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Abstract:

Aim:

The aim of this study is to support large-scale prevention programs fighting sport-related sudden cardiac death by providing a set of
electrocardiographic features representing a starting point in the development of normal reference values for the pre-exercise phase.

Background:

In people with underlying, often unknown, cardiovascular abnormalities, increased cardiovascular load during exercise can trigger sport-related
sudden cardiac death. Prevention remains the only weapon to contrast sport-related sudden cardiac death. So far, no reference values have been
proposed for electrocardiograms of athletes acquired with wearable sensors in the pre-exercise phase, consisting of the few minutes immediately
before the beginning of the training session.

Objective:
To perform an initial investigation of athletes’ electrocardiograms acquired by wearable sensors during the pre-exercise phase.
Methods:

The analyzed electrocardiograms, acquired through BioHarness 3.0 by Zephyr, belong to 51 athletes (Sport Database and Cycling Database of the
Cardiovascular Bioengineering Lab of the Universita Politecnica delle Marche, Italy). Preliminary values consist of interquartile ranges of six
electrocardiographic features which are heart rate, heart-rate variability, QRS duration, ST level, QT interval, and corrected QT interval.

Results:

For athletes 35 years old or younger, preliminary values were [72;91]bpm, [26;47]ms, [85;104]ms, [-0.08;0.08]mm, [326;364]ms and [378;422]ms,
respectively. For athletes older than 35 years old, preliminary values were [71;94]bpm, [16;65]ms, [85;100]ms, [-0.11;0.07]mm, [330;368]ms and
[394;414]ms, respectively.

Conclusion:

Availability of preliminary reference values could help identify those athletes who, due to electrocardiographic features out of normal ranges, are
more likely to develop cardiac complications that may lead to sport-related sudden cardiac death.

Keywords: Sport-related sudden cardiac death , Wearable sensors , Pre-exercise electrocardiography , Prevention , Training session , Athlete ,
Sports cardiology .
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1. INTRODUCTION cardiovascular load during exercise in people with an

underlying, often unknown, cardiovascular abnormality can
trigger sport-related sudden cardiac death (SrSCD). SrSCD is
the leading medical cause of death across all sports [1 - 4]; it is

Regular physical activity has proven beneficial for
cardiovascular health. However, in a few cases, increased
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When occurring in athletes under 35 years old is considered
independent by other cardiovascular complications due to
aging [4].

Prevention remains the only weapon to contrast SrSCD.
Worldwide, the need to implement pre-participation screening
for young individuals approaching sports [6] and to potentiate
screenings for athletes already practicing sports [7] is widely
debated with the main goal to balance among saved lives,
economic costs, and legal, ethical, and psychological issues [5].
Pre-participation screening represents the first-line test for the
diagnosis of heart disease in sport participants. Currently, it
includes clinical and family history, physical examination, rest
and stress 12-lead electrocardiographic test [8]. Instead,
screening of athletes already practicing sports consists of
specific tests [9] regularly but not too frequently (typically
once a year) performed to identify cardiovascular abnormalities
predisposing to SrSCD. Unfortunately, most screenings are
usually recommended for competitive athletes, while amateur
athletes and people occasionally practicing sport are typically
left to optional, sometimes self-made, evaluations of their
health status [7].

It is well known that athlete’s heart undergoes some
physiological adaptations related to exercise. These changes
may depend on age, sex, ethnicity, type of sport, intensity of
training, amount of training (training session duration times
weekly training rate), and number of practiced sports [8, 10,
11]. These physiological changes may reflect on the
electrocardiogram (ECG) that results deviated with respect to
normal in 10-12% of athletes [12 - 14]. Sometimes, these
physiological deviations may be confounded with a
cardiovascular pathology and lead to unreasonable
disqualification from sport [8]. Other times, pathological ECG
deviations in athletes are wrongly interpreted as physiological
adaptations with dramatic outcomes [1]. Thus, specific
athlete’s ECG interpretation guidelines are fundamental when
screening athletes [12].

So far, international recommendations for athlete’s ECG
interpretation have been developed only for resting standard
12-lead ECG for which normal reference values and
pathological thresholds, often lead dependent, have been
indicated [12]. However, the resting standard 12-lead ECG is a
clinical test typically done in hospitals or healthcare facilities
and thus occasionally (usually during pre-participation
screening) performed. Differently, some wearable physical-
activity monitoring sensors, commonly used to optimize
exercise dose and intensity, are also able to reliably record the
ECG and could provide useful clinical information on athlete’s
health status at each training session, especially if combined
with software applications for automatic ECG interpretation [7,
15 - 19]. Typically, wearable sensors provide a reduced
number of ECG leads, which do not necessarily match a subset
of the 12 standard ECG leads. Additionally, acquisition settings
in which they are typically used do not match the strict
protocols followed in the clinical setting. Consequently, known
reference values normally used in clinics for resting ECG
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should not strictly apply, even if they may provide some
insights into the athletes’ health.

As far as we know, no normative reference values have
been proposed for ECG of athletes acquired with wearable
sensors preceding the training session. The pre-exercise phase,
consisting of the few minutes immediately before the
beginning of the training session, does not correspond to
resting (since the athletes do not lie and can freely move and
talk) or to exercise (which has not started yet and does not
occur in controlled conditions as in clinics, anyways). Yet, it
may represent a good moment to frequently (ideally before
each training session) evaluate athlete’s heath since movement
artefacts, increased respiration, and noise are still sufficiently
low to allow a reliable ECG analysis (differently from what
typically occurs while practicing exercise). Availability of
reference values for the pre-exercise ECG could help to
identify and stop those athletes who, due to ECG features out
of normal ranges, are more likely to develop cardiac
complications during the subsequent training session.

The aim of this study is to support large-scale prevention
programs fighting SrSCD by providing a set of ECG features
representing a starting point in the development of normal
reference values for the pre-exercise phase. Thus, the objective
is to perform an initial investigation of athletes’ ECGs acquired
by wearable sensors during the pre-exercise phase.

2. MATERIALS AND METHODS

2.1. Study Population

Experimental data for this study were taken from the freely
available Sport Database [15], including 126 cardiorespiratory
datasets from 81 athletes (53 males and 28 females), and from
the Cycling Database of the Cardiovascular Bioengineering
Lab of the Universita Politecnica delle Marche (Ancona, Italy),
including 12 cardiorespiratory datasets from 12 athletes (10
males and 2 females). Both databases contain ECG recordings
(one lead ECG; sampling frequency 250 Hz) acquired in
Caucasian athletes and recorded through the wearable chest
strap BioHarness 3.0 by Zephyr (www.zephyranywhere.com).
The wearable chest strap BioHarness 3.0, schematically
represented in Fig. (1), is a physiological monitoring telemetry
device that consists of a chest strap and an electronic module
attached to the strap. The device detects and transmits single-
lead ECG signals to be received by Bluetooth / USB qualified
ECG instruments. The acquisition protocol was the same for
the two databases; according to it, each acquisition included a
S5-min long pre-exercise phase, a training phase of varying
length, and a 5-min recovery phase [15]. The acquisition
protocol was not always strictly respected by the athletes so
that pre-exercise ECG is not available for all of them. Among
all available athletes’ ECG recordings, only those acquired
during the pre-exercise phase in healthy athletes (i.e., with no
previous or current history of cardiorespiratory diseases and
not taking any drugs) were considered suitable for the present
study. In the case of multiple acquisitions for a single athlete,
only one dataset was considered.
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Fig. (1). Graphical representation of the chest strap BioHarness 3.0 by Zephyr (www.zephyranywhere.com): 1-electronic BioHarness module attached
to the strap on the external side; 2- Conductive ECG sensor pads and heart rate (HR) sensors in the internal side. The electronic BioHarness module
contains sensor contacts and stores and transmits data through Bluetooth technology. When the chest strap is worn, the electronic BioHarness module
should be located under the left armpit, while the conductive ECG sensor pads and HR sensors in a frontal/central position.

The acquisitions were freely performed on the field (not in
hospitals or in clinics) from athletes, who voluntarily asked to
participate in the study. All athletes gave their written consent
prior to data acquisitions, which were performed in compliance
with the ethical principles of the Helsinki Declaration and
approved by the institutional expert committee.

2.2. Sport Classification

Sports practiced by athletes were classified according to
Mitchell’s criterion [10]. Each sport class was defined on the

basis of a different combination of dynamic and static
components (Fig. 2). Specifically, three main classes, namely
A, B, and C, were identified in relation to the dynamic
component, which is measured in terms of the achieved
maximal oxygen uptake (Max O,; %): less than 40% (A),
between 40% and 70% (B) and over 70% (C). Each class was
further divided into three subclasses, namely I, II, and III, in
relation to the static component, which is measured as the
reached maximal voluntary contraction of muscles (MVC; %):
less than 20% (I), between 20% and 50% (II), and over 50%
(11D).

Bobsledding / Luge Body Building Boxing
Field events ( throwing ) Downhill skiing Canoeing / Kayaking
6 Gymnastics Skateboarding Cycling
= E Martial arts Snowboarding Decathlon
E o0 o Sailing Wrestling Rowing
T % Sport climbing Speed-skating
A | Water skiing Triathlon
| Weight lifting
Windsurfing
- Archery American football Basketball
S ~| Auto racing Field events ( jumping ) Ice hockey
5 © g Diving Figure skating Cross-country skiing ( skating )
E" E = | Equestrian Rodeoing Lacrosse
5 =382 Motorcycling Rugby Running ( middle distance )
P 5 %. Running ( sprint ) Swimming
= S Surfing Team handball
S . L
@»n ~ Synchronized swimming
Billiard Baseball / Softball Badminton
Bowling Fencing Cross-country skiing ( classic )
a Cricket Table tennis Field hockey
2| curling Volleyball Orienteering
— E E: Golf Race walking
= g Riflery Racquetball / Squash
¢ Running ( long distance )
=~ Soccer
Tennis
A B C
Low Moderate High
(<40% Max O,) (40-70% Max O,) (>70% Max O,)
Dynamic Component

Fig. (2). Sport classification based on the dynamic and static components according to Mitchell’s criterion [10].
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2.3. Experimental Electrocardiographic Data

The first clean 10 s ECG window (the same window length
conventionally used in the standard 12-lead ECG) was
extracted from the ECG of each athlete acquired during the
pre-exercise phase. The 10 s ECG was bandpass filtered (cut-
off frequencies: 0.5 Hz and 50 Hz) in order to remove baseline
wander and high-frequency noise. R-peak positions were
automatically identified [20] and used to compute mean RR
interval (mRR; ms), heart rate (HR, computed as
60/(mRR-107); bpm), and heart-rate variability (HRV,
computed as the standard deviation of the RR intervals; ms).
Successively, the median cardiac beat (mBeat) was computed
and used as representative of the athlete’s 10 s pre-exercise
from which the following landmarks have been automatically
identified [21]: peak of the R wave (R,), onset of the QRS
complex (QRS,,), offset of the QRS complex (QRS,), peak of
the T wave (T,) and offset of the T wave (T,). Correct location
of the automatically identified landmarks was confirmed by
visual inspection of an expert cardiologist. The landmarks were
eventually used to evaluate the ECG features typically used in
clinics to assess cardiovascular risk [12] in addition to HR and
HRYV, which are: QRS duration (QRS-duration, computed as
QRS,; — QRS,;; ms), ST level (ST-level, computed as
[(mBeat(QRS,;) — mBeat(QRS,,)] / 0.1; mm), QT interval (QT-
interval, computed as T ; — QRS,,; ms) and corrected QT
interval (QTc-interval, computed as QT-interval / mRR'"?,
according to the Bazett’s formula [22]; ms).

2.4. Statistics

Healthy athletes with available ECG recording during the
pre-exercise phase were stratified according to age (<35 years
and >35 years) [4] and practiced sport [10]. Distributions of
ECG features were reported in terms of 50"[25™75"]
percentiles, where the 25" and 75" percentiles represent the
lower and upper bounds of the suggested range, respectively.
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Wilcoxon ranksum test was performed to assess statistical
differences in ECG features distributions in subclasses and
against reference values available in the literature [12, 23, 24]
for standard 12-lead resting ECG. The statistical significance
level was set at 0.05. The statistical analysis was performed
using the Statistics and Machine Learning Toolbox in
MATLAB R2018b.

3. RESULTS

Overall, 51 athletes (38 males and 13 females) were found
to be eligible for the study. On average, the athletes were
29411 years old and exercising 4+1 times a week. Practiced
sports were basket, cycling, fitness, jogging, middle-distance
running, tennis, and CrossFit. Consequently, all practiced
sports belonged to class C. Specifically, 8 athletes were
practicing sports in class CI (tennis and jogging), 15 in class
CII (basket and middle-distance running), and 28 in class CIII
(cycling, fitness, and CrossFit). Further information on the
population of athletes involved in the study is reported in Table
1.

Table 2 contains preliminary values for athletes’ ECGs
acquired by wearable sensors during the pre-exercise phase.
When stratifying for age, for the athletes (N=39) 35 years old
or younger, no statistically significant differences were
observed between median values of any ECG feature
distribution over different C subclasses. Instead, for athletes
(N=12) who were older than 35 years, QTc-interval was
significantly longer in CII than in CIIL

Several statistically significant differences were observed
when comparing pre-exercise ECG feature distributions against
12-lead resting ECG (Table 2) [12, 23, 24]. In general, athletes
showed a significant reduction of HRV and a significant QRS-
duration prolongation. Additionally, the younger ones (<35
years) tended to show a significant shortening of the QT-
interval and QTc-interval.

Table 1. General information of the population of athletes involved in the study. Sex is expressed as a ratio of male/female.
Age, weight, height, and weekly training rate are expressed as mean =+ standard deviation (SD). Amount of missing data are
reported in brackets, and overall values are computed excluding the missing data.

Sport N Sex Age Weight Height Sport t‘x:;zli(llly
P Male/Female (years) (kg) (cm) Class rate g
6/0 22+4 73+9 181£5 440
Basket 6 CII
0) (0) 0) (0) (0)
. 72 35+17 64+8 172+ 6 3+1
Cyclin: 9 CIII
yene 0) 0) 0) (0) (0)
. 6/2 25+5 71+ 14 173+£7 4+1
Fitness 8 CIIt
0) (0) 0) (0) (0)
. 2/2 24+ 1 63+ 14 172 +£8 -
Joggin 4 CI
gemne 0) 0) &) &) “
. . . 9/0 35+15 70+ 8 177+3 4+1
Middle-distance running 9 0) 0) ) 0) ClI )
. 0/4 24+3 58+4 168 +7 3+1
Tennis 4 CI
0) 0) 0) (0) (0)
. 8/3 31+7 70+ 12 176 £7 4+1
CrossFit 11 CIII
0) 0) 0) 0 0
Overall 51 38/13 29+ 11 68+ 10 175+6 ) 4+1
(0) (0) (2 (2 “
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Table 2. Distributions of ECG features reported in terms of 50"[25";75"] percentiles, where the 25" and 75" percentiles
represent the lower and upper bounds of the suggested set of values.

Age HR HRV QRS- ST- QT QTe-
(years) Class N (bpm) (ms) duration level interval interval
Y (ms) (mm) (ms) (ms)

c 39 83 33 95 0.00 345 399
[72; 91] [26; 471 [85; 1041 [-0.08; 0.08] [326;364] [378; 422]"
1 e 77 32 90 0.04 358 400
s [66; 91] [31;38]" [88; 100]° [-0.04; 0.11] [343; 378] [385; 425]
- cr | 1o 86 29 93 -0.03 343 398
[72; 103] [21;62]" [90; 1051 [-0.07; 0] [320; 3501 [380; 423]
cu | o 83 36 95 0.02 340 394
[76; 89] [26; 501" [85; 1051 [-0.11;0.07] [325;361]" [377; 416]"
c 0 79 25 93 -0.04 340 412
[71; 94] [16; 651" [85;100]" [-0.11; 0.07] [330; 368] [394; 414]
Cl 0 - - - - - -
>35 P 5 93 16 90 -0.03 330 414
[73; 101] [11;64] [85; 100] [-0.16; 0.04] [328; 378] [413; 4261
e | 75 28 95 -0.07 340 399
[68; 91] [17;68]" [85; 104] [-0.13; 0.07] [333; 364] [382; 4107°

%, P<0.05 when comparing ECG feature distributions between subclasses;

T P<0.05, 0.01 and 0.001, respectively, when comparing against reference values for 12-lead resting ECG [12,23,24], which were: HR=80 [76;84] bpm; HRV=63
[56;69] ms; QRS-duration=84 [80;90] ms; ST-level: 0.00 [-0.16;0.15] mm; QT-interval: 356 [353;359] ms; QTc-interval=410 [395;425] ms.

4. DISCUSSION

This study performed an initial investigation of features
characterizing ECGs acquired through wearable sensors in
supposedly healthy athletes during the pre-exercise phase and
suggests a preliminary set of normal ECG feature values for
pre-exercise ECGs of athletes acquired through a wearable
sensor. Given the limited population sample size, these values
are expected to adjust with time, thanks to results obtained with
future studies. However, the value of this study relies on the
fact that it demonstrated the need for reference values by
highlighting differences between ECG features obtained when
performing the 12-lead ECG test and those obtained from pre-
exercise ECG. Suggested preliminary values were obtained by
analyzing ECG recordings of 51 healthy athletes, all belonging
to the Sport Database [15] and the Cycling Database of the
Cardiovascular Bioengineering Lab of the Universita
Politecnica delle Marche (Ancona, Italy). Overall, these
databases include 138 ECG tracings from 93 athletes.
Excluding the multiple acquisitions for the single healthy
athletes (19 ECG tracings in total), most of the recordings,
however, could not be included in this study because 16 ECG
tracings belong to two not healthy athletes and/or because the
pre-exercise phase is not available (52 ECG tracings). The
wearable sensor used to acquire the ECG was the chest strap
BioHarness 3.0 by Zephyr (www.zephyranywhere.com), a
device that previously proved to provide a reliable ECG [25].
ECG acquisition was performed on the training field
immediately before a training session. All sports practiced by
the athletes considered here belong to class C and thus were
characterized by a high dynamic component [10], which
associates with great cardiovascular load during exercise and
high cardiac remodeling [10, 11, 26].

Preliminary values were provided for a set of ECG features
(namely HR, HRV, QRS-duration, ST-level, QT interval, and
QTc-interval) that are likely abnormal in case of major cardiac

complications that may lead to SrSCD. Besides HR and HRV,
all features refer to the electrical activity of the ventricles. No
ECG features related to the atrial activity were considered
since they are usually associated with non-lethal cardiac
complications and their identification requires correct
segmentation of the P wave, which is a low amplitude wave
that is not always reliably identified in ECG recordings
acquired by wearable sensors.

For ECGs analyzed here, which were single-lead tracings
acquired before the training session when an athlete is typically
standing and possibly moving, known reference values [12, 23,
24] normally used in clinics for resting 12-lead ECG cannot be
strictly applied. Nevertheless, a comparative analysis was
performed in order to obtain some insights into the athletes’
health and his/her adaptation to physical exercise (Table 2).
Pre-exercise HR was not statistically different from resting HR
reported in the literature; given the different acquisition
conditions, this finding confirms that athletes tend to be
bradycardic with respect to the general population [12, 27, 28],
a phenomenon that is considered a physiological adaptation to
the sport. A decreased HRV was observed in athletes; this
finding is due to the fact that pre-exercise HR represents an
accelerated rhythm for an athlete (i.e., the same athlete would
have a lower HR in resting conditions), and HRV is known to
decrease with increasing HR [29]. QRS-duration in athletes
was found to increase significantly; QRS duration is an HR-
independent feature, and its increment may be due to an
increment of the heart size, known as athlete's heart [12], which
represents the result of a complex of structural, functional and
electrical cardiac remodeling in subjects practicing dynamic
sports. Eventually, QT-interval tends to shorten in athletes;
however, QT-interval is HR-dependent, and its shortening
among athletes is statistically less significant if we consider its
corrected value that is the QTc-interval.

The main limit of the present work is the small size of the
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study population, which makes the suggested set of normal pre-
exercise ECG feature values preliminary and applicable only to
athletes practicing sports in CI, CII, and CIII (Fig. 2). Surely,
future ECG acquisitions on athletes are needed to validate the
suggested values and provide new normative values for sports
in classes Al to AIIl and BI to BIIIL. Still, we believe that,
although preliminary, the suggested set of pre-exercise ECG
values can contribute to frequent monitoring of athletes’ health
and, possibly, to contrast SrSCD.

According to this preliminary set, one of our athletes
(subject number 5 of the Sport Database [15], male, 56 years
old practicing jogging with no previous history of cardiac
disease) had three ECG features (ST-level=0.12 mm; QT-
duration=310 ms and QTc-duration=375 ms) out of the ranges
identified in Table 2. Consequently, he was advised to undergo
further clinical evaluations that, once performed, allowed
diagnosis of the asymptomatic short-QT syndrome, a rare
syndrome that is associated with an increased risk of sudden
cardiac death [7, 30]. In general, ECG analysis from wearable
sensors should be suggested for the general population of
athletes (who do not necessarily perform standard 12-lead ECG
test with regularity); reference pre-exercise ECG values may
help to identify athletes who may develop cardiac
complications and thus, need further standard clinical
evaluation.

At the best of our knowledge, athlete’s ECG and exercise-
related cardiac adaptation have been investigated on athletes
possibly differing for ethnicity [13], practiced sport [14, 26],
and sex [26], using rest or stress standard 12-lead ECGs [12]
and not pre-exercise ECGs obtained through wearable
technologies. Cardiac monitoring through wearable devices
during athletic training mainly relies on HR and HRV analysis
due to the simple, inexpensive, and time-efficient technologies
(also by photopletismography) able to reliably measure HR
series [27, 28]. Only a few studies proposed cardiac risk
assessment algorithms through wearable devices based on the
evaluation of the QT interval and HRV [7, 28] on a few athlete
and non-athlete subjects.

Finally, we would like to stress that definitive reference
values should be determined by many athletes after adjusting
for their age, sex, amount of training, type of competition, and
other factors. However, all reference values in medicine have
been obtained step by step by continuously adjusting the values
as more data were made available. The work proposed here
represents an initial investigation of athletes’ ECGs acquired
by wearable sensors during the pre-exercise phase, and
proposed values are intended to be preliminary and will likely
be adjusted when other databases of ECG acquired in the pre-
exercise phase will be available. Currently, as far as we know,
our database represents the only available database of this kind.
We believe that this preliminary study may raise awareness of
the need to perform these acquisitions in order to obtain more
and more accurate reference values useful to large-scale
prevention programs fighting SrSCD.

CONCLUSION

This study demonstrates the need for normal reference
values for pre-exercise ECGs acquired through a wearable
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sensor from supposedly healthy athletes and suggests a
preliminary set of ECG feature values in athletes practicing
sports in class C. This preliminary set of values represents an
initial tool to support monitoring of athletes’ health potentially
before each training session in order to minimize the
occurrence of SrSCD.

LIST OF ABBREVIATIONS
SrSCD = Sport-related Sudden Cardiac Death
ECG = Electrocardiogram
Max O, = Maximal Oxygen Uptake
MVC = Maximal Voluntary Contraction
mRR = Mean RR Interval
HR = Heart Rate
HRV = Heart-rate Variability
mBeat = Median Cardiac Beat
R, = Peak of the R Wave
QRS,, = Onset of the QRS Complex
QRS = Offset of the QRS Complex
T, = Peak of the T Wave
Ty = Offset of the T Wave
ETHICS APPROVAL AND CONSENT TO

PARTICIPATE

Data collection for this study was approved by the
institutional (Universita Politecnica delle Marche, 60131
Ancona, Italy ) expert committee.

HUMAN AND ANIMAL RIGHTS

No animals were used in this research. All human research
procedures were followed in accordance with the ethical
standards of the committee responsible for human
experimentation (institutional and national) and with the
Helsinki Declaration of 1975, as revised in 2013.

CONSENT FOR PUBLICATION

All athletes gave their informed consent prior to data
acquisitions.

AVAILABILITY OF DATA AND MATERIALS

The data related to Sport DB [15] and Cycling DB used in
this study are available from the corresponding author [M.M]
upon request.

FUNDING

None.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.



Pre-exercise Electrocardiography

ACKNOWLEDGEMENTS

Declared none.

REFERENCES

[1]

[2]

[31

[4]

[5]

[6]

[71

[8]

[9]

(10]

(11]

[12]

[13]

[14]

K.G. Harmon, J.A. Drezner, M.G. Wilson, and S. Sharma, "Incidence
of sudden cardiac death in athletes: a state-of-the-art review", Heart,
vol. 100, no. 16, pp. 1227-1234, 2014.
[http://dx.doi.org/10.1136/heartjnl-2014-093872.rep]
25049314]

M. Borjesson, and A. Pelliccia, "Incidence and aetiology of sudden
cardiac death in young athletes: an international perspective", Br. J.
Sports Med., vol. 43, no. 9, pp. 644-648, 2009.
[http://dx.doi.org/10.1136/bjsm.2008.054718] [PMID: 19734497]

S.F. DeFroda, C. McDonald, C. Myers, A.I. Cruz, B.D. Owens, and
A.H. Daniels, "Sudden Cardiac Death in the Adolescent Athlete:
History, Diagnosis, and Prevention", Am. J. Med., vol. 132, no. 12, pp.
1374-1380, 2019.

[http://dx.doi.org/10.1016/j.amjmed.2019.05.025] [PMID: 31199891]
C. Semsarian, J. Sweeting, and M.J. Ackerman, "Sudden cardiac death
in athletes", Br. J. Sports Med., vol. 49, no. 15, pp. 1017-1023, 2015.
[http://dx.doi.org/10.1136/bjsports-2015-h1218rep] [PMID:
26184759]

E. Marijon, M. Tafflet, D.S. Celermajer, F. Dumas, M.C. Perier, H.
Mustafic, J.F. Toussaint, M. Desnos, M. Ricu, N. Benameur, J.Y. Le
Heuzey, J.P. Empana, and X. Jouven, "Sports-related sudden death in
the general population", Circulation, vol. 124, no. 6, pp. 672-681,
2011.

[http://dx.doi.org/10.1161/CIRCULATIONAHA.110.008979] [PMID:
21788587]

S. Sharma, N.A.M. Estes III, V.L. Vetter, and D. Corrado, "Clinical
decisions. Cardiac screening before participation in sports", N. Engl. J.
Med., vol. 369, no. 21, pp. 2049-2053, 2013.
[http://dx.doi.org/10.1056/NEJMclde1311642] [PMID: 24251362]

A. Agostinelli, M. Morettini, A. Sbrollini, E. Maranesi, L. Migliorelli,
F. Di Nardo, S. Fioretti, and L. Burattini, "CaRiSMA 1.0: cardiac risk
self-monitoring assessment", Open Sports Sci. J., vol. 10, pp. 179-190,
2017.

[http://dx.doi.org/10.2174/1875399X01710010179]

C. De Innocentiis, F. Ricci, M.Y. Khanji, N. Aung, C. Tana, E.
Verrengia, S.E. Petersen, and S. Gallina, "Athlete’s heart: Diagnostic
challenges and future perspectives", Sports Med., vol. 48, no. 11, pp.
2463-2477,2018.

[http://dx.doi.org/10.1007/s40279-018-0985-2] [PMID: 30251086]

S. Sen-Chowdhry, and W.J. McKenna, "Sudden cardiac death in the
young: a strategy for prevention by targeted evaluation", Cardiology,
vol. 105, no. 4, pp. 196-206, 2006.
[http://dx.doi.org/10.1159/000091640] [PMID: 16498243]

J.H. Mitchell, W. Haskell, P. Snell, and S.P. Van Camp, "Task Force
8: classification of sports", J. Am. Coll. Cardiol., vol. 45, no. 8, pp.
1364-1367, 2005.

[http://dx.doi.org/10.1016/j.jacc.2005.02.015] [PMID: 15837288]

R. Beaudry, M.J. Haykowsky, A. Baggish, and A. La Gerche, "A
modern definition of the athlete’s heart-for research and the clinic",
Cardiol. Clin., vol. 34, no. 4, pp. 507-514, 2016.
[http://dx.doi.org/10.1016/j.cc1.2016.06.001] [PMID: 27692220]

S. Sharma, J.A. Drezner, A. Baggish, M. Papadakis, M.G. Wilson,
J.M. Prutkin, A. La Gerche, M.J. Ackerman, M. Borjesson, J.C.
Salerno, I.M. Asif, D.S. Owens, E.H. Chung, M.S. Emery, V.F.
Froelicher, H. Heidbuchel, C. Adamuz, C.A. Asplund, G. Cohen, K.G.
Harmon, J.C. Marek, S. Molossi, J. Niebauer, H.F. Pelto, M.V. Perez,
N.R. Riding, T. Saarel, C.M. Schmied, D.M. Shipon, R. Stein, V.L.
Vetter, A. Pelliccia, and D. Corrado, "International recommendations
for electrocardiographic interpretation in athletes", Eur. Heart J., vol.
39, no. 16, pp. 1466-1480, 2018.
[http://dx.doi.org/10.1093/eurheartj/ehw631] [PMID: 28329355]

M.G. Wilson, J.C. Chatard, F. Carre, B. Hamilton, G.P. Whyte, S.
Sharma, and H. Chalabi, "Prevalence of electrocardiographic
abnormalities in West-Asian and African male athletes", Br. J. Sports
Med., vol. 46, no. 5, pp. 341-347, 2012.
[http://dx.doi.org/10.1136/bjsm.2010.082743] [PMID: 21596717]

A. Pelliccia, F. Culasso, F.M. Di Paolo, D. Accettura, R. Cantore, W.
Castagna, A. Ciacciarelli, G. Costini, B. Cuffari, E. Drago, V.
Federici, C.G. Gribaudo, G. lacovelli, L. Landolfi, G. Menichetti, U.O.
Atzeni, A. Parisi, A.R. Pizzi, M. Rosa, F. Santelli, F. Santilio, A.
Vagnini, M. Casasco, and L. Di Luigi, "Prevalence of abnormal

[PMID:

[15]

[1e]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

The Open Biomedical Engineering Journal, 2021, Volume 15 43

electrocardiograms in a large, unselected population undergoing pre-
participation cardiovascular screening", Eur. Heart J., vol. 28, no. 16,
pp. 2006-2010, 2007.

[http://dx.doi.org/10.1093/eurheartj/ehm219] [PMID: 17623682]

A. Sbrollini, M. Morettini, E. Maranesi, I. Marcantoni, A. Nasim, R.
Bevilacqua, G.R. Riccardi, and L. Burattini, "Sport Database:
Cardiorespiratory data acquired through wearable sensors while
practicing sports", Data Brief, vol. 27, 2019.104793
[http://dx.doi.org/10.1016/j.dib.2019.104793] [PMID: 31788519]

C. Massaroni, A. Nicolo, D. Lo Presti, M. Sacchetti, S. Silvestri, and
E. Schena, "Contact-based methods for measuring respiratory rate",
Sensors (Basel), vol. 19, no. 4, p. 908, 2019.
[http://dx.doi.org/10.3390/s19040908] [PMID: 30795595]

M. Al Ahmad, and S. Ahmed, Piezologist: a novel wearable
piezoelectric-based cardiorespiratory monitoring systemlnnovations in
Intelligent Systems and Applications (INISTA), Thessaloniki, Greece,
2018.

[http://dx.doi.org/10.1109/INISTA.2018.8466275]

J. de Bruijn, H. van der Worp, M. Korte, A. de Vries, R. Nijland, and
M. Brink, "Sport-Specific outdoor rehabilitation in a group setting: Do
the intentions match actual training load?", J. Sport Rehabil., vol. 27,
no. 2, pp. 151-156, 2018.

[http://dx.doi.org/10.1123/jsr.2016-0009] [PMID: 28253057]

G. Nazari, J.C. MacDermid, K.E. Sinden, J. Richardson, and A. Tang,
"Reliability of zephyr bioharness and fitbit charge measures of heart
rate and activity at rest, during the modified canadian aerobic fitness
test, and recovery", J. Strength Cond. Res., vol. 33, no. 2, pp. 559-571,
2019.
[http://dx.doi.org/10.1519/JSC.0000000000001842]
30689619]

J. Pan, and W.J. Tompkins, "A real-time QRS detection algorithm",
IEEE Trans. Biomed. Eng., vol. 32, no. 3, pp. 230-236, 1985.
[http://dx.doi.org/10.1109/TBME.1985.325532] [PMID: 3997178]

D. Marinucci, A. Sbrollini, I. Marcantoni, M. Morettini, C.A. Swenne,
and L. Burattini, "Artificial neural network for atrial fibrillation
identification in portable devices", Sensors (Basel), vol. 20, no. 12, p.
3570, 2020.

[http://dx.doi.org/10.3390/s20123570] [PMID: 32599796]

H.C. Bazett, "An analysis of the time-relations of electrocardiograms",
Ann. Noninvasive Electrocardiol., vol. 2, pp. 177-194, 1997.
[http://dx.doi.org/10.1111/j.1542-474X.1997 600325 x]

T.B. Garcia, and N.E. Holtz, /2-Lead ECG: The art of interpretation.,
2nd ed Jones & Bartlett Learning: USA, 2015.

D. Nunan, G.R. Sandercock, and D.A. Brodie, "A quantitative
systematic review of normal values for short-term heart rate variability
in healthy adults", Pacing Clin. Electrophysiol., vol. 33, no. 11, pp.
1407-1417, 2010.
[http://dx.doi.org/10.1111/j.1540-8159.2010.02841.x]
20663071]

D. Nepi, A. Sbrollini, A. Agostinelli, E. Maranesi, M. Morettini, F. di
Nardo, S. Fioretti, P. Pierleoni, L. Pernini, S. Valenti, and L. Burattini,
Validation of the heart rate signal provided by the Zephyr BioHarness
3.0., Computing in Cardiology Conference: Vancouver, Canada, 2016,
pp. 361-364.

G. Finocchiaro, H. Dhutia, A. D’Silva, A. Malhotra, A. Steriotis, L.
Millar, K. Prakash, R. Narain, M. Papadakis, R. Sharma, and S.
Sharma, "Effect of sex and sporting discipline on LV adaptation to
exercise", JACC Cardiovasc. Imaging, vol. 10, no. 9, pp. 965-972,
2017.

[http://dx.doi.org/10.1016/j.jcmg.2016.08.011] [PMID: 27865722]

M. Buchheit, "Monitoring training status with HR measures: do all
roads lead to Rome?", Front. Physiol., vol. 5, p. 73, 2014.
[http://dx.doi.org/10.3389/fphys.2014.00073] [PMID: 24578692]

E. Maranesi, M. Morettini, A. Agostinelli, C. Giuliani, F. Di Nardo,
and L. Burattini, "Health monitoring in sport through wearable
sensors: A novel approach based on heart-rate variability", In: Lecture
Notes in Electrical Engineering, vol. 392. Springer, 2016.
[http://dx.doi.org/10.1007/978-3-319-39700-9_19]

K.J. Hunt, and J. Saengsuwan, "Changes in heart rate variability with
respect to exercise intensity and time during treadmill running",
Biomed. Eng. Online, vol. 17, no. 1, p. 128, 2018.
[http://dx.doi.org/10.1186/512938-018-0561-x] [PMID: 30249267]

R. Brugada, K. Hong, R. Dumaine, J. Cordeiro, F. Gaita, M.
Borggrefe, T.M. Menendez, J. Brugada, G.D. Pollevick, C. Wolpert,
E. Burashnikov, K. Matsuo, Y.S. Wu, A. Guerchicoff, F. Bianchi, C.
Giustetto, R. Schimpf, P. Brugada, and C. Antzelevitch, "Sudden death
associated with short-QT syndrome linked to mutations in HERG",

[PMID:

[PMID:


http://dx.doi.org/10.1136/heartjnl-2014-093872.rep
http://www.ncbi.nlm.nih.gov/pubmed/25049314
http://dx.doi.org/10.1136/bjsm.2008.054718
http://www.ncbi.nlm.nih.gov/pubmed/19734497
http://dx.doi.org/10.1016/j.amjmed.2019.05.025
http://www.ncbi.nlm.nih.gov/pubmed/31199891
http://dx.doi.org/10.1136/bjsports-2015-h1218rep
http://www.ncbi.nlm.nih.gov/pubmed/26184759
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.008979
http://www.ncbi.nlm.nih.gov/pubmed/21788587
http://dx.doi.org/10.1056/NEJMclde1311642
http://www.ncbi.nlm.nih.gov/pubmed/24251362
http://dx.doi.org/10.2174/1875399X01710010179
http://dx.doi.org/10.1007/s40279-018-0985-2
http://www.ncbi.nlm.nih.gov/pubmed/30251086
http://dx.doi.org/10.1159/000091640
http://www.ncbi.nlm.nih.gov/pubmed/16498243
http://dx.doi.org/10.1016/j.jacc.2005.02.015
http://www.ncbi.nlm.nih.gov/pubmed/15837288
http://dx.doi.org/10.1016/j.ccl.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27692220
http://dx.doi.org/10.1093/eurheartj/ehw631
http://www.ncbi.nlm.nih.gov/pubmed/28329355
http://dx.doi.org/10.1136/bjsm.2010.082743
http://www.ncbi.nlm.nih.gov/pubmed/21596717
http://dx.doi.org/10.1093/eurheartj/ehm219
http://www.ncbi.nlm.nih.gov/pubmed/17623682
http://dx.doi.org/10.1016/j.dib.2019.104793
http://www.ncbi.nlm.nih.gov/pubmed/31788519
http://dx.doi.org/10.3390/s19040908
http://www.ncbi.nlm.nih.gov/pubmed/30795595
http://dx.doi.org/10.1109/INISTA.2018.8466275
http://dx.doi.org/10.1123/jsr.2016-0009
http://www.ncbi.nlm.nih.gov/pubmed/28253057
http://dx.doi.org/10.1519/JSC.0000000000001842
http://www.ncbi.nlm.nih.gov/pubmed/30689619
http://dx.doi.org/10.1109/TBME.1985.325532
http://www.ncbi.nlm.nih.gov/pubmed/3997178
http://dx.doi.org/10.3390/s20123570
http://www.ncbi.nlm.nih.gov/pubmed/32599796
http://dx.doi.org/10.1111/j.1542-474X.1997.tb00325.x
http://dx.doi.org/10.1111/j.1540-8159.2010.02841.x
http://www.ncbi.nlm.nih.gov/pubmed/20663071
http://dx.doi.org/10.1016/j.jcmg.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27865722
http://dx.doi.org/10.3389/fphys.2014.00073
http://www.ncbi.nlm.nih.gov/pubmed/24578692
http://dx.doi.org/10.1007/978-3-319-39700-9_19
http://dx.doi.org/10.1186/s12938-018-0561-x
http://www.ncbi.nlm.nih.gov/pubmed/30249267

44 The Open Biomedical Engineering Journal, 2021, Volume 15 Romagnoli et al.

Circulation, vol. 109, no. 1, pp. 30-35, 2004. [http://dx.doi.org/10.1161/01.CIR.0000109482.92774.3A]  [PMID:
14676148]

© 2021 Romagnoli et al.

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a copy of which is
available at: https:/creativecommons.org/licenses/by/4.0/legalcode. This license permits unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.


http://dx.doi.org/10.1161/01.CIR.0000109482.92774.3A
http://www.ncbi.nlm.nih.gov/pubmed/14676148
https://creativecommons.org/licenses/by/4.0/legalcode

	Initial Investigation of Athletes’ Electrocardiograms Acquired by Wearable Sensors during the Pre-exercise Phase 
	[Aim:]
	Aim:
	Background:
	Objective:
	Methods:
	Results:
	Conclusion:

	1. INTRODUCTION
	2. MATERIALS AND METHODS
	2.1. Study Population
	2.2. Sport Classification
	2.3. Experimental Electrocardiographic Data
	2.4. Statistics

	3. RESULTS
	4. DISCUSSION
	CONCLUSION
	LIST OF ABBREVIATIONS
	ETHICS APPROVAL AND CONSENT TO PARTICIPATE
	HUMAN AND ANIMAL RIGHTS
	CONSENT FOR PUBLICATION
	AVAILABILITY OF DATA AND MATERIALS
	FUNDING
	CONFLICTS OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES




