR is better in those players who during competitions
run for a greater distance. We conclude that it is possible to highlight the differences in autonomic
profile due to distinct exercise routines, using ANSI, a simple ranked, composite autonomic proxy.

Keywords: soccer; cardiovascular regulation; autonomic nervous system; spectral analysis; endurance
training; elite athletes

1. Introduction

Almost 300 million players, and their continuously rising number, render soccer the world’s
number one sport [1], both in industrialized and low-income countries. Moreover, across Europe, the
Americas, Middle East and Asia marketing investigations show that more than 40% of the population
are interested in soccer (named football in Europe), corresponding to more than 700 million people [2].
This extraordinary reach gives soccer a unique position [3], facilitating the motivation to participate [4]
to modern programs intended to reduce sedentariness and eventually improve cardiovascular risk
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profile [5]. Participation of children and adolescents in soccer activities may also be facilitated because
it is considered as a source of enjoyment [6] and it is organized [7]. Accordingly playing soccer may
counteract the decline of physical activity occurring towards adulthood [8]. Soccer may in addition
be particularly successful in younger males [9] even if in these last years this sport has begun to be
practiced by females too. Finally, compared with other sport activities, soccer has a highly dynamical
nature [10,11]. Thus it may be well positioned to improve blood pressure, heart rate, glycometabolic
profile and body composition as well as to increase aerobic fitness, since they all result from endurance
training [12]. Among various mechanisms implicated in these improvements, Cardiac Autonomic
Regulation (CAR), monitored through autonomic indices such as heart rate (HR) [13,14] and HR
Variability (V) [15], may play an important role. In this context the protective cardiovascular effects of
exercise may be greater than predicted by usual risk factors (lipids, hypertension, metabolism, etc.)
and depend upon a favorable engagement of the autonomic nervous system resulting in a “risk factor
gap” [16].

However, in spite of the presence of more than 25,000 hits in the Medline database, documenting the
interest on the methodology, there are still several critical aspects in the study of this multidimensional
phenomenon requiring clarification. To address part of these criticalities [17,18] we recently introduce
a novel, composite, ranked Autonomic Nervous System Index (ANSI) [11,17,19,20]. ANSI is computed
as a radar plot providing a synthesis of the three most informative spectral derived indices [RR Mean,
RR variance (RR VAR), and the rest-stand difference in the normalized power of low-frequency (RR
LFnu) variability component] of RRV, individually selected employing factor analysis, expressed as
percent rank in view of the need of rendering the variables comparable [21]. ANSI, also percent
ranked, and taken as combined proxy of CAR [22] is easier to compare across individuals or times, and
would thus appear capable to provide a simple, convenient descriptor of CAR independent of age and
gender [23,24].

Here we explore the hypothesis that the difference in CAR between a control population and
a population of elite athletes could be easily demonstrated using ANSI. We hypothesized that the
players of a national A series soccer team, taken as representative of long-term elite endurance sport
participation, would demonstrate values of ANSI higher than observed in a similar age population
of healthy sedentary controls. In view of the association between autonomic regulation and aerobic
fitness [25] in addition we hypothesized that ANSI would be highest in midfielders and defenders
who usually sustain the greatest load during competitions [26].

2. Materials and Methods

2.1. Study Population and Protocol

This proof of concept, observational, retrospective study is part of an ongoing series of
investigations, focusing on the use of autonomic indices in cardiovascular prevention, following
a general protocol that had been approved by Independent Ethics Committee Humanitas Research
Hospital (Rozzano, Italy) on 13 October 2015. Data refer to the entire group of a male soccer team of the
Italian major league (series A), (n = 56; age 21.2 ± 4.2 years.) and to a similar age and gender (all male)
group of healthy individuals, serving as control population (n = 56; age 22.2 ± 1.5 years.). This latter
group is part of a continuously growing population of volunteers that usually visit our outpatient
Exercise Medicine Clinic for reasons varying from a health check-up to cardiovascular prevention.
The good health was ensured in athletes by their team doctor (following Italian law that prescribes
annual preparticipation screening in competing athletes) or, in controls, by family physician (who
provided information on normalcy of biochemical values such as glucose and lipids) and confirmed by
history and physical examination. All subjects had provided informed consent at the time of the visit,
they were informed and agreed that their anonymized data could be used for scientific projects. The
protocol of this study followed the principles of the Declaration of Helsinki and Title 45, US Code of
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Federal Regulations, Part 46, Protection of Human Subjects, Revised 13 November 2001, effective 13
December 2001.

2.2. Autonomic Evaluation

Our approach to the non-invasive evaluation of autonomic regulation has recently been
summarized [22]. In brief, after an overnight fast and a light breakfast, avoiding caffeine and
intense physical activity in the preceding 24 h, ECG and respiratory activity (piezoelectric belt, Marazza,
Monza, Italy) are acquired on a PC. Beat-by-beat data series of 5 min rest followed by 5 min upright
data are analyzed off-line with dedicated software (AMPS-llc, New York, NY, USA) [27]. As described
previously [14], from the autoregressive spectral analysis of RR interval a series of indices indirectly
reflecting cardiovascular autonomic modulation is derived using an ad hoc software requiring minimal
operator involvement (Table 1).

Table 1. Definition of the variables (ANS proxies) employed in the study (a).

Variables Definition

HR [beat/min] Heart Rate
RR Mean [msec] Average of RR interval from tachogram sections
RR VAR [msec 2] RR variance from tachogram sections
RR LFa [msec 2] Absolute power(a) of Low Frequency (LF) component of RR variability (V)
RR HFa [msec 2] Absolute power(a) of High Frequency (HF) component of RRV
RR LFnu [nu] Normalized power (nu) of Low Frequency (LF) component of RRV
RR HFnu [nu] Normalized power (nu) of High Frequency (HF) component of RRV
RR LF/HF . Ratio between absolute values of LF and HF
∆RRLFnu [nu] Difference of LF power in nu between stand and rest
SAP [mmHg] Systolic arterial pressure by sphygmomanometer
DAP [mmHg] Diastolic arterial pressure by sphygmomanometer

ANSI (b) [%] Composite index of Autonomic Nervous System regulation computed as a
synthesis of RR Mean, RR TP, and ∆RRLFnu

(a) Modified from [22]. (b) Definition in [11].

The software tool [27] labels spectral components with a center frequency of 0.03–0.14 Hz
as RR LFa, and components within the range 0.15–0.35 Hz as RR HFa, verifying the existence of
an elevated coherence between RR variability and respiration (Figure 1). Recordings of subjects
with arrhythmias or low frequency breathing are discarded in order to avoid bias which would
render data uninterpretable [18]. Systolic and diastolic arterial pressure were measured using an
electronic sphygmomanometer.

2.3. ANSI, a Proxy of Cardiac Autonomic Regulation (CAR)

ANSI was recently developed as a simple proxy of CAR resulting from the combination of the most
informative latent factors hidden in the global set of variability data [19]. Factor analysis indicates that
collectively three factors (related to domains of HR as well as amplitude and oscillatory RRV) account
for about 80% of Variance Accounted For (VAF). According to loading values, they can be represented
by the following indices: RR Mean, and RR VAR at rest, largely reflecting the vagal modulation, and
the stand-rest difference in RR LFnu, as an index of the effects of the sympathetic excitation mediated
by baroreceptor unloading. These variables are percent ranked and combined using a radar plot in a
single proxy of CAR. The resulting ANSI easily indicates autonomic performance as a ranked percent
where low and high values indicate poor and good performance of CAR, respectively.

2.4. Statistics

Data are presented as mean ± SD. Differences between controls and soccer players were assessed
with an unpaired T-test for normally distributed variables, but with Mann-Whitney non parametric
test for non-normally distributed variables (Shapiro Wilk test). Differences between groups (controls
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and soccer players according to their field position) were assessed with 1WAYANOVA followed
by individual contrasts; normality of distribution was assessed with the Shapiro-Wilk test and for
non-normally distributed data we employed the Kruskal Wallis analysis followed by Mann-Witney
tests. p < 0.05 was set as the level of significance. Computations were performed using a commercial
statistical package (SPSS version 24) (IBM, Armonk, NY, USA).
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Figure 1. Panel a (labelled RR) depicts an example of an autospecrum (PSD) of RR interval variability
obtained at rest on a study participant. The overall spectrum is drawn in blue, and as customary in
healthy normal subjects, three major components are observed. They correspond to three individual
spectral oscillations (indicated in red), that are recognized by the software tool. In normal conditions
there is a component synchronous with respiration (denominated High Frequency, HF, about 0.25 Hz)
and a second component at a Lower Frequency (LF, about 0.10 Hz). A third component around
0Hz corresponds to DC noise and very low frequency shifts of the RR interval signal (denominated
usually VLF). Smaller noise components may also be present, usually below 5% of oscillatory power.
Notice that ordinates should be multiplied by 1000. Panel b (labelled Resp) depicts an example of
respiratory autospectrum. Notice that a single major component (at high, respiratory frequency) is
observed typical of resting, physiological breathing. The Panel c (labelled RR-Resp) depicts in blue
the coherence function (k2) between RR interval variability (i.e., tachogram) and respiration signal.
In this optimal case it corresponds to almost 1. At any rate also smaller values, at least greater than
0.5 indicate, a significant exchange between RR interval and respiration; values smaller than 0.5 indicate
non-significant coherence. In green is also depicted, for completeness, the Phase function (from −π to
+π). This example depicts the well known phenomenon of the tachycardia accompanying inspiration
(in this example the phase difference is about −0.6 rad corresponding to about 120◦). Slow breathing
(around 0.1 Hz) clouds the interpretation of RR interval autospectra. (see also 14, 18, 27).
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3. Results

As shown in Table 2, control subjects and A series soccer players (all male) were of similar age
(22 vs. 21 years) and similar BMI (23 vs. 23 kg/m2), while arterial pressure was slightly elevated
in soccer players yet still within normal range. Heart Rate was as expected lower in players (65 vs.
51 b/min). Players also displayed a lower value of double product, i.e., an indirect assessment of
cardiac O2 consumption (7612.27 ± 1496.53 vs. 6583.67 ± 1223.06, b/min·mmHg p < 0.001).

Table 2. Descriptive population values and cardiac autonomic indices in a group of Italian A series
soccer players and a group of control subjects.

Variable
Controls

n = 56
Soccer Players

n = 56 p

Age [years] 22.2 ± 1.5 21.2 ± 4.2 0.115

Weight [kg] 74.2 ± 9.7 76.9 ± 6.0 0.240
Height [cm] 178.7 ± 7.2 182.6 ± 5.7 < 0.001
BMI [kg/m2] 23.2 ± 2.3 23.0 ± 1.0 0.443
SAP [mmHg] 117.2 ± 10.5 130.2 ± 14.2 < 0.001
DAP [mmHg] 68.4 ± 9.7 71.9 ± 7.3 0.011
HR [beat/min] 65.1 ± 10.7 50.7 ± 8.4 < 0.001
RR [msec] 946.3 ± 155.5 1213.2 ± 185.9 0.025
RR VAR [msec2] 3970.4 ± 3504.2 10,729.2 ± 17,096.8 < 0.001
RR LFa [msec2] 1189.7 ± 966.0 2072.4 ± 2630.1 0.249
RR HFa [msec2] 1540.0 ± 2290.6 5530.5 ± 11,374.6 < 0.001
RR LFnu [nu] 51.5 ± 21.8 32.3 ± 15.4 < 0.001
RR HFnu [nu] 42.3 ± 21.2 64.9 ± 16.8 <0.001
RR LF/HF . 2.43 ± 3.89 0.63 ± 0.57 <0.001
ANSI [%] 45.5 ± 27.6 72.7 ± 23.7 <0.001

p = significance, by unpaired T-test, but with Mann-Whitney non parametric test for non-normally distributed
variables (Shapiro Wilk test). Abbreviations: BMI = Body Mass Index. Other abbreviations: see Table 1.

Regarding autonomic indices, soccer players, globally (Table 2), displayed higher RR VAR, and a
rightward shift of spectral distribution (higher RR HFnu, together with lower RR LFnu and RR LF/HF).
Concomitantly average ANSI was markedly higher in soccer players (see Figure 2).

Considering the specificity of player position (Figure 2 and Table 3) data suggest an uneven
distribution of CAR. In detail, ANSI and other autonomic indicators in goalkeepers appear close to
controls (the only significant difference with controls being a slightly longer RR interval); conversely
defenders and midfielders show the greatest difference from controls; forwards’ profile is intermediate.
Using ANSI as composite proxy of CAR, it is apparent that defenders and midfielders enjoy the best
rest value, while goalkeepers are non-significantly different from normal controls.
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Figure 2. Different values of the unitary autonomic nervous system index (ANSI) in controls and Italian
A team soccer players, according to playing position. * and † indicate significance versus respectively
controls and goalkeepers.

Table 3. Individual autonomic proxies according to playing position in an Italian Serie A soccer team.

Variable
Goalkeepers

n = 5
Defenders

n = 18
Midfielders

n = 21
Forwards

n = 12 p

Age [years] 23.8 ± 5.9 20.5 ± 3.9 ‡ 21.6 ± 4.3 20.6 ± 3.9 ‡ 0.030

Weight [kg] 84.6 ± 4.3 ‡ 79.4 ± 5.5 ‡ 73.9 ± 4.1 *+ 75.2 ± 6.2 * 0.011
Height [cm] 188.6 ± 2.1 ‡ 185.1 ± 4.8 ‡ 180.0 ± 4.5 *+ 180.8 ± 6.6 * < 0.001
BMI [kg/m2] 23.8 ± 0.9 23.1 ± 0.9 22.8 ± 1.2 23.0 ± 1.1 0.719
SAP [mmHg] 127 ± 10 130 ± 12 ‡ 133 ± 17 ‡ 126 ± 14 < 0.001
DAP [mmHg] 71 ± 9 70 ± 8 73 ± 7 73 ± 7 0.091
HR [beat/min] 55.2 ± 9.9 51.0 ± 9.9 ‡ 48.1 ± 6.5 ‡ 52.9 ± 8.1 ‡ < 0.001
RR [msec] 1118 ± 214.8 ‡ 1210.8 ± 196.5 ‡ 1268.2 ± 167.9 ‡ 1160.2 ± 179.4 ‡ < 0.001
RR
VAR [msec2] 4192.4 ± 2027.2 10,625 ± 9932.3 ‡ 10,003.9 ± 10,352.8 ‡ 14,878.4 ± 32,763.6 0.003
RR
LFa [msec2] 1180.1 ± 618.5 1849.1 ± 2049.7 2019 ± 1908.2 2872.7 ± 4493.1 0.848
RR
HFa [msec2] 1554.6 ± 1042.9 5573.2 ± 6845.3 ‡ 5083.9 ± 7379.6 ‡ 7904.5 ± 21,479.4 < 0.001
RR
LFnu [nu] 43 ± 16.2 25.1 ± 13.4 ‡* 31.1 ± 14.9 ‡ 40.8 ± 13.6 + < 0.001
RR
HFnu [nu] 55.1 ± 16.9 71.1 ± 16 ‡* 67.8 ± 15 ‡ 54.8 ± 16.3 ‡+ < 0.001
RR
LF/HF . 1.02 ± 1.00 0.43 ± 0.43 ‡* 0.53 ± 0.38 ‡ 0.92 ± 0.69 + < 0.001
ANSI [%] 50.1 ± 27.7 77 ± 22.9 ‡* 79.6 ± 17.8 ‡* 63.4 ± 26.4 (‡) < 0.001

Data are expressed as mean ± standard deviation; p = overall significance by 1WAYANOVA, followed by individual
contrasts. For non-normally distributed data we used Kruskal Wallis followed by individual contrasts with
Mann-Whitney test. In this computation also the control population (data in Table 2) was considered. Significant
(p < 0.05) individual contrasts: ‡ vs. controls; * vs. goalkeepers; + vs. defenders; # vs. midfielders. Abbreviations:
BMI = Body Mass Index. Other abbreviations: see Table 1. Notice that the symbol for ANSI contrast between
forwards and controls showing a marginal significance (p = 0.056) has been placed in brackets.
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4. Discussion

4.1. General Findings

Findings of this proof of concept, observational study, show that ANSI, a composite ranked proxy
of CAR, is higher in players of an Italian Series A soccer team as compared to similarly aged controls.
Moreover ANSI is highest in midfielders and defenders, who usually sustain the greatest external
load during competitions. This approach might represent a convenient model to study the effects
of long-term physical exercise on CAR. Moreover it is also suitable to distinguish the specificity of
different playing positions.

4.2. Non-Invasive Assessment of Cardiac Autonomic Regulation (CAR)

Following the seminal study of Akselrod et al. in 1981 [28], cardiac autonomic regulation (CAR)
in clinical applications is frequently gauged by proxies derived from analysis of beat by beat variations
of cardiovascular activity, such as Heart Rate (HR) [29,30] or RR interval Variability [31–35] (V).

However, several critical aspects require clarification. The neural model underlying CAR can be
either purely one-way motor as suggested by Langley [36] or bidirectional, afferent-efferent, networked
multiple feed-back, unitary, cybernetic system, as originally proposed by WR Hess [37].

The methodology of analysis regards short vs. long term recordings [31]; time vs. frequency
domain algorithms [31]; raw vs. mathematically manipulated indices, e.g., normalized units [14], and
the origin of tachograms (from sinus sequences [18] of ECG derived RR intervals vs. PP intervals [38] or
peripheral pulse [39]). Moreover capacity to extract information [40] on sympathetic-parasympathetic
regulation or prevalence of either autonomic branch within a model of dynamic balance [14,41,42]
should consider different meaning according to frequency codes for Low Frequency—LF—or High
Frequency—HF—indices that seem invariant from periphery to central neural structures [43].

Statistical options vary from simple first order, monovariate descriptive or mix of robust,
non-parametric and resampling techniques and application of exploratory statistical and graphical
tools to ANS proxies [19] inclusive of simple or multivariate analysis, data transformation and
aggregation [21].

Finally clinical applications are contingent upon attendant physiology such as age, gender, rest,
exercise, sleep, or disease like hypertension, infarction, diabetes, etc; or treatments, for instance
autonomic blockers e.g., [15].

To address part of these issues we recently introduced a novel, composite, ranked Autonomic
Nervous System Index (ANSI) [11].

ANSI is obtained by integrating the information carried by three principal “latent” information
determinants (RR Mean, RR VAR and stand-rest difference in RR LFnu), providing a unitary proxy
of CAR, expressed as percentile rank against a reference benchmark population. The 0–100 ranking
facilitates comparison between individuals, conditions or times [21]. ANSI is also built inherently non
sensitive to age and gender. Finally percentiles are considered capable to convey a more immediate
appreciation of CAR since they are standardized simply as 0–100 ranks, whereby higher is better.
It is also important to reemphasize [40] that we are dealing with indirect data, hence variability
proxies (e.g., LF component of RR variability) cannot provide detailed information of actual, raw
electrophysiological figures of nerve activity but only suggest hypothesis about [44] general properties
of autonomic balance [45].

An additional point in favor of the use of ANSI to assess CAR is represented by the strong
correlation (r = 0.523, p < 0.001, see [19]) with the cardiac baroreflex gain, further supporting the
interpretation that common mechanisms underlie both indicators.

From a practical clinical perspective, reducing a multidimensional phenomenon to a unitary,
combined proxy of CAR, based only on single lead ECG recording, and 0-100 ranked, might further
contribute to the introduction of autonomic evaluation in sports training. For instance it could be
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easier to follow the progressive changes in CAR occurring during an entire season or the possible
variations in autonomic settings induced by competition stress.

4.3. Limitations and Perspectives

There are limitations to consider:
First ANSI as a proxy of CAR, like usual HRV derived autonomic indices, does not provide

information on actual raw values of nerve activity (e.g., neural spikes as function of time) but only a
value of ranking against a reference population.

In addition, ANSI does not address separately “frequency specific contributions” extracted from
the tachogram but furnishes an integrated proxy of “the functioning of the principal cardiovascular
control system: the sympathetic [and] parasympathetic systems” [28]. We feel however that ANSI
would be “the appropriate technique of investigation” [37] to introduce evaluation of CAR also in
sports other than soccer, because it is simple, economical, time efficient and immediate to understand
thanks to the rank grading.

Future work should be focused on even simpler approaches to assess CAR, thanks to the emergence
of ever more powerful wearable, miniaturized instruments, which could even combine GPS-based
assessment of external load with indices of CAR, as a proxy of internal load.

5. Conclusions

The use of ANSI as a proxy of CAR permits one to unequivocally demonstrate a marked superiority
of soccer players as compared to the control population, just using a single parameter. Moreover,
considering different players’ position it is easy to recognize that those who are exposed to the greatest
external load during competitions (i.e., midfielders and defenders) show the greatest values of ANSI
(reaching almost 80%). Goalkeepers, who are exposed to the least external load, are just slightly superior
to controls. We have shown that ANSI, i.e., a simple, unitary, index from RRV, can provide a proxy of
CAR that can be unambiguously appreciated by its ranked value. We have tested ANSI’s worth as a
simple index of autonomic performance in a sport of large interest worldwide. We document ANSI’s
sensitivity as it discriminates between various players position. We hypothesize that ANSI could
furnish a convenient method to assess CAR in other sports specialties [46], or in normal individuals
undergoing long term physical training to achieve an improved CAR.

Author Contributions: Conceptualization: D.L., M.C., L.G., F.P., G.G. and M.P.; Methodology: D.L., M.M. and
M.P.; Validation: M.M., A.F.; formal analysis: D.L., M.M., A.F., M.P.; data curation: M.M.; writing: original draft:
D.L. and M.P.; writing: review and editing: D.L., A.F., M.M., M.C., L.G., F.P., G.G. and M.P.; visualization: D.L.;
supervision: D.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

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

References

1. Kunz, M. 265 million playing football. FIFA Mag. 2007, 7, 11–15.
2. Wragg, M. World Football Report 2018. Nielsen Sport 2018. Available online: https://nielsensports.com/wp-

content/uploads/2014/12/Nielsen_World-Football-2018-6.11.18.pdf (accessed on 17 January 2020).
3. HUFFPOST. Available online: https://www.huffpost.com/entry/soccer-worlds-best-sport_n_5248061

(accessed on 17 January 2020).
4. TEACHER. Available online: https://www.teachermagazine.com.au/articles/motivating-students-to-

participate-in-sport (accessed on 17 January 2020).
5. Bangsbo, J.; Hansen, P.R.; Dvorak, J.; Krustrup, P. Recreational football for disease prevention and treatment

in untrained men: A narrative review examining cardiovascular health, lipid profile, body composition,
muscle strength and functional capacity. Br. J. Sports Med. 2015, 49, 568–576. [CrossRef] [PubMed]

https://nielsensports.com/wp-content/uploads/2014/12/Nielsen_World-Football-2018-6.11.18.pdf
https://nielsensports.com/wp-content/uploads/2014/12/Nielsen_World-Football-2018-6.11.18.pdf
https://www.huffpost.com/entry/soccer-worlds-best-sport_n_5248061
https://www.teachermagazine.com.au/articles/motivating-students-to-participate-in-sport
https://www.teachermagazine.com.au/articles/motivating-students-to-participate-in-sport
http://dx.doi.org/10.1136/bjsports-2015-094781
http://www.ncbi.nlm.nih.gov/pubmed/25878072


Int. J. Environ. Res. Public Health 2020, 17, 1844 9 of 10

6. Visek, A.; Achrati, S.M.; Mannix, H.; McDonnell, K.; Harris, B.S.; DiPietro, L.; Manning, H. The fun integration
theory: Toward sustaining children and adolescents sport participation. J. Phys. Act. Heal. 2014, 12, 424–433.
[CrossRef] [PubMed]

7. Kjønniksen, L.; Anderssen, N.; Wold, B. Organized youth sport as a predictor of physical activity in adulthood.
Scand. J. Med. Sci. Sports 2009, 19, 646–654. [CrossRef]

8. Telama, R.; Yang, X. Decline of physical activity from youth to young adulthood in Finland. Med. Sci. Sports
Exerc. 2000, 32, 1617–1622. [CrossRef]

9. Koozehchian, M.S.; Nazem, F.; Kreider, R.B.; Roberts, W.J.; Best, T.M.; Rong, Y.; Zuo, L. The role of exercise
training on lipoprotein profiles in adolescent males. Lipids Heal. Dis. 2014, 13, 95. [CrossRef]

10. Levine, B.D.; Baggish, A.L.; Kovacs, R.J.; Link, M.S.; Maron, M.S.; Mitchell, J.H.; Chair, F.F. Facc Eligibility
and Disqualification Recommendations for Competitive Athletes With Cardiovascular Abnormalities: Task
Force 1: Classification of Sports: Dynamic, Static, and Impact. Circulation 2015, 132, e262–e266. [CrossRef]

11. Sala, R.; Malacarne, M.; Tosi, F.; Benzi, M.; Solaro, N.; Tamorri, S.; Spataro, A.; Pagani, M.; Lucini, D. May a
unitary autonomic index help assess autonomic cardiac regulation in elite athletes? Preliminary observations
on the national Italian Olympic committee team. J. Sports Med. Phys. Fit. 2017, 57, 1702–1710.

12. ACSM’s. Guidelines for Exercise Testing and Prescription, 10th ed.; Lippincot Williams & Wilkins: Philadelphia,
PA, USA, 2017.

13. Buchheit, M. Sensitivity of Monthly Heart Rate and Psychometric Measures for Monitoring Physical
Performance in Highly Trained Young Handball Players. Int. J. Sports Med. 2014, 36, 351–356. [CrossRef]

14. Pagani, M.; Lombardi, F.; Guzzetti, S.; Rimoldi, O.; Furlan, R.; Pizzinelli, P.; Sandrone, G.; Malfatto, G.;
Dell’Orto, S.; Piccaluga, E. Power spectral analysis of heart rate and arterial pressure variabilities as a marker
of sympatho-vagal interaction in man and conscious dog. Circ. Res. 1986, 59, 178–193. [CrossRef]

15. La Rovere, M.T.; Bigger, J.T.; Marcus, F.I.; Mortara, A.; Schwartz, P.J. Baroreflex sensitivity and heart-rate
variability in prediction of total cardiac mortality after myocardial infarction. Lancet 1998, 351, 478–484.
[CrossRef]

16. Joyner, M.J.; Green, D.J. Exercise protects the cardiovascular system: Effects beyond traditional risk factors. J.
Physiol. 2009, 587, 5551–5558. [CrossRef] [PubMed]

17. Sala, R.; Malacarne, M.; Solaro, N.; Pagani, M.; Lucini, D. A composite autonomic index as unitary metric for
heart rate variability: A proof of concept. Eur. J. Clin. Investig. 2017, 47, 241–249. [CrossRef]

18. Lucini, D.; Marchetti, I.; Spataro, A.; Malacarne, M.; Benzi, M.; Tamorri, S.; Sala, R.; Pagani, M. Heart rate
variability to monitor performance in elite athletes: Criticalities and avoidable pitfalls. Int. J. Cardiol. 2017,
240, 307–312. [CrossRef] [PubMed]

19. Solaro, N.; Malacarne, M.; Pagani, M.; Lucini, D. Cardiac Baroreflex, HRV, and Statistics: An Interdisciplinary
Approach in Hypertension. Front. Physiol. 2019, 10, 478. [CrossRef]

20. Oggionni, G.; Spataro, A.; Pelliccia, A.; Malacarne, M.; Pagani, M.; Lucini, D. Left ventricular hypertrophy in
world class elite athletes is associated with signs of improved cardiac autonomic regulation. Eur. J. Prev.
Cardiol. 2019. [CrossRef]

21. Joint Research Centre-European Commission. Handbook on Constructing Composite Indicators: Methodology and
User Guide; OECD publishing: Paris, France, 2008; ISBN 978-92-64-04345-9.

22. Lucini, D.; Solaro, N.; Pagani, M. Autonomic Differentiation Map: A Novel Statistical Tool for Interpretation
of Heart Rate Variability. Front. Physiol. 2018, 9, 401. [CrossRef]

23. Voss, A.; Schroeder, R.; Heitmann, A.; Peters, A.; Perz, S. Short-Term Heart Rate Variability—Influence of
Gender and Age in Healthy Subjects. PLoS ONE 2015, 10, e0118308. [CrossRef]

24. Pagani, M.; Sala, R.; Malacarne, M.; Lucini, D. Benchmarking Heart Rate Variability to Overcome Sex-Related
Bias. In Advances in Experimental Medicine and Biology; Springer Science and Business Media LLC:
Berlin/Heidelberg, Germany, 2018; pp. 191–205.

25. Sala, R.; Malacarne, M.; Pagani, M.; Lucini, D. Evidence of increased cardiac parasympathetic drive in
subjects meeting current physical activity recommendations. Clin. Auton. Res. 2015, 25, 285–291. [CrossRef]

26. Mallo, J.; Mena, E.; Nevado, F.; Paredes, V. Physical Demands of Top-Class Soccer Friendly Matches in
Relation to a Playing Position Using Global Positioning System Technology. J. Hum. Kinet. 2015, 47, 179–188.
[CrossRef]

27. Badilini, F.; Pagani, M.; Porta, A. Heartscope: A software tool adressing autonomic nervous system regulation.
Comput. Cardiol. 2005, 32, 259–262.

http://dx.doi.org/10.1123/jpah.2013-0180
http://www.ncbi.nlm.nih.gov/pubmed/24770788
http://dx.doi.org/10.1111/j.1600-0838.2008.00850.x
http://dx.doi.org/10.1097/00005768-200009000-00015
http://dx.doi.org/10.1186/1476-511X-13-95
http://dx.doi.org/10.1161/CIR.0000000000000237
http://dx.doi.org/10.1055/s-0034-1385882
http://dx.doi.org/10.1161/01.RES.59.2.178
http://dx.doi.org/10.1016/S0140-6736(97)11144-8
http://dx.doi.org/10.1113/jphysiol.2009.179432
http://www.ncbi.nlm.nih.gov/pubmed/19736305
http://dx.doi.org/10.1111/eci.12730
http://dx.doi.org/10.1016/j.ijcard.2017.05.001
http://www.ncbi.nlm.nih.gov/pubmed/28495249
http://dx.doi.org/10.3389/fphys.2019.00478
http://dx.doi.org/10.1177/2047487319830534
http://dx.doi.org/10.3389/fphys.2018.00401
http://dx.doi.org/10.1371/journal.pone.0118308
http://dx.doi.org/10.1007/s10286-015-0300-3
http://dx.doi.org/10.1515/hukin-2015-0073


Int. J. Environ. Res. Public Health 2020, 17, 1844 10 of 10

28. Akselrod, S.; Gordon, D.; Ubel, F.; Shannon, D.; Berger, A.; Cohen, R. Power spectrum analysis of heart
rate fluctuation: A quantitative probe of beat-to-beat cardiovascular control. Science 1981, 213, 220–222.
[CrossRef] [PubMed]

29. Robinson, B.F.; Epstein, S.E.; Beiser, G.D.; Braunwald, E. Control of heart rate by the autonomic nervous
system. Studies in man on the interrelation between baroreceptor mechanisms and exercise. Circ. Res. 1966,
19, 400–411. [CrossRef] [PubMed]

30. Grassi, G. Assessment of Sympathetic Cardiovascular Drive in Human Hypertension. Hypertension 2009, 54,
690–697. [CrossRef]

31. Task Force of the European Society of Cardiology and the North American Society of Pacing and
Electrophysiology Heart-rate variability: Standards of measurements, physiological interpretation and
clinical use. Circulation 1996, 93, 1043–1065. [CrossRef]

32. Shaffer, F.; Ginsberg, J. An Overview of Heart Rate Variability Metrics and Norms. Front. Public Heal. 2017, 5,
258. [CrossRef]

33. Singh, N.; Moneghetti, K.J.; Christle, J.W.; Hadley, D.; Plews, D.; Froelicher, V. Heart Rate Variability: An
Old Metric with New Meaning in the Era of using mHealth Technologies for Health and Exercise Training
Guidance. Part One: Physiology and Methods. Arrhythm. Electrophysiol. Rev. 2018, 7, 193–198. [CrossRef]

34. Billman, G.E. Heart Rate Variability—A Historical Perspective. Front. Physiol. 2011, 2, 86. [CrossRef]
35. Hayano, J.; Yuda, E. Pitfalls of assessment of autonomic function by heart rate variability. J. Physiol. Anthr.

2019, 38, 3. [CrossRef]
36. Langley, J.N. The Autonomic Nervous System (Pt. I); W. Heffer & Sons: Cambridge, UK, 1921.
37. Hess, W.R. Nobel Lecture: The Central Control of the Activity of Internal Organs. Nobelprize.org.Nobel

Media AB 2014. Available online: http://www.nobelprize.org/nobel_prizes/medicine/laureates/1949/hess-
lecture.html (accessed on 29 September 2016).

38. Shen, T.; Tsao, Y. An investigation on autonomic effects by using PR intervals. In Proceedings of the 2007
Computers in Cardiology, Durham, NC, USA, 30 September–3 October 2007; pp. 481–484.

39. Selvaraj, N.; Jaryal, A.; Santhosh, J.; Deepak, K.K.; Anand, S. Assessment of heart rate variability derived
from finger-tip photoplethysmography as compared to electrocardiography. J. Med. Eng. Technol. 2008, 32,
479–484. [CrossRef]

40. Pagani, M.; Malliani, A. Interpreting oscillations of muscle sympathetic nerve activity and heart rate
variability. J. Hypertens. 2000, 18, 1709–1719. [CrossRef] [PubMed]

41. Goldberger, J.J. Sympathovagal balance: How should we measure it? Am. J. Physiol. Content 1999, 276,
H1273–H1280. [CrossRef] [PubMed]

42. Eckberg, D.L. Sympathovagal Balance. Circulation 1997, 96, 3224–3232. [CrossRef] [PubMed]
43. Pagani, M.; Montano, N.; Porta, A.; Malliani, A.; Abboud, F.M.; Birkett, C.; Somers, V.K. Relationship Between

Spectral Components of Cardiovascular Variabilities and Direct Measures of Muscle Sympathetic Nerve
Activity in Humans. Circulation 1997, 95, 1441–1448. [CrossRef]

44. Haken, H. Synergetics An Introduction; Springer: Berlin/Heidelberg, Germany, 1977.
45. Malliani, A.; Pagani, M.; Lombardi, F.; Cerutti, S. Cardiovascular neural regulation explored in the frequency

domain. Circulation 1991, 84, 482–492. [CrossRef]
46. Miglis, M.; Muppidi, S. Is your autonomic function good enough to be an Olympian? And other updates on

recent autonomic research. Clin. Auton. Res. 2018, 28, 177–179. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/science.6166045
http://www.ncbi.nlm.nih.gov/pubmed/6166045
http://dx.doi.org/10.1161/01.RES.19.2.400
http://www.ncbi.nlm.nih.gov/pubmed/5914852
http://dx.doi.org/10.1161/HYPERTENSIONAHA.108.119883
http://dx.doi.org/10.1161/01.CIR.93.5.1043
http://dx.doi.org/10.3389/fpubh.2017.00258
http://dx.doi.org/10.15420/aer.2018.27.2
http://dx.doi.org/10.3389/fphys.2011.00086
http://dx.doi.org/10.1186/s40101-019-0193-2
http://www.nobelprize.org/nobel_prizes/medicine/laureates/1949/hess-lecture.html
http://www.nobelprize.org/nobel_prizes/medicine/laureates/1949/hess-lecture.html
http://dx.doi.org/10.1080/03091900701781317
http://dx.doi.org/10.1097/00004872-200018120-00002
http://www.ncbi.nlm.nih.gov/pubmed/11132592
http://dx.doi.org/10.1152/ajpheart.1999.276.4.H1273
http://www.ncbi.nlm.nih.gov/pubmed/10199852
http://dx.doi.org/10.1161/01.CIR.96.9.3224
http://www.ncbi.nlm.nih.gov/pubmed/9386196
http://dx.doi.org/10.1161/01.CIR.95.6.1441
http://dx.doi.org/10.1161/01.CIR.84.2.482
http://dx.doi.org/10.1007/s10286-018-0521-3
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Population and Protocol 
	Autonomic Evaluation 
	ANSI, a Proxy of Cardiac Autonomic Regulation (CAR) 
	Statistics 

	Results 
	Discussion 
	General Findings 
	Non-Invasive Assessment of Cardiac Autonomic Regulation (CAR) 
	Limitations and Perspectives 

	Conclusions 
	References

