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The foundations of sports cardiology include promoting physical activity and an
ability to provide a safe environment for training and competition for all athletes at all
levels, from professional to recreational. To combine these two aims, reliable tools to
perform pre-participation screening are needed. Moreover, those at high risk of potentially
life-threatening events should be advised to limit their training load, while others should
be reassured that there is no exercise-related cardiovascular risk. We currently observe
an advent of new portable devices for remote and mobile heart monitoring and several
new, promising biochemical markers, which can support athletes” diagnostic processes.
In this Special Issue of the Diagnostics journal entitled “Diagnostic Challenges in Sports
Cardiology”, we present a series of 13 manuscripts, including eight original works, three
reviews, and two case reports, which give a glimpse of the current research topics in the
area of sports cardiology.

An excellent example of the balance between the benefits and safety of continued
training is a presented case of a 20-year-old athlete with exertional syncope found to harbor
a rare genetic disorder causing catecholaminergic polymorphic ventricular tachycardia
(CPVT) and predisposing him to severe ventricular arrhythmias and risk of sudden cardiac
death [1]. Prompt diagnosis, followed by administration of pharmacological treatment and
implantation of a cardiac defibrillator (ICD), permitted the athlete to return to moderate
physical activity without clinical events for the time being. This would not have been
possible if not for the previous observational reports demonstrating that continued sport
participation in such patients might be considered on an individual basis [2]. The current
state of knowledge on management and decision-making in several cardiac conditions
in athletes should be based on separate algorithms from the non-athletic population and
on an individual basis. An example of such an approach concerning the presence of an
asymptomatic pre-excitation in junior athletes is demonstrated and discussed in a review
of the literature performed by Ksiazczyk et al. [3].

To increase confidence regarding athletes” diagnostic and management decisions, it
is crucial to perform differential diagnosis between physiological adaptation to training
(namely considering the athlete’s heart) and pathological changes. Adaptation to physical
activity has been demonstrated in recent decades, mainly in professional athletes, while
amateurs, veterans, and other special groups are only now beginning to increasingly enter
the scope of research [4]. Interestingly, there may be different athletic pictures of the
athlete's heart related to diet, even within the same sports category. Krdl et al. describe
differences between amateur vegan and omnivorous middle-age athletes” hearts. They
found a larger left ventricular chamber and signs of better systolic and diastolic function
of the left ventricular muscle in the first group, with these changes considered to be
positive [5]. Moreover, vegans demonstrated a higher peak oxygen uptake, a marker of

Diagnostics 2021, 11, 492. https:/ /doi.org/10.3390/ diagnostics11030492
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physical fitness. On the other hand, an athlete’s heart's features may be almost absent in
an elite middle-age ultra-marathoner competing at the highest level, as Gajda et al. have
demonstrated [6].

Another aspect of sports cardiology is the continuous monitoring of athletes at differ-
ent time points throughout their careers and during a single season. Doing so may help
to detect markers of a new-onset disease, fatigue, and overtraining or predict physical
fitness, as described by several articles in this issue. Gajda presents the results of a survey
performed on 100 amateur endurance athletes, ten coaches, and ten sports doctors on the
importance of heart rate monitoring (HRM) and suggests improvements to make these
devices’ application more useful [7]. All participants preferred optical rather than strap
devices and perceived the possibility of continuous electrocardiogram (ECG) monitoring
during training to improve athletes” safety. The manuscript contains a review of new
devices used for HRM in athletes and is accompanied by a case report showing how HRM
has been applied to detect atrioventricular nodal reentrant tachycardia (AVNRT) over six
years in an amateur triathlete unwilling to undergo ablation [8]. Grzebisz looked for deter-
minants of cardiovascular capacity in a group of 16 amateur long-distance skiers before
the start of the preparation period. She assessed several morphological and biochemical
markers, of which percentage of monocytes, the concentration of sodium, and total calcium
were found as predictors of peak oxygen uptake in the regression model [9]. In a series of
two articles, Gasior & Hoffmann et al. focus on the analysis of heart rate (HR), respiratory
rate, and heart rate variability (HRV) parameters as potential markers of fatigue and over-
training [10,11]. For that purpose, they studied a group of 12 elite modern pentathlonists
and described baseline responses of the studied parameters to sympathetic nervous system
activity stimulation, suggesting that the analysis should be individualized [10]. They also
found that HRV should be interpreted concerning concomitant differences in HR and
respiratory rate and technique of registration [11].

It is still undetermined whether participation in ultra-endurance exercises and com-
petitions leads to acute and prolonged cardiac injury [12]. In this issue, in a group of 18
amateur middle-aged and veteran athletes, we demonstrate that participation in a 100-km
running event caused only a mild increase in troponin T, which was not necessarily linked
to cardiac injury, as demonstrated by the correlation of troponin T increase with markers
of inflammation and lactic acid concentration during the race [13]. This is in line with
findings of a detailed cardiac (ECG, echocardiography, cardiac magnetic resonance with
resonance spectroscopy) and biochemical panel analysis performed before, 1-2 days after,
and ten days after the race in a winner of a 24-h ultra-endurance run [6]. Cardiac imaging
did not disclose any alterations, and there were only transient laboratory changes, most
likely reflecting muscle damage, liver cell damage, activation of inflammatory processes,
effects on the coagulation system, exercise-associated hyponatremia, and cytoprotective or
growth-regulatory effects.

Safe sport is dependent on the intended use of legal performance-enhancing medica-
tions and the avoidance of illegal substances, which often affect the heart. For that purpose,
Sivalokanathan et al. review current data on the cardiac effects of the most commonly used
legal and illegal substances (caffeine and anabolic steroids) [14]. A final manuscript of
that issue gives a glimpse into the potential future of sports cardiology. Sopliriska et al.
present a comprehensive review on the role of microRNAs (small particles that regulate
the post-transcription gene expression) as biomarkers of systemic changes in response to
endurance training [15]. The authors found that miR-1, miR-133, miR-21, and miR-155 are
crucial in adaptive response to exercise. It will be interesting to see what the future holds
for these markers.

Funding: This research received no external funding.
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Abstract: Catecholaminergic polymorphic ventricular tachycardia (CPVT) is one of causes of sudden
cardiac death in the young, especially in athletes. Diagnosis of CPVT may be difficult since all
cardiological examinations performed at rest are usually normal, and exercise stress test-induced
ventricular tachycardia is not commonly present. The identification of a pathogenic mutation in RYR2
or CASQ? is diagnostic in CPVT. We report on a 20-year-old athlete who survived two sudden cardiac
arrests during swimming. Moreover, he suffered repeated syncopal spells on exercise. The diagnosis
was made only following genetic testing using a multi-gene panel, and the p.Arg420GIn RYR?2 variant
was identified. We present diagnostic and therapeutic issues in this young athlete with CPVT.

Keywords: sudden cardiac arrest; CPVT; catecholaminergic polymorphic ventricular tachycardia;
genetic testing

1. Introduction

Inherited arrhythmia syndromes (e.g., catecholaminergic polymorphic ventricular tachycardia
(CPVT)) are common causes of sudden cardiac arrest and cardiac death in the young [1-3], especially in
athletes [4]. According to ESC guidelines, CPVT is diagnosed clinically in the presence of a structurally
normal heart, normal ECG and exercise- or emotion-induced bidirectional or polymorphic VT, or
genetically with the identification of pathogenic mutation(s) in the RYR2 or CASQ2 genes [1]. The most
common type of the disease is related to mutations in the RYR2 gene, transmitted in the autosomal
dominant way, and CASQ2 mutations account for the recessive form of the disease. CPVT has an
estimated prevalence of 1in 10,000 [1].

We present diagnostic and therapeutic difficulties with regard to a young athlete who suffered
repeated syncopal spells and sudden cardiac arrest twice. The patient provided his written informed
consent to participate in the study and to publish his data (Bioethics Committee of National Institute
of Cardiology, approval no 1407).

Diagnostics 2020, 10, 435; doi:10.3390/diagnostics10070435 5 www.mdpi.com/journal/diagnostics
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2. Case Description

A 20-year-old male patient, fit and healthy until the age of 17, with a three-year history of exertional
syncope (three times within three years), sought medical attention following a swimming-related
syncope, followed by sudden cardiac arrest (SCA). The episode was complicated by aspiration
pneumonia, and there were no neurological deficits. Structural heart disease was ruled out with
routine noninvasive examinations, including ECG, echocardiography, repeated Holter 24-h ECG
monitoring, and coronary angiography. Pharmacologic challenges with flecainide and norepinephrine
were negative. The patient had two exercise tests: the first without beta-blocker, in which he attained
a maximal load of 10.7 METS (85% of the norm for age and sex) with a maximal heart rate (HR) of
171/min (85% of the maximal HR predicted for age and sex); the second one with beta-blocker, in which
the attained load was the same, and his maximal HR was 125/min (63% of the maximal HR predicted
for age and sex). During both the exercise tests, there was a progressive appearance of premature
ventricular contractions at the mean heart rate threshold of 115 bpm, first isolated and monomorphic,
and later in bigeminy, as shown in Figure 1.
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Figure 1. Appearance of ventricular bigeminy during exercise test, which was preceded by isolated

premature ventricular contractions.

Premature ventricular contractions disappeared during the recovery period, and the appearance
of arrhythmia was asymptomatic. The patient was advised to take beta-blocker. The family history
was not informative. An initial diagnosis of unexplained ventricular fibrillation was made.

Despite suffering from SCA, the patient was unwilling to agree to implantable
cardioverter-defibrillator (ICD) implantation and, therefore, an implantable loop recorder was
implanted and the patient continued to exercise despite being advised against it. One year later, the
patient nearly drowned while swimming, was resuscitated, and the loop recorder tracing showed
ventricular fibrillation followed by asystole. With a documented mechanism of sudden cardiac arrest,
ICD-DR was implanted for secondary prevention, but had to be removed a year later because of the
site’s infection. Within one month, a subcutaneous (S) S-ICD was implanted, and treatment with
beta-blocker was advised again (propranolol at the dose of 120mg/day). At this moment, long QT
syndrome was suspected, although the patient has never had long QT in 12-lead ECG.

Despite being fully informed of the nature of the disease, the patient tapered off the medication,
continued training in basketball and suffered from SCA in the mechanism of ventricular fibrillation, as
shown in Figure 2, while on the basketball court.
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Figure 2. Subcutaneous electrocardiogram showing ventricular fibrillation episode, treated with effective
S-ICD shock. Termination of the arrhythmia is followed by sinus beats (S) and, alternately, ventricular
extrasystoles of different morphologies (S). One of the beats is a subcutaneously paced beat (P).

Following the adverse event, CPVT was suspected and genetic examination was offered.
After obtaining informed consent it was performed with multi-gene panel TruSight Cardio.

A known variant p.Arg420GIn in the N-terminus of RYR2 gene, as shown in Figure 3, was
identified, thus confirming the suspected diagnosis of CPVT.
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Figure 3. Result of the next generation sequencing and electropherogram showing a variant p.Arg420GIn
in the RYR2 gene.
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Following adequate discharge from ICD, the patient agreed to take medication and, with 120 mg
of nadolol, he has been free from ICD interventions and syncope for 2 years.

3. Discussion

3.1. Difficulties in Diagnosis—The Role of Genetics

Our patient started being symptomatic rather late, at the age of 17 years with increased physical
activity, and first experienced SCA at the age of 20 years. The mean age of onset of symptoms in
CPVT is 7-12 years, although onset may be as late as 40 years [5], and the majority of patients with
CPVT experience syncope or cardiac arrest by their adulthood. Moreover, the diagnostic hallmark of
CPVT [1] is exercise- or emotion-induced bidirectional or polymorphic VT, highly specific for CPVT,
but this is also observed in Andersen-Tawil syndrome with KCNJ2 mutations [6], which were not
seen in our patient. The drug challenge was inconclusive. Therefore, the diagnosis in our patient was
delayed over three years after onset of symptoms. Only genetic examination helped us to make a
proper diagnosis.

The replacement of a positively-charged arginine with a polar glutamine at codon 420 of the
RYR?2 protein identified in our patient, was first reported in two unrelated individuals from a cohort of
patients clinically diagnosed with either CPVT or possible long QT syndrome [7]. Subsequently, it was
found in the youths aged 7-14 years diagnosed following syncope [8] or cardiac arrest [9]. Similarly as
in our patient, Shigemizu et al. identified the p.Arg420GlIn variant in a 12-year-old individual with
syncope during swimming who later experienced sudden death at 17 years of age [10]. Additionally,
this variant has been identified in a large Spanish family, with nine affected relatives with a clinical
diagnosis of CPVT who also had a history of sinus bradycardia, atrial and junctional arrhythmias,
and/or giant post-effort U-waves [11]. The functional importance of arginine residue at the 420
position is supported by the identification of a pathogenic variant at the same residue (p.Arg420Trp) in
association with polymorphic ventricular tachycardia and experimental studies of mice carrying the
variant [12]. Furthermore, the p.Arg420GIn variant resides within the N-terminal domain, one of the
three hot-spot regions of the RYR2 gene, where the majority of pathogenic missense variants have been
shown to cluster (e.g., p.Thr415Arg, p.Ile419Phe) [7]. Mutations in RYR2, responsible for the autosomal
dominant form of CPVT, cause a substantial imbalance in the homeostasis of intracellular calcium,
resulting in bidirectional or polymorphic ventricular tachycardia through different mechanisms [13].
Increased diastolic SR Ca?* leaks in ventricular myocytes lead to delayed afterdepolarizations and
triggered activity via the Na*/Ca?* exchanger current, thus promoting ventricular arrhythmia [13].
Another mechanism that seems to be important in triggering arrhythmia is the involvement of Purkinje
cells, through increased constitutive intracellular sodium concentration in comparison to ventricular
myocytes [13,14].

3.2. Therapeutic Issues

In our patient, several therapeutic problems emerged—first of all, poor compliance to lifestyle
modifications. Despite two episodes of SCA the patient continued to perform vigorous physical activity.
However, in a recent study on competitive sports participation in patients with CPVT, Ostby et al. [15]
analyzed outcome data on 63 patients. In total, 31 (49%) of them were athletes at some point of their
life. Compared to non-athletes, they were younger at the time of the diagnosis and more symptomatic.
However, following the diagnosis, 21 of 24 (88%) athletes continued competition and, during the
follow-up, few adverse events were present both in the athletes and non-athletes (p = NS). Luckily,
none of the serious adverse events resulted in death [15]. Of note, the earlier a CPVT is diagnosed, the
worse the prognosis [5].

Second problem with our patient was a poor adherence to advised medical treatment protocols,
especially treatment with beta-blocker, which is a cornerstone of the therapy in CPVT [1,16]. When left
untreated, the mortality rate in CPVT before the age of 40 is 30% [6]. In one third of patients, cardiac
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arrest is the first symptom of disease [6]. One of the arguments against using beta-blocker therapy
presented by the patient was “I am bradycardiac”. Indeed, CPVT is associated with bradycardia
and aberrant sinus node function may also contribute to atrial tachyarrhythmias [16,17]. Flecainide
as monotherapy could be an option, but not applied to our patient due to his reluctant attitude to
medical treatment. Hayashi et al. [5] analyzed the outcome in 50 probands and 51 relatives with CPVT.
The estimated eight-year cardiac event rate was 32% in the total population, and 27% and 58% in the
patients with and without beta-blockers, respectively. The absence of beta-blockers and younger age at
diagnosis were independent predictors of major adverse events [5]. Additionally, in the study by Ostby
et al,, following the experience of any serious adverse event during the follow-up, all patients received
an adjustment of their medical therapy [15]. Non-adherence to the prescribed medication was found
in 60% of serious cardiac events in the study by Miyake et al. [18] Although beta-blockers remain the
mainstay of the therapy, there is some evidence that nadolol is superior to other beta-blockers [19,20].
Only after accepting a high dose of nadolol (120mg/day) is the patient free from arrhythmic episodes.
Despite pharmacologic treatment, after numerous syncopes and two episodes of SCA, along with ESC
guidelines [1], the avoidance of competitive sports was recommended in our CPVT patient. However,
Ostby et al. concluded from their study that the risk of sports participation in CPVT patients may
be acceptable for a well-treated and well-informed athlete, although 14% of the athletes experience
further events [15]. Nevertheless, recreational activities, not associated with any risk of trauma in case
of sudden loss of consciousness/ICD discharge, were advised for our patient.

The third issue that has to be raised relates to ICD therapy in CPVT patients [21]. ICD, in addition
to beta-blockers is recommended to patients with a diagnosis of CPVT who experience SCA despite
optimal medical therapy [1]. In our patient, ICD was implanted before proper diagnosis and discharged
adequately during basketball play, thus saving his life. Since then, he started adhering to medical
therapy with no adverse events during the short-term follow-up. Flecainide should be considered in
addition to beta-blockers if arrhythmic control in the exercise stress test is incomplete (class Ila) [1].
ESC guidelines also recommend left cardiac sympathetic denervation (LCSD) in CPVT, when recurrent
syncope or polymorphic/bidirectional VT/several appropriate ICD shocks occur while patients are on
beta-blockers or beta-blockers plus flecainide (class IIb recommendation). There is growing interest
in LCSD therapy before ICD implantation, given the increasing evidence of its effectivity [19,22].
Nevertheless, ICDs should be programmed with long delays before discharge since delivered shocks
can trigger electrical storms via a vicious circle of adrenergic stimulation in CPVT patients [13,23].
CPVT is characterized by a risk of VF without the need for bradycardia pacing; therefore, when it was
possible, S-ICD was implanted in our patient following the removal of the endocardial leads. S-ICD is
considered an important option in channelopathies [24,25].

Although beta-blockers extend survival in CPVT and bring relief to patients from life-threatening
arrhythmia, there are also reports showing that elevating sinus rates with atropine reduces or eliminates
exercise-induced ventricular ectopy in patients with CPVT, suggesting that it may be a novel therapeutic
strategy in CPVT [26].

4. Conclusions

In conclusion, the experience that comes from the history of our patient is that CPVT diagnosis
may be challenging, and the p.Arg420GIn variant in the RYR2 gene is inadvertently related to
exercise-induced syncope, in particular, related to swimming and playing basketball. Once our patient
started following the recommended beta-blocker therapy and adopted lifestyle modifications, no more
syncope or ICD discharges were observed during the two-year follow-up.
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Abstract: Introduction: The management of young athletes with asymptomatic preexcitation remains
a challenge, regardless of the progress we have made in understanding the basis of condition and
developing catheter ablation procedures. The risk of sudden death, however small, yet definite,
being the first symptom is determining our approach. The aim of the study was to establish the current
state of knowledge regarding the management of young athletes diagnosed with asymptomatic
preexcitation, by conducting a literature review. Material and methods: A comprehensive
literature review was completed in accordance to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. The search was limited to English language
publications using the following search terms: “asymptomatic” or “incidental” and “pre-excitation”
or “Wolff-Parkinson-White” or “delta wave” and “athlete” or “sport”. The search was supplemented
by hand review of the bibliographies of previous relevant systematic reviews. Results: The search
resulted in 85 of abstracts, and the manual search of the bibliographies resulted in 24 additional
papers. After careful analysis 10 publications were included in the review. In all but one of the
presented papers, the authors used non-invasive methods and then either trans-esophageal or invasive
EPS as a way to risk stratify asymptomatic patients. Evidence of rapid conduction through the
accessory pathway was considered high risk and prompted sport disqualification. In the analysed
reports there were combined: 142 episodes of the life-threatening events (LTE)/sudden death (SCD),
of which 56 were reported to occur at rest, 61 during activity and no data were available for 25.
Conclusions: athletic activity may impose an increased risk of life-threatening arrhythmias in patients
with asymptomatic preexcitation; hence, a separate approach could be considered, especially in
patients willing to engage in high-intensity, endurance and competitive sports.

Keywords: asymptomatic preexcitation; athlete; WPW

1. Introduction

Regardless the progress in understanding the electro-pathophysiological basis of the condition,
management of asymptomatic young patients with preexcitation remains controversial. We have gone a
long way, from the Wolff, Parkinson, and White landmark paper (published in 1930), through description
of the mechanisms of atrio-ventricular re-entry tachycardia, linking the episodes of atrial fibrillation
with risk of sudden death, to finally developing the modern technique of catheter ablation [1,2]. Further,
there are still considerable gaps in our knowledge. Risk of sudden death being the first symptom
determines our approach. Preparticipation screening of young athletes is becoming a standard
procedure in many countries, leading to increasing numbers of detected asymptomatic patients with
ventricular preexcitation (VPE) pattern on the surface electrocardiogram (ECG), who are referred to a
cardiologist for risk stratification and treatment or clearance for sport activity [3]. Young athletes are
generally at higher risk of arrhythmic events, and the question arises whether they need a separate
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approach with regard to preexcitation [4,5]. There have been a number of studies published in recent
years that tried to estimate the risk of life-threatening events in asymptomatic preexcitation and the
usefulness of both invasive and non-invasive tools for its prediction. However, the majority of the
major studies on the subject do not address the question of risk related to sport activity. The aim of this
study is to establish the risks and management with regard to physical activity and competitive sport
in patients with asymptomatic preexcitation.

2. Materials and Methods

2.1. Search Strategy

The authors conducted a comprehensive search for all types of studies in PubMed and EMBASE
using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) checklist [6].
The search was performed through May 2020 and limited to English language publications published
between the years 1990 and 2020, using the following search terms: “asymptomatic” or “incidental”
and “pre-excitation” or “Wolff-Parkinson-White” or “delta wave” and “athlete” or “sport”. The search
was supplemented by hand a review of the bibliographies of previous relevant systematic reviews

(Figure 1).
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Figure 1. Flowchart detailing the selection of studies for the analysis.

2.2. Selection Criteria

Articles were selected following the title and abstract review on the basis of their relevance to the
investigated subject. We formulated following the clinical questions:

1.  What was the management of young asymptomatic athletes with VPE in the published studies,
and how were they stratified to risk categories?

2. Are the patients with VPE at higher risk of life-threatening arrhythmias while performing
physical activity?

3. Should young athletes with VPE be managed differently than other young asymptomatic patients
with VPE?
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Studies were included if they reflected on the questions formulated above and provided information
regarding non-invasive and invasive testing of the properties of the accessory pathway, criteria used
for determining high risk patients, and incidence of the life-threatening events (LTE) or sudden death
(SCD) including aborted SCD, in the context of the type of activity at the onset of symptoms.

3. Results

The search resulted in 85 abstracts that were reviewed and evaluated by two authors. Manual search
of the bibliographies resulted in 24 additional papers. After careful analysis 10 publications were
found to provide data relevant to the clinical questions formulated initially.

3.1. Management of Young Athletes with Preexcitation

The details of the analysed studies are summarised in Table 1.

Table 1. Details of the all analysed studies are presented here.

Study Study Year Author Tgtlzlfi;f Cases Age of Pts LTI‘\]IE(/)SO(?D
1 1993 Munger Retrospective 53 33 +/-16 2
2 1993 Brembilla—Perrot Prospective 40 35+/-15 0
3 1995 Timmermans Retrospective 690 28 +/-10 15
4 1995 Furlanello Retrospective 380 20.7 8
5 2003 Sarrubi Retrospective 57 9.7 +/-54 1
6 2007 Brembilla-Perrot Prospective 55 14 +/-3 1
7 2009 Fazio Retrospective 124 7.8 0
8 2016 Mambro Prospective 91 11.8 +/-2.28 0
9 2017 Finocchiaro Retrospective 19 31+/-15 19
10 2018 Ethridge Retrospective 912 9.7 (+/-5.3) 96

In 1993 Brembilla-Perrot and Ghawi [7] published a paper that described 40 asymptomatic
patients age 35 +/— 15 years, who were followed for a median of 1.8 years. All underwent either
invasive electrophysiology study (EPS) or transoesophageal EPS. Patients were considered high risk
if the shortest RR interval between pre-excited beats was measured as <250 ms in the control state,
or <200 ms during isoproterenol infusion, also in the case of atrial vulnerability or induction of
ventricular fibrillation. High-risk features were found in five patients. Two of them underwent ablation
procedure, and the other three were discharged and prohibited from participation in competitive sports.

In 2003, Sarubbi et al. [8] followed 98 asymptomatic patients for a mean of 48 months. The mean
age at the recruitment was 9.7 years (+/-5.4). Patients were assessed non-invasively at recruitment
with clinical examination, ECG, echocardiogram, ECG Holter, and, when possible, exercise testing.
Invasive EPS was offered to all the patients. During the follow-up five patients turned symptomatic
with supraventricular tachycardia (SVT), and there was one sudden death with no remark about
the circumstances. Patients with inducible arrhythmia were offered either medical treatment or RF
ablation. In patients with no SVT inducible but with 1:1 conduction over the pathway <250 ms in the
control state or 220 ms after isoproterenol were discharged without treatment but prohibited from
participating in sport activities. The authors comment that this could be seen as controversial but,
in their opinion, it was necessary to prevent sudden death.

In 2007, Brembilla-Perrot et al. [9] reported a prospective study of 51 asymptomatic patients,
mean age 14 years (+/-3), with average follow-up of five years (+/-1). All patients underwent initial
assessment with ECG, 24-h Holter and exercise test, followed by a transoesophageal EPS. High-risk
patients were defined if there was a rapid conduction over the pathway <250 ms in control and
<200 after isoproterenol. All high-risk patients were given the recommendation to withdraw from
competitive sports. Low-risk and non-inducible patients were allowed to participate. There was one
aborted sudden death in a 12-year-old child with high-risk pathway, who did not have an ablation.
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At the onset of symptoms, the patient was running with other children. High-risk and inducible
patients were offered a catheter ablation.

Fazio et al. in 2009 [10] presented a retrospective analysis of 124 children, median age 7.4 years,
followed for a median of 4.2 years. Routine tests (ECG and Holter) were performed. An exercise test
was performed in 76 patients. Eight children who wished to participate in competitive sports were
offered a transoesophageal EPS. Two of them were found to have pathway of high-risk properties
defined as 1:1 conduction over the pathway <210 ms or atrio-ventricular refractory period <230 ms.
There were no LTEs recorded during the follow-up.

In 2016, Mambro et al. [11] published a report on 91 asymptomatic athletes, aged 11.8 +/—
2.28 years, with three years of follow-up. All patients underwent non-invasive assessment including
24-h ECG and exercise test. That was followed by transoesophageal EPS at rest and during exercise
test and/or isoproterenol infusion. Based on the result, patients were assigned to three risk categories:
low, borderline and high. High-risk was defined as having shortest pre-excited RR interval (SPERRI)
<250 ms at rest or <220 ms during physical stress or sustained atrio-ventricular reentry tachycardia
(AVRT) inducibility. Borderline risk was defined as inducibility of non-sustained AVRT and/or an
accessory pathway effective refractory period (APERP) of 250 +/— 5 ms at rest, and/or an APERP of 220
+/— 5 ms during physical stress or isoproterenol infusion. Low risk patients were cleared for sport
participation. High-risk patients were referred for catheter ablation and were allowed to participate
only if the procedure. Patients with unsuccessful attempts or those who refused to have ablation were
considered non-eligible for competitive sports. Borderline patients were offered ablation but not as a
requirement for sport participation. There were no LTEs recorded during the follow-up period.

3.2. Risk of Life-Threatening Arrhythmia with Sport Activity

The details of the analysed studies are summarised in Table 2

Table 2. Studies that revealed relation of life-threatening events (LTE)/sudden death (SCD) to physical
activity are shown here.

LTE/SCD at
No of LTE/SCD at .
Study Study Year Author LTE/SCD Rest Phy.s1.cal No Data
Activity
1 1993 Munger 2 0 1 1
2 1995 Timmermans 15 7 6 2
3 1995 Furlanello 8 0 8 .
(competitive)
4 2003 Sarrubi 1 no data no data 1
5 2007 Brembilla—Perrot 1 0 1
6 2017 Finocchiuro 19 12 2 5
. 43 (10
7 2018 Ethridge 96 37 i 16
competitive)

In 1993, Munger et al. [12] attempted to examine the natural history of WPW. In a retrospective
manner, they analysed 113 patients included over 36 years of follow-up. Fifty-three of those patients
were asymptomatic at the time of diagnosis. There were no sudden deaths in the asymptomatic
group over a cumulative period of 537 patient-years. However, 11 patients became symptomatic
with tachycardias or palpitations. The patients who became symptomatic were significantly younger
at the time of diagnosis than those who remained asymptomatic. Twenty-two patients from the
asymptomatic group underwent EPS, and significant arrhythmias were inducible in 18 of them. In the
symptomatic group there were two sudden deaths, one during athletic activity.

Important data came from a study by Timmermans et al. in 1995 [13]. A total of 690 patients were
retrospectively analysed, 15 of them (mean age 28 +/— 10) suffered from out of-hospital ventricular
fibrilliation (VF) and were successfully resuscitated. In eight of them, cardiac arrest was the first
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manifestation of the condition. At the time of onset of symptoms six patients were exercising, four were
under emotional stress, two were at rest, and one was sleeping; data were not available for the two
remaining patients. All patients underwent EPS, which showed that in 11 patients, the mean shortest
pre-excited RR interval during induced atrial fibrillation was: 206 +/— 42 ms (range 140 to 290).

Furlanello et al. [14] in 1995 performed a retrospective analysis of 1325 competitive athletes
(mean age 20.7 years) evaluated at their institution over 19 years. Among them, 380 were diagnosed
with WPW. There were six patients with aborted SCD during sport activity as a presenting symptom.
There were two more patients diagnosed with VPE, who refused further investigations and that
had SCD while playing. Transoesophageal EPS was offered to survivors of the LTE and all patients
with WPW.

An interesting analysis was provided by Finocchiaro et al. [15] in 2017. The authors of this
report analysed 3684 autopsies performed for SCD and identified a subgroup of 19 patients who
had diagnosis of ventricular preexcitation before death. Five of them were asymptomatic. In five
cases, additional cardiac pathology was found: hypertrophic cardiomyopathy (HCM), coronary artery
disease, cardiac sarcoid. In another four cases autopsy revealed findings of uncertain significance.
In two patients, SCD occurred at the time of physical exercise (one in the asymptomatic group); in the
remaining patients SCD happened at rest, during sleep, or no data were provided. Five patients had a
history of RF ablation for WPW, which was reported to be successful in four of them.

In 2018, a retrospective, multicentre study was published by Ethridge et al. [16], which included
912 patients <21 years of age with diagnosed preexcitation, who underwent invasive EPS. Ninety-six
patients suffered LTE (case subjects): sudden death, aborted sudden death, or atrial fibrillation with
haemodynamic compromise, were compared with the control cases who had no history of LTE.
In 62 patients, LTE was a presenting symptom. At the onset of LTE 43 patients were exercising
(44%), among them 10 at competitive level (10%), 37 were at rest (39%), and there were no data
available for 16 patients—the authors do not distinguish asymptomatic from symptomatic patients here.
Accessory pathway characteristics determined during the EPS were compared between the groups.
Patients with LTE were more likely to have at least one AP characteristic considered high-risk. SPERRI,
APERP, and SPPCL (shortest paced cycle length with preexcitation) were significantly shorter in the case
subjects; however, 37% of patients who had at least two characteristics of the AP measured, would be
stratified as low-risk patients, and 25% had neither concerning AP parameters nor AVRT inducible.

4. Discussion

Management of young asymptomatic patients with ventricular preexcitation has always been
controversial. This is due to problems with risk stratification, which is not straightforward, and,
unlike in cardiomyopathies, imaging studies are not very helpful [17]. As we know, there is a small
but definite risk of SCD, which is believed to be higher in younger patients and in males [18]. In the
analyzed studies the age of the patients was inhomogeneous, however in all of them the mean patient
age was below 40 years. The tools traditionally used to assess the risk of SCD are both non-invasive
tests and EPS, all of which aim to measure the capability of the accessory pathway to rapidly conduct in
antegrade fashion, as well as the inducibility and sustainability of arrhythmias. However, the reliability
of those tools has been questioned, as there are problems with general anaesthesia (often used in the
paediatric population) affecting the conduction system, and there is no standardisation for the use
of isoproterenol [19]. Sudden death and life-threatening arrhythmias can be the first manifestation
of the condition, and they have also been reported in patients with intermittent preexcitation and
properties of the AP believed to be benign [16,20-22]. In the literature, there are reports with low and
high frequency of LTE in asymptomatic children [23,24].

However, when it comes to managing young athletes with asymptomatic pre-excitation,
the analyzed studies presented similar approaches. Evidence of the high-risk features of the AP
usually prompts disqualification from competitive activities. In all but one of the presented papers
the authors used non-invasive methods, but then they used either transoesophageal or invasive EPS
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as a way to risk stratify asymptomatic patients. The definition of high-risk pathway that has been
used by all authors—i.e., evidence of rapid conduction over the pathway with either induced atrial
fibrillation or atrial pacing manoeuvres - was proposed for the first time in 1979 by Klein et al. [2].
Shortest pre-excited RR interval (SPERRI) was suggested as marker of high-risk pathway; in later
studies other parameters like APERP were proposed as useful [24]. Other recognised risk factors for
SCD are younger age, multiple pathways, inducibility of the AVRT during EPS, and septal location of
the accessory pathways [25-27].

In the majority of analysed studies, isoproterenol was used to enhance the AP properties and
mimic the state of physical activity for risk stratification. Regardless of the small differences in
determining the exact threshold for identifying a high-risk pathway, the authors of all the reports
share the belief that the presence of the high-risk features of the pathway is enough to prohibit an
asymptomatic athletes from participating in sport activities. Importantly, most of them were depending
on the either transoesophageal or invasive EPS rather than on non-invasive assessment alone. Some of
the authors make the distinction between competitive sport and general physical activity performed in
a school environment.

This shows there is a conviction among the researchers that physical activity predisposes to the
occurrence of LTE in the presence of the accessory pathway. Sport participation was retained only
upon successful ablation of the accessory pathway.

This approach is also reflected in the international guidelines. ESC recommendations for
competitive sport participation published in 2005 mandate that risk stratification for asymptomatic
athletes is performed with EPS, and RF ablation should be performed in patients with high-risk
properties of the AP. Successful ablation or the absence of the risk criteria is a prerequisite for sport
eligibility [28].

Published in 2006, ESC Recommendations for leisure-time physical activity suggests that initial
assessment could be done with non-invasive tests, reserving EPS for cases with persistent preexcitation.
Similarly, to competitive sports recommendations, RF ablation is mandatory if high-risk criteria
are present. In the update of those guidelines published in 2020, the same approach is presented,
initial non-invasive assessment is suggested for recreational athletes, and EPS should be offered for
persistent preexcitation and competitive sports above the age of 12 years [4,26].

In the most recent ESC Guidelines for the Management of Patients with Supraventricular
Tachycardia from 2019 [25] and similarly in the ESC Guidelines on Sports Cardiology and Exercise in
Patients with Cardiovascular Disease form 2020 it is recommended that all patients with asymptomatic
VPE, who are willing to participate in competitive sports undergo invasive EPS for risk stratification and
ablation if high-risk properties of the pathway are present. For recreational sport activity, the assessment
can be started with non-invasive tests. It is noted that in children younger than 12 years old the risk of
a fatal event is small and a conservative approach is suggested [27].

More importance is given to the non-invasive tests in the American guidelines. The PACES/HRS
Consensus Statement, published in 2012 makes no distinction between asymptomatic athletes
and non-athletes and recommends the same risk stratification protocol regardless of sport activity.
Evidence of intermittent pre-excitation or sudden loss of delta wave are considered low risk. EPS and
ablation are offered only to asymptomatic patients with high-risk features of the accessory pathway [29].

Similarly, the 2015 AHA/ACC recommendations for competitive sports eligibility conclude that:
“in athletes with asymptomatic preexcitation, it is reasonable to attempt risk stratification with stress
testing to determine whether the preexcitation abruptly terminates at low heart rates. If low risk is
unclear, it is reasonable to recommend invasive electrophysiological evaluation, with ablation of the
bypass tract if it is deemed high risk for SCD because of a refractory period <250 ms” [30].

Interestingly, the belief that athletic activity should be prohibited in patients with asymptomatic
VPE is based on a limited number of cases. Among vast literature on preexcitation and risk of SCD,
only a few reports comment on the circumstances and type of activity at the onset of symptoms.
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Our review identified only three studies [13,14,16] that provide data on larger groups than single cases,
and one post-mortem analysis [15].

Historically, in this regard the greatest influence was made by Timmermans et al. [13],
who emphasised the factors that increase the adrenergic tone, like sport activity and emotional
stress, as increasing the risk of LTE. However, in this report only six patients out of 15 were exercising
at the time of LTE, and the authors interpret them together with the group who suffered VF at the time
of emotional stress—four patients, which according to the authors suggests, that the majority of events
are provoked by adrenergic stimulation.

In the most recent data provided by Ethridge et al. [16] the total number of events is much greater
and a large proportion of them were not related to exercise. Moreover, the authors distinguish between
competitive and non-competitive activity, and only 10% of events could be attributed to competitive
sports. In view of this, the authors conclude that competitive sport restrictions would not keep the
majority of patients safe. At the same time, they would not recommend unrestricted sport participation
for athletes with asymptomatic preexcitation. In addition, in this report, the authors suggest that
although many of the LTEs were not related to exercise, the time spent performing physical activity is
much shorter that the time spent at rest, and in this light the number of LTEs during athletic activity is
disproportionally high.

Physical activity, especially on a competitive level, has been linked with increased risk of
arrhythmic events in patients with pre-excitation [13,31]. However, it is difficult to establish how many
sudden deaths in young athletes occur because of preexcitation, because we do not know the exact
number of asymptomatic athletes with WPW pattern, nor how many of them died [32]. Sudden death
during exercise is generally more common among the younger population and males [33]. In the
long-term registry of SCD among young athletes in the USA, WPW was found to be responsible for
about 2% of deaths due to cardiovascular reasons [34].

The rationale behind SCD in pre-excited patients is based on reports mentioned before, with a
significant number of patients exercising at the onset of symptoms. At the same time, SCD has been
reported in similar numbers to occur at rest and even during sleep. It is also important to consider the
mechanism of SCD in pre-excited patients, which is thought to be atrial fibrillation or flutter (occurring
either spontaneously or as degeneration of the AVRT) being rapidly conducted to ventricles over
the accessory pathway and causing VF [2]. It has been proven that competitive athletes especially
in endurance sports are at higher risk of developing atrial fibrillation, even after discontinuation of
athletic activity [4,5]. On the other hand intensive training does not seem to affect the properties of the
pathway itself [35].

Because of the uncertainty that comes with risk stratification of asymptomatic patients with
preexcitation using available methods, and the low complication rate of ablation in the modern era,
there is currently a low threshold to offer EPS and ablation to those patients [36,37]. If we agree that
physical activity, especially at a competitive level, imposes an increased risk of triggering a potentially
life-threatening arrhythmia, then there is even more argument to take this approach in the management
of young athletes.

5. Conclusions

Answering the clinical questions formulated initially:

1. Inthe analyzed studies and in line with recommendations of the major cardiology societies (ESC,
AHA/ACC, PACES/HRS), patients should be stratified into risk categories using non-invasive
and invasive tests (transoesophageal EPS and invasive EPS) aimed at assessing the properties of
the AP. Evidence of the rapid conduction over the pathway either with AF or pacing manoeuvres
resulted disqualification from sport until successful ablation could be achieved.

2. Athletic activity may impose an increased risk of life-threatening arrhythmias in patients with
asymptomatic preexcitation. However, the data are based on small numbers.
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Currently there is a low threshold for offering ablation to asymptomatic individuals generally;
however, a separate approach to asymptomatic athletes could be considered, especially in patients
willing to engage in high-intensity, endurance, and competitive sports.

Author Contributions: Conceptualization, TM.K. and B.W.; methodology and papers review, TM.K. and R.P;
data analysis, TM.K. and B.W.; writing—original draft preparation, TM.K. and R.P.; writing—review and editing
T.M.K. and B.W.; supervision, B.W. 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.

10.

11.

12.

13.

14.

15.

Yee, R.; Klein, G.J. Syncope in the Wolff-Parkinson-White syndrome: Incidence and electrophysiologic
correlates. Pacing Clin. Electrophysiol. 1984, 7, 381-388. [CrossRef] [PubMed]

Klein, G.J.; Bashore, T.M.; Sellers, T.D.; Pritchett, E.L.; Smith, W.M.; Gallagher, ].J. Ventricular fibrillation in
the Wolff-Parkinson-White syndrome. N. Engl. ]. Med. 1979, 301, 1080-1085. [CrossRef] [PubMed]

Fritsch, P; Ehringer-Schetitska, D.; Dalla Pozza, R.; Jokinen, E.; Herceg-Cavrak, V.; Hidvegi, E.; Oberhoffer, R.;
Petropoulos, A.; European Paediatric Cardiology Working Group Cardiovascular Prevention. Cardiovascular
pre-participation screening in young athletes: Recommendations of the Association of European Paediatric
Cardiology. Cardiol. Young 2017, 27, 1655-1660. [CrossRef]

Heidbuchel, H.; Panhuyzen-Goedkoop, N.; Corrado, D.; Hoffmann, E.; Biffi, A, Delise, P;
Blomstrom-Lundqvist, C.; Vanhees, L.; Ivarhoff, P.; Dorwarth, U.; et al. Recommendations for participation
in leisure-time physical activity and competitive sports in patients with arrhythmias and potentially
arrhythmogenic conditions Part I: Supraventricular arrhythmias and pacemakers. Eur. |. Cardiovasc.
Prev. Rehabil. 2006, 13, 475-484. [CrossRef]

Mont, L.; Sambola, A.; Brugada, J.; Vacca, M.; Marrugat, J.; Elosua, R.; Pare, C.; Azqueta, M.; Sanz, G.
Long-lasting sport practice and lone atrial fibrillation. Eur. Heart ]. 2002, 23, 477-482. [CrossRef]

Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G.; Group, P. Preferred reporting items for systematic reviews
and meta-analyses: The PRISMA statement. BMJ 2009, 339, b2535. [CrossRef] [PubMed]

Brembilla-Perrot, B.; Ghawi, R. Electrophysiological characteristics of asymptomatic Wolff-Parkinson-White
syndrome. Eur. Heart |. 1993, 14, 511-515. [CrossRef]

Sarubbi, B.; Scognamiglio, G.; Limongelli, G.; Mercurio, B.; Pacileo, G.; Pisacane, C.; Russo, M.G.; Calabro, R.
Asymptomatic ventricular pre-excitation in children and adolescents: A 15 year follow up study. Heart 2003,
89, 215-217. [CrossRef]

Brembilla-Perrot, B.; Chometon, E; Groben, L.; Ammar, S.; Bertrand, J.; Marcha, C.; Cloez, J.L.; Tisserand, A.;
Huttin, O.; Tatar, C.; et al. Interest of non-invasive and semi-invasive testings in asymptomatic children with
pre-excitation syndrome. Europace 2007, 9, 837-843. [CrossRef] [PubMed]

Fazio, G.; Mossuto, C.; Basile, I.; Gennaro, F.; D’Angelo, L.; Visconti, C.; Ferrara, F.; Novo, G.; Pipitone, S.;
Novo, S. Asymptomatic ventricular pre-excitation in children. J. Cardiovasc. Med. (Hagerstown) 2009, 10, 59-63.
[CrossRef] [PubMed]

Di Mambro, C.; Drago, F.,; Milioni, M.; Russo, M.S.; Righi, D.; Placidi, S.; Remoli, R.; Palmieri, R.; Gimigliano, F,;
Santucci, L.M.; et al. Sports Eligibility After Risk Assessment and Treatment in Children with Asymptomatic
Ventricular Pre-excitation. Sports Med. 2016, 46, 1183-1190. [CrossRef] [PubMed]

Munger, T.M.; Packer, D.L.; Hammill, S.C.; Feldman, B.]J.; Bailey, K.R.; Ballard, D.J.; Holmes, D.R,, Jr.;
Gersh, B.J. A population study of the natural history of Wolff-Parkinson-White syndrome in Olmsted County,
Minnesota, 1953-1989. Circulation 1993, 87, 866-873. [CrossRef] [PubMed]

Timmermans, C.; Smeets, ].L.; Rodriguez, L.M.; Vrouchos, G.; van den Dool, A.; Wellens, H.J. Aborted sudden
death in the Wolff-Parkinson-White syndrome. Am. J. Cardiol. 1995, 76, 492-494. [CrossRef]

Furlanello, F; Bertoldi, A.; Inama, G.; Fernando, F. Catheter ablation in competitive athletes: Indication.
. Interv. Cardiol. 1995, 8, 837-840. [CrossRef]

Finocchiaro, G.; Papadakis, M.; Behr, E.R.; Sharma, S.; Sheppard, M. Sudden Cardiac Death in Pre-Excitation
and Wolff-Parkinson-White: Demographic and Clinical Features. J. Am. Coll. Cardiol. 2017, 69, 1644-1645.
[CrossRef] [PubMed]

20



Diagnostics 2020, 10, 824

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Etheridge, S.P.; Escudero, C.A.; Blaufox, A.D.; Law, .H.; Dechert-Crooks, B.E.; Stephenson, E.A.; Dubin, A.M.;
Ceresnak, S.R.; Motonaga, K.S.; Skinner, J.R,; et al. Life-Threatening Event Risk in Children With
Wolff-Parkinson-White Syndrome: A Multicenter International Study. JACC Clin. Electrophysiol. 2018,
4,433-444. [CrossRef]

Kariki, O.; Antoniou, C.K.; Mavrogeni, S.; Gatzoulis, K.A. Updating the Risk Stratification for Sudden Cardiac
Death in Cardiomyopathies: The Evolving Role of Cardiac Magnetic Resonance Imaging. An Approach for
the Electrophysiologist. Diagnostics 2020, 10, 541. [CrossRef]

Klein, G.J.; Gula, L.J.; Krahn, A.D.; Skanes, A.C.; Yee, R. WPW pattern in the asymptomatic individual: Has
anything changed? Circ. Arrhythm Electrophysiol. 2009, 2, 97-99. [CrossRef] [PubMed]

Shwayder, M.H.; Escudero, C.A.; Etheridge, S.P.; Dechert, B.E.; Law, L.H.; Blaufox, A.D.; Perry, ].C.;
Dubin, A.M.; Sanatani, S.; Collins, K.K. Difficulties with invasive risk stratification performed under
anesthesia in pediatric Wolff-Parkinson-White Syndrome. Heart Rhythm. 2020, 17, 282-286. [CrossRef]

Di Mambro, C.; Russo, M.S.; Righi, D.; Placidi, S.; Palmieri, R.; Silvetti, M.S.; Gimigliano, F.; Prosperi, M.;
Drago, F. Ventricular pre-excitation: Symptomatic and asymptomatic children have the same potential risk
of sudden cardiac death. Europace 2015, 17, 617-621. [CrossRef]

Kiger, M.E.; McCanta, A.C.; Tong, S.; Schaffer, M.; Runciman, M.; Collins, K.K. Intermittent versus Persistent
Wolff-Parkinson-White Syndrome in Children: Electrophysiologic Properties and Clinical Outcomes. Pacing
Clin. Electrophysiol. 2016, 39, 14-20. [CrossRef] [PubMed]

Jastrzebski, M.; Kukla, P; Pitak, M.; Rudzinski, A.; Baranchuk, A.; Czarnecka, D. Intermittent preexcitation
indicates “a low-risk” accessory pathway: Time for a paradigm shift? Ann. Noninvasive Electrocardiol. 2017,
22,e12464. [CrossRef]

Inoue, K.; Igarashi, H.; Fukushige, J.; Ohno, T.; Joh, K.; Hara, T. Long-term prospective study on the
natural history of Wolff-Parkinson-White syndrome detected during a heart screening program at school.
Acta Paediatr. 2000, 89, 542-545. [CrossRef] [PubMed]

Santinelli, V.; Radinovic, A.; Manguso, F.; Vicedomini, G.; Gulletta, S.; Paglino, G.; Mazzone, P.; Ciconte, G.;
Sacchi, S.; Sala, S.; et al. The natural history of asymptomatic ventricular pre-excitation a long-term
prospective follow-up study of 184 asymptomatic children. J. Am. Coll. Cardiol. 2009, 53, 275-280. [CrossRef]
[PubMed]

Calkins, H. The 2019 ESC Guidelines for the Management of Patients with Supraventricular Tachycardia.
Eur. Heart J. 2019, 40, 3812-3813. [CrossRef]

Heidbuchel, H.; Adami, PE.; Antz, M.; Braunschweig, E; Delise, P.; Scherr, D.; Solberg, E.E.; Wilhelm, M.;
Pelliccia, A. Recommendations for participation in leisure-time physical activity and competitive sports in
patients with arrhythmias and potentially arrhythmogenic conditions: Part 1: Supraventricular arrhythmias.
A position statement of the Section of Sports Cardiology and Exercise from the European Association of
Preventive Cardiology (EAPC) and the European Heart Rhythm Association (EHRA), both associations of
the European Society of Cardiology. Eur. J. Prev. Cardiol. 2020. [CrossRef]

Pelliccia, A.; Sharma, S.; Gati, S.; Back, M.; Borjesson, M.; Caselli, S.; Collet, ].P.; Corrado, D.; Drezner, J.A.;
Halle, M.; et al. 2020 ESC Guidelines on sports cardiology and exercise in patients with cardiovascular
disease. Eur. Heart J. 2020, 00, 1-80. [CrossRef]

Pelliccia, A.; Fagard, R.; Bjornstad, H.H.; Anastassakis, A.; Arbustini, E.; Assanelli, D.; Biffi, A.; Borjesson, M.;
Carre, F; Corrado, D.; et al. Recommendations for competitive sports participation in athletes with
cardiovascular disease: A consensus document from the Study Group of Sports Cardiology of the Working
Group of Cardiac Rehabilitation and Exercise Physiology and the Working Group of Myocardial and
Pericardial Diseases of the European Society of Cardiology. Eur. Heart ]. 2005, 26, 1422-1445. [CrossRef]
Cohen, M.I; Triedman, J.K.; Cannon, B.C.; Davis, A.M.; Drago, E; Janousek, J.; Klein, G.J.; Law, LH.;
Morady, FJ.; Paul, T.; et al. PACES/HRS expert consensus statement on the management of the asymptomatic
young patient with a Wolff-Parkinson-White (WPW, ventricular preexcitation) electrocardiographic pattern:
Developed in partnership between the Pediatric and Congenital Electrophysiology Society (PACES) and
the Heart Rhythm Society (HRS). Endorsed by the governing bodies of PACES, HRS, the American College
of Cardiology Foundation (ACCF), the American Heart Association (AHA), the American Academy of
Pediatrics (AAP), and the Canadian Heart Rhythm Society (CHRS). Heart Rhythm. 2012, 9, 1006-1024.
[CrossRef]

21



Diagnostics 2020, 10, 824

30.

31.

32.

33.

34.

35.

36.

37.

Van Hare, G.F; Ackerman, M.].; Evangelista, ].A.; Kovacs, R.J.; Myerburg, R.J.; Shafer, K.M.; Warnes, C.A.;
Washington, R.L.; American Heart Association Electrocardiography and Arrhythmias Committee of Council
on Clinical Cardiology; Council on Cardiovascular Disease in Young; et al. Eligibility and Disqualification
Recommendations for Competitive Athletes With Cardiovascular Abnormalities: Task Force 4: Congenital
Heart Disease: A Scientific Statement From the American Heart Association and American College of
Cardiology. Circulation 2015, 132, e281-€291. [CrossRef]

Wiedermann, C.J.; Becker, A E.; Hopferwieser, T.; Muhlberger, V.; Knapp, E. Sudden death in a young
competitive athlete with Wolff-Parkinson-White syndrome. Eur. Heart ]. 1987, 8, 651-655. [CrossRef]
[PubMed]

Ceresnak, S.R.; Dubin, A.M. Wolff-Parkinson-White syndrome (WPW) and athletes: Darwin at play?
J. Electrocardiol. 2015, 48, 356-361. [CrossRef]

Mellor, G.; Raju, H.; de Noronha, S.V.; Papadakis, M.; Sharma, S.; Behr, ER.; Sheppard, M.N.
Clinical characteristics and circumstances of death in the sudden arrhythmic death syndrome. Circ.
Arrhythm. Electrophysiol. 2014, 7, 1078-1083. [CrossRef]

Maron, B.J.; Doerer, ].].; Haas, T.S.; Tierney, D.M.; Mueller, FO. Sudden deaths in young competitive athletes:
Analysis of 1866 deaths in the United States, 1980-2006. Circulation 2009, 119, 1085-1092. [CrossRef]
[PubMed]

Mezzani, A.; Giovannini, T.; Michelucci, A.; Padeletti, L.; Resina, A.; Cupelli, V.; Musante, R. Effects of training
on the electrophysiologic properties of atrium and accessory pathway in athletes with Wolff-Parkinson-White
syndrome. Cardiology 1990, 77, 295-302. [CrossRef]

Telishevska, M.; Hebe, J.; Paul, T.; Nurnberg, ] H.; Krause, U.; Gebauer, R.; Gass, M.; Balmer, C.; Berger, F.;
Molatta, S.; et al. Catheter ablation in ASymptomatic PEDiatric patients with ventricular preexcitation:
Results from the multicenter “CASPED” study. Clin. Res. Cardiol. 2019, 108, 683—690. [CrossRef] [PubMed]
Chubb, H.; Campbell, R.M.; Motonaga, K.S.; Ceresnak, S.R.; Dubin, A.M. Management of Asymptomatic
Wolff-Parkinson-White Pattern by Pediatric Electrophysiologists. ]. Pediatr. 2019, 213, 88-95.E1. [CrossRef]
[PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 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
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

22



diagnostics ﬁw\pﬁ

Article
A Vegan Athlete’s Heart—Is It Different?
Morphology and Function in Echocardiography

1@, Daniel Sliz 2*®, Damian Parol 2, Marcin Konopka 1Q,

Artur Mamcarz 2, Marcin Welnicki 2 and Wojciech Braksator !

Wojciech Krél 1@, Szymon Price

1 Department of Sports Cardiology and Noninvasive Cardiovascular Imagining,

Medical University of Warsaw, 02-091 Warszawa, Poland; wojciech.krol@wum.edu.pl (W.K.);
szymonprice@gmail.com (S.P.); marcin.konopka@wum.edu.pl (M.K.);

wojciech.braksator@wum.edu.pl (W.B.)

3rd Department of Internal Medicine and Cardiology, Medical University of Warsaw, 02-091 Warszawa,
Poland; damian.parol@wum.edu.pl (D.P.); artur.mamcarz@wum.edu.pl (A.M.);
marcin.welnicki@wum.edu.pl (M.W.)

Correspondence: daniel.sliz@wum.edu.pl

check for
Received: 21 June 2020; Accepted: 10 July 2020; Published: 14 July 2020 updates

Abstract: Plant-based diets are a growing trend, including among athletes. This study compares
the differences in physical performance and heart morphology and function between vegan and
omnivorous amateur runners. A study group and a matched control group were recruited comprising
N =30 participants each. Eight members of the study group were excluded, leaving N =22 participants.
Members of both groups were of similar age and trained with similar frequency and intensity.
Vegans displayed a higher VO2max (54.08 vs. 50.10 mL/kg/min, p < 0.05), which correlated positively
with carbohydrate intake (p = 0.52) and negatively with MUFA (monounsaturated fatty acids) intake
(p = —0.43). The vegans presented a more eccentric form of remodelling with greater left ventricular
end diastolic diameter (LVEDd, 2.93 vs. 2.81 cm/m?2, p =0.04) and a lower relative wall thickness (RWT,
0.39 vs. 0.42, p = 0.04) and left ventricular mass (LVM, 190 vs. 210 g, p = 0.01). The left ventricular
mass index (LVMI) was similar (108 vs. 115 g/m?, p = NS). Longitudinal strain was higher in the vegan
group (=20.5 vs. —=19.6%, p = 0.04), suggesting better systolic function. Higher E-wave velocities
(87 vs. 78 cm/s, p = 0.001) and E/e’ ratios (6.32 vs. 5.6, p = 0.03) may suggest better diastolic function in
the vegan group. The results demonstrate that following a plant-based diet does not impair amateur
athletes’ performance and influences both morphological and functional heart remodelling. The lower
RWT and better LV systolic and diastolic function are most likely positive echocardiographic findings.

Keywords: echocardiography; vegan; athletes” hearts; runners; diet

1. Introduction

The vegan diet is one of the fastest-growing trends in nutrition [1]. Between 2014 and 2018,
the number of followers of the vegan diet has increased by 600% in the US [2]. This causes both easier
access to high-quality vegan products, as well as more research on plant-based diets and better access
to knowledge about supplementation and the proper balancing of such diets. This trend can also be
observed in the health and fitness industries. Many athletes decide to change their diet and many
recent studies focused on the impact this has on their performance.

Regular amateur or professional endurance training induces many morphological and functional
adaptations in the cardiovascular system. They include increased dimensions of the heart’s chambers
and increased wall thickness and muscle mass. Such changes may mimic those observed in pathological
conditions and sometimes require monitoring.
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In echocardiographic examinations, endurance-trained athletes demonstrate an increased relative
wall thickness (RWT), left ventricular mass (LVM), left ventricular end-diastolic internal diameter
(LVIDd) and left atrial volume index (LAVI) [3]. The ejection fraction, however, remained similar
to untrained control groups. Newer methods using speckle tracking methods to establish global
longitudinal strain (GLS) may present more accurate data on the heart’s functioning. Recent research
shows that GLS may be related to different levels of exercise among athletes and may be different in
athletes compared to in healthy controls [4-6].

So far, very little information is available on how a vegan diet affects athletes” hearts. The only
research on the impact of a plant-based diet on the cardiovascular system addressed heart failure and
other diseases [7,8]. The findings of these studies may suggest that it could potentially be beneficial
for athletes. To the best of our knowledge, no study compared the echocardiographic parameters of
vegan and non-vegan athletes. The aim of this study was to assess the differences in the athletes” heart
morphology and function and the correlation of these with dietary habits.

2. Method

2.1. Subjects

A study and control group were recruited. The participants were recruited from organized
amateur running events, such as the Warsaw Marathon, and by online invitation published on social
media. Inclusion criteria for the study group (vegan—V) were: having completed at least one organized
running event with a distance of at least 10 km, declaring a vegan diet and regular training at least
three times a week. The same criteria (excluding the vegan diet) applied to the control group (C),
which was age-matched to the study group. The declared vegan diet was then verified by a dietetic
survey and nutrition diary. Exclusion criteria for both groups were: age below 18 years, known
cardiovascular or respiratory disease and taking any medication on a regular basis. Initially, both
groups comprised 30 athletes each. Ultimately, six participants from the study group were excluded
due to not following a vegan diet after the dietician’s verification and two were excluded due to a
suboptimal acoustic window in echocardiography, which did not allow us to perform the required
measurements accurately. As a result, the final study group consisted of 22 athletes, and the control
group consisted of 30. This study uses the study population from previously published extensive
research on plant-based diets in endurance athletes [9].

The study was approved by the Bioethics Committee of the Medical University of Warsaw:
No. KB/214/2014 of 4 November 2014 with Annex No. KB/34/A/2015 of 6 May 2015. Written consent
was acquired from all participants.

2.2. Tests

The tests carried out among all the participants included: anthropometric measurements (weight,
height, skinfold measurement, body composition evaluation using bioimpedance analysis), complex
dietetic evaluation based on a 4-day-long nutrition diary, spiroergometric testing on a treadmill and
resting echocardiographic tests following current guidelines [10], including global longitudinal strain
(GLS) evaluation using speckle tracking methods. In order to accommodate expected differences in
height and weight among the participants, the parameters were indexed to the body surface area (BSA)
calculated using Mosteller’s formula [11].

The echocardiographic measurements were carried out on a GE Vivid 6 echocardiograph using a
4S sector transducer. All the measurements were performed, recorded and evaluated offline using
EchoPac (ver. 112 GE, USA) software by one experienced echocardiographer (WK). The chamber size
measurements were performed as recommended [10]. The echocardiographer was blinded to the
patients’ classifications to the V or C group. Segmental strains were calculated using utomated Function
imaging (AFI, GE, USA) to obtain GLS measurements. The software automatically divided the left
ventricle wall into 17 segments based on manually selected points, two basal and one apical. After the
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careful assessment of the adequacy of tissue tracing and any necessary adjustments, the software
presented the strain curves of all 17 segments and reported peek systolic values. GLS was defined as
the average of all examined segments. Following current recommendations, the results concerning LV
strain were analysed in absolute values (higher representing better systolic function) [6].

2.3. Statistical Analysis

For the statistical analysis, the commercially available software STATISTICA ver. 13.3 (StatSoft,
Tulsa, OK, USA) was used. Continuous variables are presented as mean + standard deviation (SD),
and categorical variables as percentages. The normal distribution of all continuous variables was
examined using the Shapiro-Wilk test. The unpaired t-test and the Mann—-Whitney U test were used
according to data distribution to assess differences between groups in continuous variables and the
chi-square test was used for categorical variables. The correlations between continuous variables
with normal distributions were assessed using the Pearson correlation coefficient R. The Spearman
rank correlation coefficient was used for categorical variables or those with non-normal distributions.
Correlations were analysed for all participants together (N = 52).

3. Results

3.1. General Characteristics

The general characteristics of the participants are demonstrated in Table 1. The observed
insignificant difference in age is a result of excluding eight members of the V group.

Table 1. General characteristics.

Group A\ C
Age (years) 32+5 30+5
Height (cm) 1785 +7 180.5+7
Weight (kg) 68.6+7* 751+6*
BSA (m?) 1.75+£0.1* 1.83+£0.1%
BMI (kg/m?) 216 +2.1% 23 +1.3%
Weekly practice time (h) 55+4 49+2
Weekly distance (km) 487 +3 485 +21
Training experience (years) 49+4 39+3

*p < 0.05; BSA—body surface area; BMI—body mass index.

Athletes from the V group weighed significantly less, while being similarly tall. This resulted in
lower BMI and BSA. The number of hours spent on training weekly was similar, as was the number of
kilometres covered weekly.

3.2. Diet

The daily energy intake for both groups was similar (2647 + 618 vs. 2408 + 557 kcal/d, p = 0.051).
The percentage of energy from protein was significantly lower in the V group (11.8 £ 1.9 vs. 18.1 + 3.32%,
p < 0.0001), as was the percentage of energy from fat (25.6 + 9.8 vs. 31.7 + 6.6%, p = 0.0006).
The percentage of energy from carbohydrates was higher in the V group (61.7 + 11.1 vs. 49.0 + 7.9%,
p <0.0001). Vegans had a lower absolute (g) intake of saturated fatty acids (SFAs, 13.2 + 7.2 vs.
30.9 £ 11.4 g, p < 0.0001), and a higher intake of polyunsaturated fatty acids (PUFAs, 25.7 + 11.9 vs.
13.8 £5.9 g, p < 0.0001). The absolute intake of monounsaturated fatty acids (MUFAs) was similar
(30.42 £ 15.6 vs. 35.1 + 12.5 g, p = 0.11), however, the percentage of the daily energy intake from
MUFAs was significantly higher in the V group (13 + 3 vs. 11 + 5%; p = 0.004).
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3.3. Performance

The peak power output (measured in watts) reached in the treadmill test was similar in both groups.
Performance parameters evaluated in the spiroergometry test are presented in Table 2. The absolute
exercise capacity, measured as maximal oxygen consumption (VO2max, L/min), was similar in both
groups, however the VO2max per kilogram of body mass (mL/min/kg) was higher in the V group.
VO2max (mL/min/kg) correlated significantly with the total and per kilogram intake of carbohydrates
(p =0.43, p = 0.52, respectively) and correlated negatively with the intake of MUFAs (p = —0.43).

Table 2. Performance parameters.

Group \% C
VO2max (L/min) 3.70+0.5 3.75+0.6
VO2 AT (L/min) 224 +0.7 229 +0.7

VO2max (mL/kg/min) 540+7.0% 50.1+7.2*
Power max (W) 309 + 36 3242 +40.3
Power AT (W) 197 + 48 216 + 49
HR max 167 + 29 168 + 27
HR AT 144 + 24 142 + 19
SBP max (mmHg) 158 + 30 157 + 26
DBP max (mmHg) 86.8 + 10 83 +21

* p < 0.05; VO2—rate of oxygen consumption; max—measured at peak performance; AT—measured at anaerobic
threshold; HR—heart rate; SBP—systolic blood pressure; DBP—diastolic blood pressure.

3.4. Echocardiographic Findings

The morphological findings are demonstrated in Table 3. Vegans presented a more eccentric form
of left ventricular remodeling, with greater left ventricular end diastolic diameter (LVEDd) and thinner
LV walls (both the intraventricular septum in diastole (IVSd) and the posterior wall in diastole (PWd)).
This resulted in a lower relative wall thickness. Both LVM and LVMI correlated negatively with PUFA
intake (p = —0.38, p = —0.37, respectively). No significant differences were noticed in left atrium (LA)
and right atrium (RA) sizes. LA enlargement (>34 ml/m?) was present in nearly 70% of athletes.
Functional systolic and diastolic findings are shown in Table 4. Vegans displayed a higher GLS and
higher E-wave velocities of mitral inflow, resulting in a higher E/e’. The GLS correlated positively with
SFA and MUFA intakes (p = 0.34, r = 0.31, respectively). The E velocity correlated positively with the
intake of plant proteins and carbohydrates (p = 0.32, p = 0.44, respectively) and correlated negatively
with the intake of SFAs per kilogram of body mass (p = —0.036).

Table 3. Echocardiographic morphology parameters (with and without BSA indexation).

Group v C p-Value
LVIDd (cm) 512+0.2 511+0.2 NS
LVIDd/BSA (cm/m?) 293+03 2.81+02 0.04
IVSd (cm) 1.00 + 0.10 1.08 + 0.1 0.01
IVSd/BSA (cm/m?2) 0.58 + 0.1 0.59 + 0.1 NS
RVOT 292 +02 2.89+03 NS
RVOT/BSA (cm/m?) 23+02 21+02 0.003
LVM (g) 190 + 34 210 + 31 0.01
LVMI (g/m?) 108 + 17 115 + 14 NS
RWT 0.39 +0.07 0.42 + 0.06 0.03
LAV (mL) 66.5 + 19 74.6 + 16 NS
LAV/BSA (mL/m?) 38 + 10 40.3 10 NS
RAA/BSA (cm?/m?) 11.9 2.7 11.1+22 NS

LVIDd—Ileft ventricular internal dimension at end-diastole; BSA—body surface area indexation;
IVSd—interventricular septum thickness at end-diastole; RVOT—right ventricular outflow tract; LVM—Ieft
ventricular mass; LVMI—Ileft ventricular mass index; RWT—relative wall thickness; LAV—Ieft atrial volume;
RAA—right atrial area.
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Table 4. Systolic and diastolic echocardiographic parameters.

Group A\ C p-Value
E (m/s) 0.87 0.1 0.79 £0.1 0.02
A (m/s) 044 +1.1 044 +1.4 NS
e’ ivs (cm/s) 142 +£27 143 +£25 NS
¢’ lat (cm/s) 19.6 £ 3.5 19.1+3.1 NS
E/e’ 63+13 560 +1 0.03
TVs' 16.1+2.8 154 +2.8 NS
Peak GLS (%) 205+22 19.6 £1.5 0.04

E—peak velocity of early diastolic transmitral flow; A—peak velocity of late transmitral flow; e’—peak velocity
of early diastolic mitral annular motion as determined by pulsed wave Doppler; TVs'—peak velocity of systolic
tricuspid annular motion as determined by pulsed wave Doppler; GLS—global longitudinal strain.

4. Discussion

This study presents detailed echocardiographic examination results in a group of vegan athletes
and compares them with a well-matched control of athletes on a mixed diet. An additional strength of
the study is the wide array of parameters measured in both groups, including detailed dietary data,
which allow a more in-depth interpretation of the results.

Overall, the hearts in the V group presented remodelling defined classically as more typical for
endurance training—more eccentric, with thinner walls and a larger diameter of the left ventricle [12].
Importantly, despite the ventricle being larger, the LVM was lower in the V group. It has been reported
that a higher left ventricular mass in runners is associated with a higher coronary artery calcium (CAC)
score, which in the general population is associated with the occurrence of major cardiovascular events.
Such a correlation with an increased cardiovascular risk was not confirmed in athletes, although the
phenomenon is not yet well described [13-16]. Concentric remodelling and LV hypertrophy are both
associated with a higher risk of all-cause mortality [17]. Therefore, the remodelling present in the V
group may be more physiologic.

Differences in the diastolic function were also found, measured with tissue Doppler methods (MV
E velocity and E/e’). In pathological conditions, such as in patients with hypertension or reduced left
ventricular ejection fraction (LVEF), the increased E/e’ ratio suggests an elevated filling pressure in the
left ventricle [18]. These measurements, however, are not accurate in predicting the filling pressure
in normal, healthy subjects [18]. Recent studies confirmed that the athlete’s heart is a physiological
condition and is not associated with fibrosis or increased filling pressure [19]. In pathologic conditions,
decreased E/e’ is predominantly caused by lower e’ velocities due to the fibrosis of myocardial tissue.
Increased E-wave velocity is later present in advanced diastolic disfunction (restriction). On the
contrary, in athletes and in our examined group, high E-wave velocity was concomitant with high e’
velocity. In this setting, high E-wave velocity is an indicator of dynamic, efficient inflow during early
diastole. It has been demonstrated that better endothelial function and oxidative stress parameters in
athletes play an important role in physiological LV remodelling associated with better subendocardial
function due to an optimized ventriculo-arterial coupling [19]. The higher E/e’ ratio and MV E velocity
may therefore be considered a consequence of a more dynamic diastole in a physiological LV. A vegan
diet results in lower oxidative stress and may improve endothelial function [8,20,21]. This might be
responsible for the better diastolic function in the V group. The correlations of the MV E velocity with
plant protein and carbohydrate intakes could suggest a potential influence of these dietary ingredients
on a better diastolic function. On the other hand, the higher intake of SFAs may be responsible for the
slightly worse diastolic function in non-vegans, based on the negative correlation. A recent pilot study
examined the effects of increasing the dietary intake of unsaturated fatty acids in nine individuals with
heart failure with preserved ejection fraction (HFpEF) and obesity [22]. The only intervention was
to increase the intake of UFA-rich foods (canola, olive oil, tree nuts, peanuts), for 12 weeks without
recommendations on energy intake. Aerobic capacity was tested at baseline and at 12 weeks using a
treadmill metabolic cart. The authors observed a significant improvement in exercise time and O,

27



Diagnostics 2020, 10, 477

pulse with a trend toward a significant increase in peak VO, (p = 0.069). Changes in peak VO, tended
to associate with changes in plasma UFAs (R = +0.71; p = 0.071). The statistically non-significant result
may be due to the small sample size of the pilot study. These results could suggest that the better
performance of the vegan group might be due to the higher UFA consumption. Carbone et al. did not
perform echocardiography in this pilot study, but their results, together with the results of the present
study, may suggest that the improvement in cardiorespiratory fitness is at least partly due to improved
cardiac function.

The echocardiographic evaluation of athletes” hearts remains a difficult issue due to the potential
overlap of physiological adaptation and pathological conditions [23]. While the LVEF usually remains
normal, the echocardiographic diameters of heart chambers may still meet the diagnostic criteria for
many serious diseases, such as arrhythmogenic cardiomyopathy and dilated cardiomyopathy [23].
This does not only affect professional athletes, as even moderate training leads to significant changes
in the heart and increases the risk of meeting the diagnostic criteria of LV hypertrophy or dilation
and RV dilation in cardiac magnetic resonance (CMR) imaging [24]. New techniques, such as GLS
evaluation, could give more insight into the function of the athlete’s heart [25]. Unfortunately, the
results of studies on this parameter are highly controversial. Some evidence suggests that professional
athletes have lower GLS compared to controls and recreational athletes [4,6], but another trial yielded
opposite results [5]. A recent meta-analysis did not reveal differences in GLS between athletes and
controls, but the results were limited by study heterogeneity [26]. Despite these differences, authors
generally agree that lower GLS values can be an early marker of LV systolic dysfunction [27]. In this
study, the GLS in both groups fell close to the proposed normal value of 19.7% (95% CI, 20.4% to
18.9%) [28]. The strain in the V group was significantly higher, in conjunction with better exercise
capability (expressed in VO2max). The correlation between GLS and SFA and MUFA intake could
suggest a cause for this difference. This difference could also potentially be related to lower cholesterol
levels and better glucose metabolism parameters, which are beneficial for the heart muscle. Such a
relationship was demonstrated in type 1 and 2 diabetes patients—GLS was significantly higher with
increasing levels of cholesterol remnants and triglycerides [29].

The large proportion of athletes with an enlarged LA in our study is similar to recent studies
and is most likely not an indication of pathology, but a physiological adaptation. Even in athletes
with advanced atrial remodelling, the left atrial function remains normal, similarly to the left ventricle.
Moreover, it has been shown that left atrial volume correlated with exercise capacity in professional
athletes [30,31].

The higher VO2max reached by the vegan athletes may imply that they are better trained than
the control, thus impacting the echocardiographic findings. However, the weekly training frequency
and running distances were similar in both groups, suggesting that other factors may be responsible
for the higher VO2max. The moderate correlation of VO2max with the carbohydrate intake and
inverse correlation with SFA intake suggests that these dietetic factors may be partly responsible for
the difference. It has been found that higher carbohydrate consumption is associated with better
performance in an intermittent exercise test [32]. The carbohydrate consumption in the V group in our
study (62% of energy) was significantly higher than in the C group, similar to the carbohydrate-enriched
diet in the study conducted by Bangsbo et al. (65% of energy) [32]. Our result is also consistent with a
recent study which demonstrated that vegetarian athletes had a higher VO2max than omnivorous
athletes [33]. Another factor to consider is the similar maximum power output achieved in both groups,
despite the higher VO2max in the V group.
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5. Conclusions

1.
2.
3.

A vegan diet does not result in impaired performance in amateur runners.

Following a plant-based diet may influence both morphological and functional heart remodelling.
The vegan diet may be associated with certain, most likely positive, characteristics in
echocardiography (lower RWT, better LV systolic and diastolic function).
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Abstract: The impact of ultramarathon (UM) runs on the organs of competitors, especially elite
individuals, is poorly understood. We tested a 36-year-old UM runner before, 1-2 days after,
and 10-11 days after winning a 24-h UM as a part of the Polish Championships (258.228 km). During
each testing session, we performed an electrocardiogram (ECG), transthoracic echocardiography
(TTE), cardiac magnetic resonance imaging (MRI), cardiac 3!P magnetic resonance spectroscopy (3'P
MRS), and blood tests. Initially, increased cholesterol and low-density lipoprotein cholesterol (LDL-C)
levels were identified. The day after the UM, increased levels of white blood cells, neutrophils,
fibrinogen, alanine aminotransferase, aspartate aminotransferase, creatine kinase, C-reactive protein,
and N-terminal type B natriuretic propeptide were observed. Additionally, decreases in hemoglobin,
hematocrit, cholesterol, LDL-C, and hyponatremia were observed. On day 10, all measurements
returned to normal levels, and cholesterol and LDL-C returned to their baseline abnormal values.
ECG, TTE, MR], and 3P MRS remained within the normal ranges, demonstrating physiological
adaptation to exercise. The transient changes in laboratory test results were typical for the extreme
efforts of the athlete and most likely reflected transient but massive striated muscle damage, liver cell
damage, activation of inflammatory processes, effects on the coagulation system, exercise-associated
hyponatremia, and cytoprotective or growth-regulatory effects. These results indicated that many
years of intensive endurance training and numerous UMs (including the last 24-h UM) did not have a
permanent adverse effect on this world-class UM runner’s body and heart. Transient post-competition
anomalies in laboratory test results were typical of those commonly observed after UM efforts.

Keywords: professional ultramarathon runner; echocardiography; electrocardiogram; magnetic
resonance imaging; Cardiac 3!P-MR spectroscopy; blood tests

1. Introduction

Ultramarathon (UM) running is becoming increasingly popular [1,2]. The number of UMs organized
worldwide and the number of competitors of both sexes and various ages increase every year [3-6].
Many of these UMs have a long-standing tradition and take place in different weather conditions and
on various routes!. UMs are considered to be longer the classic marathon (i.e., >42.195 km); there is
no upper limit to the distance. Regular events include 100-km and multi-week runs? [7]. The longest
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UM in history was 5509-km, between New York and Los Angeles, and held in 1928 [8]. Currently,
the longest official UM in the world that takes place regularly is the Self-Transcendence 3100-mile
race, which covers a total distance of 3100 miles (4989 km)3. During the competition, which lasts
for many days, competitors must sleep and rest between individual sections of the run, where every
section is longer than the marathon (i.e., >42.195 km) [9]. Athletes train for thousands of hours over
the course of years [10,11]. Training triggers physiological adaptations, including in the heart and
circulatory system [12,13]. The start of the competition is associated with extreme cardiovascular efforts,
and the numerous transient changes that are commonly observed in blood test results may indicate
damage to the heart or a cytoprotective reaction to long-term stress (e.g., increases in troponin and
N-pro brain natriuretic protein [BNP]) [14,15]. Morphological and functional changes to the heart are
sometimes observed, but they are not physiological adaptations to extreme endurance efforts. These
changes include atrial fibrillation [16,17], bradyarrhythmia, atrioventricular conduction block [18,19],
undefined cardiac hypertrophy [20], and non-sustained ventricular tachycardia [21-23], which, in many
cases, disappear after training is stopped [24]. Other changes, such as Phidippides cardiomyopathy
or presumably exercise-induced arrhythmogenic right ventricular cardiomyopathy, pose significant
threats to an athlete’s life and do not always disappear after the cessation of training [25,26]. It is not
understood why some athletes develop these diseases while others who train in the same way do
not. However, there is a relationship between the duration and speed of run and the amount of time
spent training and the likelihood of heart disorders [27,28]. One thoroughly tested competitor with
elite results who has qualified to compete among the best UM runners in the world has contributed to
significantly increasing our knowledge about the potential threats to the body and heart resulting from
extreme UM training and competitions. Today, this knowledge is much greater in the case of marathon
runs and still scarce in the case of UM runs.

In this study, we tested this 36-year-old athlete (one of the most titled UM runners in the world)
before and after the 24-h UM. We hypothesized that many years of intensive UM training as well as
competing in a 24-h UM may have adverse effects on the heart and body of this world-class athlete.
We assessed him using an electrocardiography (ECG), transthoracic echocardiography (TTE), magnetic
resonance imaging (MRI), 3P magnetic resonance spectroscopy (3'P MRS), and other laboratory tests.

2. Materials and Methods

2.1. Sports Biography and Main Achievements

The UM runner we tested was 36 years old on the day of the competition (height, 1.73 m; weight,
63 kg; body mass index, 21.05 kg/m?). He has a sedentary profession and works Monday to Friday from
8:00 h to 16:00 h. He has been running regularly for 20 years and has run approximately 100,000 km
in his lifetime. As part of his daily training over the past year, he has run an average of 22 km/day
from Monday to Friday; he runs approximately 37 km on Saturdays and Sundays. He also swims,
performs gymnastics, and goes to the gym for cross-training. For many years, he has been a Polish
representative in UM runs, and his performance over the past several years can be found on his official
website®. This athlete has participated in approximately 50 UMs, the longest of which was a 48-h
run (362-km crown distance, 24-h UM). He has never been injured or seriously ill. The athlete we
tested is one of the most successful UM runners in the world. He is a two-time Polish Champion in the
24-h UM (2017, he ran 258.228 km during the UM) and the winner of the Spartathlon in Greece (2016,
246 km). In addition, he holds numerous other honors. In 2014, he set the Polish record for 12-h races
(145.572 km). He has participated in the 24-h UM World Championships four times and has won a
medal each time. In 2019, he won the 48-h race in Athens (362 km).

2.2. Methods

The athlete tapered his training 2 weeks before the start of the 24-h UM (i.e., gradually reduced
exercise over a short period of time and then stopped completely before the competition). The run
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started at 12:00 h on April 8, 2017 (weather conditions are presented in Figure 1). The competitors
ran on a 2-km loop (exact distance, 1.984 km) in a clockwise direction. On one of the straight sections,
there was a tent in which the athlete could stop for a meal, a short rest, and basic hygiene. After 12 h,
he stopped for 12-15 min for a warm meal, a change of shoes, and other hygiene activities. In addition,
he used the toilet three times (2-3 min each). He ate other meals and drank liquids during the run.
These competitions comprised the official Polish Championships of the 24-h UM (official website of
the competition: https://pzla.pl/aktualnosci/9409-10-mistrzstwa-polski-w-biegu-24-godzinnym).
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Figure 1. Detailed weather condition in £.6dz, Poland, during a 24-h UM competition according to
Global Forecast System weather (API by AccuWeather, Inc., State College, Pennsylvania, USA).
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2.2.1. Study Protocol

ECG, TTE, MR, cardiac 3'P MRS, and blood tests were performed three times. The dates and
types of medical tests are presented in Table 1.

Table 1. Date, place, and type of medical tests.

Days before or 1Day after 2 Days after 10 Days after 11 Days after

after the Run Before Run the Run the Run the Run the Run
ECG X X X
TTE X X X
Blood tests X X X
MRI X X X
Cardiac 3'P MRS X X X

ECG, electrocardiogram; TTE, transthoracic echocardiography; MRI, magnetic resonance imaging; 31P MRS, cardiac
3IP magnetic resonance spectroscopy.

2.2.2. Laboratory Examinations

Blood samples were collected from the median cubital vein with a Kima closed blood collection
system. Samples were collected into the following tubes: EDTA K3 (trisodium potassium edetate) tubes
for blood morphology testing; 3.2% sodium citrate tubes for coagulation tests; and clotting activator
tubes for biochemical and immunochemical tests. Samples for biochemical and coagulation tests
were spun in a Nuve NF 800 (Ankara, Turkey) centrifuge for 10 min at 3000 rpm. Blood morphology
was analyzed on a SYSMEX XS 1000i analyzer (Kobe, Japan). Biochemical tests were conducted
using serum (obtained by centrifugation) and performed using a Roche Integra 400 PLUS (Basel,
Switzerland). Immunochemical tests were performed with a Roche Cobas E 411 (Basel, Switzerland).
Coagulation tests were conducted using plasma and performed using a Bioksel 6000 (Grudziadz,
Poland). The parameters determined were subject to internal and external laboratory controls (COBJ
in DL; EQuas of Bio-Rad, Hercules, Kalifornia, USA).

2.2.3. ECG Tests

Standard 12-lead ECG was performed using a Philips PageWriter TC50 apparatus (Eindhoven,
Netherlands).

2.2.4. Transthoracic Echocardiography

The patient underwent three complete transthoracic echocardiographic examinations (3 days
before, 1 day after, and 10 days after the race) using a GE Medical System Vivid 7 (Chicago, Illinois,
USA) with a 2.5-MHz transducer. M-mode, two-dimensional (2D) imaging, and Doppler techniques
were used. Left ventricular (LV) end-systolic and LV end-diastolic volume and interventricular septal
diastolic diameter and posterior wall thickness diameter were measured. LV systolic function was
evaluated by LV ejection fraction (LVEF) and longitudinal strain (global longitudinal strain [GLS]).

LV diastolic function was evaluated using mitral inflow velocities and tissue Doppler imaging (TDI)
values. The transmitral early diastolic (E-wave) velocity and atrial (A-wave) velocity were measured. The
E/A ratio was calculated. Early diastolic velocity (e”) was measured in addition to E/e’ ratio.

The right ventricular end-diastolic diameter from the parasternal long-axis view and the tricuspid
lateral annular systolic velocity wave (S'RV) were measured using TDI. The right atrial area (RAA)
and left atrial volume index were calculated using the body surface area

2.2.5. MRI

MRI was performed on a Philips Achieva 3T TX clinical scanner (Philips Medical Systems,
Eindhoven, Netherlands) using the multi-coil receive mode. The protocol included B-TFE, s-TFE-GRID,
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Q-sFOLW SENSE images, first-pass perfusion module, and delayed enhancement images. Functions
of the left and right ventricles were analyzed from short-axis cine images.

2.2.6. P MRS

31P MRS was performed on a 1.5-T scanner (Siemens Avanto SQ T-Class, Tim (76 x 32), multinuclear
option, Erlangen, Germany) at three time points: 5 days before the run, 48 h after the run, and 11 days
after the run.

An 'H/PIP transmit/receive heart/liver coil was used to obtain magnitude proton scout images of
the heart and 3!P spectra. ECG-gated multiple voxel 3!P chemical shift imaging was used for cardiac
3IP-MRS. The ratio of phosphocreatine (PCr) to adenosine triphosphate (ATP) was measured from the
interventricular septum. The three spectra of the highest quality from each time point were chosen for
analysis and the mean results were obtained.

2.2.7. Ethical Approval

This case report was approved by the ethical review board of the Bioethics Committee of the
Healthy Lifestyle Foundation in Puttusk (EC 3/2017/medicine/sports, approval date: 30 March 2017).
The runner provided his written informed consent to participate in the analysis and for his data to
be published.

3. Results

3.1. Laboratory Examinations (Morphological, Biochemical, Coagulation)

Baseline results were all normal except for cholesterol and LDL-C, which were increased. On the
first day after the UM, the following were increased relative to baseline: white blood cells, neutrophils,
fibrinogen, alanine aminotransferase, aspartate aminotransferase, creatine kinase (CK), C-reactive
protein, and N-terminal type B natriuretic propeptide. In addition, hemoglobin and hematocrit were
below normal levels, and cholesterol and LDL-C levels decreased to normal values. Furthermore,
the athlete had hyponatremia. On day 10, all results returned to normal and cholesterol and LDL-C
returned to their original abnormal values (Table 2).

Table 2. Summary results of blood tests.

1 Day after 10 Days after ~ Reference

Parameters Units Before Run the Run the Run Values
Morphology
White blood cells 10°/L 4 110.87 5.36 4.0-10.0
Neutrophils 10°/L 11.81 18.46 2.67 2.5-5.0
Neutrophils (%) % 45.2 1778 49.8 45.0-70.0
Lymphocytes 109/L 1122 1118 1.74 15-35
Lymphocytes (%) % 30.5 1109 325 20.0-45.0
Monocytes 10°/L 0.44 0.72 0.54 0.2-0.8
Monocytes (%) % T11.0 6.6 110.1 3.0-8.0
Eosinophils 10°/L 1046 10.49 0.36 0.04-0.40
Eosinophils (%) % T115 45 16.7 1.0-5.0
Basophils 10°/L 0.07 0.02 0.05 0.020-0.100
Basophils (%) % 1718 0.2 0.9 0.0-1.0
Red blood cells 10'2/L 4.96 439 5.02 4.1-6.2
Hemoglobin g/dL 15 1134 15.2 14.0-18.0
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Table 2. Cont.

Parameters Units Before Run 1 :l)lZyRa::ler 10 gzglﬁter Rilf::::e
Morphology
Hematocrit % 42.8 138.0 44.2 40.0-54.0
Mean corpuscular volume fL 86.3 86.6 88 77.0-95.0
g s ms we ues
Biochemistry
Na mmol/L 139.28 11358 140.02 136.0-145.0
K mmol/L 4.75 4.13 5.12 3.8-5.2
Cl mmol/L 99.29 98.89 101.36 98.0-110.0
Protein g/dL 7 / 6.9 6.0-8.0
Glucose mg/dL 7105 1109.0 95 70-99
Creatinine mg/dL 0.76 0.74 0.64 0.30-1.20
ESti‘?ated. glomerular /173 m? >60 >60 >60 /
iltration rate
Urea mg/dL 25 35 28 <50
Uric acid mg/dL 42 42 4.7 2.7-7.0
Alanine aminotransferase U/L 12.74 173.65 32.96 <40.0
Asfrﬁ:;:rzr;mo UL 18.42 124918 24.93 <37.0
Gamma-G glutamyl UL 25.42 20.64 37 6.00-71.00
transpeptidase
Amylase U/L 51.54 47.21 56.02 10.0-100.0
Creatine kinase U/L 102.9 1 5079.6 91.1 26-174
Cholesterol mg/dL 1255 177 1240 115-190
HDL-C mg/dL 67 80 72 >40
Triglycerides mg/dL 55.04 349 82.81 <150.0
Lowc'l‘:r‘;ﬁizelaig‘jfeftem mg/dL 185 106 163 <115
Non-HDL-C mg/dL 188 97 168 40-160
Fe ug/dL 120 70 134 70-181
Unsaturated iron binding ug/dL 1939 179 1973 150.0-349.0
capacity
Transferrin saturation % 39.75 29.27 40.69 20.00-45.00
Total iron binding capacity ug/dL 321.85 253.07 332.68 200-400
C-reactive protein mg/L 0.09 1144.12 1.52 0.0-5.0
D-Dimers ng/mL 352.84 398.09 277.3 <113.0
N-terminal-pro hormone pg/mL 9.9 213.6 16.1 <125.00
Troponin T pg/mL 3.67 8.11 6.32 <14
BNP pg/mL / 29 <2 <35
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Table 2. Cont.

. 1 Day after 10 Days after ~ Reference
Parameters Units Before Run the Run the Run Values
Coagulology
Activated partial
thromboplastin time sek. 239 33 287 /
Activated partial
thromboplastin time ratio / 1070 0.97 L R
Prothrombin time sek. 10.1 10.4 9.5 /
Prothrombin ratio % 101 98 107 80.0-120.0
Internatlonal.normahzed / 0.99 1.02 0.93 0.80-1.20
ratio
Fibrinogen g/L 3.7 1824 1426 1.80-4.00

BNP, brain natriuretic protein; HDL-C, high-density lipoprotein cholesterol, |- under the reference values, T - above

the reference values.

3.2. Electrocardiography

During the ECG, we observed sinus rhythm, left atrial enlargement, an incomplete right bundle
block, and an increase in QRS amplitude with a normal QRS axis (the QRS voltage criteria for right
ventricular hypertrophy were not fulfilled on either side) before, 1 day after, and 10 days after the 24-h
UM. Abnormal negative T waves in IIl and aVF (flat in aVF 1 day after running) together with left
atrial enlargement would suggest the need for further evaluation (Table 3, Figure 2A-C).

HR 74 . Sinus rhythm
RR 811 . Probable " left atrial enlargement Oper: 61754
PR 160 . Probable left ventricular hypertrophy .
QRSD 94 . Borderline T abnormalities,” inferior ~ leads
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QTc 409
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Figure 2. Cont.
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HR 75 . Sinus rhythm
RR 800 . Probable " left atrial enlargement Oper: 61754
PR 140 . Abnormal R-wave progression, early transition )
QRSD 99 . Borderline ST elevation, anterior leads
QT 3
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Figure 2. (A) ECG: before the run. (B). ECG: 1 day after the run. (C). ECG: 10 days after the run.
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Table 3. Electrocardiography parameters.

Parameters Units Before Run 1 Day after the Run 10 Days after the Run
Rhythm / Sinus, 74" Sinus, 75’ Sinus, 78"
PQ duration ms 160 140 160
The length of PII ms 120 100 120
PVl negam{e deflection mm 1 15 1
amplitude
QRS duration ms 100 100 96
rSr’ (leads where present) / V1-v2 V1-v2 V1-vV2
QRS morphology / rSr’ V1-V2 1Sr’ V1-V2 1Sr’ V1-V2
QRS voltage criteria for left
ventricular hypertrophy SV1 + mm 32/16? 32/16 32/16
RV5 or RV6 >3.5 mV (35 mm)
QRS voltage criteria for right
ventricular hypertrophy RV1 + mm 5.0/1? 4.5/1 4.5/1
SV5 or SV6 >1.1 mV (11 mm)
QTc duration ms 410 440 420
T negative (leads when present) / 1II, aVE, V1, V2 111, V1, V2 1II, aVE, V1, V2

3.3. Echocardiography

One day after the 24-h UM, we observed an increase in left ventricle volume without a decrease in
systolic performance or in EF or GLS assessment results. Indicators of diastolic function (E/e’ ratio,
e’ wave) remained unchanged. An increase in the right ventricle size was noticed with a slight decrease
in RV performance (s'RV) and an increase in RAA. All these changes returned to baseline after 10 days
of recovery. Despite these differences, all the evaluated parameters remained within the normal ranges
and were consistent with the physiology of physical training (Table 4).

Table 4. Heart systolic and diastolic function in echocardiographic parameters.

Units (Normal Before 1 Day after 10 Days after

Parameters Values) the Run the Run the Run
Left ventricle end-diastolic diameter volume = mL (106 + 22) 109 126 113
Left ventricle end-systolic diameter volume mL (41 + 10) 33 35 33
Ejection fraction 2D (%) bi-plane % (62 +5) 70 72 71
Global longitudinal strain % (—20) 20.3 21.9 20.3
Interventricular septum diameter mm (6-10) 9 10 10
Posterior wall diastolic diameter mm (6-10) 9 9 9
Right ventricular end-diastolic diameter mm (20-30) 31 34 29
S’ right ventricle cm/s (14.1 £ 2.3) 16 14 17
Left atrium mm (30-40) 33 36 34
Left atrial volume index mL/m? (16-34) 31.8 32.3 33.5
Right atrial area cm? (16 + 5) 17.4 20.7 18.7
Mitral valve E-wave cm/s (73 £ 19) 87 75 75
Mitral valve A-wave cm/s (69 = 17) 50 57 46
E’ lateral cm/s (>10) 21 21 20
E’ septal cm/s (>7) 14 12 12
E/e’ lateral ratio (<15) 4.1 3.5 3.8
E/e’ septal ratio (<13) 6.2 6.3 6.2
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3.4. MRI

We observed an increase in right ventricle volume after the run, but this was still within the normal
range. No myocardial contraction disorders, regional perfusion abnormalities, and late enhancement
areas in the myocardium were noted. No presence of myocardial edema on T2-weighted MRI was
disclosed (Table 5).

Table 5. Magnetic resonance imaging parameters.

Parameters Units Before 1 Day after 10 Days after =~ Reference

the Run the Run the Run Values
Left atrium (4CH) cm? 23 24 23 15-29
LV gjection fraction % 73 73 73 57-75
LV stroke volume mL 102 107 104 79-135
LV end-diastolic volume index mlL/m?2 79 83 80 66-101
LV end-systolic volume index mL/m? 22 23 22 18-39
LV systolic volume index mL/m? 57.6 60 58.5 43-67
LV end-diastolic volume mL 140 148 142 121-204
LV end-systolic volume mL 38 41 38 33-78
LV mass g 182 182 182 109-185
Interver\tri.cular septal end mm 10 10 10 6.0-10.4
diastole
Cardiac output L/min 7.1 7.2 7.3 2.8-8.8
Right atrium (4CH) cm? 25 28 25 14-30
RV ejection fraction % 60 63 62 50-76
RV stroke volume mL 101 107 105 74-142
RV end-diastolic volume index mlL/m? 96 96.4 95.5 65-111
RV end-systolic volume index mL/m? 39 36 36 18-47
RV systolic volume index mL/m? 57.5 60.5 59 39-71
RV end-diastolic volume mL 170 171 170 121-221
RV end-systolic volume mL 69 64 65 34-94
Heart rate bpm 70 67 70 60-90
Myocar@ial contraction / no no no /
disorders
Perfusion disorders / no no no /
Delayed myocardial / no no no /
enhancement
Tricuspid valve regurgitation / + mild + mild + mild /

Myocardial edema on
T2-weighted magnetic / no no no /
resonance imaging

LV, left ventricle/left ventricular; RV, right ventricle/right ventricular.

3.5. P MRS

The mean PCr/ATP values were 1.42 at baseline, 1.26 at 2 days after the run, and 1.65 after 11 days
of rest. All results were within normal limits for healthy subjects (2 days after exercise at the lower
limit). The ratios of PCr to ATP in the interventricular septum on each day are presented in Table 6.
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Table 6. The ratio of phosphocreatine (PCr) to adenosine triphosphate (ATP) in the interventricular

septum on particular days.

Before Run,

Before Run,

Before Run,

Before Run,

Parameters  \fiddle Part, IVS :e‘;:‘g“t‘f‘igls Apical Part, IVS | Average
PCr 522 6.27 7.34 6.27
ATP 422 4.46 4.89 4.38
PCr/ATP 1.24 14 1.5 1.43
Paameters | ZDWSafer  SUORICS 2Daysatter  FOEA
. Segments, IVS pical Part, IVS Measurements
PCr 6.4 4.24 3.99 4.87
ATP 4.42 4.53 2.58 3.84
PCr/ATP 1.45 0.94 1.54 1.26
Parameters 1.1 Days after, iiz:g;:gie;i 11. Days after, . AD‘?eyrSa;f:er’
Middle Part, IVS Segments, IVS Apical Part, IVS Measurements
PCr 5.06 6.44 5.02 5.49
ATP 3.55 3.36 3.05 3.32
PCr/ATP 1.43 1.91 1.64 1.65

ATP, adenosine triphosphate; IVS, interventricular septum; PCr, phosphocreatine.

4. Discussion

We tested a 36-year-old UM runner before and twice after he won the 24-h UM as part of the
Polish Championships. The aim of this study was to assess the impact of this event, as well as many
years of training, on the athlete’s heart and body via selected laboratory and cardiac tests (ECG, TTE,
MRI, and 3'P MRS). Initially, only a few lipid parameters were abnormal. On the first day after the
UM, we observed changes in some blood test results. On day 10, all the results returned to normal and
the blood lipids returned to their original (albeit abnormal) values. Transient changes in laboratory
test results are typical of extreme physical effort and represent the reaction of organs to this effort as a
result of damage or adaptive mechanisms. Transient changes include massive striated muscle damage,
a hepatic cell response, increased inflammation, and coagulation [29]. We found a slight degree of
hemolysis (or hyperhydration), as well as minor damage to the cardiomyocytes or a cytoprotective
reaction to prolonged stress. The transient minor hyponatremia observed with endurance sports was
probably the result of the large amount of fluid consumed by the competitor during the run [30].
The observed ECG changes in athletes are difficult to clearly assess and require a final interpretation
in combination with other diagnostic tests [31]. Suspected abnormalities and non-specific changes
observed on the ECG were not confirmed by imaging tests, which are crucial in their verification.
The TTE, MRI, and 3P MRS changes observed were still in the ranges considered normal for an
athlete’s heart. The results of this study did not confirm the hypothesis that many years of endurance
training and participating in UM competitions have had an adverse effect on this world-class runner.

4.1. How Much Physical Activity Is Too Much or Too Little?

Physical activity dosed individually as part of a healthy lifestyle has reached UM distances in
some individuals [32]. Primary prevention and secondary prevention of cardiovascular diseases
have established positions [33]. Research has indicated that there is a U-shaped relationship between
the amount and intensity of physical activity and health [34,35]. It has been reported that light
and moderate-intensity joggers have lower mortality rates than sedentary individuals, whereas the
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mortality rate of strenuous joggers is not statistically different from that of sedentary individuals [36].
Hypothetically, it can be presumed that excess activity is worse than inactivity. The results of research
published thus far do not support this hypothesis. However, exercise-induced arrhythmogenic right
ventricular cardiomyopathy and Phidippides cardiomyopathy are both associated with life-threatening
ventricular arrhythmias [25,26]. The correlation between endurance sports and FA frequency has also
been studied extensively [37]. Often, success in a multi-day UM is associated with resistance to sleep
deprivation and ability to run without breaks at a low intensity. The athlete we tested ran at an average
pace of 5:34:2 minutes per kilometer?. Exercise intensity is well-reflected by heart rate monitors used
by many athletes. These monitors accurately determine the heart rate, thus allowing athletes and
coaches to determine the intensity of effort throughout the various phases of a run [38-40].

4.2. Lipids

Nutrition is one of the most important elements of preparation for the UM. Extremely long
efforts require an adequate energy supply, which is associated with a preferred diet. Ultra-endurance
athletes who habitually consumed a very low-carbohydrate/high-fat diet for more than 1 year showed
unique cholesterol profiles that were characterized by consistently higher plasma levels of LDL-C
and high-density lipoprotein cholesterol (HDL-C). It has been reported that expanding the circulating
cholesterol pool helps to meet the heightened demand for lipid transport in highly trained, keto-adapted
athletes [41]. In this case study, we observed increased baseline levels of cholesterol and LDL-C,
a significant reduction in both lipids immediately after exercise, and a return to baseline on day 10
after the UM. HDL-C was increased at all three timepoints and increased after exercise compared to
baseline and during rest. A slightly different change in HDL levels was observed by Chen and others
after a 24-h UM [42]. Family history of dyslipidemia is negative in the athlete observed in this study.

4.3. Hemoglobin

In this study, significant decreases in hemoglobin and hematocrit levels were detected 2 days after
the run. Anemia due to mechanical hemolysis and oxidative blood cell damage during prolonged
physical activity is suggested as the cause of the decreased red blood cell count after long runs [42,43].
However, this may also be associated with excessive fluid intake [44].

4.4. Enzymes and Echocardiography

Increased activity of enzymes released from the muscles (mainly CK) after exercise was first
reported in 1958 [45]. CK levels depend on the intensity and duration of prior exercise and peak 24 h
after training. Since the duration of exertion is the dominant factor, the highest enzymatic activity of
circulating CK after exercise is found after UMs or triathlons [45]. In this case study, we observed a
50-fold increase in CK on the first day after the run. Alanine aminotransferase levels also increased
significantly after the race.

Passaglia et al. have obtained different results than those of the current study after blood tests and
TTE following a 24-h UM [46]. After the race, they observed a slight increase in troponin levels with
decreased LVEF and LV hypertrophy, increased left atrial volume, and decreased E/A ratio in some
runners on TTE. Increased troponin levels after the UM without subsequent recognition of permanent
myocardial damage is a common phenomenon [47,48]. In the present case, troponin levels were in the
normal range, with peak values observed after the run.

Until recently, results of diagnostic analyses of the long-term effects of running on the heart using
cardiac biomarkers have been difficult to interpret. The increase in BNP after 100-km trials might
show cytoprotective or growth-regulatory effects, but also myocardial insufficiency [49]. In contrast to
cardiac patients, it is still unclear whether the appearance of or increase in cardiac biomarkers following
exercise in obviously healthy athletes represents a clinically significant cardiac insult or is part of the
physiological response to endurance exercise [50]. In this study, the highest BNP level after the run
was still within normal limits.
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Kosowski et al. reported that marathon running is associated with sharp and significant
increases in biomarkers of cardiovascular stress. The profile of these changes, however, along with
echocardiographic parameters, did not suggest irreversible myocardial damage [51]. Neilan et al. (2006)
screened non-elite Boston Marathon participants using echocardiography and serum biomarkers [47].
Echocardiographic abnormalities after the race were only partly consistent with our results and
included altered diastolic filling, increased pulmonary pressures and right ventricular dimensions,
and decreased right ventricular systolic function. Unfortunately, no further observations were made.

Myocardial speckle tracking echocardiograms of the right ventricle and left ventricle were
obtained before and immediately after a 161-km UM in healthy adults [52]. According to this study,
RV size was significantly increased after the race, and there was an increase in LV eccentricity index.
The mechanisms responsible for these findings were not clear. Scott et al. (2004) tested UM runners
who completed a 160-km race [53]. In contrast to our TTE results, these authors observed post-exercise
decreases in LV function after the UM. Similar to our findings, N-terminal type B natriuretic propeptide
concentrations increased significantly. Furthermore, transient RV (but not LV) dysfunction during TTE
after a 163-km UM at a high altitude has been observed [54]. Some athletes developed marked RV
dilation and hypokinesia, paradoxic septal motion, pulmonary hypertension, and wheezing. In all but
one subject, cTnl was undetectable

4.5. MRI

One of the largest UM studies performed using a portable MRI apparatus was conducted during
a transcontinental UM (4500 km over the course of 64 days) [9]. According to Klenk et al. [55], LV mass
increased significantly over the course of the race, but no other significant changes were observed.
It was concluded that the observed structural cardiac change indicated a physiological adaptation to
excessive cardiac volume [55]. During our MRI examination, we did not observe these changes or any
other abnormalities (nor did we observe gadolinium late enhancement). However, the competition
had different characteristics.

4.6. Cardiac ®'P MRS

3IP MRS is a unique non-invasive imaging modality for probing in vivo high-energy phosphate
metabolism in the human heart [56-58]. There are few 3'P MRS studies of athletes [59-61]. In our
study, all results were within normal limits for healthy subjects.

PCr serves as a cellular energy reservoir; therefore, the observed reduction (average parameters) of
the PCr/ATP ratio may have resulted from phosphocreatine depletion after the UM (Table 6, Figure 3).
However, these were primary results based on a single-subject study and should be interpreted
with caution. In the literature, normal values for the PCr/ATP ratio in healthy volunteers vary
widely (range, 0.9 + 0.3 to 2.5 + 0.5; mean + SD, 1.72 + 0.26) [62,63]. Decreased PCr/ATP has been
observed in many cardiac disorders such as cardiomyopathies, ischemic heart diseases, and congenital
heart failure; however, significant overlap of normal and abnormal limits has been reported [57,64].
Bakermans et al. [59], investigated whether current 3'P MRS methodology would allow for clinical
applications to detect exercise-induced changes in (patho-)physiological myocardial energy metabolism
and found that this was not the case. Previous studies have not allowed us to identify significant
changes in cardiac metabolism during exercise [56,65].
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Figure 3. Cardiac-gated 2D CSI 31P spectra from the interventricular septum obtained: (A) before the
run; (B) 2 days after the run; and (C) 11 days after the run.

4.7. What Makes Him the Champion of Ultramarathon?

The performed imaging tests did not show typical acute and chronic adaptive features found in
many elite endurance athletes neither during the period of normal training nor shortly after the start of
a UM. Examples of chronic features such as an eccentric LV hypertrophy in endurance athletes that
reflected an increased LV internal dimension and mass, with minor changes in LV wall thickness in
echocardiography, or sinus bradycardia, sinus arrhythmia, conduction delays, early repolarization of
the ST segment, and isolated voltage criteria for LV hypertrophy in ECG, were not observed. Diastolic
dysfunction and atrial dilation typically observed on MRI also did not occur [66]. Contrary to this and
other features of Athletes’ Heart, the studied athlete has a small heart and very high EF. Even some of
the typical acute post-exercise features, such as the increase in troponin levels, were not noticeable in
the present case. So, what makes him a champion?

This case study shows that a heart burdened with extreme efforts does not always respond with
adaptive features described as Athletes” Heart. It is possible that in the present case, other factors such
as mental resistance, pain resistance, and endurance associated with good economics of running at a
moderate pace contribute to the athlete’s success. With such a “small” heart, it is difficult to run fast.
However, it is clearly still possibly be a master of the UM.

4.8. Strength, Limitations, and Perspectives

The main strengths of this work were its performance and ability to allow comparisons of a very
wide spectrum of heart imaging results with electrocardiographic and laboratory tests from a UM
runner with a history of outstanding sporting achievement. It is difficult to encourage top competitors
to undergo multiple tests, especially before the start of a race. Therefore, this spectrum of research has
not been performed for any UM runner to date. Undoubtedly, it is extremely rare to perform a 3P
MRS to show the energy balance of the heart in response to a 24-h UM. The results of this study are
therefore novel.

The major limitation of this study was that it only involved one subject. Another limitation was
that the spectroscopic examination was performed on the second day after exercise. Due to the large
amount of research performed in different locations, it was not possible to perform all tests immediately
after the cessation of the effort. It would be beneficial to examine a larger number of world-class
UM runners and to compare their results with those of a control group. However, with such a wide
spectrum of medical tests, this would be challenging.
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5. Conclusions

Participating in the 24-h UM after many years of professional training as a world-class UM runner
did not cause permanent abnormal changes, as assessed by ECG, TTE, MRI, and 51P MRS. The observed
changes reflected adaptation to effort. Transient anomalies in laboratory test results at 24 h after the
UM were typical of those commonly observed after endurance efforts.
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Abstract: Heart rate monitors (HRMs) are important for measuring heart rate, which can be
used as a training parameter for healthy athletes. They indicate stress-related heart rhythm
disturbances—recognized as an unexpected increase in heart rate (HR)—which can be life-threatening.
Most HRMs confuse arrhythmias with artifacts. This study aimed to assess the usefulness of
electrocardiogram (ECG) recordings from sport HRMs for endurance athletes, coaches, and physicians,
compared with other basic and hypothetical functions. We conducted three surveys among endurance
athletes (76 runners, 14 cyclists, and 10 triathletes), 10 coaches, and 10 sports doctors to obtain
information on how important ECG recordings are and what HRM functions should be improved
to meet their expectations in the future. The respondents were asked questions regarding use
and hypothetical functions, as well as their preference for HRM type (optical/strap). Athletes
reported distance, pace, instant HR, and oxygen threshold as being the four most important
functions. ECG recording ranked eighth and ninth for momentary and continuous recording,
respectively. Coaches placed more importance on ECG recording. Doctors ranked ECG recording the
highest. All participants preferred optical HRMs to strap HRMs. Research on the improvement and
implementation of HRM functions showed slightly different preferences for athletes compared with
coaches and doctors. In cases where arrhythmia was suspected, the value of the HRM’s ability to
record ECGs during training by athletes and coaches increased. For doctors, this is the most desirable
feature in any situation. Considering the expectations of all groups, continuous ECG recording during
training will significantly improve the safety of athletes.

Keywords: heart rate monitor; ECG; portable/wearable monitoring system; endurance running;
cycling; triathlon; long-term assessment; arrhythmia; exertion rhythm disorders; QARDIO MD system

1. Introduction

Heart rate (HR) monitoring during training in endurance sports is a standard method for controlling
intensity. It was introduced into training long before heart rate monitors (HRMs). Originally, athletes
used a sweep-handed watch and, directly after stopping, the pulse was measured—usually on the
radial artery—to assess the intensity range of their training [1]. The appearance of strap HRMs was a
revolution. Additional functions related to global positioning systems (GPSs) give information on the
length of the route and speed of the athlete’s movement, along with many other parameters, such as
energy expenditure during training [2]. Originally less perfect and burdened with artifacts, HRMs have
shown progressively sophisticated technology related to their used materials, and with it, the precision
of the recorded parameters has increased [3,4]. In addition, functions such as determining altitude
above sea level, water resistance, and GPS-enabled ease of training in all conditions and scenarios have
been added [5]. The ability to measure HR in water was another great step, enabling swimmers and
triathletes to monitor their training [6].
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Heart rate variability (HRV) is a function that allows indirect evaluation of the cause of arrhythmia
indicated by an HRM, thus determining the arrhythmia type [7]. In practice, assessing the distance of
the R-R points in an electrocardiogram (ECG)—as indicated by the HRV function—does not allow the
cause of the rhythm variability to be determined. The inability to distinguish between supraventricular
arrhythmias, ventricular arrhythmias, or an ordinary artifact significantly limits its diagnostic value.
The possibility for potentially overlooking a life-threatening ventricular arrhythmia is highly likely [8].
The emergence of ECG recording, which is already offered by some HRMs in conjunction with
smartphone applications, was a significant advancement. With its ECG application, the Apple Watch
Series 4 can generate an ECG recording similar to that of a single-lead ECG. This was a momentous
achievement for a wearable device, allowing it to provide critical data for athletes and their doctors;
however, the problem of having to stop training to record the ECG remained [9]. Another important
function of HRMs, albeit relatively rarely used, is the measurement of HR at rest and at night. Resting
HR is an indicator that is used to observe and analyze the athlete’s form—the lower the HR at rest and
during sleep, the greater the form [10].

Recently available HRMs can enable continuous ECG recording without training interruption.
The QARDIO MD can be described as a typical strap HRM, with the difference being that the information
from the transmitter (strap) is transferred to the receiver, which is the Qardio mobile app for the iPhone.
After a delay of about 3 min, information from the mobile phone is sent to the “cloud”. Downloading
information to the Monitoring Center allows us to not only control the ECG recording—which is
continuously recorded—but to automatically recognize life-threatening heart rhythm disorders as
well. The Monitoring Center offers an ECG recording of three limb leads (modified leads I, II, IIT)
with automated arrhythmia detection, QRS morphology analysis, P-wave detection (for enhanced
automated AF detection), and the possibility of manually assessing the PQ, QT, and ST segments.
This provides full control of the ECG recording with simultaneous medical supervision, i.e., online
data transmission, but the software is currently only available for physicians and hospitals [11].

As HRMs were developed for healthy athletes, the question of their use in ECG recording has
become pertinent. The Holter ECG is used to assess arrhythmias and recognizes both the type of
arrhythmia and its location with high probability [12]. Many athletes use HRMs daily and have
observed unexpected increases in HR during training, suggesting the presence of an arrhythmia,
causing them to undergo extensive and unnecessary diagnostic testing, including electrophysiological
tests. Ninety-nine percent of anomalies in HR are due to technical problems (artifacts) that mimic an
arrhythmia [13]. Therefore, further investigation into the value of ECG monitoring within HRMs for
athletes, coaches, and doctors is required.

The aim of this study is to investigate the opinions on the development of HRMs amongst
endurance athletes, coaches, and doctors to determine whether the ECG recording function is
considered important.

2. Materials and Methods

2.1. Group Characteristics

We conducted three surveys among 100 endurance athletes aged 21-57 years (35.5 + 4.5 years)
who were daily users of sport HRMs and were under the care of our Sports Medicine Clinic. The study
group included 76 long-distance runners (50 males, 26 females), 14 cyclists (11 males, 3 females), and
10 triathletes (9 males, 1 female). Most of the athletes were under long-term observation—for up
to 10 years—and had participated in previous studies related to the use of HRMs, including their
usefulness in the assessment of arrhythmias or exercise intensity [14-16]. The same surveys were
conducted amongst 10 coaches aged 26-60 years (47.0 + 7.5 years), and 10 doctors (33-60 years,
52.0 + 7.0 years) who were training and examining endurance sportsmen on a daily basis.

Questionnaire One contained 11 questions concerning the usefulness of individual functions,
even hypothetical ones, possessed by modern HRMs in a typical situation and the hypothetical
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assumption of suspicion of arrhythmia in an athlete. The interviewers, assessing the importance of
the functions possessed by HRMs, assigned them an importance ranking from 1-11, where 1 point
(p.) meant the highest and 11 meant the least important function. The questions concerned functions
such as (a) distance; (b) speed/pace; (c) current HR; (d) average training HR; (e) number of calories
consumed during training (active kcal); (f) recording of the current ECG “on demand”; (g) continuous
ECG recording; (h) the moment of reaching anaerobic threshold (AT) (lactate threshold); (i) altitude
(meters above sea level (MASL)); (j) HRV; and (k) 24-h HR measurement.

Athlete inclusion criteria were the use of HRMs, regardless of the brand, for a minimum of 2 years
and minimal personal experience with strap and optical HRMs. Some athletes had been using HRMs
for more than 10 years. The second questionnaire assessed HRM preferences—optical (OHRM) versus
strap (SHRM)—of the athletes, coaches, and doctors in everyday training versus training with the
hypothetical assumption of suspicion of heart rhythm disturbances in the athlete (Figure 1). Both types
of HRMs are assumed to be valid and resistant to artifacts. Such an assumption was adopted due to
common concerns among respondents about artifacts that distort HR values, to a greater extent in
OHRMs, and are familiar to their users [13].

100%
100% 90%
84%
80%
62% 60% 60%
60%
38% 40% 40%
a40%
16%
0 10%
e o
0%
Athletes Couches Doctors Athletes Couches Doctors
Healthy Suspicion of arrhythmia

= Preferable OHRM m Preferable SHRM

Figure 1. Preferences for the use of HRMs (optical/strap) by athletes, coaches, and doctors in a typical
situation and under the hypothetical assumption of suspicion of an arrhythmia in an athlete. Equal and
full resistance to artifacts was assumed. Comparison of results of healthy individuals with those of
participants with suspected arrhythmia. OHRM, optical heart rate monitor; SHRM, strap heart rate
monitor, p < 0.001 in every compared pair.

Knowing the results of the preferences in the use of HRMs, all surveyed groups in Questionnaire
Three were asked, in detail, about the reasons for their preferences (OHRM versus SHRM selection).

2.2. Statistical Analysis

Normal distributions were analyzed using the Shapiro-Wilk test. As age and experience—both
with OHRMs (years) and SHRMs (years)—were characterized by the lack of a normal distribution,
descriptive statistics were assessed, namely the median and quarter deviation. Correlations between
ranks of HRM functions were measured by Spearman’s rank correlation coefficient. Statistical
significance in difference in OHRM/SHRM preference depending on the health status of an athlete
(healthy vs. suspicion of arrhythmia) was established using chi-squared tests. The average rank of the
HRM individual function for every group was set using the mean value. All statistical calculations
were performed using STATISTICA 12 (StatSoft, Krakow, Poland). The significance level was set at
p <0.05.

2.3. Ethical Approval

This study was approved by the ethical review board of the Bioethics Committee of the Healthy
Lifestyle Foundation in Puttusk (EC 6/2020/medicine/sports, approval date: 1July 2020). All experiments
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and procedures were conducted in accordance with the Declaration of Helsinki. The athletes provided
their written informed consent prior to participation in the analysis and gave permission for their data
to be published.

3. Results

Analyzed answers to Questionnaire One can be found in Figure 2. The data analysis showed
that the groups—athletes, coaches, and doctors—had slightly different expectations regarding the
importance of the possessed and hypothetical functions and, moreover, the preferred direction of
HRM development. There was a strong positive correlation between the ranks of athletes and coaches
(r = 0.93); a low negative correlation between the ranks of doctors and athletes (r = —0.27); and
an insignificant negative—or even a lack of—correlation between the ranks of coaches and doctors
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Figure 2. Cumulative results of the survey conducted among athletes, coaches, and doctors regarding
the assessment of the importance of individual functions possessed by modern heart rate monitors
(HRMs). Two situations are covered: standard use of HRMs and use with the hypothetical assumption
of suspected athlete arrhythmia. Data are presented as rankings (mean rankings). Scale rankings 1-11
show decreasing importance of functions. AT: anaerobic threshold; MASL: meters above sea level;
HRV: heart rate variability; 24H HRM: 24-h heart rate measurement.
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For athletes, the most important functions were the accuracy of the measurements regarding
distance, speed/pace, and current HR, and indication of the attainment of anaerobic threshold (first to
fourth places, respectively); ECG recording ranked eighth and ninth for on-demand and continuous
recording, respectively. Coaches selected the same top four functions as athletes, only differing in
terms of the importance of ECG recording (seventh and eighth, respectively). Doctors” assessment
of the usefulness of ECG was completely different, placing it in positions 1 (continuous recording)
and 2 (“on-demand”). The 24-h HR measurement capability and the HRV function ranked third and
fourth, respectively.

The same questions, asked in the case of a hypothetical risk of cardiac arrhythmia, had different
levels of relevance, especially among athletes and coaches. For athletes, the fourth most important
function was continuous ECG recording, with the first three places remaining unchanged. For coaches,
ECG recording (continuous and “on-demand”, respectively) was promoted to third and fourth place.
Doctors invariably rated the functions describing the work of the heart highly (ECGs, 24-h HR
measurement, and HRV). All of the compared groups showed a positive correlation between the given
ranks (strong among athletes and coaches, medium among other groups: athletes/coaches, r = 0.84;
athletes/doctors, r = 0.55; doctors/coaches, r = 0.60).

The second survey concerned the preferences for the use of HRMs, in terms of OHRM versus
SHRM, by athletes, coaches, and doctors in a typical situation and under the hypothetical assumption
of suspicion of a cardiac arrhythmia in the athlete (Figure 1). It was hypothetically assumed that both
types of HRMs were 100% resistant to artifacts and always correctly indicated assessed parameters.
In everyday use, athletes, coaches, and doctors all favored OHRMs (62%, 60%, and 60%, respectively).
In the hypothetical heart rhythm disorder situation, the preference of all groups increased in favor
of OHRMs (84%, 90%, and 100%, respectively). Observed differences were statistically significant
(p <0.001).

Questionnaire Three asked the participants about the reason for their HRM preference (OHRM
versus SHRM), assuming that both HRM types had the same functions and level of artifact resistance.
The collective results are presented in Table 1.

Table 1. Reasons for preferential use of wrist-worn optical heart rate monitors versus chest strap HRMs
by athletes, coaches, and doctors, assuming that the HRMs have the same functions and the same
resistance to artifacts.

Athletes Coaches Doctors
Average age (years) 35.5+/-4.5 47.0+/-7.5 52.0+/-7.0
Experience with OHRM (avg. years) 1.3+/-0.5 3.0+/-0.8 2.5+/-1.0
Experience with SHRM (avg. years) 5.3+/-2.0 6.3+/-1.8 5.5+/-1.0
Preferences [OHRM = 1, SHRM = 2]
Comfort of use during training 1(88%) * 1 (80%) 1 (80%)
Comfort of use around the clock 1 (95%) 1 (90%) 1 (100%)
Battery life 1 (75%) 1 (60%) 1 (70%)
Skin abrasions from the strap belt 1(93%) 1 (100%) 1 (100%)
Trend/Fashion 1(67%) 1 (60%) 1 (60%)
Habit 2 (89%) 2 (90%) 2 (90%)
Confidence in the accuracy of indications 2 (96%) 2 (90%) 2 (90%)
Result: OHRM versus SHRM 5/2 5/2 5/2

* Percentage of votes obtained; 1 = Reason for OHRM preference; 2 = Reason for SHRM preference. OHRM, optical
HRM; SHRM, strap HRM.
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The survey showed that the two main reasons for selecting optical HRM are related to the all-day
comfort of use. Habit and confidence in the indicators were the main reasons for choosing the strap
HRM. Most participants (5:2) stated that they would prefer to use an optical HRM in the future.
The characteristics of the group and the detailed answers of each respondent to most of the questions
asked are found in Table S1 (Supplementary Materials).

4. Discussion

4.1. Analysis of Results

The analysis of information obtained from 120 people (athletes, coaches, and sports doctors)
with many years of experience in personal use of HRMs showed different expectations regarding
the direction of development for the functions of modern HRMs. Their participation in previous
HRM studies on the differentiation of arrhythmias with artifacts was not without significance when
answering the questionnaires. The potential health condition of an athlete using an HRM had an
impact on the assessment and usefulness of the individual functions of HRMs. While, for athletes,
the most important function was to assess the distance, speed, accuracy, and HR during training, the
inclusion of potential heart disease with accompanying cardiac arrhythmias “shifted” the continuous
ECG recording function quite clearly in the hierarchy of importance (from 9 to 4). This approach seems
perfectly justified. Athletes put their training first. Being ‘healthy’, they do not treat HRMs as medical
devices that serve to protect their health. For coaches, the important elements of HRMs were shown to
be speed and accuracy in measuring the route, HR during training, and the possibility of determining
the oxygen threshold. Regardless of the athlete’s health, coaches only appreciated the possibility
of continuous ECG recording by HRMs to a slightly higher extent than athletes. This can also be
understood by the assumption that trained healthy athletes aim to achieve sports results and are not
interested in permanent cardiological control. Doctors, regardless of whether they were dealing with
healthy athletes or those suspected of heart thythm disturbances, ranked the possibility of continuous
ECG recording in first place. This is explained by the fact that this is a professional group associated
with the training process for whom the athletes” health is more important than results. All three
groups stated that they would prefer to use OHRMs (versus SHRMs), provided that they are reliable
(resistance to artifacts); however, this is still an area of difficulty. The indicated reason for such a choice
was, among others, the ease of use of OHRMs, both in training and in everyday life (Table 1).

4.2. History of Pulse Control from “Fingers on the Radial Artery” to Advanced ECG Recording Technologies

Currently, no HRM in the world has all the functions that respondents were asked about.
The indication of oxygen threshold attainment during training by HRMs is a purely theoretical and
hypothetical function that is no less desired by athletes and coaches.

The first reports of commercial medical devices for measuring HR came at the beginning of
the 18th century [17]. Partially reliable HR control during training appeared with the widespread
introduction of sweep hand watches more than two hundred years ago. The athlete had to stop and,
most often, count their pulse on the radial artery for ten seconds and then multiply this number by 6 to
determine their HR. In this way, they obtained their HR value at the peak of exercise, allowing them to
determine the load in the last phase. There was no opportunity to determine the average HR during
training; thus, exercise intensity could not be evaluated as a whole.

For doctors, observing the pulse on the radial artery was a factor in making diagnoses long before
the advent of classic watches and had nothing to do with competitive sports [18]. Skilled physicians
could identify potential arrhythmias and even determine their speed. All HRMs today record HR;
however, this is not enough to establish a complete diagnosis of the origin of the rhythm and potential
threats to the life and health of the athlete when pathological. There is no ability to determine whether
an arrhythmia at a given time is caused by numerous harmless supraventricular beats—or atrial
fibrillation—or whether it is a life-threatening ventricular tachycardia [19].
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Commonly used SHRMs, which have been commercially available for many years, indicate
the correct HR value; however, in the event of an arrhythmia, they are still not a reliable source of
information about its type. The introduction of HRV assessment to HRMs has allowed the rhythm
“regularity” to be determined; still, it does not define whether a regular or complete arrhythmia is the
result of supraventricular/ventricular beats or ordinary artifacts [20]. SHRMs assess the main electric
field produced during ventricle contraction. Therefore, they estimate the distance of the R-R points
without identifying either P-wave morphology or the QRS complex [21]. This function is completely
useless in the case of commotio cordis, the mortality rate of which—regardless of the type of HRM or
the device controlling the work of the heart (except for the cardioverter-defibrillator)—is very high.
However, healthy athletes do not have access to cardioverter-defibrillators [22].

OHRMSs have been on the market for about 10 years. The principle of their operation is common,
and the accuracy of their measurement is similar to that of the chest SHRM. Optical pulse monitors
operate under a completely different principle than SHRMs. While SHRMs work similarly to ECGs,
OHRMs use a phenomenon called photoplethysmography (PPG), which constitutes shining light
through the skin and measuring the amount of light that is scattered by blood flow. PPG sensors are
based on the fact that light entering the body will scatter in a predictable manner as the blood flow
dynamics change, such as with changes in the blood pulse rate (HR) or with changes in blood volume
(cardiac output). In practice, the optical HR sensor located on the underside of the watch illuminates
the blood vessels in the wrist tissue using LEDs, measuring the amount of light dispersed by the blood
flow. The advantage of a wrist pulse measurement is convenience, i.e., the ability to measure HR
without having to wear a separate strap or other sensors to measure the pulse. Such a watch must
be placed directly on the skin with no material in between; occasionally, the watch must be worn
higher on the wrist than a normal wristwatch. The sensor detects blood flow through the blood vessels;
therefore, the tissue thickness determines the measurement accuracy [14]. OHRMS, as their primary
function, can only determine rhythm regularity and, thus, can indirectly be used to make diagnoses,
e.g., complete arrhythmia—suspicion of atrial fibrillation [23].

The use of smartphones for arrhythmia monitoring is another advancement for ECG utilization
and arrhythmia detection, effectively making the technology available to any smartphone user. Smart
wearable technology, while very common, is mostly limited to activity tracking and exercise motivation.
Rhythm-strip-generating smartphone products, such as Kardia Mobile by AliveCor and ECG Check by
Cardiac Designs, can more accurately detect arrhythmias than wearable monitors. These products,
which have been studied in a variety of situations, rely on the use of an external device with metal
sensors to create a rhythm strip, which is usually Lead I. A different subset of smartphone products
utilize PPG through a phone camera and light to detect atrial fibrillation. Together, these products
have created a paradigm shift in rhythm detection and monitoring [9,24].

New electrodes built into the back crystal and digital crown on the Apple Watch Series 4 work
together with the ECG app to enable customers to produce an ECG recording similar to a single-lead
reading (Figure 3). To take an ECG recording at any time, or following an irregular rhythm notification,
users launch the new ECG app on Apple Watch Series 4 and hold their finger on the digital crown.
As the user touches the digital crown, the circuit is complete and electrical signals across the heart
are measured. After 30 s, the heart rhythm is classified as either AFib, sinus rhythm, or inconclusive.
All recordings, their associated classifications, and any noted symptoms are stored securely in the
Health application of the iPhone. Users can share a PDF of their results with physicians. Although,
similar to the Apple Watch, it is only a record of one limb lead, and it can clearly recognize both the
P wave and the QRS complex. This fully corresponds to the classic single Lead 1 ECG recording
(Figure 3). The biggest disadvantage of this function is that activity must be paused for recording,
contradicting the idea of measurement during training [25].
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Figure 3. ECG on the Apple Watch, iPhone. (A) On the screen, a temporary ECG trace with the
morphology of the I limb lead of a classic ECG is shown. Visible: HR 66 bpm. Visible P-waves (arrow 1)
and QRS complexes (arrow 2). (B) ECG record sent to the iPhone; image taken from the phone screen.
Touching the Apple Watch Series 4 Digital Crown completes the circuit and measures electrical signals
across the heart.

However, technological advancements brought new solutions including HRMs with applications
enabling constant ECG recording during training to the market (Figure 4). The QARDIO MD system
(namely, QardioCore ECG with QardioMD remote monitoring cloud based portal) can be described as
a typical strap HRM with the difference that the information from the transmitter (strap) is transferred
to the Qardio mobile app on the iPhone, i.e., the receiver. After a delay of about 3 min, information
from the iPhone is transmitted to the “cloud”. The downloading of information to the Monitoring
Center (Hospital, Clinic with QardioMD remote monitoring cloud-based portal) allows the control
of ECG, which is continuously recorded, and automatic recognition of life-threatening heart rhythm
disorders. The inconvenience of carrying a phone during training is a minor difficulty compared to
the enormous amount of information stored, which is transferred online to the “cloud” with a slight
delay. The Monitoring Center offers an ECG recording with three limb leads (modified leads I, II, III)
with automated arrhythmia detection, QRS morphology analysis, P-wave detection (for enhanced
automated AF detection), and the possibility of manually assessing PQ, QT, and ST segments. Itis a
matter of time until automatic diagnosis of stress ischemia with the QardioMD system will become
available. Preliminary studies have shown that it is a system with comparable diagnostic value to the
standard 3 Lead Holter ECG monitor [26].

(A) (B) ©

Figure 4. QardioMD ECG solution (QARDIO MD system). (A) QardioCore ECG—chest strap with
electrode. (B) Qardio mobile app (ECG recording on iPhone) and chest strap (QardioCore ECG) with
electrode. (C) ECG recording on QardioMD remote monitoring web-based portal.
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4.3. Strap HRMs or Optical HRM?

The surveyed athletes, coaches, and physicians answered this question unequivocally (Figure 1,
Table 1). OHRMs, provided that its indications are reliable, are preferred. Wearing a chest strap is
troublesome for athletes for numerous reasons, ranging from battery depletion artifacts, interference in
the transmission between the strap and the receiver, to the most important for ultramarathon runners:
chafing of the skin during long hours of running by a moving strap [14,15]. It is also common to simply
forget to put it on during training, which significantly changes the subsequent evaluation of training.
Therefore, OHRM s are preferred on the condition that the accuracy of their indications, which remains
a problem, is improved [27]. In the past, an issue was the inability to measure HR by HRMs in the
water, which was a significant limitation for triathletes and swimmers; however, this problem has now
been resolved [28]. OHRMs usually also have a longer battery life which, in 24- or 48-h ultramarathons,
is of great importance [29].

4.4. HRMs Instead of the Holter ECG?

Sports HRMs were introduced to monitor HR values in healthy athletes and were not meant to
be, or compete with, medical devices [30]; however, it is impossible to run daily with an ECG Holter
to verify periodic indications of incorrect values while training with a HRM. An algorithm has been
developed to deal with such cases [14]. Nevertheless, HRMs should be considered as devices with
useful and reliable medical functions, such as reliable ECG recording, intended for use by athletes.
Today’s ECGs recorded by HRMs are single limb lead recordings (Apple Watch) or, as in the case of
the QARDIO MD system, a 3-limb lead recording (Figure 3A,B). However, this is an evolutionary
advancement, introducing devices “for measuring HR for healthy athletes” as advanced medical
diagnostic tools for use in sports cardiology [9].

The trouble-free use of HRMs in everyday life makes them a candidate for use as professional
equipment that requires special handling skills and professional knowledge for results interpretation
(e.g., Holter ECG). It seems that it will only be a matter of time before HRMs will be able to record a
12-lead ECG with the possibility of assessing any ECG features, including the ST segment, which will
be extremely important for the diagnosis of exercise ischemia in a classic exercise test [31]. Other data,
such as measuring the QT interval or identifying the origin of ventricular beats, will become automatic
information related to these recordings.

Anyone, including potentially healthy top athletes, may experience life-threatening exercise
arrhythmias [32]. The registration and early interpretation by the HRMs used today by millions of
active people may save lives in the future.

It seems that, in the future, the increasingly perfect ECG data recorded on a typical sports HRM
will lead to these devices being treated as medical devices necessary for safe, highly professional,
and recreational training. The usefulness of these devices in cardiac rehabilitation is undisputed [33].
Currently, we are starting a long-term observation study of patients with Long QT syndrome type VII,
employing modern HRMs for use in ultramarathoners (long “battery life”) [34,35].

4.5. Bradyarrhythmia on HRMs—A Lot to Show off in Terms of Observing Athletes

Tachyarrhythmias are mentioned constantly regarding the usefulness of HRMs in the assessment
of cardiac arrhythmias; however, the wearing of HRMs—as in the case of OHRMs—may contribute to
the registration of not only fast rhythms during training but also night bradyarrhythmias, which are
common rhythm disturbances in athletes of endurance disciplines [36]. Undoubtedly, this is a space
where HRMs, which are used by many athletes, can contribute both to the diagnosis of arrhythmias—if
data are “recorded continuously”—and data collection. All of today’s HRM models register a decrease
in HR, but they do not all recognize the mechanism by which this decrease occurs (either a conduction
block or ordinary bradycardia). In asymptomatic and apparently healthy athletes, either at rest
or during sleep, even 15 s pauses in the Holter ECG examination are common. Northcote et al.
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examined twenty male veteran endurance runners who underwent resting, exercise, and ambulatory
electrocardiography testing. Six athletes had a first degree heart block, four had a Mobitz II second
degree block, and three had a complete heart block [37].

The “athlete’s heart” and its accompanying bradycardia, or the second-degree A-V block,
are physiological adaptations to exercise [38]; however, a break of a few seconds is certainly a pathology
that has the potential to be increasingly recognized by athletes using HRMs both in training and
at rest and/or sleep. Comfort is also the reason why OHRMSs seem to be a more common direction
of development.

4.6. Other Expectations from HRMs

The indication of the HR value to diagnose oxygen threshold is nowadays information obtained
during the ergospirometric examination [39]. There is an enormous demand for this information by
athletes and their coaches and, at the same time, a need for a less complicated measuring method.
This function ranked 4th among the surveyed athletes and coaches. There is a need—and it cannot be
ruled out—that there will also be a determining method in the future.

4.7. Strength, Limitations, and Perspectives

This study had two main limitations: first, the questionnaire was relatively modest and included
few questions and, second, it was conducted on a small sample size.

This study’s main strengths were, first, that the group commented on the usefulness of HRMs;
second, that most athletes had been under the care of a sports medicine clinic for 5-8 years, constantly
using HRMS during their training, and thus had vast experience with different HRMs and could
recognize their strengths and weaknesses; and, third, that it included coaches and doctors who were
personally acquainted with the athletes and cooperated with the Sports Cardiology Center in which
these studies were conducted, rendering them up to date with modern HRM technology.

This study’s perspectives included the improvement of the accuracy of already-existing indications
in the HRM market and the development of new technology that will allow the widespread use of
OHRMs with the function of 24-h ECG recording. Moreover, we are interested in other functions that
are not yet available today, such as the expected oxygen threshold indicator. Certainly, there will be
new common solutions other than the ones currently available, allowing not only trouble-free ECG
recording during training, but also the ability to inform the athlete, coach, and doctor through online
means regarding potential threats in the form of heart rhythm disturbances and the emerging features
of stress ischemia as well.

The indirect aim of the article was twofold: first, we aimed to investigate and increase the
awareness of athletes regarding the need to protect their health during training by controlling heart
rhythm and not just heart rate (i.e., ECG recording), and second, we aimed to increase knowledge in
this area to protect the lives and health of athletes who sometimes experience tragic cardiac arrhythmias
triggered by exercise by encouraging the widespread use of HRM with continuous ECG recording.

5. Conclusions

The conducted analysis indicates the diversity of the expectations of athletes, coaches, and doctors
as to the direction of the development of modern HRMs. In the case of suspected heart rhythm
disorders, the possibility of ECG recording is a priority feature for sports doctors. Considering all
expectations, the paradigm will shift to include continuous ECG recording, especially during training.
It seems that users prefer OHRMs over SHRMs as they are more comfortable for use in endurance
competitions as well as for non-training use.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4418/10/11/867/s1,
Table S1.1. Cumulative results of the study groups (athlete, coaches, doctors) including function, sport discipline,
gender, age, experience with HRMS, and answers to 11 questions in two situations of healthy athletes or
those suspected of arrhythmia., Table S1.2. Number of votes cast for functions by respondents and their
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percentage share depending on the situation: healthy athlete (A) versus suspected arrhythmia (B), Table S1.2.1.
(A) Coaches—Healthy athlete, Table S1.2.1. (B) Coaches—suspected arrhythmia, Table S1.2.2 A. Doctors—healthy
athlete, Table 51.2.2. (B) Doctors—suspected arrhythmia, Table 51.2.3. (A) Athletes—healthy athlete, Table 51.2.3.
(B) Athletes—Suspicion of arrhythmia, Table S1.3. Reasons for preferential use of wrist-worn optical heart rate
monitors (OHRMs) versus chest strap HRMs (SHRMs) by athletes, coaches, and doctors, assuming that both types
of HRM have the same functions and the same resistance to artifacts.
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Abstract: This study describes a triathlete with effort-provoked atrioventricular nodal re-entrant
tachycardia (AVNRT), diagnosed six years ago, who ineffectively controlled his training load via
heart-rate monitors (HRM) to avoid tachyarrhythmia. Of the 1800 workouts recorded for 6 years on
HRMs, we found 45 tachyarrhythmias, which forced the athlete to stop exercising. In three of them,
AVNRT was simultaneously confirmed by a Holter electrocardiogram (ECG). Tachyarrhythmias
occurred in different phases (after the 2nd-131st minutes, median: 29th minute) and frequencies (3-8,
average: 6.5 times/year), characterized by different heart rates (HR) (150-227 beats per minute (bpm),
median: 187 bpm) and duration (10-186, median: 40 s). Tachyarrhythmia appeared both unexpectedly
in the initial stages of training as well as quite predictably during prolonged submaximal exercise—but
without rigid rules. Tachyarrhythmias during cycling were more intensive (200 vs. 162 bpm, p = 0.0004)
and occurred later (41 vs. 10 min, p = 0.0007) than those during running (only one noticed but not
recorded during swimming). We noticed a tendency (p = 0.1748) towards the decreasing duration time
of tachycardias (2014-2015: 60 s; 2016-2017: 50 s; 2018-later: 37 s). The amateur athlete tolerated the
tachycardic episodes quite well and the ECG test and echocardiography were normal. In the studied
case, the HRM was a useful diagnostic tool for detecting symptomatic arrhythmia; however, no
change in the amount, phase of training, speed, or duration of exercise-stimulated tachyarrhythmia
was observed.

Keywords: AVNRT; endurance training; HRM; triathlon; exertion cardiac arrhythmia; Holter ECG

1. Introduction

Heart-rate monitors (HRMs) are devices designed to control the intensity of training in athletes
and are not intended to serve as medical devices to diagnose arrhythmias [1]. However, they can “catch”
cardiac arrhythmia during training. While indications of sudden, unexpected heart rate (HR) values
on HRMs during training, without clinical symptoms are most often ordinary artifacts, arrhythmias on
the HRM which force the athlete to stop training cannot remain undiagnosed [2]. Atrioventricular
nodal re-entrant tachycardia (AVNRT) is one of the more common, clinically manifesting arrhythmias
in endurance athletes, with and without structural heart disease [3]. Athletes present more frequently
with an atypical subform of AVNRT. This is possibly related to cardiac remodeling with dilatation of
the cardiac cavities, which leads to changed conduction properties in the septal area [4]. It is dependent
on the functional dissociation of atrioventricular nodal conduction over a fast and slow pathway
or even over two slow pathways, wherein structural and electrical cardiac remodeling occurs with
exercise [5]. The ablation of AVNRT carries the very low, but real risk of inducing conduction tissue
damage (0.7%) [6]. Therefore, some athletes decline the procedure. Some choose to stop training
altogether, while others increasingly limit the intensity of training. There are no previous long-term
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observational studies of athletes with heart arrhythmia training with HRMs. We examined a triathlete
who, for six years after being diagnosed with exercise-stimulated arrhythmia as AVNRT, consistently
participated in amateur triathlon training and competitions, while attempting to limit the number of
tachycardic events using HRMs.

2. Materials and Methods

2.1. Sports Biography

A triathlete, 47 years old, 191 cm tall, weighing 91 kg (body mass index, 24.94), performs a free
profession by working mentally, has regularly trained as an amateur from 6 years of age, almost every
day, treating sports as a factor of a healthy lifestyle and a great adventure.

He was not focused on sports competition, and in the relatively few triathlons or cycling
competitions he participated in, he finished more or less in the middle of the competitors, advancing
in age groups through the years (currently Master-45). For 8 years of training, he felt violent “heart
palpitations”, confirmed by high HR values on an HRM, often exceeding 200 bpm, which forced him
to stop training until they subsided. Six years ago, he presented to the Center for Sports Cardiology.
He reported sudden changes in HR during exercise, from typical for a given phase of training to
exceeding the maximum HR. One of the arrhythmias was “caught” on his HRM during cycling training,
in which the athlete was also wearing a Holter electrocardiogram (ECG). The arrhythmia registered
simultaneously at the 68th min of effort, and HR increased from 167 to 227 bpm, preventing the athlete
from continuing (Table A1 pos. 7). The maximum HR of the athlete described, determined empirically
(during tests and competitions without arrhythmia, recorded on HRM) was 184 bpm for 6 years and
did not change during the observation period. Both devices, i.e., HRM and Holter ECG, noted identical
changes in HR values during this symptomatic tachycardia, described as AVNRT in the article by
Gajda et al. [7]. Later, AVNRT was recorded on the Holter ECG twice, identical to HR values indicated
on the HRM. Clinical studies confirmed the diagnosis of AVNRT with qualification for ablation.
However, the triathlete did not report for the proposed treatment. Instead, he trained for the next 6
years with a HRM, collecting data obtained from it on a computer, scrupulously noting all arrhythmia
attacks in a training diary. The athlete described tachyarrhythmic attacks as: completely unexpected:
mainly at the beginning of training and more often during the running and “predictable” (high
probable). The latter appeared most often during long bicycle training in the phases of submaximal
effort (and submaximal HR). Sometimes he was able to provoke them with submaximal, interval,
long-term training. The start in the competition was a trigger for arrhythmia, which the athlete
associated with emotional tension (large adrenergic component) and maximum effort. However, this
was not the rule. In adult life, he spent well over 4000 h training and competing in endurance sports
(10 years counted), 5-6 times per week. His most preferred triathlon discipline is cycling, and his least
is running. He occasionally abstained from physical activity (e.g., during travels). He never got sick
and he abstains from alcohol and smoking. During the observation period, he experienced only one
arrhythmic attack while swimming, without hemodynamic effects, threatening him with an inability to
continue swimming. He never lost consciousness or experienced an arrhythmia while at rest. He did
not take any medications (e.g., beta-blockers) that, in the past, occasionally taken gave “discomfort”
resulting in abstentions of training. A schematic sport curriculum vitae is presented in Table 1.

2.2. Methods

2.2.1. Study Protocol

In the triathlete, whom we diagnosed with AVNRT six years ago, we analyzed about 1800
training sessions recorded on HRMs during the following 6-year period, some compared with the
competitor’s notes (training diary). We further analyzed only those trainings in which there were
unexpected increases in HR values during training combined with clinical symptoms in the form of
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a sudden decrease in physical fitness. Sudden “bursts” of HR in training recorded exclusively on
HRMs, of which there were about 100 in the analyzed period, without any clinical symptoms, were
treated as artifacts, in accordance with previous studies [7]. Finally, we performed 3 simultaneous tests:
exercise stress tests, Holter ECGs, and HR measurements using an HRM, to provoke and evaluate
exercise arrhythmias and assess the correctness of the HRM indications (Figure 1). We performed
ECG and echocardiography directly preceding the exercise stress test. We continued the Holter ECG
examination the next day during field training in order to assess HRM indications and record any HR
disorders in natural conditions.

Table 1. Involvement in individual sports disciplines of the examined athlete—'sports biography’.

Age Discioti Training—Number Number of Ht.)u.rs on X- Endurance
(Years) iscipline of Hours/Week Yea.rs.on Tr.am.mg. in Sports—Adul? .
Training Discipline Age—Hours at Training
6-8 swimming 4 3 600
8-11 karate kyokushinkai 4 4 800
12-14 judo 4 3 600
15-17 swimming 2 3 300
15-19 volleyball 7 5 1750
20-26 kickboxing 6 7 2100
26-27 sambo sports 6 2 600
27-32 squash 1 6 300
27-45 cycling 2 18 1800 X
35-45 swimming 2 10 1000 X
35-45 running 2 10 1000 X
B onrenming ycinglimming 03 10 20 X
17-47 skiing, sailing, waking, other occasionally 30

X—about 4050 h in total,
all disciplines 5 40 11,100 (about) on average 6
times/week/10 years

Sport-life in total:
6 to 47 = 41 years

Figure 1. Prepared athlete before exercise stress test on treadmill along with Holter electrocardiogram
(ECG) and heart-rate monitor (HRM). 1. Holter ECG, 2. HRM strap, 3. ECG device—from the treadmill
exercise stress test set, 4. HRM Polar Vantage V.

2.2.2. Electrocardiogram (ECG) Tests

Standard 12-lead ECG was performed using a BTL Flexi 12 ECG device (BTL Industries Ltd.,
Hertfordshire, UK).

2.2.3. Transthoracic Echocardiography

The patient underwent complete transthoracic echocardiographic examination using a GE Medical
System Vivid 7 with a 2.5-MHz transducer (GE Medical Systems Information Technologies, Inc.,
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Wauwatosa, WI, USA). M-mode, two-dimensional (2D) imaging, and Doppler techniques were used.
The left ventricular (LV) end-systolic and LV end-diastolic volumes and the interventricular septal
diastolic and posterior wall thickness diameters were measured. The LV systolic function was evaluated
using the LV ejection fraction (LVEF) and longitudinal strain (global longitudinal strain (GLS).

LV diastolic function was evaluated using mitral inflow velocities and tissue Doppler imaging
(TDI) values. The transmitral early diastolic (E-wave) velocity and atrial (A-wave) velocity were
measured and the E/A ratio was calculated. Early diastolic velocity (e”) was measured in addition to
E/e’ ratio.

The right ventricular end-diastolic diameter from the parasternal long-axis view and the tricuspid
lateral annular systolic velocity wave (5'RV) were measured using TDI. The left atrial volume index
was calculated using the body surface area.

2.2.4. Holter ECG

A 24-h Holter ECG monitoring was performed with the Holter ECG Lifecard CF apparatus and
software version: Cardionavigator Plus Impresario 3.07.0158. (Reynolds Medical, Paris, France).

2.2.5. Exercise Stress Test

A treadmill exercise stress test was performed according to the individually modified protocol (by
adjusting the speed and incline of the treadmill to lengthen the submaximal exercise phase) using the
set: EKG apparatus BTL Flexi 12 ECG (BTL Industries Ltd., Hertfordshire, UK), treadmill BTL-770M
(BTL Industries Ltd., Hertfordshire, UK). Software: BTL CardioPoint 6.1.7601.24545 (UK).

2.2.6. Heart-Rate Monitor (HRM) Analyses

HR measurements were obtained over the 6-year period via the following HRMs: Polar Vantage
V (POLAR Electro, Kempele, Finland), Polar V800 HR monitors (POLAR Electro, Kempele, Finland),
and Forerunner 910 XT GPS, (Garmin® Ltd., Southampton, UK). All HRMs were tested and compared
with Holter ECG measurements. The results were analyzed by a cardiologist with extensive experience.

2.2.7. Statistical Analysis

Normal distributions were analyzed using the Shapiro-Wilk test. For variables without a normal
distribution, the significance of differences was measured using the Wilcoxon test (by comparing two
groups: type of activity; type of tachycardia event) and the Friedman analysis of variance (ANOVA)
(by three groups: period). Any significance in changing tachycardia frequencies was established based
on trend analysis. All the statistical calculations were performed using the STATISTICA 12 package
(StatSoft, Tulsa, OK, USA). The significance level was set at p < 0.05.

2.2.8. Ethical Approval

This case report was approved by the ethical review board of the Bioethics Committee of the
Healthy Life Style Foundation in Puttusk (EC 5/2019/medicine/sports, approval date: 29 June 2019).
The runner provided his written informed consent to participate in the analysis and for his data to
be published.

3. Results

3.1. HRM Data Analysis

Only training sessions in which unexpected increases in HR values recorded on a HRM, resulting
in a sudden decrease in physical capacity preventing the continuation of training, were analyzed.
Training sessions, for which the quality of data were doubtful, were excluded from the analysis.
Taking into consideration over 6 years of training, statistically significant differences in the frequency
of tachycardia (p = 0.6068), their intensity (p = 0.2657) or duration (p = 0.1748) were not observed,
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wherein cycling and running training were analyzed together. Nevertheless, there was a statistically
insignificant tendency towards decreasing durations of tachycardia (p = 0.1748) (Table 2, Figure 2).
Analyzing cycling and running training separately, we observed that the intensity of tachycardia
i.e., the rate of ventricular rhythm recognized by HRM as HR, was significantly lower during running
activities (p = 0.0004) and occurred later (p = 0.0007). The rate of tachyarrhythmia (HR) on HRM as
well as its duration during cycling training was 165-227 bpm (median: 200 bpm) / 15-186 s (median:
45 s), whereas during running training, it was 150-202 bpm (median: 162 bpm)/10-170 s. (median:
39 s) (Table 2). No other relevant observations have occurred. On three different occasions, tachycardia
occurred twice during the same training session (Table A1, position 22a, 28a, 30a); during one training
session, the athlete experienced tachycardia three times (Table A1, position 25, 25a, 25b). The episodes
of repeated tachycardia were characterized by higher intensity and decreased duration compared to
the non-repeated tachycardia, but these characteristics were not statistically significant (respectively
p = 0.2249 and 0.1380, Table 2). Only three tachycardias (Table Al: no 7, 19, 36, Table 3: no 1, 3, 6)
were simultaneously recorded on both the HRM and Holter EEG, wherein AVNRT was confirmed. All of
the other episodes of analyzed tachycardia occurred during training sessions, when the participant was
not wearing the Holter ECG device. The amateur-triathlete experienced only one tachycardia during
swimming training, without good confirmation on HRM. Full data from heart rate monitors obtained
during 6 years of observation are in Table Al.

Table 2. Main characteristics of tachycardia events in the analyzed athlete.

Start of P HR at the end of Time of
Characteristic Parameters Tachycardia HR at Beglinnmg of Tachycardia AVNRT AVNRT
X Tachycardia [bpm] [bpm]
[min] [bpm] [s]
Median 29 127 119 187 40
AlLN =40 QD 237 115 838 19.0 218
Min-Max 2-131 86-167 90-156 150-227 10-186
. Median 41 129 117 200 45
L. Cycling
Type of activity N =20 QD 237 143 185 10.0 17.5
Min-Max 14-131 86-167 90-156 165-227 15-186
. Median 10 126 119 162 39
Running
N =20 QD 18.0 8.0 63 95 25
Min-Max 2-64 100-153 98-132 150-202 10-170
p-value (Cyc. vs. Run) 0.0007 0.9679 0.681323 0.0004 0.6149
Medi 23 125 120 180 60
2014-15 edan
N=15 QD 12.6 135 8.5 16.0 40.0
Min-Max 4-68 90-167 90-156 155-227 15-186
Medi 33 130 115 190 50
2016-17 edlan
Analyzed years N=11 QD 18.9 13.5 14.0 8.5 19.5
with tachycardia 165
Min-Max 14-110 86-153 93-139 o1 0_ 20-152
Medi 2 127 122 17 7
20181V 20 edian 3 3 3
N=14 QD 344 8.5 7.5 23.0 10.5
Min-Max 2-131 100-147 98-140 150-212 10-96
p-value 01778 01778 01593 02657 0.1748
(comparing periods)
. Median 29 127 119 187 40
Primary
N =40 QD 23.7 115 8.8 19.0 21.8
Min-Max 2-131 86-167 90-156 150-227 10-186
Features of -
tachycardia Repeated Median 180 114 109 201 23
N=5 QD 824 5.0 20 11.0 135
Min-Max 15-191 93-130 79-118 158-217 7-56
p-value 02249 0.2249 0.1056 02249 01380

(primary vs. repeated)

Legend: Cyc. vs. Run—Cycling versus Running, QD—Quartile Deviation.
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Figure 2. Intensity and time of atrioventricular nodal re-entrant tachycardia (AVNRT) in 2014-2020 of

analyzed patient.

3.2. ECG Tests

During the rest ECG, we observed sinus rhythm 63/min. ECG recording normal. (Figure 3).

Centrum Medyczne Gajda-Med
@&9 D oo oama (ugaczyzna dT), 31 kg, 191 e ‘
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HR sumin. [P 10ms 0P a (: epotwierdzeny przez ekarza)
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Figure 3. ECG of the examined athlete.

3.3. Echocardiography

All the evaluated parameters remained within the normal ranges (Table 3).
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Table 3. Heart systolic and diastolic function in echocardiographic parameters.

Parameters Units (Normal Values) Result

Left ventricle end-diastolic diameter volume mL (106 + 22) 111
Left ventricle end-systolic diameter volume mL (41 + 10) 35
Ejection fraction 2D (%) bi-plane % (62 + 5) 65

Global longitudinal strain % (=20) 20.4
Interventricular septum diameter mm (6-10) 10
Posterior wall diastolic diameter mm (6-10) 10
Right ventricular end-diastolic diameter mm (20-30) 30
S’ right ventricle cm/s (14.1 £ 2.3) 16

Left atrium mm (30-40) 36

Left atrial volume index mL/m? (16-34) 30.0

Right atrial area cm?16+5 14.4

Mitral valve E-wave cm/s 73 + 19 80

Mitral valve A-wave cm/s (69 + 17) 50

E’ lateral cm/s (>10) 20

E’ septal cm/s (>7) 12

E/e’ lateral ratio(<15) 4.0

E/e’ septal ratio (<13) 6.6

3.4. Exercise Stress Test

The athlete underwent a treadmill exercise stress test, according to an individual protocol, with the
additional goals of provoking an arrhythmia and evaluating the associated HRM indications. The effort
ended due to fatigue at the 44th min. The maximum heart rate of 182/min was reached in 35 min.
At the same time, the highest metabolic equivalent of task (MET) load of 15.9 was achieved. During the
modified test (3x longer when usual), several attempts of interval maximum efforts were made to
provoke arrhythmia without success. The athlete exhibited a correct pressure response to effort,
without chest pain or ST-segment changes in ECG. Conclusion: negative exercise stress test.

3.5. Heart-Rate Monitor Tests

We tested the correctness of the indications of all 3 HRMs (Polar Vantage V, Polar V800 HR
monitors and Forerunner 910 XT GPS) used over the 6-year period several times. Additionally, we
simultaneously tested the Polar Vantage V HRM while the athlete was wearing a Holter ECG during
an exercise stress test (Figures 1 and 4, Table 4 No. 8). In 2014, we checked the correctness of the HRM
then used (Table 4, No. 1) simultaneously with the Holter ECG, when AVNRT was first detected [7].
During the tests, all three HRMs showed the same maximum and average HR values indicated by the
Holter ECG. In total, AVNRT on the Holter ECG was recorded 3 times with the same HR as the HRMs’
indications. Table 4 indicates the detailed values obtained during HRM tests versus the Holter ECG,
showing the highest HR values on HRM and HR values shown simultaneously by the Holter ECG.
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Figure 4. HRM control by comparing heart rate (HR) on HRM and at the same time in Holter ECG.
The diagram with HRM indicates max. HR 182/min. At the same time, the Holter ECG indicates a rhythm
of 182/min. The test was performed during a modified effort test on a treadmill. (number 8 in Table 4).

Table 4. Tests for the correctness of the HRMs' indications used by the athlete versus Holter ECG.

Polar Vantage V. V800 HR Monitors ¢ 0o 910 XT GPS Holter ECG
(Maximum HR (Maximum HR . . . .
Measurement Recorded durin: Recorded durin: Maximum HR Maximum HR Difference in bpm
Number L 8 oL 8 Recorded during Recorded during Between Devices
Training) Training) Training (bpm) Training(bpm)
(bpm) (bpm)
1 227 226 AVNRT 1(App.1 No 7)
2 179 179 SHR 0
3 202 203 AVNRT 1(App.1 No 19)
4 178 178 SHR 0
5 177 178 SHR 1
6 205 206 AVNRT 1(App.1 No 36)
7 174 173 SHR 1
8 182 182 SHR 0 (Figure 1, Figure 4)

Legend: SHR—sinus heart rate, AVNRT—atrioventricular nodal re-entrant tachycardia.
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4. Discussion

4.1. Discussion of the Results

We analyzed the triathlete’s training, recorded on HRMs for 6 years, with recognized
effort-stimulated AVNRT. It is a rare and specific situation when an athlete, using HRM, tries to
limit the number of symptomatic tachyarrhythmias. During the observation period, we did not notice
significant changes: frequency, intensity (speed) and their duration.

Sports HRMs, in which HR is one of several assessed values, are designed to control the intensity
of training [8]. Eight years ago, the triathlete described in this study noticed sudden increases in HR on
his HRM, which forced him to stop training. Finally, 6 years ago, tachyarrhythmia was simultaneously
recorded on the HRM and Holter ECG, and confirmed at the Cardiology Clinic as AVNRT. The analysis
of approximately 1800 training sessions recorded on HRM over the past 6 years has allowed us to
segregate and analyze 45 tachyarrhythmias, without artifacts, which were also noted in his training
diary. Their analysis indicates no significant changes in the frequency of arrhythmias, their speed,
length, and the phase of training in which they occurred (Table 2, Figure 2). It is not clear why there
is a significant difference in maximal HR during arrhythmia generated during running in relation to
cycling. The onset of arrhythmia was also significantly earlier during running (Table 2). The triathlete
definitely preferred cycling, which could explain his better adaptation to this type of effort and, thus,
the delayed arrhythmia generation. However, this is only speculation. It can be speculated that the fact
that there is no arrhythmia during swimming (a one-time episode felt clinically without documentation
in the form of a recording from HRMs due to a technical error in recording) is due to the much lower
muscular involvement associated with working mainly the upper body during swimming and the
decreased stress on the circulatory system. There was an average of 12 AVNRT seizures recorded
in the training notebook per year, but the HRM device was only able to reproduce an average of
7/year as “technically well documented”. The athlete, refusing ablation, hoped that with time the
arrhythmias would subside, slow down, or shorten in duration. Apart from the slight tendency to
shorten in duration, this did not happen. It also seems that attempts to reduce the number of seizures
by controlling HR and well-being were ineffective, as evidenced by the primary arrhythmias recorded,
as well as the three secondary and 1 tertiary tachycardic episodes (Table 2, Table Al). Modified training,
aimed at provoking arrhythmias (long-term and submaximal), turned out to be ineffective. No other
rules or trends other than those listed were observed. No other factors were found that triggered the,
unexpected and anticipated” arrhythmias by analyzing them all together (e.g., the type of the beginning
of training, special warm-up, breaks in training, fast start, etc.) Listed by the athlete as provocative
for arrhythmias: long, submaximal, interval training, or start in competitions, although often, they
were not always triggers of arrhythmias. Judged together with the “unexpected” in the initial phase,
they did not allow drawing any additional conclusions or observations. Tachyarrhythmia, each time
it occurred, was a very unpleasant feeling for the athlete, which forced him to stop training until it
subsided. The echocardiographic examination and exercise stress test did not show any abnormalities.
The ECG markers related to sudden cardiac death in the examined athlete, such as P-wave (duration,
interatrial block, and deep terminal negativity of the P wave in V1), prolonged QT and Tpeak-Tend
intervals, QRS duration and fragmentation, bundle branch block, ST segment depression and elevation,
T waves (inverted, T wave axes), premature ventricular contractions, and ECG hypertrophy criteria are
missing [9].

4.2. Atrioventricular Nodal Re-Entrant Tachycardia (AVNRT) in Athletes

The development of an athlete’s heart is recognized as a risk factor for atrial arrhythmias with
AVNRT. Prolonged participation in exercise (moderate to intensive sports for >3 h per week for
>5 years) results in structural and electrical cardiac remodeling. Athletes with AVNRT present more
frequently with an atypical forms of AVNRT than non-athletes [4]. Exercise can be implicated as an
independent causal factor in the development of AVNRT and is more often involved in the development
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of atypical subform [4]. Dilatation of the right atrium, as seen in the athletic population, may lead
to further stretching of the posteroseptal area, facilitating anisotropy. This in turn forms the basis of
dual atrioventricular (AV) nodal conduction pathways and the circuit of AVNRT [10]. In the case of
the athlete under study, the right atrium in the echocardiography was normal, which, however, does
not exclude changes that could be seen during magnetic resonance imaging (MRI). The effect of
the endurance exercise on the atria is more pronounced in men than in women [11]. This could be
attributed to the fact that men tend to exercise more intensively than women [12]. The examined
leisure-time athlete practiced various physical activities since childhood and spent over 10 years
training for endurance activity, practicing almost every day. His goal was never competition and he
treated sport as a “healthy lifestyle”. However, cumulatively, the amount of activity is impressive and
should evoke the adaptation and development of the characteristic “athlete’s heart” which, were not
observed in ECG and echocardiography.

4.3. The Role of HRMs in Recognizing the Type of Arrhythmia in Athletes

HRMs are devices designed to control training via suitable stimuli, including HR assessments [13].
While constantly measuring HR, they may accidentally “catch” arrhythmias [14]. The use of technology
has increased tremendously, by means of more reliable, smaller, more accessible, and, especially, more
user-friendly devices, which provide a wider range of features, and promote significant benefits for the
population and for health professionals [15]. However, the type of arrhythmia is usually impossible to
recognize because of the inability of HRMs to interpret a standard ECG, i.e., the inability to interpret
P-waves and QRS complexes [16]. There are smartphone applications on the market that register an
incomplete ECG recording (i.e., lead I), with the option of recognizing atrial fibrillation and other
arrhythmias [17]. Unfortunately, despite this paradigm shift, ECG recording during activity, e.g.,
running, is very difficult and constant monitoring is completely impossible. HRMs with the “heart-rate
variability” (HRV) function enable differentiation of regular and irregular arrhythmias and provide
more information than standard ones. However, we were unable to tell whether this athlete’s heart rate
variability resulted from premature atrial or ventricular contraction or just irregular sinus rhythm [18].
For some time, HR monitoring under water has also been possible, which allows us to control swim
training [19]. Unfortunately, this was not the case with the athlete in this study. Despite the indisputable
value for training, many outstanding athletes do not use or stop using HRM, citing an unjustified
dispersion of concentration associated with artifacts in the form of false indications of high HR
values, which discourages athletes from controlling HR, especially during competitions [20]. However
sometimes, HRM can save lives, not only allowing the athlete to determine his location (especially
helpful when training in unknown terrain) using Global Positioning System (GPS) functions, but also
analyzing HR as a potential cause of loss of consciousness during training [21]. Research conducted by
Gajda et al. indicates that the vast majority of sudden unexpected indications of high HR on HRM
in asymptomatic patients are mere artifacts, stating that HRMs are not good tools for diagnosing
asymptomatic arrhythmias [7]. A single large study confirmed the usefulness of HRMs and smartphone
applications used by athletes to recognize symptomatic arrhythmia [22], which was later confirmed
only in small groups [23]. These tools mainly confirm arrhythmia (exactly the rate of ventricular
rhythm during tachycardia) without the ability to accurately identify its type. This is not resolved by
the HRV function mentioned above, which determines the time between R waves (R to R) and thus
detects irregularities, indirectly indicative of arrhythmias. Unfortunately, this function in most HRMs
works only at rest and cannot be used during training. Two of the three HRMs used in this study (Polar
Vantage V and Polar V800 HR) had this function. Only training with the Holter ECG can determine
the diagnosis of AVNRT with high probability. For this reason, it is uncertain whether this athlete’s
arrhythmias were AVNRT, atrial flutter, atrial fibrillation, or another supraventricular or ventricular
tachyarrhythmia. Without an electrophysiological examination of the provoked arrhythmia, AVNRT
can be mistaken for a different condition (e.g., posteroseptal catecholaminergic atrial tachycardia) [5].
These limitations seem to negate HRMs in the diagnosis of symptomatic arrhythmia. However,
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they are not medical devices and are not used to diagnose medical conditions. On the other hand,
when arrhythmias are accompanied by clinical symptoms, they force athletes to consult a doctor.
The examined triathlete, diagnosed with AVNRT in the Cardiology Clinic in 2014, refused the proposed
ablation, and continued amateur training, hoping that the symptoms would subside or abate. None of
these expectations came true. He never clinically registered or reported a tachyarrhythmia seizure at
rest on HRMs. However, it is uncertain whether there was an asymptomatic arrhythmia during the
resting periods, which is not uncommon for many athletes [24]. The essence of the observations is
that the practical use of 3 types of HRMs (Polar Vantage V, Polar V800 HR, Forerunner 910 XT GPS)
recognized symptomatic tachyarrhythmia; thus, HRMs, originally intended for healthy athletes with
normal HRs, may act as a “paramedical” device which may have practical, medical significance in
cases of symptomatic arrhythmia.

4.4. Limitation

The main limitation of this study is the uncertainty regarding the type of symptomatic arrhythmia that
was recorded by the HRMs. Each episode could have been AVNRT, as recognized in 2014, or it could have
been any other supraventricular or ventricular tachyarrhythmia. Another limitation is the fact that there is
no complete assessment of the tendency of changes in speed, duration, and frequency for this arrthythmia,
because about 25% of the clinically noted arrhythmias were not recorded by the HRMs for various technical
reasons (battery defect in transmitter, poor adhesion transmitter belt, low battery in the receiver, loss of
register due to accidental deletion, not switching on HRM). The athlete “felt” arrhythmias on average 12
times/year, of which 7-8/year were recorded. Another limitation of the study is the fact that there were
only three training sessions in which arrhythmia were simultaneously recorded on HRM and Holter ECG
(AVNRT each time). Despite numerous tests with HRMs and a parallel Holter ECG test, including effort
provocation, arrthythmias could not be provoked “on demand” for accurate analysis. Moreover, the athlete
has an additional Holter ECG test confirming AVNRT during bicycle training, wherein he did not turn on
HRM, which excludes the examination from evaluation.

4.5. Perspectives

It seems that the most favorable situation would be to encourage athletes to undergo
electrophysiological diagnostics and conduct the best type of therapy based on its result, which,
in the case of confirmation of AVNRT, is ablation. Regardless, during this time, you can encourage the
athlete to use the appropriate smartphone application to control training. Strip-generating smartphone
products (Kardia Mobile by AliveCor and ECG Check by Cardiac Designs) are more powerful at
arrhythmia detection than wearable monitors. In practice, they record an ECG in the form of one
or several leads. The fact that you have to stop training at the moment is not a problem because
arrhythmia already forces the athlete to pause until it stops (except QardioMD) [17]. A paradigm
shift in this matter has already taken place with the appearance of this function (ECG recording).
Improvements, such as the possibility of continuous registration at any time and without time limits
and above all during training, will ensure success and start a new era in the meaning of these devices.
Originally helpful in training, these devices may become diagnostic arrhythmia medical tools essential
for the safety of every athlete or person leading a healthy lifestyle.

5. Conclusions

During the 6-year observation period, this athlete did not experience any significant decrease in
the number, frequency, or speed of the exercise-stimulated arrhythmias. However, his HRMs acted as
a useful diagnostic tool for detecting and documenting symptomatic arrhythmias. Moreover, in the
future, HRMs, originally intended for healthy athletes with normal HRs, may act as a “paramedical”
device, which may have practical, medical significance in cases of symptomatic arrhythmia.
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Appendix A

Table Al. Arrhythmias registered on HRM during 6 years of observation. Detailed data.

Time from Time From Start
Tyl.ae-of Sfal:t of ]:iR .by of Training to Duration HR by the
Training Training to Beginning of the End of End of Type of
No. Date R-Running  Tachycardia Tachycardia AVNRT Tachycardia of AF;;VRT Tachycardia  Tachycardia
B-Bicycle Event [bpm] Event [bpm]
[hh:mm:ss] [hh:mm:ss]
1 02.03.2014 R 00:50:20 155 192 00:52:25 125 143 Primary
2 10.04.2014 B 00:35:16 153 186 00:38:06 170 120 Primary
3 15.06.2014 B 00:59:01 145 180 01:00:06 65 130 Primary
4 29.07.2014 R 00:30:00 145 170 00:31:50 110 140 Primary
5 30.08.2014 R 00:15:40 90 200 00:16:17 37 90 Primary
6 15.09.2014 B 00:10:00 120 169 00:11:12 72 115 Primary
7 10.10.2014 R 01:08:02 167 227 01:11:08 186 156 Primary
8 10.01.2015 B 00:27:32 134 159 00:28:02 30 132 Primary
9 20.02.2015 B 00:05:30 120 160 00:06:10 40 118 Primary
10 30.03.2015 R 00:15:30 100 190 00:15:45 15 100 Primary
11 04.04.2015 B 00:10:00 130 155 00:10:25 25 120 Primary
12 02.07.2015 B 00:04:10 118 160 00:04:37 27 117 Primary
13 27.08.2015 R 00:23:04 120 190 00:24:04 60 115 Primary
14 15.09.2015 R 00:29:30 115 211 00:30:32 62 115 Primary
15 16.10.2015 B 00:08:10 125 160 00:08:40 30 120 Primary
16 18.01.2016 B 01:00:01 130 172 01:01:21 80 126 Primary
17 15.03.2016 R 00:59:53 120 210 01:00:13 20 110 Primary
18 02.04.2016 R 01:50:10 125 200 01:50:50 40 115 Primary
19 14.04.2016 B 00:45:20 137 202 00:46:10 50 130 Primary
20 30.04.2016 R 00:51:27 153 190 00:52:04 37 139 Primary
21 02.05.2016 R 00:31:53 144 165 00:34:25 152 97 Primary
22 23.05.2016 R 00:13:35 86 199 00:14:01 26 103 Primary
22a 23.05.2016 R 00:15:26 93 189 00:15:33 7 109 Secondary
23 23.07.2016 R 00:16:14 135 188 00:16:59 45 130 Primary
24 05.03.2017 R 00:22:04 117 189 00:23:00 56 93 Primary
25 02.04.2017 R 00:27:30 107 210 00:28:27 57 102 Primary
25a 02.04.2017 R 02:59:53 112 211 03:00:15 22 79 Secondary
25b 02.04.2017 R 03:10:14 122 201 03:11:03 49 112 Tertiary
26 20.04.2017 B 00:33:16 149 185 00:34:32 76 116 Primary
27 17.01.2018 B 00:01:35 121 176 00:02:12 37 98 Primary
28 02.02.2018 B 00:04:29 104 164 00:05:05 36 116 Primary
28a 02.02.2018 B 00:25:32 130 158 00:25:55 23 118 Secondary
29 19.02.2018 B 00:03:03 100 159 00:03:36 33 101 Primary
30 08.04.2018 R 02:10:55 128 210 02:11:16 21 119 Primary
30a 08.04.2018 R 03:10:30 114 217 03:11:26 56 108 Secondary
31 19.03.2018 B 00:20:10 135 160 00:20:50 40 130 Primary
32 01.05.2018 R 00:55:55 143 190 00:56:39 44 140 Primary
33 19.11.2018 B 00:02:58 126 150 00:03:19 21 117 Primary
34 19.02.2019 B 00:02:54 118 159 00:03:04 10 130 Primary
35 09.05.2019 B 00:03:05 119 157 00:03:28 23 125 Primary
36 02.07.2019 R 01:30:30 140 205 01:31:50 80 133 Primary
37 18.12.2019 B 01:03:47 124 170 01:05:02 75 115 Primary
38 13.01.2020 B 00:44:07 136 199 00:45:43 96 98 Primary
39 30.03.2020 R 01:11:50 147 207 01:12:27 37 140 Primary
40 10.04.2020 R 02:00:01 130 212 02:00:36 35 128 Primary
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Abstract: Cross-country skiing has a positive effect on health. However, without an individual,
thoughtful, and professional plan, it can cause irreversible health problems from overload and
injury. The impact of exercise on results is well understood within the group of professional
athletes. However, this remains unknown within the group of amateur cross-country skiers and
marathon runners—in particular, the impact of the summer preparation period in which training
loads performed in the oxygen zone combined with resistance training dominate. The aim of this
study was to assess changes in the cardiovascular capacity and body mass composition of male
cross-country skiers in the preparation period of their macrocycle. Variables were analyzed using
basic descriptive statistics: mean and standard deviation (SD). To compare the results from both
measurements (initial and final) the paired Wilcoxon test was used. A statistically significant increase
was noted in maximum oxygen uptake and maximum minute ventilation, and a decrease in body fat
content, maximum lactate concentration and lactate threshold, and heart rate on anaerobic threshold.
Research indicated that in the amateur group increases similar to those in top competitors were
achieved in the parameters tested, but the initial level was often significantly lower.

Keywords: cardiovascular capacity; performance; cross-country skiing amateur; heart

1. Introduction

Monitoring of physical effort in competitive sport is a key element in the training process used
by trainers, physiologists, and doctors. It also allows to assess the health and capacity of amateurs.
In particular, the determination of cardiovascular capacity parameters establishes the initial level
before training, allows to assess the progress made and to predict the negative impact of excessive
physical exertion. This applies in particular to endurance efforts such as long-distance cross-country
skiing. It requires many years of physical activity and the use of periodization of training, for example,
to avoid overloading and its negative impact on health.

The parameter used to assess exercise capacity in endurance athletes is the maximum oxygen
uptake (VOpmay)- Its level and change during many years of training is very well described in the
literature when it comes to professional athletes. However, there are no reports on the impact of
physical effort on the level and change of VOsp,x in amateur long-distance skiing, which significantly
differs in terms of requirements from other sports.

In recent years long-distance skiing (especially the Ski Classics series) has gained the attention of
scientists, but the research has been focused on elite skiers [1]. To my knowledge, this paper is the very
first on amateur long-distance skiers and their cardiovascular capacity.

The majority of popular long-distance races (30 up to 220 km) are easy in terms of track profile
(flat sections and slight climbs, easy downbhills), but this type of effort is long-term and characterized
by near-threshold intensity. It requires not only efficiency, but also good technique [2].
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Cross-country skiing is one of the most demanding sports. In addition to the high energy demand,
the specificity of the effort is also important. It involves all body muscles, especially the upper
parts [3,4].

This discipline has a positive effect on health. Scientists emphasize the role of systematic physical
activity in improving the cardiovascular risk profile and body weight composition in middle-aged men.
In the population low body mass index and high body fat percentage are associated with increased
mortality. Therefore, qualitative and not quantitative changes in the body are important. In addition,
body fat content should be within the reference ranges. This may bring greater cardiovascular benefits
than a decrease in body mass index with a decrease in muscle mass [5].

However, without an individual, thoughtful, and professional plan, it can cause irreversible health
problems from overload and injury. This is why it is so important to be aware of the body and to
control the impact of training. An additional advantage of monitoring is a better adaptation of the
training plan and the prevention of fatigue and overtraining. The monitoring process should apply to
both athletes and amateurs. Both groups exert submaximal and maximum effort during competition,
but professional athletes have a coaching team that checks for negative changes in the body [6].

Amateurs have to take care of this themselves, in terms of physiotherapy, physiological monitoring,
biochemistry, diet, supplementation, training loads, as well as monitoring progress. Their work and
private lives also have a significant impact on these changes. The impact of exercise on results is
well understood within the group of professional athletes. However, it remains unknown within the
group of amateur cross-country skiers and marathon runners—in particular, the impact of the summer
preparation period, in which training loads performed in the oxygen zone combined with resistance
training dominate. The use of roller skis is also unique, as it not only involves almost all muscles in the
body but also relieves the joints [7].

The aim of this study was to assess changes in the cardiovascular capacity of cross-country skiers
in the preparation period of their macrocycle (the annual cycle of preparations of athletes).

2. Materials and Methods

2.1. Subjects

The study was conducted in accordance with the guidelines of Good Clinical Practice and the
Helsinki Declaration. The study was approved by the Bioethics Committee at the Faculty of Human
Nutrition and Consumption at Warsaw University of Life Sciences (SGGW) (Nr. 38p/2018, approved on
22 January 2019). All subjects and parents gave their written consent before any testing. The research
group consisted of 16 well-trained amateur skiers (mean age 37.5 +/— SD years, and 37.9 in the
second test). The competitors worked professionally in a big city and could spend up to 90 min daily
for physical training. There were no data on cardiovascular risk factors and changes in response to
training for this group.

The research was carried out at the end of the transitional period in May and after the preparation
period in September. The criteria for inclusion in the study were: consent to participate in the study,
possession of current medical approval, and completion of at least three long-distance races in the last
season. Exclusion criteria were: lack of consent for participation in the study, poor health (any disease
occurrence), or lack of medical consent.

2.2. Anthropometric Measurements

Body weight was measured on the Tanita MC-980 MA Plus Body Composition Analyzer, consisting
of an eight-point touch electrode system. The test was carried out just before the incremental exercise
tests began. The following were determined: body weight, water content, minerals, vitamins, fat content
in the body (% and kg) and slim mass muscle (muscle mass in % and kg), WHR (waist-to-hip ratio),
and BMI (body mass index). All measurements were carried out at Sportslab Sports Diagnostics Center
in Warsaw, Poland.
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2.3. Measurement of Aerobic Capacity (VOyyay Test)

To assess the aerobic capacity expressed by the level of maximum oxygen uptake (VOppax) a time
trial test was used with gradually increasing intensity. This test was performed on a treadmill using
HP Cosmos CPET equipment and Cosmed Quark/k4B2. The test started at a speed of 6 km/h and a 0%
treadmill inclination. Then every 3 min, the speed was increased by 1 km/h, and the inclination by
1%. The test was continued until the subjective feeling of exhaustion by the competitor (to refuse).
The frequency of heart contractions at rest and during exercise was recorded using the Garmin ANT+
heart rate monitor. The paper presents the maximum results of the test below. Dr. Miiller Super GL
Analyser was used to measure lactate concentrations. All measurements were carried out at Sportslab
Sports Diagnostics Center in Warsaw, Poland.

2.4. Training Loads

For four months, the skiers performed a systematic endurance and strength effort. It consisted of
running, resistance training in the gym, cycling, and, above all, targeted training, which was on roller
skis. Individual exercise zones were designated for each person during the first exercise studies.

Figures 1-3 summarize the comprehensive efforts (running, cycling, swimming, general
development exercises) and targeted training (ski imitation, roller skis, Ercolina, which is the machine
for strengthening the arms and upper body, and special exercises). These data contain information
about the intensity and volume of hourly training during the test period. The intensity was pre-rated
in five exercise zones: I, II-aerobic, AT (anaerobic threshold)-mixed, anaerobic-Submaximal (Submax),
and maximal (Max).
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Figure 1. Monthly summary of comprehensive loads in hours.
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Monthly summary of targeted loads in hours
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Figure 2. Monthly summary of targeted loads in hours.
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Figure 3. Summary of training hours.
2.5. Statistics

Variables were analyzed using basic descriptive statistics: arithmetic mean and standard deviation
(SD). To compare the results from both measurements (initial and final) the paired Wilcoxon test was
used, taking a materiality level of 0.05. The value of 0.05 was assumed as the significance level (denoted
by *p <0.05, * p < 0.01, ** p < 0.001).
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3. Results

A comparison of the results of the body weight and exercise parameters of the first and second
tests is presented in Table 1. Statistically significant changes were recorded in the: percentages of body
fat mass, body fat mass (kg), VOpmayx (relative) (mL/kg/min), maximum lactate concentration (mmol/L),
maximum ventilation (L/min), lactate concentration (on the threshold) AT (mmol/L), and breathing
rate on AT (bpm). The other parameters did not show statistically significant changes (see Table 1).

Table 1. Comparison of the results of the first and second tests.

Parameter Mean (Standard Deviation) Result 1 Result 2 p-Value
Height (cm) 182.2 (6.0) 182.2 (5.8) 1.000
Body weight (kg) 78.8 (6.3) 78.4 (6.0) 0.333
BMI (kg/height?) 237 (1.3) 236 (12) 0.191
% body fat mass 15.3 (2.6) 14.6 (3.0) 0.038
Body fat mass (kg) 12.1 (2.6) 114 (2.7) 0.023
Test duration (s) 1566.7 (130.4)  1592.7 (133.5) 0.267
Running speed (maximum km/h) 14.0 (0.7) 14.2 (0.8) 0.181
VOymax (relative) (mL/kg/min) 49.0 (4.5) 51.1 (4.6) 0.008
VOsmax (absolute) (L/min) 3.9 (0.4) 4.0 (0.5) 0.054
Maximum heart rate (heartbeats per minute) 183.9 (9.8) 182.3 (10.1) 0.195
Maximum lactate concentration (mmol/L) 12.5(2.8) 10.8 (2.5) 0.013
Maximum ventilation (L/min) 147.3 (20.5) 151.2 (22.2) 0.038
The frequency of maximum breathing (number of breaths/min) 59.7 (12.4) 60.4 (10.6) 0.410
Running speed anaerobic threshold (AT) (km/h) 11.1(0.7) 11.2(0.7) 0.575
Oxygen uptake-VO, (relative) on AT (mL/kg/min) 44.8 (3.8) 44.9 (3.6) 0.934
Oxygen uptake-VO, (absolute) on AT (L/min) 3.6 (0.4) 3.5(0.4) 0.609
Heart rate on AT (number of breaths per min) 170.4 (7.7) 168.1 (10.4) 0.073
Lactate concentration (on the threshold) AT (mmol/L) 49 (1.3) 4.0 (0.9) 0.017
AT ventilation (L/min) 108.9 (17.9) 112.2 (18.6) 0.229
Heart rate on AT (bpm) 40.09 (6.2) 43.4(7.1) 0.024

4. Discussion

The main findings of this study are: (1) a statistically significant change in relative VOymax
(p = 0.008), similar to that in elite cross-country skiing; (2) a change in body fat mass (in absolute terms
as well as in %); (3) a change in maximum ventilation.

In the study, the largest statistically significant change was recorded in relative VOypmax (p = 0.008).
This corresponded to an increase of 2.1 mL/kg/min, which was 4.3% on a percentage basis. There are a
lack of publications on the impact of a training program (especially roller ski training) on performance
parameters in amateur long-distance skiing that could be used to compare these changes. However,
we can compare the results to research on other endurance disciplines, e.g., triathlon. A group of
32 participants followed a training program lasting five months with the goal to finish the Half-Ironman
competition (which is a long-distance event, similar in hours of effort to 90 km of skiing) [8].
The program significantly increased the maximal oxygen consumption of participants (45.9 + 8.2 to
48.6 + 7.5 mL/kg/min, p = 0.002) and the difference between tests was 5.9%. In elite cross-country skiing
the change in relative VOyp,x was slightly lower (3.1 + 4.5%) in response to loads in the preparation
mesocycle [9].

These results confirm that regular physical activity increases the values of VOymay, which is the
main indicator of the fitness level. Many other studies have also confirmed the positive effects of
regular training on VOsmax for people over 30 years of age. These effects were greater in the cases of
people who led sedentary lifestyles, as well as in cases of introducing HIIT (high intensity interval
training) to the training program [10]. Furthermore, high-intensity exercise may reduce by up to 50%
the decline in VOpp,x in young and middle-aged men if the activity is maintained long term. It is
worth noting that age-related loss of VO;p,y is 10% [11]. Researchers indicated that in the elite the
changes occurred between the early, middle, and late preparation phases of the macrocycle with minor
changes in the competitive season [12]. It can be assumed that this period of preparation in amateurs
also significantly affects health-related changes in the body.
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It is worth emphasizing that studies did not show significant differences between the results of
the time-to-exhaustion test in running and roller skiing. Elite cross-country skiers did not elicit higher
VOjmax during roller ski skating than during running, and this relationship did not change during the
pre-season training period. This may be a monitoring tip for trainers and physiologists, for whom the
use of roller skis on a treadmill is limited or impossible.

Several studies have demonstrated that male and female world-class skiers are among the
endurance athletes with the highest VOypay. Accordingly, world-class performance has been associated
with maximal values above 70 and 80 mL/kg/min, or 4.0 and 6.0 L/min, in female and male skiers,
respectively [13]. Values of VOymax [14] in a group of athletes (55.46 mL/kg/min) were significantly
greater than in a group of nonathletes (37.78 mL/kg/min), and, in particular, aerobic athletes (like
runners, cyclists, and skiers, excluding sprinters) showed higher values than anaerobic athletes (like
sprinters and heavy weightlifters) (58.88 mL/kg/min vs. 52.04 mL/kg/min).

Increasing the VOypax, lowering the fat content, and increasing the ventilation are evidences of
good adaptation to the effort and an increase in the cardiovascular efficiency [15]. Minute ventilation
and lung diffusion capacity are factors related to the functioning of the respiratory system affecting
the value of VOypax. In people with good physical fitness it is about 110-130 L/min, in sportsmen
150-160 L/min, and in some cases up to 200-210 L/min [16]. Its increase, as in these studies, indicates
an improvement in exercise capacity and better oxygenation of the body during maximum effort.

Higher maximum values have been recorded [17]. The winners of Marcialonga, Vasaloppet,
and Birkebeinerrennet (which are the three most prestigious long-distance ski races) also presented
higher values [18]. Of course, it is not surprising, if we take into consideration the generally higher
sports level of subjects and professional training. Elite skiers train mostly around 20-25 h per week
during the preparation period from May to October [3]. In this study amateur skiers trained a mean of
41.7 h per month, which is 10.4 h per week.

As aresult, amateurs show lower maximum values for minute ventilation. Therefore, the tendency
and increase in response to training should be evaluated. It also indicates a positive adaptation of the
cardiovascular system to effort.

Statistically significant differences were also shown in cases of the percentage and kilogram
reductions of body fat. Studies have shown that this factor significantly affects VOypmax [19]. In other
studies it was noted that skiers should aim to achieve a body composition with a high percentage of
lean mass and a low percentage of fat mass. A focus on trunk mass through increased muscle mass
appears to be important, especially for amateur and long-distance skiing, where double-poling is
the most common technique [20,21]. Another research suggested that large amounts of lean body
mass, especially in the arms, seem to be of great importance for cross-country skiing performance [22].
Elite male cross-country skiers have approximately 10.5% body fat [23]. In this research the level
was higher: 15.3 + 2.6 in the first test, and 14.6 + 3.0 in the second. The level was similar to young
non-athletes [24] but BMI was similar to athletes. Interestingly, the parameters were much better than
those obtained in [8], where body fat mass in % was 23.4 + 7.5 in the first test (before the training
program) and 23.6 + 7.0 in the second, after a six-month triathlon training program. BMI was 25.0 + 2.7
and 24.7 + 2.4, respectively.

In this study, a statistically significant decrease in body fat mass was recorded. Similar trends
were also seen in pilot studies [25]. It was proven that a decrease in body fat mass can improve exercise
capacity and results [26]. Optimal body fat for men in endurance disciplines is around 8-10% (during
the competitive period) [27]. In [28] it was recommended that cross-country skiers should have 7% to
12% fat mass in the body. A reduction of body fat below 4%, however, can affect the body’s regenerative
capacity and adversely affect the immune system. A value of >10% of body fat translates into poorer
sports results because of, among other factors, higher than optimal body weight. By lowering body
weight accordingly, by reducing body fat, we increase the level of oxygen intake per kilogram of body
weight. Higher oxygen availability translates into better exercise options [27].
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In addition, researchers highlighted the link between high body fat content and mortality. Reducing
body fat instead of total weight seems to benefit the cardiovascular system more than a decrease in
body mass index [29]. The results of these studies indicated the health impact of physical activity on the
health of amateurs. A further decline may positively affect the effort and health of these amateurs but
should not fall below 8%. Researchers suggested that a low lean mass index can be a strong indicator of
mortality in men [30,31]. Reducing body fat and engaging in physical activity are important factors in
improving the cardiovascular risk profile in middle-aged men. Achieving the correct body fat content
can bring many health benefits for male amateur cross-country skiers.

The mean race intensity in the Vassaloppet race was 82% of maximal heart rate (HR) and did
not differ between performance groups, even though elite skiers skied ~15% faster than amateurs.
The research showed that the amateur group contributed a longer effort in zones two and three,
in comparison with elite cross-country skiers [32]. This emphasizes the role of aerobic and mixed
possibilities in amateur efforts.

An increase in heart rate on lactate threshold (HR AT) was recorded in these studies. This indicates
a positive adaptation to effort in response to a four-month workout. Delaying the transition from
exercise in an aerobic to an anaerobic zone has a positive effect on exercise capacity. Shifting the lactate
curve to the right results in a greater use of fat stores than of muscle glycogen, of which reserves in the
body are limited.

During endurance training, the exercise load at the anaerobic threshold level is considered to be
the most effective in relatively long exercises. Subsequent crossing of the lactate threshold during
increasing work load allows you to extend your effort. When lactate increases, hydrogen ions are
also released, which is the main cause of fatigue. A decrease in lactate concentration at the anaerobic
threshold and in the maximum concentration will indicate correct adaptation to exercise. The optimal
training of a long-distance skier should mainly approach the maximum oxygen consumption-VO;max
with the least accumulation of lactic acid in the blood [33]. Lowering the concentration of lactic
acid and minimizing the effects of its secretion at higher speeds are important matters of training
for long-distance runners. It is also worth noting that lactate shows a high correlation with other
indicators, e.g., VOomax [34].

The correct response to exercise was recorded in these studies. This was indicated by a decrease in
lactate concentration at the threshold and in maximum values. However, it should be emphasized that
a decrease in lactate concentration may also be an indicator of fatigue. A low-carbohydrate diet may be
another factor affecting its lower values. Both of these factors will reduce the body’s exercise capacity.

5. Conclusions

The study indicates that a four-month comprehensive training for amateur long-distance skiers
with the use of roller skis has a positive effect on the cardiovascular system. In addition, reducing body
fat can be an important factor in protecting against heart disease in middle-aged men. A statistically
significant increase was noted in maximum oxygen uptake and maximum minute ventilation, and a
decrease in body fat content, maximum lactate concentration and lactate threshold, and heart rate on
AT. Research indicated that in the amateur group increases similar to those in top competitors were
achieved in the parameters tested, but the initial level was often significantly lower. Future research
may focus on the analysis of a larger research group, include control groups, and focus especially on
upper body training.
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Abstract: The aim of this study was to identify determinants of the cardiovascular capacity of 16 male
amateur long-distance skiers during the transition period. These factors can vary from amateur
marathon skiers, who represent a sort of midpoint between inactive people and professional athletes.
Cardiovascular capacity depends mainly on the volume and intensity of the training, which are
different between these groups. Finding the factors affecting heart condition of amateur athletes can
be an important element in their health care and can help the athletes to achieve their full performance
potential. Therefore, ergospirometric and hematological tests were performed. As a result, predictors
for volume oxygen uptake were determined using a regression model, which included the following
variables: the percentage of monocytes (p = 0.031), the concentration of sodium (p = 0.004), and total
calcium (p = 0.03). All these parameters negatively affected VO2 max. Biochemical and physiological
monitoring of amateur athletes can help to protect their health and prepare them properly for their
training. The growing popularity of long-distance competitions among middle-aged amateur athletes
and the lack of guidance on how to assess their health indicate the need for further research.

Keywords: biomarkers; amateur; sports cardiology

1. Introduction

Physical activity provokes adaptive changes in the body, which allow for a fuller use of
physiological reserves. These changes are monitored, for example, in the circulatory-respiratory,
nervous, and endocrine systems or body weight and composition. The maximum oxygen uptake
(VO2 max) is known as the main determining factor for high performance potential (aerobic fitness).
Research indicates that this is the main determinant of success in many disciplines, especially in
endurance sports (e.g., cross-country skiing). VO2 max is genetically conditioned, and also influenced
by body weight and composition, age, gender, diet and supplementation, and biochemical parameters
of blood. Monitoring of these factors and the use of this knowledge can have a significant impact
on endurance exercise capabilities and can help provide protection against overloading of the body
and overtraining. This is particularly important in terms of participation in long-term endurance and
strength efforts, such as long-distance races (40 km and more), and in the administration of effective
training processes [1].

Adaptation changes also apply to amateur athletes, who are increasingly involved in sports
competition. An example is the famous Vasaloppet race, with an attendance of more than 15,000 people.
The Worldloppet series (20 races around the globe) attracted 64,000 skiers in the 2019/2020 season [2].
In addition to raising the capabilities of the amateur athletes, it is important to protect their health
during long and demanding training sessions and races. This can be particularly relevant to men
struggling with stress and around 40 years of age. They participate in sports competition often
without prior, long-term, and adapted fitness preparation. This group is significantly vulnerable to
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the possibility of adverse health outcomes, such as early heart attacks. Above-average effort, like a
ski marathon, contributes to this risk. However, the risk can be reduced by regular, fitted exercise
that improves body composition and lipogram results and increases cardiovascular capacity and
adaptation. Factors affecting the VO2 max level in professional athletes are well understood. Among
amateur cross-country skiers, there is still a lack of information about the level of performance they
present and the factors that significantly affect it [3]. This knowledge is essential for coaches to create
an appropriate training plan for amateur athletes to not only improve their cardiovascular capacity but
also support their health and protect against overtraining and its consequences. The aim of this research
was to identify biochemical determinants for maximum oxygen uptake in amateur cross-country
skiers. It is known that biochemical profiles are different between individuals who are characterized
by inactive lifestyles and individuals who are professional athletes, however, the potential differences
and similarities are poorly understood in individuals with distinctly elevated physical activity levels
(e.g., long distance skiers), but who are not training professionally. In addition, the immune, endocrine,
and hormonal systems’ responses to demanding physical exertion are poorly understood in this group.
This knowledge can be important for doctors, trainers, and nutritionists to assess baseline levels

2. Materials and Methods

2.1. Subjects

The study was conducted in accordance with the guidelines of Good Clinical Practice and the
Helsinki Declaration. The study was approved by the Bioethics Committee at the Faculty of Human
Nutrition and Consumption at Warsaw University of Life Sciences (SGGW) (No. 38p/2018, approved
on 22 January 2019). All subjects gave their written consent before any testing. The study group
consisted of 16 well-trained (but working full-time and living in a big city) male amateur cross-country
skiers who had participated at least three times in long distance races (40 km or more) in the previous
season. They had to give written consent before the test and were required to have a current medical
certificate. The test was conducted in May at the end of transition period (i.e., the period after the last
race and before the start of the preparation period). The goal of the research was to determine and
evaluate the parameters of circulatory-respiratory fitness and predictors of maximum oxygen uptake.

2.2. Anthropometric Measurements

During the test, the weight and body composition of the participants were measured (using Tanita
Body Composition Analyzer BODY IN MC-980 MA (Tokyo, Japan) consisting of an eight-point touch
electrode system) just before the ergospirometry stress test began. The following were determined:
body weight, water content, minerals, vitamins, fat content in the body (% and kg), lean muscle mass
(muscle mass in % and kg), WHR (waist to hip ratio), and BMI (body mass index).

2.3. Measurement of Aerobic Capacity (VO2 max Test)

The ergospirometry stress test (time-to-exhaustion test) was conducted to assess the aerobic
capacity of the participants and to determine their VO2 max (the level of maximum oxygen uptake).
The treadmill HP Cosmos CPET equipment (Nussdorf-Traunstein, Germany) and Cosmed Quark/k4B2
(Rome, Italy) were used. The test started at a speed of 6 km/h and 0% inclination. Then, every 3 min
the speed was increased by 1 km/h and the inclination by 1% until the subject reported the feeling of
exhaustion. The heart rate of each participant was monitored using a Garmin ANT+ heart rate monitor
(Olathe, KS, USA). This paper presents the maximum results of the test.

2.4. Venous Blood Sampling and Analysis

Venous blood was sampled from the subjects in the morning (7:00-10:00 AM), before the first meal,
on the day of the exercise test. Alifax (Polverara, Italy) and the automatic methodology were set to
measure ESR (erythrocyte sedimentation rate). Cobas 8000 (Basel, Switzerland) and spectrophotometric

88



Diagnostics 2020, 10, 675

methods were used to measure creatinine, uric acid, urea, iron, magnesium, total calcium, amylase,
alanine amino transferase (ALT), aspartate amino transferase (AST), gamma-glutamyl transpeptidase
(GGTP, alkaline phosphatase (ALP), total bilirubin, and glucose. The spectrophotometric method was
used to measure sodium and potassium, and the electrochemiluminescence immunoassay (ECLIA)
method for the following hormone determinations: thyroid stimulating hormone (TSH), cortisol,
and testosterone. The spectrophotometric method also measured lipid profile indicators (total
cholesterol, high density lipoprotein-cholesterol (HDL-C), low density lipoprotein-cholesterol (LDL-C),
and triglycerides), and C-reactive protein (CRP) was determined by immunoturbidimetric method.

2.5. Statistics

Variables were analyzed using the following basic descriptive statistics: number of persons
(N), arithmetic mean, median, minimum (Min), maximum (Max), and standard deviation (SD).
The Shapiro-Wilk’s test was used to evaluate the normality of the data. The Pearson correlation
coefficients were used, whose values—in the case of statistical significance—can be interpreted as
follows in Table 1. Regressive models were also developed for dependent variables, among which
those with the highest determination factor R? were selected. The value of 0.05 was assumed as the
significance level (denoted by * p < 0.05, ** p < 0.01, ** p < 0.001).

Table 1. The Pearson correlation coefficients used in the case of statistical significance '.

Coefficient (r) Interpretation

00 < |r/<02 no correlation
02<1r<04 weak correlation
04 <1 <07 average correlation
0.7 <11 <09 strong correlation
09<M<1.0 very strong correlation

1 The calculations were made in statistical software (ver. 3.6.0). (Chicaco, IL, USA).

3. Results

Detailed data characteristics of the study group and VO2 max are shown in Table 2.

Table 2. Anthropometric measurements and VO2 max level.

Arithmetic Average (N = 16)

Variable Means + SD (Difference A—Delta)

Age (years) 38.69 + 7.95 (28.00-56.00)

Body height (cm) 181.44 + 6.53 (169.00-197.00)
Body mass (kg) 78.52 + 6.18 (68.10-91.50)
Fat mass (kg) 12.22 + 2.53 (7.90-16.00)
Fat mass (%) 15.51 + 2.59 (10.00-19.30)
BMI (kg/m2) 23.84 + 135 (21.00-25.70)
VO2 max (ml /kg/min) 48.37 + 5.06 (38.54-55.81)

BMI: body mass index; N: number of patients; VO2 max: maximal oxygen uptake; SD: standard deviation. All data
are presented as means + standard deviation and the difference (A—delta).

3.1. Hematological Parameters of Participants

Hematological parameters of participants are shown in Table 3. All measured parameters, except
bilirubin, were within the norm.
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Table 3. Hematological parameters of participants.

Morphology Mean Standard Deviation Min Max
Leukocytes (thou/uL) 5.4 0.88 42 9.1
Erythrocytes(M/uL) 5.06 0.29 42 6
Hemoglobin (g/dL) 15.19 0.5 14 18
Hematocrit % 43.86 1.53 40 51
Mean corpuscular value (MCV) (fL) 88.03 341 80 99
Mean corpuscular hemoglobin (MCH) (pg) 30.49 1.01 27 35

Mean corpuscular hemoglobin concentration

(MCHC) (g/dL) 34.66 0.93 32 37
Platelets (thou/uL) 214.06 35.74 140 440
Red blood cell distribution width-standard
deviation (RDW-SD) (fL) 40.77 2.97 351 439
Red blood cell distribution width-coefficient of
variation (RDW-CV) % 12.98 0.79 11.6 144
Platelet distribution width (PDW) (fL) 13.45 2.14 9.8 16.1
Mean platelet volume (MPV) (fL) 10.64 1.06 9 13
Platelet-large cell ratio (P-LCR) % 31.83 8.69 13 43
Procalcitonin (PCT) % 0.21 0.04 0.2 04
Neutrophils (thou/uL) 2.7 0.55 2 7
Lymphocytes (thou/uL) 2.04 0.56 1 3.5
Monocytes (thou/pL) 0.45 0.09 0.2 1
Eosinophils (thou/uL) 0.25 0.19 0.1 0.5
Basophils (thou/uL) 0.03 0.03 0 0.1
Neutrophils % 49.69 791 40 70
Lymphocytes % 38.26 7.43 20 45
Eosinophils % 4.46 2.83 1 6
Basophils % 0.55 0.37 0 2
Erythrocyte sedimentation rate (ESR) (mm/h) 5.06 3.73 2 12
Urea (mg/dL) 33.94 6.43 10 50
Estimated glomerular filtration rate (eGFR)
(mL/min/1.73m2) 73.03 134 B B
Uric acid (mg/dL) 5.6 1.45 34 7
Glucose (mg/dL) 85.25 17.52 70 99
Total cholesterol (mg/dL) 179.1 32.58 115 190
Cholesterol high-density lipoproteins (HDL) 58.01 1217 245 )
(mg/dL)
Cholesterol non-HDL (mg/dL) 119.84 37.31 - -
Cholesterol low-density lipoproteins (LDL) 105.46 313 0 <115
(mg/dL)
Triglycerides (mg/dL) 81.36 34.51 0 150
Aspartate transaminase (AST) (U/L) 28.81 22.87 0 40
Alanine aminotransferase (ALT) (U/L) 22.22 7.59 0 41
Alkaline phosphatase (U/L) 59.22 10.44 40 129
Gamma-glutamyl transferase (GGTP) (U/L) 19.89 10.59 8 61
Serum amylase (U/L) 63.58 21.38 28 100
Sodium (mmol/L) 141.46 227 136 145
Potassium (mmol/L) 4.53 0.37 3.5 5.1
Total calcium (mmol/L) 242 0.11 2.15 2.5
Magnesium (mmol/L) 0.86 0.06 0.66 1.07
Iron (ng/dL) 11.05 50.3 33 193
C-reactive protein (CRP) (mg/dL) 0.71 0.97 0 5
Thyroid-stimulating hormone (uIU/mL) 171 0.71 027 42
Testosterone (ng/dL) 591.94 210.72 239 836
Cortisol (ug/dL) 7-10 AM 14.24 4.32 6.2 194

3.2. Correlations for Independent Variables

The VO2 max had significant correlations with five variables. Most of these correlations were
moderately strong or strong, and positive. The results are shown in Table 4. Only statistically significant
results are presented in the paper.
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Table 4. The p-values and correlations for the VO2 max of the athletes.

Variable p-Value Correlation

Monocytes (thou/uL) 0.001 -0.750
Eosinophils (thou/uL) 0.026 0.613

Monocytes % <0.001 -0.797

Eosinophils % 0.027 0.610

Erythrocyte sedimentation rate (ESR) (mm/h) 0.010 -0.620

Estimated glomerular filtration rate (eGFR)

(mL/min/1.73 m2) 0.041 0-531

Sodium (mmol/L) 0.004 -0.680

Total calcium (mmol/L) 0.035 —-0.530

3.3. Regression Model

For the variable under consideration, a model with the highest R? coefficient value was selected,
for which dependent variables could have influenced the variable. The distribution of the value of the R?
model adjustment measure depending on the selection of independent variables is presented in Figure 1.
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Figure 1. R? value histogram for models for VO2 max. Y-axis: the number of models where R? of the
given value was obtained. The selected model includes the following variables: monocytes %, sodium,
and total calcium. All of these parameters negatively affected the relative VO2 max (i.e., as their value
increases, the relative VO2 max decreases).

4. Discussion

Studies have shown that athletes have their own inherent hematological and biochemical
adaptations. It was also recorded that they are at a higher level compared to non-athletes in terms
of physiological parameters [4]. This study investigated the differences in some hematological and
biochemical parameters between amateurs, athletes, and non-athletes at rest. Consensus on the
variability in hematological variables over time among athletes and non-athletes [5,6] or seasonal
differences within the same squad [7] is lacking. This paper is, to our knowledge, the first providing
information about amateur cross-country skiers.

A study by Baffour-Awuah et al. [8] showed differences between athletes and non-professional
athletes. Comparing the results obtained in these studies, it can be noted that trained amateurs showed
higher BMI parameters both compared to the training and non-training groups. According to Gallagher
et al. [9], the body fat contents of the subjects were normal for age and gender, but comparing these
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results to athletes’ standards [10] shows higher levels of body fat (15.51 + 2.59 vs. 10.5 + 1.8) [11].
This could indicate the possibility of developing diseases associated with the cardiovascular system
and, for example, overweight. However, the parameters of the patients’ lipid profile were correct.
The body fat content should be related to a specific group that consists of amateur athletes. Exercise
and regular training have a significant impact on lipid and lipoprotein levels in athletes. In fact, it has
previously been documented that participation in sport has a positive effect on athletes compared to
non-athletes with regard to lipid status markers [7].

The basic indicators defined in literature as significantly affecting the performance, such as the
number of red blood cells, hemoglobin, and hematocrit were within the recommended standards,
but were higher than in the study by Baffour-Awuah et al. This may be due to the selection of a group
that only included men in this study. Studies in amateur cyclists [12] showed similar results of the red
blood system at rest as in this study. Another study [13] suggested that some hematological values,
such as the reticulocytes percentage (Ret%) and hemoglobin (Hb), were relatively stable over four
consecutive seasons in elite triathletes, implying that in adults variability should be limited.

The results indicate that the immune system rates were lower than those recorded in the
literature [7], but were normal. Their growth may indicate the body’s response to intense effort,
pro-inflammatory factors, as well as immunosuppression resulting from prolonged fatigue. Studies
have shown that hematological variables in athletes and non-athletes are subject to different influences
after session or training [14].

Higher sodium and potassium values have been shown than in the study by Baffour-Awuah etal. [8],
which may be due to lower training activities or other factors such as diet or environmental conditions.
The correct concentrations of sodium and potassium determine the proper nerve conductivity and
muscle tension.

Monitoring these indicators during the transition period (the period after the starts and before the
preparation period in the annual training cycle for skiers takes place in April) can give guidelines in
the field of diet, training and health care.

4.1. Predictors for VO2 max

The selected model includes the following variables: monocytes %, sodium, and total calcium
(see Table 5). All of these parameters negatively affected the relative VO2 value (max) (i.e., as their
value increases, the relative VO2 level (max) decreases).

Table 5. Multivariate linear regression model parameters for » VO2 max, R? =0.879.

Variable Regression Coefficient Statistical Error t-Value p-Value
Intercept 237.147 37.655 6.30 0.000
Monocytes % -0.902 0.354 -2.55 0.031
Sodium (mmol/L) —0.980 0.261 -3.76 0.004
Total Calcium (mmol/L) —18.074 4.387 —4.12 0.03

4.1.1. Monocytes

Monocytes are one of the largest types of blood cells. They make up about 3-7% of leukocytes.
They are capable of reducing infectious conditions, as well as red blood cells and other large particles.
However, they cannot replace the function of neutrophils in removing and destroying bacteria.
Monocytes usually enter areas of the inflammatory tissue later than granulocytes. They are often found
at places of chronic infection. They are precursors of the mononuclear macrophage system. After 1-2
days, they pass into the tissues, where they differentiate into macrophages. In addition to the role of
scavengers, macrophages play a key role in immunity, taking antigens and processing them so that
they can be recognized by foreign lymphocytes as foreign substances. They also release compounds
that regulate the inflammatory process and produce interleukins, interferons, and leukotrienes.
An increase in the level of monocytes is observed, for example, in bacterial, viral, and parasitic

92



Diagnostics 2020, 10, 675

infections, autoimmune diseases at an early stage, cancer, and after intense physical exertion [15].
The importance of changes in monocyte properties in the systemic anti-inflammatory effect of exercise
remains undetermined. Monocytes represent a relatively small part of all leukocytes.

This applies, in particular, to resting values in amateur athletes. In people who exercise regularly
with moderate intensity, monocytes are less reactive to exogenous stimuli. The expression of TLR4
receptors and the percentage of monocytes with “inflammatory” CD14+/CD16+ after exercise are
reduced, and the number of CD14+/CD16 monocytes at rest are also reduced [12]. The increased values
of these cells can be affected by the stress that accompanies amateur athletes in everyday life and the
result of a lack of adaptation to exercise and low capacity. The release of cortisol (especially after
exercise) and catecholamines (during exercise) can stimulate the production of immune cells (in the first
line of neutrophils and natural killers cells). This effect is differentiated by lymphocytes and monocytes
having receptors for specific endocrine proteins and hormones. The nature of activity and gender
determine the magnitude of these changes. Interval and strength training, involving, for example,
fast-twitch fibers, can strongly stimulate these systems to work. In men, increased testosterone levels
simultaneously affect immune functions through the macrophage system, lymphocytes, and muscle
cells with adrenergic receptors, which can affect resting values [16].

According to other hypotheses, the high intensity of training with insufficient resting time will
activate monocytes to produce pro-inflammatory cytokines, including IL-6 (Interleukin-6) and TNF-«
(Tumor necrosis factor alpha) [17]. Subsequently, this can cause fatigue and negative changes in the
immune system. That condition is characteristic for the starting period. High-intensity physical efforts
that significantly disrupt homeostasis will contribute to this. At the same time, it can be assumed that
the lack of adaptation to exercise can contribute to increased secretion of monocytes. This may be the
case during a transitional period.

The results of this study may therefore indicate a weaker mobilization of the immune system
during the introduction of cross-country skiers to training. Furthermore, the results of the regression
indicate that reducing their number to reference values will have a positive impact on increasing
exercise capacity. Changes in the body may result from the introduction of regular physical training
after the recovery period or from a previous infection that often occurs during the spring solstice
period. This may also be due to the lack of proper recovery. Monocytes can persist for quite a long time
in patients’ blood after an infection. Most monocytes undergo apoptosis after 24 h. However, some of
them may remain in the bloodstream. The half-life can then be up to 71 h [18]. This usually occurs
when a patient in the course of the disease decreased the number of inert-absorbent granulocytes.

4.1.2. Sodium

Sodium is responsible for regulating the water content in intercellular spaces. When there is potassium
deficiency in the body, the amount of sodium (hypernatremia) increases excessively and the body retains
water. Then there are swellings of the body. It can cause hypertension and heart disease, muscle spasms,
mood swings. In this study, the value was normal, but these results exceeded those reported in the
literature [8]. A favorable shift in the sodium/potassium balance of the diet in the general population may
have a substantial impact on hypertension related diseases, including stroke and myocardial infarction [19].
Physical effort leads to increased losses of this mineral from the body along with sweat, which can quickly
lead to disruption of water and electrolyte balance, muscle spasms, weakness and reduction of efficiency.
Despite this, intake of extra sodium dose is not recommended for athletes. Isotonic drinks maintain
hydration and normal mineral levels before, during and after exercise. This is especially true for winter
disciplines and marathon runners, as confirmed by the latest research [20,21].

Many intend to consciously increase sodium intake in the days preceding and during competition,
although these views appear informed mostly by nonscientific and/or non-evidence-based sources [22].

Sodium is often consumed by athletes during ultramarathons with the belief that sodium losses
must be replaced to enhance performance and to prevent EAH, muscle cramping, and dehydration.
This study shows that only adequate levels of sodium and potassium will guarantee high exercise
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capacity. Securing the supply of isotonic drinks during effort is enough. Increasing the amount of
sodium in the daily supply will negatively affect the body and exercise capacity.

4.1.3. Calcium

Calcium is needed for bone health, nerve conduction, and muscle excitation and contraction. It is
a cofactor in glycogenolysis and works with vitamin K in blood coagulation and wound healing.

Although physical activity promotes bone density, athletes who already have low bone density
and possibly longstanding suboptimal calcium intakes are likely to be at high risk of stress fractures
when undertaking repetitive activities [23].

Previous studies confirmed the positive effect of calcium on muscle excitability, especially rapidly
shrinking fibers. In this study, an increase in calcium levels results in lower exercise capabilities.
Adverse effects of over-consumption include kidney disease, vascular calcification, increased risk of
cardiovascular diseases, and impaired absorption of other minerals, such as magnesium, zinc, and
iron [24]. Calcium also increases the incidence of heart spasms and an increase in its contractility,
which increases blood pressure. The use of calcium channel blockers results in greater use of free fatty
acids for the energy used in heart muscle contractions instead of glucose. This also translates into
higher exercise potential [25]. However, the use of calcium channel inhibitors is prohibited in sports
and included in the WADA (World Anti-Doping Agency) World List of Prohibited Substances [26].
Due to increased heart function (with an increase in heart rate and blood pressure), as well as the
contraction of coronary vessels and coronary congestion, ischemia and myocardial infarctions may
occur. The problem is compounded by too much activity and lack of adaptation to it. This underlines
the role of regular and fitted training in amateur athletes (e.g., cross-country skiers) and people at risk
of early heart attack [27].

Maintaining homeostasis is crucial. However, it is important to cause damage in the training
process. The damage enables adaptation to occur. The supercompensation process is based on the
capacity of chronic exercise to induce beneficial adaptive changes. However, it must be properly
monitored so as not to lead to overtraining. Physical activity can induce beneficial adaptive changes,
constitute a therapeutic tool in cardiovascular diseases, and cause antioxidant and anti-senescent
effects in human cells [28].

5. Conclusions

The aim of this study was to identify determinants of the cardiovascular capacity of amateur
long-distance skiers during the transition period. Three main predictors have been appointed for
maximum oxygen uptake in this group. An increase in the percentage of monocytes, as well as changes
in the concentration of sodium and calcium, can impair exercise capabilities in subjects and negatively
affect their health. Monitoring these indicators can help to protect the health of amateur athletes
and provide guidelines in the training process. This problem is described in detail in the case of
professional athletes, but has not yet been studied among amateur athletes. Changes in hematological
and biochemical parameters at rest need not be solely related to sports, indicating the need for similar
research and special protection for men competing in ultramarathons and ski marathons. Biochemical
and physiological monitoring of amateur athletes can help to protect their health and prepare them
properly to the effort required to compete in their sport. The growing popularity of long-distance
competitions among middle-aged amateur athletes and the lack of guidance on how to assess their
health indicate the need for such research. Due to the relatively small sample size in this study, further
research could focus on monitoring and assessing changes in other parts of the annual training cycle
and in a larger group of athletes, including women.
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Abstract: Research on reliability of heart rate variability (HRV) parameters in athletes has received
increasing attention. The aims of this study were to examine the inter-day reliability of short-term
(5 min) and ultra-short-term (1 min) heart rate (HR), respiratory rate (RespRate) and HRV parameters,
agreement between short-term and ultra-short-term parameters, and association between differences
in HR, RespRate and HRV parameters in elite modern pentathletes. Electrocardiographic recordings
were performed in stable measurement conditions with a week interval between tests. Relative
reliability was evaluated by intra-class correlation coefficients, absolute reliability was evaluated
by within-subject coefficient of variation, and agreement was evaluated using Bland—Altman (BA)
plot with limits of agreement and defined a priori maximum acceptable difference. Short-term
HR, RespRate, log transformed (In) root mean square of successive normal-to-normal interval
differences (INRMSSD), In high frequency (InHF) and SD2/SD1 HRYV indices and ultra-short-term
HR, RespRate and INRMSSD presented acceptable, satisfactory inter-day reliability. Although there
were no significant differences between short-term and ultra-short-term HR, RespRate and InRMSSD,
no parameter showed acceptable differences with BA plots. Differences in time-domain and non-linear
HRYV parameters were more correlated with differences in HR than with differences in RespRate.
Inverse results were observed for frequency-domain parameters. Short-term HR, RespRate, InRMSSD,
InHF, and SD2/SD1 and ultra-short-term HR, RespRate and InRMSSD could be used as reliable
parameters in endurance athletes. However, practitioners should interpret changes in HRV parameters
with regard to concomitant differences in HR and RespRate and caution should be taken before
considering 5 min and 1 min parameters as interchangeable.

Keywords: heart rate; respiratory rate; heart rate variability; reliability; repeatability; modern
penthatlon; athletes
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1. Introduction

Comprehensive monitoring of fitness and performance as well as accurate diagnosis of fatigue,
non-functional overreaching, and overtraining states are crucial for optimizing training and reducing
risk of injury in elite professional sport [1-6]. In this regard, sensitive, non-invasive, time-efficient and
cost-effective testing methods and biomarkers encompassing a multidimensional approach are being
sought by coaches, exercise scientists and sports physicians to improve the evaluation of athletes [4,7-9].

Over the past decade, parameters associated with autonomic nervous system (ANS) regulation
such as heart rate (HR) and heart rate variability (HRV), measures assessed during the post-exercise
recovery period, have received increasing interest for monitoring training status and cardiovascular
fitness [2,4-6,10-25]. Nevertheless, contradictory findings related to methodological inconsistencies
and partial misinterpretation of the results limit the widespread implementation of HR and HRV
measures in the sports field [4,18,20].

From the perspective of coaches and sports professionals, it is important to evaluate training status
in as many athletes as possible relatively quickly and frequently to distinguish intended (e.g., due to
training) from unintended (measurement error) changes using reliable measurements and validated
tools. This will ensure reproducible results and enable meaningful findings [26,27]. Parameters
(or tools) are rated as useful or sensitive based on providing high reliability and low test-retest
variation [4].

Previous studies on reliability of HRV measures in athletes focused mainly on looking for an
ultra-shortened reliable user-friendly HRV parameter [22,25,28-34]. It was suggested that the root
mean square of successive differences between adjacent normal RR intervals (RMSSD), or its log
transformed version (INRMSSD), calculated based on 60 sec recordings is reliable [30] and displays
strong agreement with RMSSD criterion derived from 5 min recordings [28,31,32]. Moreover, RMSSD
is suggested to be the most appropriate and attractive parameter for use in elite endurance and team
sports athletes [2,15,18,22,28,30,31].

Apart from the cardiac measurements, the basic parameter reflecting respiration (another part of
the cardiorespiratory fitness) is respiratory rate. The assessment of its reliability and agreement can
also be considered relevant, as some moderate causal effects might also influence the measurements of
cardiac parameters.

A less-studied group of endurance athletes are elite modern pentathletes. The modern pentathlon
is an Olympic sport that consists of five different modalities (fencing, freestyle swimming, equestrian
show jumping, and a combination of pistol shooting and cross-country running). Events last up to 8 h
in duration, making energy and physiological demands close to maximal [35-38]. To date, there are
few studies addressing modern pentathlon athletes [35-41] and we have found no data within the
literature on the reliability of HRV in this population. Establishing the typical variation in HRV among
this population is necessary to aid coaches in detecting meaningful changes related to pentathletes’
training status.

Despite the large number of methodological papers published on HRV [42-51], many studies
in this area failed to provide the necessary details concerning data acquisition and measurements,
so the experimental design could not be replicated in laboratories, clinical settings and sports field.
The lack of details concerning methodological aspects of the study significantly limits confidence
in interpretation [52,53]. A recent paper on HRV reliability stated that still little is known about
the reliability of baseline 5 min (short-term) measurements of HRV and studies continue to differ
with respect to important methodological characteristics [54]. Therefore, the presented study has the
following aims: (i) to assess the inter-day reliability of short-term (5 min) HR, respiratory rate and
selected time-domain, frequency-domain, and non-linear HRV parameters; (ii) to assess the inter-day
reliability of ultra-short-term (1 min) HR, respiratory rate and RMSSD (popular in sports field);
(iii) to determine the agreement between short-term (5 min) and ultra-short-term (1 min) parameters,
and (iv) to verify the correlations between differences in HR, respiratory rate and HRV parameters in
stable conditions in elite modern pentathletes.
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2. Materials and Methods

2.1. Participants

A total of 12 elite modern Caucasian pentathletes (8¢°) living in Warsaw (Poland), aged 17-26 years,
with professional careers ranging from 7 to 15 years, participated in the study. The study group
included medalists of the World Championships (1 = 6) and European Championships (1 = 8). Inclusion
criteria were: being an active athlete [55] currently in possession of the modern pentathlon license
from the National Association; being in the pre-season period; acceptance and compliance with the
measurement rules (details in Measurement protocol); absence of diseases and/or regular use of
medications affecting the cardiopulmonary system and/or interfering with the ANS. The study was
approved by the University Ethical Committee (SKE 01-01/2017, 7 March 2017, Warsaw, Poland) and
followed the rules and principles of the Helsinki Declaration. All athletes were informed of the aims
and risks involved with the protocol and subsequently provided written informed consent prior to
data collection.

2.2. Measurement Protocol

Body mass status was measured using Body Mass Index (BMI) defined as body mass (kilograms)
divided by the squared height (meters). A questionnaire that supports the collection and control of
many confounding variables influencing HRV proposed by Laborde et al. [56] was used. The athletes
were informed in detail about the objectives of the study and measurement protocol by telephone
conversations 3 months before and 2 weeks before the measurements, and also by e-mail with
instructions and study procedures. Briefly, participants were instructed to sleep normally (as usual
in the 5 days before examination), refrain from physical activity the day before and on the day of
study, eat a light breakfast, and use the toilet (if needed) on the day of study before examinations.
The examinations were carried out at least 1 h after home breakfast and before lunch. Each athlete
underwent two electrocardiography recordings (ECGs) with 7 day intervals between measurements.
Athletes declared participation in one training per day (typical for the pre-season period) within the
days between examinations. The first examination was denoted as “Test”, and the second one was
denoted as “Retest.” Both the Test and Retest recordings were performed under the same conditions,
i.e., in a quiet, bright university room, with stable temperature and humidity adjusted by the group of
researchers (BH, JSG, AK).

2.3. Electrocardiography (ECG) Acquisition

Twelve-lead, 6-min ECGs were performed in a supine position between 8:00 AM to 12:00 PM.
All ECGs (sampling frequency = 1000 Hz) were performed using a portable PC with an integrated
software system (Custo cardio 100 12-channel PC ECG system; Custo med GmbH, Ottobrunn, Germany).
The athletes were cabled by a same-sex researcher [54]. On both study days, in order to stabilize HR
and respiratory rate, the participants were asked to lie in the supine position for 10 min [57] before the
beginning of the appropriate ECGs (used to calculate HRV parameters). Athletes were encouraged
to refrain from speaking and moving during the ECG examination. All ECGs were assessed by an
experienced cardiologist (RB). Recordings of ECGs and respiratory rate were started at the same time.

2.4. Respiratory Rate

The athletes were not instructed how to breath during examinations (spontaneous breathing) to
increase the applicability of the results in the sports field [11] but were informed that the breathing
pattern would be video-recoded. Respiratory rate (RespRate) was monitored using the Sony®
HDRAS20 Action Camera with Wi-Fi. A picture from one video capture can be seen in Figure 1. Only
the abdomen, thorax and neck were recorded. RespRate was determined from the counted number of
respiratory cycles. The beginning of each respiratory cycle was defined as the end of the inspiratory
phase when the diaphragm was at the apex. Calculation of the RespRate based on 5 min and 1 min
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video recordings (first minute of the 5 min recording) was independently performed by two researchers
(BH, JSG). The disagreements between them were resolved through discussion.

Figure 1. Picture from one of the videos, showing the athlete lying down: (A) end of inspiratory phase,

(B) end of expiratory phase.
2.5. HRV Analysis

The ECGs were visually inspected for potential non-sinus or aberrant beats and such erroneous
beats were corrected from the cardiac interval series (RR series) before HRV analysis. The erroneous
beats were manually corrected, i.e., one R-R interval before and one after each non-sinus beat were
eliminated and replaced by R-R intervals computed by interpolation of degree zero based on the
surrounding normal beats [58]. HR and HRV parameters were calculated based on appropriate ECGs
(recordings started after stabilization period): (a) 5 min—criterion period (short-term parameters),
and (b) 1 min ECGs (first minute of the 5 min recording—ultra-short-term parameters) using Kubios
HRV Standard 3.4 software (University of Eastern Finland, Kuopio, Finland) [59,60].

Short-term time-domain, frequency-domain and nonlinear HRV parameters were calculated
based on 5 min ECGs. Standard deviation of normal-to-normal RR intervals (SDNN), RMSSD, the log
transformed RMSSD (InRMSSD), log transformation of ratio between RMSSD (in ms) and mean RR
interval (mRR, in ms), i.e., INRMSSD/mRR and pNN50, which denotes the percent of RR intervals
differing >50 ms from the preceding one, were determined. The following, popular in sport science,
ultra-short-term parameters were calculated and analyzed based on 1 min ECGs: HR, RMSSD,
(InNRMSSD) and InRMSSD/mRR [2,15,18,21,22,28,30,31].

The usefulness of the frequency-domain HRV parameters for monitoring athletes in practice has
been questioned. Some authors indicated several limitations of these parameters: (i) sensitivity to
alterations in breathing rate and thus lower reliability [17]; (ii) analysis requires technical knowledge for
interpretation; (iii) appropriate time needed for calculation may not be a suitable for analyzing athletes
in a time-constrained setting [32]. Nevertheless, we decided to include the reliability assessment
of the frequency-domain short-term (5 min) in the set of HRV parameters evaluated in this study.
The recordings were obtained in stable conditions so that our findings could be considered as reference
and prerequisites for future studies performed in the sports field.

Before calculating spectral HRV parameters, smoothness priors based on the detrending approach
was applied (smoothing parameter, Lambda value = 500) [61], and then RR interval series were
transformed to an evenly sampled time series using a cubic spline interpolation followed by 4-Hz
resampling. The detrended and interpolated RR interval series were used to compute HRV spectra by
employing a fast-Fourier transform (FFT) with Welch’s periodogram method (300 s window width
without overlap for 5 min ECGs). This definition ensures that the HRV spectral parameters were
estimated from a single window, containing the whole 5 min period of recording. The range for
respiratory rate was between 9 and 19 breaths/min in all subjects. Thus, the following bands for
spectral components were securely distinguished: low-frequency (LF, 0.04-0.15 Hz) and high-frequency
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(HF, 0.15-0.40 Hz). The power at both bands were estimated in absolute (ms?) and normalized units
(nu) [42]. Natural log transformed (In) absolute powers in the LF (InLF) and HF (InHF) bands,
the LF/HF ratio, and the powers in normalized units (nLF and nHF) were used for further analysis.
From nonlinear HRV parameters, the ratio of Poincaré plot standard deviation along the line of identity
to the standard deviation perpendicular to the line of identity (SD2/SD1), approximate entropy (ApEn),
sample entropy (SampEn) and short-term fluctuations of detrended fluctuation analysis (DFA 1) were
analyzed. Notice that HRV spectral and nonlinear parameters were obtained only for short-term
(5 min) recordings.

2.6. Relationships between Differences in HR and RespRate and Differences in HRV Parameters

Most HRV studies have not accounted for the significant correlation between HRV parameters
and mean HR [45,62-64]. This is an important consideration for sport practitioners and scientists using
HRYV to assess training status in athletes who typically present low resting HR [65,66]. Reduction in
HRYV, indicating, e.g., ANS stress, should be interpreted by taking into account respective changes in
resting HR [67,68]. In addition to HR, we also assessed the correlation between differences in RespRate
and differences in HRV.

2.7. Statistical Analysis

The Kolmogorov-Smirnov test was used to assess the normality of the data distribution. Natural
log transformation (In) was used if the data were not normally distributed. A paired Student’s
t-test was employed to compare systematic changes between Test and Retest in analyzed parameters.
Pearson’s correlation coefficient (r) was calculated to illustrate the relationship among differences
(values from Retest—values from Test) in HR (HR-diff), RespRate (RespRate-diff) and HRV parameters.
Due to the low sample size, the figures with correlations are more useful as illustrative than as analytic.
The threshold probability of p < 0.05 was taken as the level of significance for all statistical tests.
All calculations were performed using the STATISTICA 12 (StatSoft Inc., Tulsa, OK, USA) and MedCalc
software version 19.4.1 (MedCalc Software, Ostend, Belgium). The Bland-Altman plots were created
using MedCalc software version 19.4.1 (MedCalc Software, Ostend, Belgium). GraphPad Prism 5
(GraphPad Software Inc., San Diego, CA, USA, 2005) was used to create correlation plots.

2.7.1. Reliability Statistics

Inter-day reliability of all parameters was calculated using the intraclass correlation coefficient
(ICC), the within-subject coefficient of variation (WSCV) and Cohen’s d. The relative reliability of HR,
RespRate and HRV parameters was analyzed using the ICC [69]. A priori, an ICC value between 0 to
0.30 was considered small, 0.31 to 0.49 moderate, 0.50 to 0.69 large, 0.70 to 0.89 very large, and 0.90
to 1.00 nearly perfect [70]. The absolute reliability was analyzed using typical error of measurement
(WSCV) [71-74]. The WSCYV less than 10% was considered highly reliable. Cohen’s d was utilized
to determine the effect size of the mean differences between Test and Retest [75] with thresholds
considered a priori as trivial (<0.2), small (0.2-0.6), moderate (0.6-1.2), large (1.2-2.0) or very large
(>2.0) [70]. In general, the combination of a trivial or small Cohen’s d, ICC > 0.85 and WSCV < 10%
was considered as acceptable, with satisfactory reliability.

2.7.2. Agreement Statistics

Agreement between short-term (5 min) and ultra-short-term (1 min) HR, RespRate and HRV
parameters (from Test and Retest separately) was verified using a Bland-Altman plot with limits of
agreement (LoA) [76-80] and ICC [81] with interpretation proposed by Hopkins et al. [70]. The smallest
worthwhile change (SWC, calculated using formula 0.2 x Test-values standard deviation) [82] was
used to define the maximum allowed difference between methods presented in Bland—Altman plots.
Two methods are considered in agreement if the LoA do not exceed the maximum allowed difference
between methods (SWC).
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3. Results

3.1. Participants

Results of four participants (out of 12) were excluded from the analysis due to the detection of
cardiac abnormalities in the recorded ECG (prolonged QTc interval > 450 ms, n = 2; left bundle branch
block, n =2). Consequently, results of 8 male athletes were included in the statistical analysis. The mean
(+ SD) age, weight, height, BMI and duration of professional athletic career were: 21.7 years (+3.1),
75.9 kg (+9.5), 182.6 cm (+6.1), 22.7 kg/m2 (+£2.3) and 10.8 years (+2.9). Athletes declared participating
in 19 training sessions (+2) per week during the normal in-season time.

3.2. Reliability of Short-Term (5 min) HR, RespRate and HRV Parameters

Table 1 presents the results of reliability statistics for short-term (5 min) HR, RespRate and HRV
parameters. There were no significant differences in all analyzed parameters between Test and Retest
(p-values between 0.25 and 0.94). Relative and absolute reliability of HR, RespRate, and all time-domain
HRYV parameters (with one exception, pPNN50) were considered nearly perfect (ICC between 0.96 and
0.99) and high (WSCV% between 1.4 and 7.5), respectively, with trivial effect size (Cohen’s d between
—0.18 and 0.15). Effect size for frequency-domain parameters were trivial (nLF, InHF, nHF, LF/HF)
or small (InLF). InLF presented large, nLF, InHF, nHF very large, and LF/HF nearly perfect relative
reliability (ICC between 0.66 and 0.93). Absolute reliability was considered low for all frequency
domain parameters (WSCV% between 10.4 and 55.2) except for InHF, which presented high absolute
reliability (WSCV% = 6.1). The nonlinear parameters presented large (ApEn and SampEn: ICC = 0.63
and 0.67), very large (DFA o1 and SD2/SD1: ICC = 0.77 and 0.87) relative reliability and high (SD2/SD1,
ApEn and SampEn: WSCV% = 8.9, 6.1 and 9.1) or low (DFAx1, WSCV% = 17.2) absolute reliability
with small (ApEn, DFA«x1) and trivial (SD2/SD1 and SampEn) effect size.

3.3. Reliability of Ultra-Short-Term (1 min) HR, RespRate, RMSSD, InRMSSD and InRMSSD/mRR

Table 2 presents results of reliability statistics for ultra-short-term (1 min) HR, RespRate and
RMSSD indexes. There were no significant differences in all analyzed parameters between Test and
Retest (p-value between 0.18 and 0.80). HR and RespRate presented very large or nearly perfect
relative reliability and high absolute reliability with trivial effect size. Relative and absolute reliability
of INRMMSD and InNRMSSD/mRR were considered very large and high, respectively, with a small
effect size.

3.4. Agreement between Short-Term and Ultra-Short-Term Parameters

Table 3 and Figures 2 and 3 present results of agreement between short-term (5 min) and
ultra-short-term (1 min) HR, RespRate and selected HRV parameters from Test and Retest independently.
There were no significant differences between short-term (5 min) and ultra-short-term (1 min) parameters
in both Test and Retest. HR and RespRate presented nearly perfect agreement (ICC > 0.9) in Test and
Retest with a trivial effect size. Small or trivial effect sizes of the mean difference between 5 min and
1 min parameters were observed for all measured time-domain indices in Test and Retest. RMSSD,
InRMSSD and InRMSSD/mRR presented very large and nearly perfect agreement (ICC > 0.7) in Test
and Retest. The Bland—-Altman plots are shown in Figure 2 (HR and RespRate) and Figure 3 (RMSSD,
InRMSSD and InRMSSD/mRR), representing the agreement between the 1 min and 5 min parameters
in both Test (column A) and Retest (column B) periods. The LoA are defined as the mean difference
+ 1.96 SD of differences. The 95% confidence intervals for upper and lower LoA are presented in
Table 3. In all analyzed parameters, in both Test and Retest, LoA exceeded the defined maximum
acceptable difference.
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3.5. Correlation between Differences in HR or RespRate and Differences in HRV Parameters

The correlations for Retest-Test differences between HRV parameters and HR (column A)
or RespRate (column B) are shown in Figure 4 (time-domain short-term parameters), Figure 5
(frequency-domain short-term parameters), Figure 6 (nonlinear short-term parameters) and Figure 7
(ultra-short-term parameters). For short-term (5 min) time-domain and nonlinear HRV parameters,
the Retest—Test differences are more correlated to the differences in HR (HR-diff) than to the differences
in RespRate (RespRate-diff). Inversely, for short-term (5 min) frequency-domain HRV parameters
(except for LE/HF), the Retest-Test differences are more correlated with the RespRate-diff than the
HR-diff. Significant correlations were observed for the association between HR-diff and InRMSSD-diff
(r = —0.86, p < 0.01) and between RespRate-diff and InHF-diff (r = 0.80, p < 0.05). For ultra-short-term
(1 min) HRV parameters, the Retest-Test differences are more correlated (higher r) with HR-diff than
with RespRate-diff.
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Figure 2. Bland-Altman plots representing the agreement between the 1 min and 5 min in HR and
RespRate in both Test (column A) and Retest (column B) periods. The solid blue line indicates the bias,
dotted red lines are the 95% LoA (+1.96 SD), vertical lines are confidence interval LoA limits, solid
green lines are a priori defined maximum allowed difference.
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the bias, dotted red lines are the 95% LoA (+1.96 SD), vertical lines are confidence interval LoA limits,
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Figure 4. Pearson’s correlation coefficient between Retest-Test differences in time-domain short-term
(56 min) HRV parameters and differences in HR (HR-diff) (column A) or RespRate (RespRate-diff)

(column B).
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Figure 5. Pearson’s correlation coefficient between Retest-Test differences in frequency-domain
short-term (5 min) HRV parameters and differences in HR (HR-diff) (column A) or RespRate
(RespRate-diff) (column B).
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Figure 6. Pearson’s correlation coefficient between Retest-Test differences in nonlinear short-term
(5 min) HRV indices and differences in HR (HR-diff) (column A) or RespRate (RespRate-diff) (column B).
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Figure 7. Pearson’s correlation coefficient between Retest-Test differences in ultra-short-term (1 min)
HRYV parameters and differences in ultra-short-term (1 min) HR (HR-diff) (column A) or ultra-short-term
RespRate (RespRate-diff) (column B).

4. Discussion

The purpose of this pilot study was to assess the reliability of short-term (5 min) and ultra-short-term
(1 min) HRV parameters derived from ECG recordings performed in stable measurement conditions
with one-week time interval between tests in elite modern pentathletes. Agreement between short-term
and ultra-short-term parameters and correlation between differences in HR, RespRate and HRV
parameters were also assessed.

We showed that short-term (5 min) HR, RespRate, InRMSSD (time-domain), InHF
(frequency-domain), SD2/SD1 (nonlinear) and ultra-short-term (1 min) HR, RespRate and InRMSSD
presented acceptable, satisfactory reliability. These results indicate that the aforementioned HRV
parameters could be used by coaches and researchers as reliable parameters in endurance athletes during
baseline periods in laboratory-controlled settings. Methodological differences between published
studies, and general lack of studies on test-retest reliability analysis of HR, RespRate, short-term
(5 min) and ultra-short-term (1 min) HRV parameters in elite athletes hinder comparisons. The current
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findings are somewhat in line with previous studies showing that time-domain indices are more
reliable than spectral-domain parameters in moderately-trained males [11] and that ultra-short-term
(1 min) InRMSSD demonstrated acceptable interday reliability (ICC = 0.90, CV < 7%) in elite rugby
union players [30].

Recently, many authors have adopted ultra-shortened, user-friendly HRV parameters for
the evaluation of endurance and team-sport athletes; however, the analysis of the relevance of
such parameters focused more on agreement with 5 min criterion parameters than on test-retest
reliability [22,25,28,30-34]. Ultra-short-term (1 min) InRMSSD has been shown to present strong
agreement with criterion 5 min recordings [28,31]. No significant differences between short-term
(5 min) and ultra-short-term (1 min) HR, RespRate and InNRMSSD were observed in the current study,
which is somewhat in line with previous studies with endurance and team-sport athletes [22,28,31,32].

However, in our study, all analyzed ultra-short-term parameters, in both Test and Retest, showed
a LoA with short-term parameters that exceeded the defined a priori maximum acceptable difference
(SWCQ). This is contradictory to the high ICC values obtained between 5 min and 1 min HRV parameters.
In studies evaluating agreement between short-term and ultra-short-term parameters, authors have
not provided the maximum acceptable difference, nor did they report whether it was exceeded by
the LoA. Therefore, the criteria for defining strong agreement in these studies are not well defined.
Recent reviews have highlighted that important data from the Bland—Altman method are often
omitted [79,80]. Abu-Arafeh et al. recently provided a comprehensive list of key items for reporting
Bland—-Altman analysis [79]. The first key item, not reported in published studies on agreement
between ultra-short-term and criterion HRV parameters in athletes, is the definition of the a priori
acceptable LoA, to define the minimal agreement needed to consider the new measurement method
as interchangeable with another method (often gold standard or criterion method) [79]. InRMSSD
justifiably seems to be the preferred HRV index for monitoring athletic performance and training
status due to several advantages described previously [2,15,18,21,22,28,30,31]. We confirm that
ultra-short-term (1 min) INRMSSD, in combination with HR and respiratory rate, can be reliably used
in elite modern pentathletes. However, without defining a priori the maximum acceptable difference
between 5 min and 1 min parameters, caution should be taken before considering these two methods
as interchangeable, at least in this group of participants. From the results of our study, no parameter
can be considered interchangeable for 1 min and 5 min, once the LoA between them exceeds the SWC.

On the other hand, although the consideration of LoA < SWC represents an important criterion
for agreement analysis, we believe it has an important limitation. Since LoA is calculated from the SD
of differences between “Test” and “Retest”, LoA will be low whenever the differences from all subjects
tend to be homogeneous. This does not happen only when the results from “Test” and “Retest” are
the same, but also when they vary by the same amount in all individuals. In other words, the fixed
bias is not taken into account in this comparison. We suggest that a more complete analysis would
involve the comparison of LoA and SWC together with the one-sample t-test to check if the fixed bias
is different from zero. However, since in our study no parameter presented a LoA wider than SWC,
the one-sample t-test was needless.

In experimental conditions similar to those of the current study, the reliability of time-domain and
frequency-domain HRV parameters was shown to be affected by differences in HR and RespRate in
young healthy volunteers. HR was a stronger determinant for HRV reproducibility than RespRate,
and even a minimal change of HR considerably altered HRV [83]. In elite athletes, the differences in
short-term time-domain and nonlinear HRV parameters, as well as in ultra-short-term HRV parameters,
turned out to be more correlated with differences in HR than with differences in RespRate. This supports
the notion that changes in HRV indices should be assessed and interpreted with regard to concomitant
changes in resting HR [4,15,18]. The normalization of HRV parameters concerning the HR level has
already been suggested and we reinforce its importance for comparisons of people with different levels
of HR [67,68].
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Contrastingly, differences in short-term frequency-domain HRV parameters were more correlated
with differences in RespRate than with differences in HR. Indeed, HRV (mostly frequency-domain
parameters) is also highly affected by respiratory depth and rate [44,84]. Spectral powers at LF and
HF bands are commonly attributed to sympathetic and vagal, and vagal influences alone on HR,
respectively. Thus, coaches and sport practitioners should be aware that changes in the respiratory rate
may confound spectral indices [53]. It has been suggested that depth of breathing could be even more
important than its rate [5]. Mlyniczak and Krysztofiak proposed cardiorespiratory temporal causal
links with the path for lying supine from tidal volume, through heart activity variation and average
heart activity, to respiratory timing [5]. Even if those links appeared rather moderate, the possible
differences in the respiratory pattern should be taken into account in the protocol assessing the cardiac
parameters. The measurement of tidal volumes using, e.g., mouthpieces may affect HRV data [17,85].
Moreover, there is no optimal solution on how to record and control respiratory depth and rate
in HRV studies [44,53]. One possible solution for future studies in athletes could be to implement
the Pneumonitor 2 or 3, a portable device that would register respiratory pattern (both depth and
rate) together with single-lead ECG (enough to estimate aforementioned parameters), motion, and/or
pulse oximetry (saturation, pulse wave) designed for environmental physiology analyses and sports
medicine [86,87].

Although HRV parameters are often used as biomarkers of physical conditioning, as well as
indicators of the severity of diseases, the physiological meaning of such parameters are not well
understood in many situations. While the spectral power at the HF band is widely accepted to
represent the vagal modulation (respiratory sinus arrhythmia) to the heart under normal respiratory
frequencies (>9 breaths/min), the physiological interpretation of other indices is not so clear. This is
the case of most nonlinear HRV parameters. For example, the short-term scaling exponent (DFA«1)
represents the fractal correlations present in RR series and was demonstrated to represent one of the
best risk factors for patients with heart failure or myocardial infarction [88,89]. However, the changes
in fractal structure of RR series in these patients are likely to be the consequence of the global change in
cardiovascular function, and not a marker of any specific physiological variable. The living organism
can be considered a complex system and, as such, it is difficult to disentangle the influences caused by
each mechanism, once their functions are highly interdependent [90]. This is the reason why many
nonlinear HRV parameters are considered as “complexity measures”, in the sense that, although they
are not clearly associated with specific physiological meanings, they are able to represent the general
complexity of the system, attested by their important role as risk factors, prognosis and fitness [91,92].

No previous study on inter-day reliability of HRV in athletes with similar methodological
characteristics to our study was found. As underlined by many authors, there are still substantial
methodological inconsistencies throughout the literature regarding HRV in sports science that limit
comparison [4,18,93]. Moreover, the authors of a recent study on test-retest reliability of short-term
HRYV parameters suggested that the studies differ with respect to important methodological issues
and evidence on this topic is far from clear [54]. There are several methodological characteristics that
may cause differences in findings among studies on HRV reliability, e.g., reliability statistics adopted,
number of tests performed and the time interval between them, and sample heterogeneity [54]. Lack
of information about other methodological aspects also limits potential for study replication and
confidence in interpretation [52,53], such as the lack of information on ECG acquisition and processing,
including device, software, recording duration and conditions, breathing control, and position during
recordings. Thus, we emphasize the importance of providing all the necessary information for
reproducibility, as well as the standardization of statistics for the analysis of reliability of biomarker
parameters in athletes.

Our pilot study was limited by a small homogenous sample size taken at a given moment of the
sport season, which limits generalizability of the study’s findings. The consequence of low sample
size is the illustrative character of the correlation data. HRV data were obtained during supine ECG
recordings in controlled laboratory settings. Heart rate monitors or smartphone with HRV application
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may be more useful to collect RR intervals in athletes than traditional ECG, especially outside of a
laboratory setting [94-96]. Nevertheless, as suggested by Lucini et al., caution must be applied when
assessing HRV using devices that cannot discriminate RR series between sinus and non-sinus beats,
especially in athletes [57]. In our study, four participants were excluded from the analysis due to
presence of cardiac abnormalities. Recently, abnormal ECG changes were observed in about 4% of
top-level endurance athletes [97]. Therefore, we suggest performing ECG screening among examined
athletes before including the data for detailed HRV analysis.

5. Conclusions

Short-term HR, RespRate, short-term InRMSSD, InHF, and SD2/SD1 HRV parameters and
ultra-short-term HR, RespRate and InRMSSD could be used by coaches, sport practitioners and
researchers as reliable parameters in elite modern pentathlon athletes at baseline examinations in
laboratory settings. Without defining the a priori maximum acceptable difference, caution should
be taken before considering HR, RespRate and InNRMSSD from 5 min and 1 min recordings as
interchangeable. Moreover, differences in short-term and ultra-short-term HRV parameters should be
assessed considering the concomitant differences in HR and RespRate.
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Abstract: Monitoring of markers reflecting cardiac autonomic activity before and during stressful
situations may be useful for identifying the physiological state of an athlete and may have medical or
performance implications. The study aimed to determine group and individual changes in short-term
(5 min) and ultra-short-term (1 min) heart rate (HR), respiratory rate (RespRate), and time-domain
heartrate variability (HRV) parameters during sympathetic nervous system activity (SNSa) stimulation
among professional endurance athletes. Electrocardiographic recordings were performed in stable
measurement conditions (Baseline) and during SNSa stimulation via isometric handgrip in 12 elite
modern pentathlonists. Significant increases in short-term HR and decreases in time-domain HRV
parameters with no changes in RespRate were observed during SNSa stimulation. Significant
differences were observed between Baseline (all minutes) and the last (i.e., 5th) minute of SNSa
stimulation for ultra-short-term parameters. Analysis of intra-individual changes revealed some
heterogeneity in responses. The study provides baseline responses of HR, RespRate, and time-domain
HRYV parameters to SNSa stimulation among elite pentathlonists, which may be useful for identifying
abnormal responses among fatigued or injured (e.g., concussed) athletes. More attention to individual
analysis seems to be necessary when assessing physiological responses to sympathetic stimuli in
professional endurance athletes.

Keywords: heart rate variability; heart rate; respiratory rate; modern pentathlon; athletes; physiological
state; autonomic nervous system
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1. Introduction

Elite athletes’ training process demands regular monitoring of fatigue and training response to
optimize its effects and avoid over-training [1-3]. Autonomic regulation of the cardiocirculatory system
is an important determinant of training adaptation [4,5]. Heart rate (HR) and heart rate variability
(HRV) parameters are becoming increasingly popular as non-invasive and inexpensive biomarkers
reflecting changes in parasympathetic and sympathetic activity [2,6,7]. Low resting HR and high
HRYV are beneficial to the performance of the sport [8,9]. It was shown that athletes who practice
sports with attention tasks (e.g., pistol shooting, archery) and who presented fewer changes in stress
related HRV measures performed better through improved accuracy [10,11]. Therefore, monitoring
of parameters reflecting cardiac autonomic activity during the training session, shortly before and/or
during professional competition may be useful in identifying the physiological state of an athlete [11,12],
which can be further used to improve performance and consequently achieve better sport results.

HRV alterations have been commonly analyzed on the basis of group changes in endurance
athletes [13-15], which is ineffective in detecting individual athletes’ responses [16]. By analyzing
individual HRV changes, one can identify athletes who show large or small responsiveness to the
different stressors or challenges [16,17]. Consequently, it was suggested that HRV be assessed in
athletes on an individual basis [4].

The isometric handgrip strength test is a non-invasive and validated tool used to stimulate
cardiovascular and autonomic function [18-20]. Increased HR during isometric exercise [21] is due
to vagal withdrawal [6,18,22,23] concurrent with increased sympathetic activity [6]. Clinicians have
analyzed cardiovascular and/or hemodynamic responses to isometric exercise in different groups of
patients, mostly using protocols with 2-6 min of sustained handgrip strength exercise [24-29]. There is
a lack of studies assessing autonomic response to handgrip isometric exercise in athletes and how
the HRV alterations to handgrip exercise can be used to assess the sport performance. Very recently,
autonomic responsiveness to isometric handgrip has been investigated as a potential indicator of
training fatigue [30]. Further investigation into practical assessment methodologies may influence
protocols for monitoring athletic training status and wellbeing.

Coaches and sport practitioners strive for simplification of cardiovascular data acquisition in
elite athletes [2,31,32]. Special attention has been given to (i) limiting the time needed to obtain
reliable physiological outcomes and (ii) looking for parameters that can be used in the applied sports
field. Several authors have demonstrated that vagally-mediated HRV parameters acquired from
ultra-short-term 1 min electrocardiography recordings in elite athletes are reliable [31-34]. Recently,
it was shown that in addition to commonly used HRV parameters, HR and respiratory rate calculated
based on ultra-short-term 1 min recordings could be reliably used in elite endurance athletes [35].

The purpose of this study was to determine group and individual changes during sympathetic
nervous system activity stimulation in short-term and ultra-short-term HR, respiratory rate, and HRV
parameters commonly used in applied sports settings among elite modern pentathlonists. Determining
the sensitivity of these metrics to the isometric stimulus may aid sports practitioners with HRV
assessment during similar tasks performed in training and competition.

2. Materials and Methods

Details of the study participants and methods have been presented elsewhere [35]. A total of
12 elite modern pentathlonists (8") with professional careers ranging from 7 to 15 years, aged 17-26,
participated in the study. Briefly, to be included in the study, participants should be an active athlete [36]
currently in possession of the modern pentathlon license from the National Association; be in the
pre-season period; declare the absence of diseases and/or regular use of medications affecting the
cardiopulmonary system and/or interfering with the autonomic nervous system (ANS); accept and
follow the measurement rules and protocol. To collect and control potential confounding variables
influencing HRV, a questionnaire proposed by Laborde et al. [37] was used. The athletes were instructed
to maintain normal sleep behaviors (as usual in the 5 days before examination), refrain from physical
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activity the day before and on the day of study, eat a normal, usual light breakfast, and use the toilet
(if needed) on the day of study before examinations. The examinations were carried out at least 1 h
after home breakfast and before lunch.

The study was approved by the University Ethical Committee and followed the rules and
principles of the Helsinki Declaration (SKE 01-01/2017, 7 March 2017, Warsaw, Poland). All athletes
gave their informed written consent.

2.1. Electrocardiography Acquisition

Electrocardiography recordings (ECGs) were performed in a quiet, bright university room,
with stable temperature and humidity. On the day of the study, each athlete underwent two ECG
examinations. The first examination (6 min) was performed under established, controlled measurement
conditions and was denoted as “Baseline” (B). The second examination (6 min) was performed during
the sympathetic nervous system activity (SNSa) stimulation and was denoted as “SNSa stimulation”
(SNSa). When the Baseline examination was finished, the athletes were instructed to grip the
dynamometer, and SNSa stimulation examination was started. Twelve-lead ECG recordings (ECGs)
(sampling frequency = 1000 Hz) were performed between 8:00 and 12:00 before lunch in a supine
position using a portable personal computer with an integrated software system (Custo cardio 100
12-channel PC ECG system; Custo med GmbH, Ottobrunn, Germany). To stabilize HR and respiratory
rate before starting appropriate ECG recordings (used to obtain RR intervals), athletes were instructed
to lie in a supine position for 10 min [38] before Baseline recordings, and then the appropriate ECGs
started. Athletes were encouraged to refrain from speaking and moving during the ECG examination.

2.2. Sympathetic Nervous System Activity Stimulation

To stimulate SNSa, subjects were asked to grip the dynamometer (Saehan hydraulic hand
dynamometer, model SH5001, Saehan Corporation, Masan, South Korea, second handle position) at
30% of their maximal voluntary contraction (MVC) using their dominant hand for a 6 min period.
The 30% of MVC was controlled by one researcher (B.H.), and the athletes were informed and
encouraged to squeeze continuously at 30%, maintaining the adequate value of MVC. To establish the
30% of MVC, a handgrip strength test was performed according to the guideline commonly used in
adults [39] seven days before the study.

2.3. Respiratory Rate

Respiratory rate (RespRate) during Baseline and SNSa stimulation was monitored using the Sony®
HDRAS20 Action Camera with Wi-Fi. The abdomen, thorax, and neck were recorded. The athletes were
not instructed how to breathe but were informed that the breathing pattern would be video-recoded.
Calculation of the RespRate based on 5 min and 1 min video recordings was independently performed
by two researchers (B.H., ].S.G.).

2.4. HRV Analysis

The detailed ECGs data acquisition and processing have been described in our previous study [35].
Briefly, short-term and ultra-short-term HR and HRV parameters were calculated based on 5 min
and 1 min segments, respectively, of appropriate ECGs (recordings started after stabilization period)
using Kubios HRV Standard 3.4 software (University of Eastern Finland, Kuopio, Finland) [40,41].
The following parameters were calculated: heart rate (HR), standard deviation of normal-to-normal
RR intervals (SDNN), root mean square of successive differences between adjacent normal RR intervals
(RMSSD), the log-transformed RMSSD (InRMSSD), log transformation of the ratio between RMSSD
(in ms) and mean RR interval (mRR, in ms), i.e., InRMSSD/mRR.

Stationarity of the RR intervals and respiratory rate is required for the short-term frequency-domain
HRV analysis [42,43]. The low- and high-frequency bands (LF and HF, respectively) of HRV are
affected by (i) non-stationarities of the mean RR intervals and (ii) significant alterations or specified
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frequencies in breathing during recordings [37,44]. For instance, when any participant breathes very
slowly, in the range of the LF band (~3 to 9 breaths per minute), the classical interpretation of the HF
band as the vagal influence on the HR is flawed. Therefore, in studies where the immediate effect
is measured, time-domain analysis is preferred. In the current study, HR increased, and RespRate
decreased continuously during SNSa stimulation. Consequently, we assessed only time-domain
HRYV parameters.

2.5. Relationships between Changes in HR and RespRate and Changes in HRV Parameters

The significant relationship between HRV parameters and mean HR has been usually overlooked
in HRV studies [45-47]. HRYV alterations should be interpreted by taking into account respective
changes in resting HR [48]. In addition to HR, the correlation between differences in RespRate and
differences in HRV parameters were also assessed in the present study.

2.6. Statistical Analysis

The Kolmogorov-Smirnov test was used to assess the normality of the data distribution. Natural
log transformation (In) was used if the data were not normally distributed. A paired Student’s ¢-test
was employed to compare systematic changes between Baseline and SNSa stimulation in the analyzed
parameters calculated based on 5 min recordings. One-way analysis of variance (ANOVA) with repeated
measurements (with Tukey’s HSD post hoc test) was performed to compare the results of analyzed
variables calculated based on 1 min recordings. To illustrate the relationship among differences between
SNSa stimulation and Baseline in HRV parameters (Parameter-diff) and (a) participants characteristics
(age, body mass index, career time) or (b) differences between SNSa stimulation and Baseline in HR
(HR-diff) and RespRate (RespRate-diff) (Figure S1—Supplementary Materials), Pearson’s correlation
coefficient (r) was calculated. The small sample size resulted in the figures with correlations being
more useful as illustrative than as analytic.

To detect individual athletes’ responses, tables with directional changes for all athletes individually
are presented in Supplementary Materials (Tables S1 and S2). Recently, we showed acceptable reliability
between Test and Retest of HR, RespRate, and HRV parameters calculated based on the first minute of
the 5 min recordings [35]. In the current study, the parameters calculated based on the first minute of
Baseline recordings were considered as a criterion for assessing parameters calculated based on the
next minutes of the Baseline or 1st min of SNSa stimulation. The smallest worthwhile change (SWC)
was calculated using formula 0.2 X standard deviation [49] of values from the 1st min of Baseline
recordings (Criterion) to assess whether parameters: (a) calculated based on the next minutes of
Baseline increased (1) or decreased () more than SWC or did not change (-) in comparison to Criterion;
(b) calculated based on the 1st min of SNSa stimulation increased (T) or decreased (]) more than SWC
or did not change (-) in comparison to the Baseline Criterion. Parameters calculated based on the next
minutes of SNSa stimulation (from 2nd to 5th) were compared to the previous min of SNSa stimulation
(Supplementary Materials, Tables S1 and S2).

The threshold probability of p < 0.05 was taken as the level of significance for all statistical tests.
Figure 1 was created and all calculations were performed using STATISTICA 12 (StatSoft Inc., Tulsa,
OK, USA). GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA, USA, 2005) was used to create
Figures 2 and 3 and Figure S1.
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Figure 1. The group changes in heart rate (HR), respiratory rate (RespRate), and time-domain heart
rate variability (HRV) parameters minute by minute during the Baseline and sympathetic nervous
system activity (SNSa) stimulation recordings. B—significant difference versus Baseline (all minutes),
SNSal—significant difference versus the 1st min from SNSa stimulation, SNSa2—significant difference
versus the 2nd min from SNSa stimulation, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 3. Correlation between differences in root mean square of successive differences (RMSSD)

parameters and athlete’s age and career time.

3. Results

3.1. Participants Information

Results of 8 male athletes were included in the statistical analysis (results of 4 participants out
of 12 were excluded due to the detection of prolonged QTc interval > 450 ms, n = 2; left bundle
branch block, n = 2). The mean (+SD) age, weight, height, body mass index (BMI), and duration of
professional athletic career were: 21.7 years (+3.1), 75.9 kg (+£9.5), 182.6 cm (+6.1), 22.7 kg/m2 (£2.3),
and 10.8 years (+2.9). Athletes declared participating in 19 training sessions (+2) per week during the
normal in-season time.
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3.2. Changes in Short-Term 5 min Parameters

Table 1 presents the results of short-term 5 min HR, RespRate, and HRV parameters from Baseline
and SNSa stimulation. There was a significant increase in HR and a significant decrease in SDNN,
RMSSD, InRMSSD, and INnRMSSD/mRR. No significant changes were observed for RespRate.

Table 1. The effect of sympathetic nervous system activity (SNSa) stimulation on short-term 5 min
heart rate (HR), respiratory rate (RespRate), and time-domain heart rate variability (HRV) parameters.

Baseline SNSa Stimulation P
HR [bpm] 629 +9.7 77.8 +12.1 <0.05
RespRate [breaths per min] 15+3 13+3 0.41
SDNN [ms] 459 +20.0 26.8 +6.0 <0.05
RMSSD [ms] 482+21.2 269 +122 <0.01
InRMSSD 3.78 +£0.49 3.21+0.44 <0.01
InNRMSSD/mRR -3.09 +0.35 —-3.45+0.34 <0.01

SNSa—sympathetic nervous system activation; HR—heart rate; RespRate—respiratory rate; SDNN—standard
deviation of normal-to-normal RR intervals; RMSSD—root mean square of successive differences between adjacent
normal RR intervals; mRR—mean RR interval; In—log-transformed.

3.3. Changes in Ultra-Short Term 1-min Parameters

A one-way repeated-measures ANOVA revealed that there was a significant main effect of SNSa
stimulation in all analyzed parameters (F between 3.26 and 12.52). Post hoc tests showed that there were
no significant differences between 1 min parameters from 5 min ECG Baseline recordings in all analyzed
indices (Figure 1). However, analysis of intra-individual changes revealed that some athletes presented
worthwhile alterations between parameters calculated based on the 1st min (named Criterion) and the
next minutes during Baseline recordings (Figure 2 and Tables S1 and S2).

HR gradually increased during SNSa stimulation. HR(snsa4) (mean: 79.4 + 12 bpm) and HRsnsa5)
(85.4 + 14.1 bpm) were significantly higher than HR(g) (all minutes—between 62.1 and 64.0 bpm),
and HR(snsa5) was significantly higher than HR(snsar) (68.9 +13.5bpm) and HR(snsa2) (71.9 £ 13.2bpm).
Interestingly, two athletes (#1 and #6) presented a worthwhile decrease in HR values during the 1st
min of SNSa stimulation in comparison to the Criterion from Baseline. A similar pattern of changes
during the next minute of SNSa stimulation, i.e., increasing HR values, was observed for most athletes.

RespRate initially increased during SNSa stimulation and then gradually decreased with time.
RespRate from the last minute of SNSa stimulation (RespRate(snsas) 11 + 3 breaths/min) was significantly
lower than RespRate from Baseline (RespRate(p) all minutes—between 14 and 15 breaths/min), 1st min
(RespRatesnsa1) 16 + 2 breaths/min) and 2nd min (RespRatesnsa2) 15 + 3 breaths/min) of SNSa
stimulation. Not all athletes presented the same pattern of breathing rate alterations during SNSa
stimulation. Two athletes increased and then slightly decreased the RespRate (#2 and #5—yellow
lines), whereas others monotonically decreased the RespRate (blue lines, Figure 2).

Generally, a similar pattern of changes during SNSa stimulation was observed for all time-domain
HRV parameters. The first minute of SNSa stimulation was accompanied by a nominal decrease
in SDNN, RMSSD, InRMSSD, and InRMSSD/mRR compared to Baseline. Then, a nominal increase
followed by a gradual decrease in all parameters was observed.

Statistically significant differences were observed between Baseline (all minutes) and last minute
(5th) of SNSa stimulation (Figure 1). Detailed results are presented as follows: SDNN: (g) between
46.1 ms and 49.9 ms vs. (snsas) 26.1 + 11.7 ms; RMSSD: () between 49.8 ms and 55.6 ms vs.
(SNSa5) 21.4 £ 12.5 ms; InNRMSSD: (g) between 3.87 and 3.98 vs. (snsas) 2.93 + 0.55; INRMSSD/mRR:
(B) between —2.89 and —3.00 vs. (5NSas) —3.64 £ 0.44.

Additionally, INRMSSDgns,5 and INRMSSD/mRRgnsa5 presented significantly lower values than
these parameters calculated based on the 1st min of SNSa stimulation (INRMSSDgnga1: 3.52 + 0.46 and
INRMSSD/mRRgnsa1: —3.26 + 0.29) and the 2nd min of SNSa stimulation (INRMSSDgng,0: 3.55 + 0.49
and INRMSSD/mRRgns2: —3.19 + 0.35).
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A nominal decrease in vagally-mediated time-domain HRV parameters (RMSSD, InRMSSD)
during the 1st min of SNSa stimulation, observed for the group statistic, was not presented by all
athletes when assessed individually. Worthwhile increases in these parameters in comparison to
Baseline Criterion were noted for two athletes (#4 and #5).

3.4. Relationship among Differences between SNSa Stimulation and Baseline in HRV Parameters and
Participants’ Characteristics

There were no significant correlations between age, BMI and career time and differences in HR,
RespRate, and SDNN. Differences in RMSSD parameters were significantly negatively correlated
with age and career time (Figure 3). There were no significant correlations between these parameters
and BML

3.5. Correlation between Differences in HRV Parameters and Differences in HR or RespRate

The correlations for SNSa—Baseline differences between HRV parameters and HR (column A)
or RespRate (column B) are shown as Supplementary Materials in Figure S1. For 5 min short-term
RMSSD, InRMSSD, and InRMSSD/mRR, SNSa stimulation—Baseline differences are more correlated
to the differences in HR (HR-diff) than to the differences in RespRate (RespRate-diff). For short-term
SDNN, SNSa stimulation—Baseline difference was more correlated with the RespRate-diff than the
HR-diff. Significant, negative correlations were observed for the association between HR-diff and
InRMSSD-diff (r = -0.72, p < 0.05).

4. Discussion

In the current study, we explored grouped and individual responses of short-term and
ultra-short-term HR, RespRate, and time-domain HRV parameters to sympathetic nervous system
activity stimulation in elite modern pentathlonists. When analyzing the whole group, we observed
a significant increase in short-term (5 min) HR and a significant decrease in short-term SDNN and
vagally-mediated HRV parameters. There was no significant group change in RespRate, even though
the mean values decreased nominally.

Sustained isometric exercise using a handgrip dynamometer has been commonly used by clinicians
to compare cardiovascular and hemodynamic responses between groups of patients and healthy
controls [27,29,50-52]. In athletes, isometric handgrip contraction has been used less frequently to
evaluate cardiac autonomic modulation during physical exertion [53]. Abaji et al. compared HRV
results between groups of concussed and control athletes [53]. Authors observed significantly different
responses between groups—post-concussion athletes showed significantly lower vagally-mediated
high-frequency power calculated based on the 3 min recordings during isometric handgrip contraction
(30% MVC). They concluded that monitoring of HRV in athletes may aid diagnosis and provide insight
into the safe return to play [53]. Very recently (2020), a research group in Spain published a protocol
with the objective to determine changes in the performance of professional athletes following an
HRV-guided training period [3]. By referencing studies published in recent years [54-56], authors
stated that HRV-guided training in endurance athletes enables sports practitioners to better adapt
training loads to an individual athlete in search of a better recovery and sports outcomes [3].

No significant differences were observed between each 1 min segment and the Criterion 1st
min from 5 min ECG Baseline recordings in all analyzed indices, in line with a study by Flatt and
Esco from 2016 [31]. Authors also demonstrated that randomly selected 1 min INnRMSSD segments
within a standard 5-min ECG recording period were no different from the Criterion among collegiate
athletes [32].

In our opinion, the main observation could be focused on parameters calculated based on the
last minute from Baseline recordings and the first min of SNSa stimulation recordings. The isometric
handgrip exercise is not a sports competition. Nevertheless, the effect and procedure of squeezing the
dynamometer’s handle may be, to some extent, considered as pre-competition stress and comparable
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to, e.g., shooting performance. We did not observe statistically significant differences in all measured
indices between parameters calculated based on the last min (5th) of the Baseline recordings and
the first min of SNSa stimulation recordings. However, the lack of statistical significance does not
imply that the intervention/stimulus was not clinically or practically relevant [57]. In the current study,
analysis of intra-individual alterations in analyzed parameters during SNSa stimulation revealed
different worthwhile athletes’ responses to the applied stimulus. In the whole group, HR and RespRate
increased, and HRV parameters decreased during 1st min of SNSa stimulation. However, not all of the
elite endurance athletes presented the same pattern of alterations. For example, two athletes (#2 and
#5) started to breathe faster during SNSa stimulation, and their HRs increased only slightly. However,
for athlete #2, a decrease and for athlete #5, an increase in vagally-mediated HRV parameters was
observed, respectively. Therefore, our findings support the suggestion that HRV must be assessed in
athletes on an individual basis [4,16].

Fewer changes in stress related HRV parameters during attention tasks, such as pistol shooting,
improved accuracy [10,11]. Interestingly, changes resulting from SNSa stimulation in short-term (5 min)
vagally-mediated HRV parameters were higher in athletes with age and longer careers. A long-term
professional career is associated with electrocardiographic alterations in endurance elite athletes [58].
This group has an elevated parasympathetic activity, consequently lower HR and higher baseline
HRV compared to, e.g., recreational athletes or non-athletic matched controls [58]. High baseline HRV
has a greater margin to decrease. Inversely, low HRV cannot decrease too much lower, especially
with concomitant high values of HR. Taylor et al. underlined that a smaller tachycardiac response
to isometric exercise in non-athlete older compared to younger men is associated with an inability
to decrease cardiac vagal tone below an already reduced baseline level [18]. In our study, there was
no significant correlation between baseline HR or HRV and professional career, i.e., athletes with
longer professional career did not present lower HR and/or higher HRV than athletes with shorter
careers. Therefore, higher changes in short-term vagally-mediated HRV parameters resulted from
SNSa stimulation in athletes with longer careers were not related to high baseline values in these
groups of athletes.

Not unexpectedly, alterations resulting from SNSa stimulation in INRMSSD were associated
with the changes in HR. A previous study showed that changes in time-domain HRV parameter
values obtained from two measurements performed during stable conditions with a one-week interval
between tests without external stimulus were shown to be affected by differences in HR in this group of
athletes [35]. Even a minimal change in HR considerably altered HRV [59]. Consequently, changes in
HRV parameters in sports practitioners should be analyzed, taking into account concomitant changes
in HR, such as InRMSSD/mRR [2,35]. Here, InRMSSD/mRR also showed differences between Baseline
and SNSa stimulation, demonstrating that the vagal modulation is altered during the handgrip test
and is not a simple consequence of HR changes.

To check if the autonomic responsiveness, i.e., the HRV differences between SNSa stimulation
and Baseline, is related to the athlete’s characteristics (age, BMI, and career time), the correlation was
analyzed. RMSSD parameters were negatively correlated to the athlete’s age and career time. However,
since correlation plots are very similar for the two characteristics, it is very likely that the correlation
between RMSSD and career time is dependent on the athlete’s age. It is known that RMSSD decreases
with the natural aging process [60]. Therefore, we believe that the different age is, at least in part,
responsible for the individual differences in the autonomic responsiveness to the handgrip test. On the
other hand, it does not explain why some individuals increased RespRate during SNSa stimulation
while others did not.

Uncontrolled variables within experimental conditions may significantly influence HRV results [61].
Careful consideration of such crucial contextual, environmental, physiological, and methodological
factors is required to obtain more accurate and reproducible results. Time of day to record the data
(in the case of short-time recordings); subject-characteristic variables (health and physical activity
status, control for medication, food and water consumption, voiding of the bladder); the position of the
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body during short-time recordings; the quality of recorded signals (recording period length, detection
or recording method, sampling frequency, breathing pacing—paced or free breathing); as well as the
tools used to analyze HRV values (software, removal of artifacts) are examples of such factors [61-64].
In the current study, to collect and control most of the mentioned variables influencing HRV, we used
the questionnaire proposed by Laborde et al. [37].

Limitations of the current study were pointed out previously [35]. The small sample of only
males and cross-sectional study design limits the generalizability of the study’s findings and hinders
sex subgroup comparisons. HRV data were obtained during supine ECG recordings performed in
controlled laboratory settings. HR monitors may be more practical to collect RR intervals in athletes
than traditional ECG, especially during sports competition [65]. However, RR intervals obtained using
an HR monitor may add uncertainty to the analysis and interpretation of HRV [66,67]. ECG screening
among professional athletes before including the data for detailed HRV analysis was suggested [35].

Electrocardiographic pre-participation screening followed by periodic ECG monitoring in
competitive athletes has been established as an easily accessible and effective first-line test in diagnostics
of various cardiovascular disorders, which may put athletes at risk of potentially life-threatening
events [68]. ECG can be used to detect the signs of a physiological adaptation to exercise called athlete’s
heart and to differentiate them from potentially pathologic changes, which should require further
management [69]. Electrocardiographic monitoring during exercise can be used to assure a linear
increase in HR in parallel with increasing exercise intensity until the individual’s maximal HR and to
analyze HR recovery post-exercise. These data can then be utilized to optimize the training effects
or to detect early signs of overtraining characterized, among others, by decreased maximal HR and
prolonged HR recovery [70]. Finally, both overtraining and pathological heart conditions may manifest
as supraventricular and ventricular arrhythmias during exercise or at rest detected by various ECG
monitoring tools, which have been continuously adapted to the sporting environment [71].

In the current study, we did not evaluate cardiac function using echocardiography.
Echocardiography is currently not a part of the routine pre-participation assessment of athletes [72].
It is usually performed in cases of suspected abnormalities after personal and family history, physical
examination, or ECG. However, it may potentially disclose changes undetected by routine screening,
including valvular disease (bicuspid aortic valve, mitral valve prolapse), coronary artery anomalies in
younger athletes and dilatation of the aorta, late-onset cardiomyopathies, and wall motion abnormalities
due to myocarditis or coronary artery disease in older athletes [73]. For these reasons, there is a
growing belief that if it is available and reliable, it may be added to the baseline pre-participation
screening panel in athletes.

5. Conclusions

Our findings provide baseline responses of short-term and ultra-short-term HR, RespRate,
and time-domain HRV parameters to sympathetic nervous system activity stimulation among elite
modern pentathletes that can be used in future studies for comparison with, e.g., concussed pentathletes.
These data show “normal” responses, which may, therefore, aid in the identification of abnormal
responses (as well as recovery) among concussed athletes. Analysis of inter-individual responses of
modifiable parameters (e.g., breathing rate) to a specified stimulus may help in the identification of
athletes that will benefit from practical techniques aimed at avoiding pre-performance stress, improve
performance in sports and achieve better sport results. The handgrip test can be used as a tool in
the analysis of autonomic responsiveness to sympathetic stimulation in pentathletes, with potential
application to athletes from other modalities of sports.
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Abstract: Background: Intensive and prolonged exercise leads to a rise of troponin concentration
in blood. The mechanism responsible for troponin release during exercise remains ill-defined.
The study aim was to search for risk factors of troponin increase after a prolonged endurance
competition. Methods: The study included a group of 18 amateurs, healthy volunteers (median
age 41.5 years, interquartile range — IQR 36-53 years, 83% male) who participated in a 100 km
running ultra-marathon. Information on demographic characteristics, pre- and post-race heart rate,
blood pressure, body composition and glucose, lactate (L), troponin T (hs-TnT) and C reactive protein
(hs-CRP) concentration were obtained. Additionally, data on L and glucose levels every 9.2 km
and fluid/food intakes during the race were collected. Results: There was a significant hs-TnT
increase after the race exceeding upper reference values in 66% of runners (from 5 IQR 3-7 ng/L
to 14 IQR 12-26 ng/L, p < 0.0001). None of the baseline parameters predicted a post-race hs-TnT
increase. The only factors, correlating with changes of hs-TnT were mean L concentration during the
race (rtho = 0.52, p = 0.03) and change of hs-CRP concentration (rho = 0.59, p = 0.01). Conclusions:
Participation in a 100 km ultra-marathon leads to a modest, but significant hs-TnT increase in the
majority of runners. Among analysed parameters only mean lactate concentration during the race
and change in hs-CRP correlated with troponin change.

Keywords: running; exercise; marathon; troponin; risk factor

1. Introduction

Regular physical activity leads to many health benefits including cardio-protective activity [1,2].
Recent guidelines of the European Society of Cardiology have increased the recommended weekly
volume of moderate to vigorous exercise from 150 min to 210420 min as optimal cardiovascular
prevention [3]. However, there is a group of athletes who far exceed these recommendations by
engaging in long-lasting training and ultra-endurance competitions. The effects of these extreme forms
of exercise on health are much less studied [2].

Bouts of intensive or long-lasting exercise (such as marathons or ultra-marathons) have been
shown to increase blood levels of cardiac troponin, a known selective marker for myocardial injury and
a major component of a current diagnosis of myocardial infarction [4-7]. Troponin rise after exercise is
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usually discrete with levels returning to reference values within hours [8] and may be accompanied
by an increase of natriuretic peptide levels and transient decrease of left or right ventricular systolic
function without long-term consequences [9-12]. In line with that, recent studies with new imaging
techniques demonstrated that intensive endurance training does not seem to promote myocardial
fibrosis [6,13-15].

It is believed that cardiac troponin released after endurance exercise comes from the cytosolic
pool and does not signify injury to contractile parts of the cardiomyocytes [4,7]. However, the exact
mechanism explaining troponin rise related to physical activity remains ill-defined [4,7]. It has been
previously related to athletes age and experience, exercise duration and intensity potentially influencing
dehydration, inflammation or pH imbalance during the exercise [4,7]. More detailed knowledge of the
risk factors of this form of troponin increase could help in understanding the mechanism behind this
phenomenon. They may also improve differential diagnosis in case of post-exercise suspicion of the
coronary events in athletes [5,7].

Therefore, the study aimed to search for risk factors of troponin increase after participation in a
100 km ultra-marathon in middle-age, amateur healthy runners.

2. Materials and Methods

2.1. Subjects and Design

The study was conducted during a 100 km running ultra-marathon on flat terrain (asphalt,
bitumen track and short parts of cobblestone), which took place on 10th November 2018 at the
University of Physical Education in Warsaw (www.supermaratonl00lecia.pl). The race consisted of
65.10 laps of 1535.89 m distance and was accredited by the Polish Athletics Association as National
Championships on 100 km.

Out of 204 runners taking part in the race, we included 18 amateurs, healthy runners (3 females)
who volunteered to participate in the study and to follow the whole protocol of the study.

Each study participant underwent initial screening in the form of a medical questionnaire to
exclude any known medical conditions. It was followed by the assessment of (1) body composition
including body mass, total body water (TBW), body fat (FAT) and free fatty mass (FFM), (2) resting
heart rate (HR) and blood pressure (BP) measurement and (3) blood draw from an antecubital vein for
baseline analysis of high-sensitivity troponin T (hs-TnT) and high sensitivity C-reactive protein (hs-CRP)
levels. At the same time analysis of baseline capillary lactate (L) and glucose (Glu) concentration
was performed.

During the race, we collected data on fluid and food intake. Additionally, every 6 laps
(approximately every 9.2 km) runners had fingertip capillary L and Glu assessment. Immediately after
the end of running each participant underwent a final assessment of capillary L and Glu concentration
followed by venous blood draw for hs-TnT and hs-CRP assessment and BP, HR and body composition
analysis. In collaboration with a certified company (datasport.pl) we have collected data on the time of
the race, mean pace and total distance covered by each runner participating in the study.

2.2. Methodology

Body composition was analysed with means of a bio-impedance device (Tanita BC 41 MA, Tanita Inc,
Tokyo, Japan). To assess hs-TnT and hs-CRP levels an electrochemiluminescence immunoassay
method (ECLIA) on Roche Cobas e411 analyser (Roche Diagnostics, Mannheim, Germany) was used.
Reference values for this fourth-generation hs-TnT assay were < 14 ng/L and < 5 mg/dL for hs-CRP
assay. Fingertip capillary L and Glu assessment were performed with Biosen C-Line Glucose and
Lactate analyser (EKF Diagnostics, Cardiff, United Kingdom).
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2.3. Study End-Point

The study end-point was a change of hs-TnT concentration, assessed immediately after
participation in a running ultra-marathon in comparison to baseline hs-TnT value.

2.4. Statistical Analyses

All results for categorical variables were presented as number and percentage.
Continuous variables were expressed as median and interquartile range (IQR). Wilcoxon test for
paired samples or Mann-Whitney test for unpaired samples were applied to compare continuous data.
To assess the correlation between continuous variables, the Spearman test was applied. All tests were
two-sided with the significance level of p < 0.05. Statistical analyses were performed with MedCalc
statistical software 10.0.2.0 (MedCalc, Mariakerke, Belgium).

2.5. Ethical Considerations

The study had an approval of the Ethics Committee of the Regional Medical Chamber in Warsaw
(no 52/17), with written informed consent obtained from all participants.

3. Results

3.1. Baseline Characteristics

Baseline and running characteristics of the runners participating in the study are presented in
Table 1. Nine runners (50%) have not participated in any ultra-marathon before. Of those 6 have
completed at least one marathon and remaining 3 have run only distances up to 30 km. Eight runners
(44%) completed the full distance of 100 km within the time limit of 12 h. Other 10 participants run
between 52 and 91 km (median 74 km, IQR 71-89). The median time of running in the studied group
was 10.3 h (IQR 8.3-11.5) and the median pace was 8.7 min/km (IQR 8.0-9.4).

Table 1. Baseline and running characteristics of the studied group.

Parameter Ultra-Marathon Runners n = 18

Male sex (%) 15 (83)

Age, yrs (IQR) 41.5 (36-53)

BMI, kg/m2 (IQR) 24.6 (22.7-25.7)

Years of running (IQR) 4.3 (3.5-6.0)
Years of ultra running (IQR) 2 (0-3)

Weekly running distance, km (IQR) 67.5 (40-85)
Number of ultra races completed (IQR) 2 (0-10)

Longest completed race, km (IQR) 58 (42-80)

Data are presented as number and percentage or median and interquartile range (IQR).

3.2. Pre- Vs. Post-Race Values

At baseline, the troponin level was below the upper reference limit (99th percentile) in all runners.
In all participants the troponin concentration increased after the race (from 5 IQR 3-7 ng/L ng/L to 14
IQR 12-26 ng/L, p < 0.0001). It exceeded upper reference values in 66% of runners. Maximal post-race
hs-TnT concentration was 38 ng/L (Figure 1).
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Figure 1. High-sensitivity troponin T (hs-TnT) concentration before and immediately after the end
of running.

Table 2 presents the comparison of pre- and post-race values of other parameters. All participants
had higher systolic and diastolic BP and lower HR before the race in comparison to post-race values.
Running led to a decrease in body mass caused by TBW and FEM loss without significant FAT decrease.
During the race, participants drank 1950 mL (IQR 1200-2600 mL) of fluids and ingested 1500 kcal (IQR
919-2340 kcal). There was an increase of CRP after the race, with normal values in all runners before
the race and values exceeding the reference values in 6 runners (33%) after the race.

Table 2. Pre- and post-race values of the analysed parameters.

Pre-Race n =18 Post-Race n =18 4
Body mass, kg 75.0 (69.6-83.3) 74.2 (69.7-82.7) <0.0001
TBW, kg 44.2 (39.8-49.9) 41.6 (39.2-46.7) 0.008
TBW, % 58.1 (54.4-60.1) 56.6 (54.2-60.1) 0.32
FAT, kg 10.9 (7.9-12.5) 10.5 (7.6-12.2) 0.46
FAT, % 13.7 (11.4-17.5) 14.2 (10.7-18.6) 0.73
FFM, kg 65.7 (61.2-72.0) 64.1 (60.6-70.7) 0.0001
FEM, % 86.3 (82.5-88.7) 85.8 (81.4-89.3) 0.77
HR, bpm 54.5 (50-60) 81.5 (76-93) <0.0001
SBP, mmHg 137 (130-146) 123 (109-133) 0.0004
DBP, mmHg 84 (92-91) 73 (70-78) <0.0001
CRP, mg/dL 0.7 (0.43-1.1) 3.2(1.9-8.1) <0.0001
hs-TnT, ng/L 5(3-7) 14 (12-26) <0.0001
L, mmol/L 2.0(1.7-2.4) 2.2 (1.4-3.5) 0.22
Glu, mg/dL 89 (86-95) 93 (80-100) 0.83

DBP—diastolic blood pressure, FAT—body fat, FEM—free fatty mass, Glu—glucose, HR—heart
rate, hs-CRP—high-sensitivity C reactive protein, L—lactate, SBP—systolic blood pressure,
TBW—total body water, hs-TnT—high-sensitivity troponin T.

3.3. Factors Correlating with Troponin Increase

Subsequently, we have analysed, which of the parameters correlated with the change of hs-TnT
concentration (Table 3). Interestingly, this was not the case for any of the analysed baseline demographic,
clinical and biochemical parameters. We also did not find any correlation between the delta of hs-TnT
and the time of running, running pace, fluid and food intake during the race, changes in body
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composition or pre-post race changes in L and Glu concentration. The only factor correlating with the
change of hs-TnT was the change of hs-CRP.

Table 3. Correlation between change in hs-TnT and analysed parameters.

hs-TnT Change

rho P
Baseline Parameters
Age, yrs 0.04 0.86
Weekly distance covered, km 0.23 0.34
Body mass pre, kg 0.34 0.16
TBW pre, kg 0.17 0.49
FFM pre, kg 0.31 0.20
HR pre, bpm 0.01 0.96
SBP pre, nmHg 0.04 0.86
DBP pre, mmHg 0.01 0.99
L, mmol/L 0.11 0.66
Glu, mg/dL —0.26 0.28
Hs-CRP, mg/dL 0.17 0.49
Hs-TnT, mmol/L 0.23 0.32
Race Parameters and Post-Race Changes
Race time, hours 0.45 0.18
Pace, min/km 0.12 0.62
Water intake during the race, mL —0.04 0.87
Food intake during the race, kcal 0.07 0.76
Delta body mass, kg 0.08 0.74
Delta TBW, kg 0.31 0.20
Delta FEM, kg 0.29 0.23
Delta L, mmol/L 0.30 0.21
Delta Glu, mg/dL 0.04 0.85
Delta hs-CRP, mg/dL 0.59 0.01

DBP—diastolic blood pressure, FEM—ree fatty mass, Glu—glucose, HR- heart rate, L—lactate
concentration, SBP—systolic blood pressure, TBW—total body water, hs-TnT—high-sensitivity
troponin T.

3.4. Periodically Assessed Parameters and Troponin Increase

There was no significant change between L values before in comparison to after the race. However,
L concentration fluctuated during the race in all runners, with an example demonstrated in Figure 2
affecting mean L concentration during the race rather than post-race L values.

Runners with significant hs-TnT increase after the race had more L peaks > 2 mmol/L during the
race (median 7 IQR 4-8 vs. 3.5 IQR 2-5, p = 0.04). In consequence, those with mean L concentration
during the race above the median of 2.1 mmol/L had a significantly higher increase of hs-TnT (15 IQR
11-19 vs. 8 IQR 7-12 vs. ng/L, p = 0.02) as demonstrated on Figure 3. Mean L concentration during the
race correlated with change in hs-TnT (rho = 0.52, p = 0.03).
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Figure 2. Example of lactate and glucose fluctuations during the race and running pace in one of the
runners. L—lactate, Glu- glucose.
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Figure 3. Changes of high-sensitivity TnT (hs-TnT) in runners with mean lactate (L) concentration
during the race below and above the median. A black dot on the left is an outstanding result in one of
the runners.

At the same time, this was not the case for another periodically assessed parameter—glucose.
Glucose fluctuations during the race and mean Glu concentration during the race were unrelated to
troponin changes.

4. Discussion

We have demonstrated that participation in a 100 km marathon leads to a significant increase of
hs-TnT beyond upper reference limits in 66% of runners. High-sensitivity troponin T measured with a
fourth-generation assay, as in our study, is a cardio-selective marker and its increase is believed to
have purely cardiac and not skeletal muscle origin [4]. However, it should be noted, that maximal
values of post-race hs-TnT in studied runners remained within low probability range of acute coronary
syndrome suspicion [5].

Analysis of risk factors of cardiac troponin T increase showed that mean L concentration during
the ultra-marathon and hs-CRP increase were the only parameters correlating with troponin T rise
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after the race. Previous studies have also demonstrated increased hs-CRP levels after prolonged
exercise, while L concentrations post-exercise remained unchanged or rose, depending on the physical
activity intensity [16-18]. However, lack of pre- and post-exercise difference in L concentration does
not exclude fluctuations of L levels during the competition, as in our study, which may affect mean L
concentration. Periodic L sampling during long-lasting endurance competitions is rarely performed
in clinical studies due to logistic challenges. Therefore our findings regarding fluctuations in lactate
concentration and their relation to increased troponin concentration should be considered as a novel
finding, not previously reported in the literature.

The exact mechanism connecting lactate fluctuations and hs-CRP to hs-TnT increase is not
known. Long-lasting endurance event is usually performed around (or even below) first ventilator
threshold. However, periods of anaerobic metabolism during the race may lead to an increase in lactate
concentration [18,19]. We postulate that periodic changes in lactate concentration may reflect systemic
changes in acid-base and electrolytic balance as described in other studies [18-21]. As shown by our
and other research studies, ultra-endurance exercise promotes inflammatory reaction measured in our
study by the change of hs-CRP concentration [4,7]. Rise of hs-CRP may be a part of an acute-phase
reaction to muscle damage mediated by cytokine system, mainly Il-6, or by lactate increase [16-18].
Acid-base or electrolyte alterations and inflammatory reaction may affect cardiomyocyte cell membrane
by increasing its permeability [4,7]. Finally, increased permeability of the cardiomyocyte cell membrane
may be responsible for the leakage of hs-TnT from the cytosol to the blood and mild hs-TnT increase
observed immediately after the race [4,7]. In line with that, previous research showed a relation between
inflammatory markers (including hs-CRP) and troponin increase post-exercise [22,23]. We are aware of
the fact that this line of reasoning should be considered as a proposal for future more detailed research,
as we were unable to confirm all steps of this hypothesis. In particular, increased cardiomyocyte cell
membrane permeability may be also caused by mechanical stress or by oxygen radicals [4,7].

We did not find any correlation between troponin increase and some other previously described
risk factors such as younger age, running experience (assessed by weekly covered distance in our
study), running intensity (measured with pace and running time) or dehydration [4,7]. It could be
caused by the homogeneity of the studied group, which included mainly mid-age, amateur runners
with similar experience and comparable race characteristics. Also, unlike in some other studies, none of
the analysed baseline biochemical parameters predicted the outcome [24].

Our study has some limitations. First of all, it was conducted on a relatively small number of
runners, which precluded any multivariable analysis. However, specifics of the study protocol with a
collection of data on fluid and food intake and capillary blood sampling for lactic acid and glucose every
9.2 km with all its logistic challenges made the inclusion of a larger group of participants impossible.
We did not want to significantly influence the time of running of the participants, by not causing longer
than necessary delays for data collection and blood sampling. For the same reason, we could not
include semi-professional or professional runners participating in National Championships of 100 km.
Therefore, we focused on amateur athletes only, which could have potentially influence the results.
Furthermore, we were unable, as in other similar studies, to correct the post-race biochemical results
for the potential changes in plasma volume after long-distance running, which could have affected the
results. Finally, we did not analyse the role of potentially interesting cardio-vascular biomarkers such
as microRNAs, ST2 protein and others, which could have shed new light on the increase of troponin
concentration post-exercise [25]. Nevertheless, we believe that this does not diminish the value of the
main findings.

Our results also show that the degree of cardiac troponin T concentration increase after an
extreme ultra-marathon remains in the range typical for low cardiovascular risk of an acute event.
This can help in the differential diagnosis in this group of patients if deemed necessary [5,7]. Finally,
presented observations may help to explain the paradox between cardiac troponin increase after the
endurance physical activity and lack of permanent myocardial injury in life-long elite runners observed
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in other studies [4,6,7,13-15]. As the increase in troponin concentration even after an extremely long
race is very mild is it unlikely that it can lead to significant myocardial fibrosis.

5. Conclusions

Participation in a 100 km ultra-marathon leads to a modest, but significant high-sensitivity troponin
T increase in the majority of runners. Among analysed parameters only mean lactic acid concentration
and change of high-sensitivity C reactive protein correlated with the change of troponin level.
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Abstract: Several performance-enhancing or ergogenic drugs have been linked to both significant
adverse cardiovascular effects and increased cardiovascular risk. Even with increased scrutiny
on the governance of performance-enhancing drugs (PEDs) in professional sport and heightened
awareness of the associated cardiovascular risk, there are some who are prepared to risk their use
to gain competitive advantage. Caffeine is the most commonly consumed drug in the world and
its ergogenic properties have been reported for decades. Thus, the removal of caffeine from the
World Anti-Doping Agency (WADA) list of banned substances, in 2004, has naturally led to an
exponential rise in its use amongst athletes. The response to caffeine is complex and influenced by
both genetic and environmental factors. Whilst the evidence may be equivocal, the ability of an
athlete to train longer or at a greater power output cannot be overlooked. Furthermore, its impact
on the myocardium remains unanswered. In contrast, anabolic androgenic steroids are recognised
PEDs that improve athletic performance, increase muscle growth and suppress fatigue. Their use,
however, comes at a cost, afflicting the individual with several side effects, including those that are
detrimental to the cardiovascular system. This review addresses the effects of the two commonest
PEDs, one legal, the other prohibited, and their respective effects on the heart, as well as the challenge
in defining its long-term implications.

Keywords: sports cardiology; athlete; caffeine; anabolic androgenic steroids; heart disease; cardiac
magnetic resonance imaging

1. Introduction

Caffeine (1,3,7-Trimethylxanthine) is a popular workplace substance that has been
well-researched, with its ergogenic effects being known for centuries [1]. Caffeine has
a wide range of acute benefits that includes an increase in alertness and concentration,
accompanied by a reduction in fatigue and pain perception [2,3]. As a result, its use has
become highly prevalent amongst athletes, especially after 2004, when it was removed
from the World Anti-Doping Agency (WADA) list of banned substances; it was, therefore
unsurprising when a study reported that 74% of urine samples from athletes, between 2004
to 2008, demonstrated measurable levels [1]. Common physiological effects of caffeine on
the body include an increase in heart rate, catecholamine levels, blood lactate, free fatty
acids and glycerol [4]. More significantly, its use has illustrated benefits in both endurance-
based and high-intensity exercise, permitting the athlete to train longer and at a greater
intensity. A recent meta-analysis yielded a positive relationship of caffeine on muscle
strength, muscle endurance and anaerobic power [5]. As a result, it is recommended
that ingestion of 3-9 mg/kg approximately 60 min prior to exercise may provide the
extra competitive advantage for the athlete [1]. Nonetheless, the response to caffeine
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is multifaceted, influenced by both genetic and non-genetic predilections, with there
being inter-subject variation in response to caffeine consumption, and this heterogeneous
response makes it difficult to extrapolate the objective impact of caffeine as a vital ingredient
to athletic prowess.

In contrast, anabolic androgenic steroids (AASs), synthetic derivatives of testosterone,
have been abused by athletes since the 1950s for their ability to increase muscle mass and
improve athletic performance. The terms anabolic and androgenic refer to muscle hyper-
trophy and increased male sex characteristics, respectively. AASs are artificial substances
that act on androgen receptors and are commonly used in the treatment of metabolic or
catabolic disorders and other chronic conditions related to low testosterone [6]. More
significantly, its misuse stems from the means of achieving a lean and muscular body
type, with the potential of shielding the user from muscle fibre damage, through enhanced
protein synthesis during recovery. There are multiple manufactured forms, most of which
are designed to optimise muscle growth whilst minimising the undesired androgenic
effects [6]. Steroid abuse has dramatically increased over the past two decades in the
general population who live in an increasingly image-obsessed era. Its users are typi-
cally 20-30-year-old males, who participate in recreational exercise largely composed of
weight training [6]. Globally, it is estimated that 6.4% of males and 1.6% of females use
AASs [7]. The second highest prevalence of users beyond recreational sportspeople (18.4%)
are athletes (13.4%) [8]. Whilst anabolic androgenic steroids can play an important role in
clinical treatment of endocrine disorders there are several established adverse outcomes, if
misused, that includes an increased risk of cardiovascular disease (CVD), risk of tendon
ruptures, hepatorenal disorders and psychiatric symptoms. The doses are often 5-15 times
higher than recommended levels, with athletes experiencing a higher probability of adverse
cardiovascular events that includes stroke and myocardial infarction (MI) [9]. Preceding
these events are hypertension and left ventricular (LV) hypertrophy, both independent
predictors of cardiovascular mortality and morbidity [10,11]. There are, however, many
obstacles to the investigation of the dangers of AASs, due to the dose never being reliably
known, to polypharmacy or the ethical restrictions of conducting research studies [6].

Given such a variability in effects of both caffeine and AASs, this review discusses the
impact of the two commonest performance-enhancing drugs (PEDs) and its documented
cardiac sequalae.

2. Materials and Methods

We performed a comprehensive search on Pubmed, and Scopus focusing on the effects
of caffeine and/or AASs to exercise and its subsequent effects on the myocardium (Ap-
pendix A Figure Al). Reviews, meta-analyses, prospective, retrospective, interventional
and observational studies were included in our search. Exclusion criteria included confer-
ence abstracts, or articles where correlation between exercise, the cardiovascular system
(CVS) and caffeine or AASs did not exist. The review of AASs was limited to findings after
the year of 1986, as widespread testing became available in Europe and the United States
at the end of 1986. Key search terms included: “caffeine”, “caffeinated”, “CAF”, “tea”,

i

“energy drinks”, “anabolic androgenic steroids” in combination with “exercise”, “athlete”,

“myocardium”, “cardiac”, and “heart”.
3. Results
3.1. Caffeine as a Performance Enhancing Agent

In many sports, changes in performance of 1% may be the difference between first or
second place [12]. Caffeine is a readily available performance enhancing aid that improves
athletic ability across virtually all sporting disciplines. Historically, it was recommended to
be banned in 1939, due to its ergogenic properties that may influence sporting accomplish-
ments. Since its legalisation in 2004, it has become a major source for athletes, commonly
being in the form of energy drinks, but may vary in the form of a gum, gel, pill or inhaler.
Through fat mobilisation and thus sparing of the glycogen reserve, it diminishes the impact
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of fatigue, pain and effort that is associated with exercise, leading to the more significant
motives of athletes for its consumption. A typical 250 mL energy drink (ED) may contain
up to 80 mg of caffeine, similar to that in filtered coffee (90 mg), and twice the amount of
that in tea (30 mg); additional substances that complement the influence of caffeine include
ginseng, taurine and guarana [13-17].

Caffeine use may be classified as low, moderate or high, with ingestion of ~3 mg/kg
(~200 mg for a 70 kg individual; 1-2 small cups of coffee) being considered low, 5-6 mg/kg
considered moderate and ~10-13 mg/kg viewed as high [17]. It should be noted that
the dose-response relationship between caffeine and athletic performance has yet to be
established, with low dose caffeine appearing to exhibit the most ergogenic effect on
athletes. For instance, caffeine containing drinks, with a dose equivalence to 3 mg/kg,
have shown an increased ability of football players in sprinting, jumping and the distance
covered [18]. Further meta-analyses investigating the role of caffeine have demonstrated a
significant increase in jump height, muscular endurance, aerobic endurance performance
and muscle strength [19].

Like most substances, caffeine, when consumed in larger doses, may result in side
effects that includes dehydration, seizures, migraines, insomnia, arrhythmias, gastrointesti-
nal problems and psychological permutations [15,16,20].

3.1.1. Caffeine Pharmacology and Cardiac Physiology

Caffeine is rapidly absorbed by the body, with its concentration peaking between
40 to 80 min, and rising to ~15-20 umol/L with a low caffeine dose, ~40 umol/L with a
moderate and ~60-70 pmol/L with a high dose. It appears in the blood within 5-15 min
of ingestion and has a long half-life (3-5 h) [21]. For both female and male athletes, for a
given dose of caffeine, it appears that the concentration of caffeine and its metabolites are
the same [22,23].

The effects of caffeine are exerted primarily through the blockade of adenosine recep-
tors (subtypes Aj and Aj,), which are found throughout the myocardium and coronary
circulation; they are also found in the brain, adipocytes, skeletal and smooth muscle
(Figure 1). The result in the competitive blockade of these receptors leads to an increase in
peripheral vascular resistance, sympathetic tone and increase in renin, subsequently am-
plifying the heart rate, cardiac contractility and blood pressure [24]. Secondary metabolic
changes of caffeine include stimulating the secretion of epinephrine.

Whilst the concerns of caffeine on overall health has permeated through society, there
are many epidemiological studies that have shown its benefit to overall mortality, and in
particular cardiac disease [25]. Moreover, although historical studies have demonstrated an
increased risk in MI and CVD [26,27], a study of 45,589 men and 85,747 women followed up
for 2 and 10 years, respectively, did not show a substantial risk in CVD [28]. Caffeine may,
however, conversely attenuate the physiological response to exercise, such that there may
be reduced coronary blood flow or response of the endothelial cell in mediating the vascular
tone during exercise, which signifies a potential risk to an athlete with silent coronary
disease. Other impacts of caffeine include a delayed return of the parasympathetic nervous
system, and with a state of sustained sympathetic activity, this may confer an increased
risk of life-threatening arrhythmias [21].
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Figure 1. Caffeine inhibits the action of adenosine through the blockade of A; and A, receptors,
resulting in elevated heart rate, blood pressure, cardiac contractility and alertness. Subsequent
adverse cardiovascular events during exercise include potentiation of hypoxic damage to cardiac
myocytes, through failure in relaxation of the coronary vessels, and arrhythmias (created with
BioRender.com).

3.1.2. Caffeine and Risk of Arrhythmia

Whilst many studies have reported the arrhythmogenic effect of caffeine, it has not been
replicated on large population studies. With the consumption of caffeine being ubiquitous
in Western society, the widely held belief that caffeine may contribute to arrhythmia or the
risk and development of coronary heart disease may not be evidence-based [24,25,29-32].
Intoxication of caffeine, however, is still reported, demonstrating its potential in provoking
fatal arrhythmias [33]. Physiologically, through the blockade of calcium reuptake into
the sarcoplasmic reticulum, and thus a rise in intracellular calcium, the potential of atrial
arrhythmia, through enhanced automaticity of atrial pacemaker cells, exists; three cups
of coffee (250 mg) have shown to increase both epi- and norepinephrine [34]. More
importantly, energy drinks often contain caffeine at a significantly higher concentration
than either coffee or tea; the stimulant properties of other compounds in EDs, such as
taurine, complicates matters further. Taurine, for instance, is suggested to increase calcium
accumulation in the sarcoplasmic reticulum, favouring the excitation-contraction of skeletal
muscles, but may also induce unfavourable arrhythmias [35].

It could be argued that the absence of risk may not relate to athletes or those who
harbour an underlying abnormal cardiac substrate, especially as the amount of caffeine
consumed through energy drinks may be invariably higher. For instance, there has been
reports of EDs prolonging QTc and unmasking Brugada syndrome [34]. Another important
impact of caffeine includes the augmentation of ryanodine receptors, that may further lead
to an increase in calcium release within cardiac cells, affecting the heart’s ability to contract
and use oxygen, which may predispose to arrhythmias [36].

On the other hand, when attempting to explore the relationship between caffeine
and arrhythmias in those with pre-existing cardiac disease, there failed to be a connection,
suggesting the complex pharmacodynamics of caffeine [33].
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3.1.3. Caffeine Genetics

It is evident that genetic factors demonstrate a huge role on the individual response to
the effects of caffeine [37-39]. Whilst its mechanisms may not be well defined, there are
certain drivers of these individual differences; notable genes include CYP1A2, ADORA2A
and catechol-O-methyltransferase (COMT) [40]. Of the most significance is CYP1A2, which
is involved in the breakdown of caffeine and has two alleles (A & C), dichotomising into
either fast or slow metabolisers, respectively. The significance of this phenomenon is that
those who are slow metabolisers, who consume moderate (3—4 cups) amounts of coffee
have a greater risk of hypertension and MI [1]. This is also reflected in athletes, with
those who are fast metabolisers showing greater improvement in performance; this may be
due a rapid accumulation of caffeine metabolites, and may reflect why timing of caffeine
consumption becomes important [1].

In contrast, polymorphisms affecting ADORA2A could lead to an individual to experi-
ence greater sleep disturbance, impacting athletes that compete in the evening, or increased
anxiety resulting in poor competition performance [12].

3.1.4. Caffeine in Sudden Cardiac Death

Sudden cardiac death (SCD) is defined as an unexpected death or arrest, presumed to
be secondary to a cardiac cause, within 1 hour of symptoms or, if unwitnessed, within 24.
Energy drinks has been associated with coronary vasospasm and ischaemia, arrhythmias,
endothelial dysfunction and increased platelet aggregation [41]. Its use has been a particular
concern amongst the younger athletes, where case reports of sudden cardiac death were
in part attributed to the consumption of energy drinks [41]. However, whilst no direct
link between caffeine and its supposed harmful effects on the heart exist, further studies
are required to establish its true safety, particularly in those with underlying electrical or
structural cardiac abnormalities. Additional studies would be important in recognising the
effects of strength and delivery of caffeine, and the effects of age and genetic expression on
the individual’s response to caffeine.

3.2. Anabolic Androgenic Steroids as a Performance Enhancing Agent

Anabolic androgenic steroids first gained popularity in the 1954 Olympics and given
its potential to improve physical ability, appearance and performance, it has been banned
for any sporting use since 1974. Regardless, it is continued to be misused by athletes in
sports such as weightlifting, football, cycling and many others to improve both performance
and in order to gain a competitive advantage; it is reported that up to 50% of positive
doping cases account for AAS use [42]. The lifetime prevalence of AASs ranges from
1-5% in Western countries, and its use has increased four-fold, since 2016, from 0.1% to
0.4% of the population, affecting an extra 19,000 young people (aged 16-24 years old).
Although AASs are commonly administered subcutaneously or intramuscularly, it may
also be delivered as oral or transdermal preparations or as an implant [43]. Motivators for
its use include achieving rapid muscle growth, greater than can be achieved by exercise
alone [6]. It can often be problematic to attribute the harmful cardiac effects of AASs, as
users often take other compounds such as ephedrine, growth hormone, thyroxine and
amphetamines [7,43]. Nonetheless, with mounting evidence in developing several physical
and psychological health disorders, its use has become more than a concern restricted to
athletes but one of public health.

3.2.1. AASs Pharmacology and Cardiac Physiology

Anabolic androgenic steroids upregulate and increase the number of androgen recep-
tors, increasing the transcription of DNA in skeletal muscle required for muscle growth,
thereby contributing to an increase in muscle size and strength. It also includes a direct
effect on cardiac muscle metabolism, altering both electrical and structural features of the
myocardium [44]. Supraphysiological doses of AASs induces toxicity of the CVS, with the
proposed mechanisms including changes in the lipid profile, elevations in blood pressure,
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myocyte hypertrophy, disarray and apoptosis and a procoagulant state [45]. Thereby, con-
tributing to disorders such coronary artery disease (CAD), hypertension, cardiomyopathy
and thromboembolic disorders (Figure 2); the above findings have been correlated with
histopathological case reports [46,47]. Physiological changes include alterations in the lipid
profile that includes a reduction (up to 20%) in high density lipoprotein (HDL), an increase
(up to 20%) in low-density lipoprotein (LDL) and an increase in total cholesterol levels,
which is accompanied with an increase in HMG-CoA reductase enzymes [6]. Such changes
in lipid characteristics increases the hazard of CAD by 3-6 fold and may occur as quickly
as 9 weeks since the onset of AAS use [48]. Hypertension, another commonly reported
phenomenon in AAS users, is described to be a consequence of increased sympathetic
drive and endothelial dysfunction [6]. The progression of such events is often hard to
define, attributed to both dose and drug duration, but some are argued to be non-reversible,
resulting in those to require cardiac devices or listed for transplantation.
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Figure 2. Common adverse cardiovascular effects of anabolic androgenic steroid abuse include
vascular calcification, accelerated atherosclerosis, myocardial apoptosis, cardiac hypertrophy and
arrhythmias. Impaired LV relaxation is a cardinal feature of the adverse cardiac effects of anabolic
androgenic steroids (AASs). With long term abuse, there is evidence of reduced systolic strain and
systolic dysfunction with resultant cardiomyopathies. Other sequalae of AAS abuse include increased
incidence of thromboembolism and hypertension (created with BioRender.com).

Reduced LV ejection
fraction

AASs are involved in promoting the growth of cardiac tissue, resulting in significant
adverse adaptations such as an increase in wall thickness, and left ventricular cavity
size; there has been observable differences in left ventricular posterior wall and septal
wall thickness [49]. The induction of myocyte hypertrophy results in counter opposing
measures such as the release of apoptogenic factors leading to further deleterious effects on
the myocardium (Figure 3). For instance, it has been noted that AAS abusers demonstrate
a reduction in peak strain and strain rates of the left posterior and septal walls [50].
Diastolic function also appears to be affected, whereby a reduction in early and late diastolic
filling velocity ratios is expected; a reduction in myocardial relaxation through increased
collage cross-linking and fibrosis may explain such a phenomenon in anabolic androgenic
steroid use [51]. Animal models have been particularly useful in demonstrating such
changes. For instance, rats after 8-12 weeks of AAS use demonstrated cardiomegaly [45].
Furthermore, immunohistochemical analyses revealed greater expression of TNF-« and
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IL-1B (proinflammatory mediators), signifying ongoing silent myocardial injury in AAS
users [52]. Post-mortem studies have also demonstrated adverse phenotypical changes
to AASs such as cardiomegaly, myocardial fibrosis and necrosis [49]. Other ramifications
include an increase in ventricular rigidity, as its use may reduce myocardial compliance
through an apoptogenic effect on the cardiac myocytes [53]. More importantly, the effects of
AASs are not limited to the left ventricle and several studies have suggested a global impact.
For instance, there is an increase in right ventricular strain, and left atrial dysfunction [54].
As a result, AASs have led to the emergence of acquired cardiac disease in younger and
middle-aged athletes.

Figure 3. (A,B). Cardiac magnetic resonance (CMR) images of a 38-year old bodybuilder with
anabolic androgenic steroid use—(A). Cine steady-state free precession (SSFP) in mid-ventricular
short-axis view at end-diastole showing hypertrophied interventricular septum (15 mm) and enlarged
left ventricle (62 mm) with decreased systolic function (ejection fracTable 44. not shown), (B). Late
gadolinium enhancement (LGE) image in 3-chamber view showing midventricular area of fibrosis
(non-ischemic) in the basal infero-lateral segment of the left ventricle (asterisk).

Other important manifestations of anabolic androgenic steroid abuse include myocar-
dial infarction and heart failure, secondary to premature atherosclerosis; infarcts may even
occur without significant coronary vessel disease [55]. Animal models have illustrated
increased androgen-induced vascular calcification, which could be secondary to steroid
induced cell damage resulting in loss of tissue elasticity and thus fibrosis [56]. A landmark
study among experienced male weightlifters reported that long-term AASs use was associ-
ated with myocardial dysfunction and accelerated coronary atherosclerosis [51]. Stroke
is a particular risk with AAS use, with current guidelines advocating against the use of
testosterone in patients who have experienced MI or stroke within the last 6 months [9].
The proposed mechanisms include hyperaggregation of platelets, increased plasma levels
of factor VIII and IX, and heightened fibrinolytic activity through increased tissue plas-
minogen activator (t-PA) levels. Moreover, AASs can promote polycythaemia, through
increased red cell production, leading to potential ischaemic events [9]. These forms of
anabolic androgenic steroid-associated adverse cardiovascular phenotypes may represent
a previously underrecognized public-health problem.

3.2.2. AASs and Risk of Arrhythmia

Several studies have illustrated how the supraphysiological doses of AASs induces
both morphological and electrical ventricular remodelling that results in cardiac autonomic
dysfunction [57]. More importantly, hypertrophy, fibrosis and necrosis, repercussions of
AAS use, are substrates for arrhythmias that are further compounded by exercise. Testos-
terone, in particular, has been associated with rhythmic disturbances, possibly through
the potentiation of potassium channels involved in ventricular repolarisation, which could
explain the presence of QRS-wave delay, sinus tachycardia and supra- and ventricular
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arrhythmias [44,58,59]. Signal-averaging electrocardiography (SAECG), a method of distin-
guishing conduction abnormalities has revealed longer QTc interval and QT dispersion in
AAS users. Subsequently, increasing the likelihood of abnormal rhythms and SCD after or
during exercise [58,59].

3.2.3. AASs Genetics

Interindividual variation in genetics exist and alterations in cytochrome P450 (CYP450)
and uridine diphosphate glucuronosyltransferase (UGT) enzymes may explain why certain
individuals may require greater amounts of AASs or experience the more harmful effects.
To date, no studies have evaluated whether genetic variation in AAS users play a role
in the predilection of CVD. There has, however, been studies on the overexpression of
molecular mediators, argued to be drivers of CVD. This includes overexpression of cal-
cium/calmodulin dependent protein kinase II delta (CaMKII$), beta myosin heavy chain
(MHC) and monoamine oxidase (MAO), hallmarks of pathological changes within the
myocardium, such as myocyte apoptosis, cardiac hypertrophy, slow shortening velocity of
cardiac fibres and arrhythmias [60]. More significantly, imbalance of Ca?* homeostasis and
increased CaMKII$ activity is observed in both human and animal models of heart fail-
ure [60]. The overproduction of MAO is also related to ventricular dysfunction, apoptosis
and fibrosis [60].

3.2.4. AASs in Sudden Cardiac Death

Anabolic androgenic steroids have the potential of increasing the risk of sudden
cardiac death through multiple mechanisms; it is, unfortunately, unclear to the exact
nature of these events, especially since those who misuse often use a combination of
drugs. Structurally, several modalities of dysfunction that may predispose to sudden
cardiac death have been proposed that includes increased coronary artery plaque volume,
cardiac hypertrophy, ventricular dilatation, myocardial fibrosis and cardiomyopathy [45,51].
Precisely, four mechanisms have been postulated to describe SCD in AAS users, that
includes the thrombosis model, the atherogenic model, the direct myocardial injury model,
and model of vasospasm [43]. The thrombosis model suggests that there is an increased
risk in thrombus formation as a result of polycythaemia and increased platelet generation
and aggregation. More importantly, with ongoing endothelial dysfunction, it precludes
AAS users to fatal thrombotic complications, such as ischaemic stroke or pulmonary
embolism. Additional physiological changes include the promotion of thromboxane A2
and thrombin, inducing a state of hypercoagulability [45]. In the atherogenic model, the
heightened risk in SCD is accounted by the changes in the lipid profile leading to premature
atherosclerosis and thus myocardial infarction; the study by Pérssinen accounted as high
as 38% to MI [61]. The vasospastic model explains the occurrence of infarction, as a
consequence to coronary vasospasm from the release of nitric oxide, in those with no
evidence of atherosclerosis or coronary thrombosis [61,62]. The final model describes fatal
arrhythmias precipitated by the chronic ischaemic damage brought about by apoptosis,
collagen deposition and microcirculatory disturbance [62]. Suggested mechanisms that
induces arrhythmias include increased QT interval, Tp-e interval, Tp-e/QT ratio and Tp-
e/QTcratio [45,59]. Furthermore, there have been several case reports of young athletes that
have developed rapidly progressive (dilated) cardiomyopathy [45]. Isolated ventricular
arrhythmias are another possibility, where it has been suggested that AASs inhibit the
re-uptake of catecholamines, and with a combination of exercise, stimulating the nervous
system that may increase the likelihood of fatal arrhythmias.

4. Discussion

Our findings suggest that whilst caffeine does not have noticeable structural changes
on the myocardium, AASs has several. For instance, imaging and histopathological samples
have demonstrated left ventricular hypertrophy, cardiomegaly and interstitial fibrosis,
respectively [43]. Such remodelling has ramifications on the CVS, not only immediately but
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in the long-term as well. Substantial cardiovascular changes include increase in vascular
tone and elevation in blood pressure, alterations in lipid profile and direct myocardial
toxicity, resulting in reduced left ventricular function, cardiac hypertrophy and arterial and
venous thrombosis [43,63]. In contrast, there is a lack of compelling evidence to suggest
that caffeine has lasting morphological changes to the myocardium (Figure 4).

Caffeine vs Anabolic Androgenic Steroids

@ Blood Pressure @ Blood Pressure
+ Short transient increases . « Conflicting reports, but
but not sustained for the greater amount of studies have
long-term. leant towards elevated BP.

(2) Lipid profile ™ o (2) Lipidprofile
* Raised serum cholesterol 2 * Decrease in HDL
* No sustained changes . * Raised LDL
* Raised cholesterol

@ Atherosclerosis @ Atherosclerosis
* High concentration of caffeine is said - Reports of premature
to increase risk of CVD atherosclerosis
* Argued to be protective if consumed in
moderation
@ Morphological Changes @ Morphological Changes
* No long-term changes noted * LV hypertrophy

* Global cardiac hypertrophy
« Fibrosis +/- necrosis

@ Sudden Cardiac Death @ Sudden Cardiac Death
* Reports of MI (more susceptible «MI
with CYP1A2, COMT variants) « Ventricular arrhythmias
+ Arrhythmias + Coronary vasospam
\ * Thromboembolic

Figure 4. Comparison between caffeine and AASs and its associated cardiovascular effects (created
with BioRender.com).

Arrhythmias have also been reported in individuals that consume caffeine or use AASs.
Whilst the mechanisms have been discussed, and at length, it is often difficult to reproduce
the results in larger studies. In terms of SCD, whilst evidence leans towards AASs, it is
less apparent for caffeine. Direct effects of AASs include ventricular remodelling leading
to cardiomyopathy. More importantly, left ventricular hypertrophy and fibrosis have
both been identified as risk factors to SCD [64,65], and therefore may be argued to be the
sequelae of ongoing AASs use that results in the terminal event. More precisely, ventricular
arrhythmias, brought about by changes in the myocytes, interstitium and coronary flow
reserve could lead to the fatal event [43]. However, it is not uncommon for AASs to stack
or combine with other illicit drugs, making it a challenge whether such modifications are
solely attributable to AASs. Furthermore, with the presence of physiological remodelling
to exercise and thus the presence of the “athlete’s heart”, that includes left ventricular
hypertrophy and increased cavity dimensions, it can be difficult to delineate whether the
changes are brought about by AAS use or through exercise. Therefore, detraining could be
an option if there is uncertainty to the aetiology.
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Ultimately, to negate the suggested adverse cardiovascular effects, both the subject
and healthcare professional has to take into consideration the risk of withdrawal if stopped
abruptly. Unfavourable symptoms such as headache and irritability would naturally deter
the individual in abstaining from caffeine. More importantly, in AAS use, hypogonadism
and depression are durable side effects that prevent the user from refraining in its use.
Furthermore, it is possible that despite discontinuation, there may be permanent changes
from AASs that includes insulin resistance, hypertension and visceral adipose tissue [60].

Clinical Pitfalls and Future Directions

Even though certain physiological mechanisms have been argued to be the benefits
or drawbacks of both caffeine and anabolic androgenic steroids, these are still viewed as
hypotheses and associations and, thus remain incomplete as explanations without larger
randomised controlled trials. To what extent caffeine may be regarded as a drug to the
athlete is difficult. There are several preparations, majority of which are in combinations,
and there is lack of consistency on both performance and cardiac outcomes. Furthermore,
it should be noted that the documented adverse effects of AASs have failed to be replicated
in a few studies. For instance, not all AAS users experience left ventricular hypertrophy
and/or endothelial dysfunction. Such effects could be explained by the use of allied sub-
stances or stimulants, such as cocaine, that are harmful to the CVS. In addition, AAS users
often combine different forms of steroids, termed “stacking”, as a means of maximising
muscle growth, which could account for the adverse cardiac effects experienced in some
and not others [6]. More importantly, the varying structure, metabolites and administration
patterns of AASs makes it challenging to predict accurate and reproducible physiologi-
cal consequences on the cardiovascular system. Additionally, the majority of studies are
focussed on post-adolescent males, becoming problematic when translating the negative
cardiac effects to all users.

Furthermore, the discrepancies observed may depend on the age, sex, coexisting
clinical conditions and status of athletic performance. As such this topic requires further
studies in different clinical and sport settings. From a methodological point of view, in
clinical studies on athletes, it is usually not straightforward to fully confirm or exclude the
use of doping agents, which is a serious confounder. Future research may include the use
of new promising biomarkers such as microRNAs [66,67]. Those small particles regulate
the post-transcription gene expression by RNA-RNA interactions. Circulating microRNAs,
due to their high environmental stability and presence in various body fluids, have been
already shown to have potential in detection of illicit substances [43]. Several microRNAs
have been also linked to heart dysfunction in the form of myocardial ischemia, hypertrophy,
fibrosis and arrhythmia [66]. However, many of the same microRNAs also become up-or
down- regulated in response to exercise as demonstrated in a recent review [67]. Therefore,
their potential future use will depend on the ability to distinguish physiological adaptive
changes to exercise from changes related to the use of illicit drugs.

5. Conclusions

There is a large growing body of evidence that describes the impact of both caffeine
and anabolic androgenic steroid use on the cardiovascular health of both the athlete and
non-athlete. Whilst caffeine may not necessarily give an athlete the essential edge, its use
may not disadvantage them either, especially since the majority have consumed such a
supplement prior their sporting event. In contrast, AASs have documented improvement
in athletic proficiency. However, it does not negate the several adverse cardiovascular
effects that is associated with its use. With the continued use of both caffeine and AASs,
regular assessment, that includes evaluating the electrical activity and morphology of the
myocardium, using non-invasive imaging and functional methods would be important in
identifying those who are at an increased risk of cardiovascular disease or an acute cardiac
event.
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Abstract: Endurance sports have an unarguably beneficial influence on cardiovascular health
and general fitness. Regular physical activity is considered one of the most powerful tools
in the prevention of cardiovascular disease. MicroRNAs are small particles that regulate the
post-transcription gene expression. Previous studies have shown that miRNAs might be promising
biomarkers of the systemic changes in response to exercise, before they can be detected by standard
imaging or laboratory methods. In this review, we focused on four important physiological
processes involved in adaptive changes to various endurance exercises (namely, cardiac hypertrophy,
cardiac myocyte damage, fibrosis, and inflammation). Moreover, we discussed miRNAs’ correlation
with cardiopulmonary fitness parameter (VOymax). After a detailed literature search, we found
that miR-1, miR-133, miR-21, and miR-155 are crucial in adaptive response to exercise.

Keywords: microRNA; endurance sport; adaptive changes; cardiac hypertrophy; cardiac fibrosis

1. Introduction

The old Latin saying “mens sana in corpore sano” indicates that the beneficial influence of exercise
has been known for centuries. Cardiovascular diseases (CVDs) are the leading cause of death worldwide.
According to the World Health Organization (WHO) data, they are responsible for approximately 31%
of deaths annually. It is estimated that nearly 80% of premature CVDs are preventable by modification
of lifestyle including regular physical activity [1]. Regular exercise of moderate intensity has a beneficial
influence in cardiovascular health. It is considered to be one of the most valuable nonpharmacological
strategies to prevent and reduce the risk of coronary artery disease and myocardial infarction by up to
50% [2]. According to the European Society of Cardiology, adults should engage in at least 150 min
per week (min/week) of moderate intensity or 75 min/week of vigorous intensity aerobic exercise
to reduce atherosclerotic cardiovascular disease risk. Furthermore, it is recommended to gradually
increase aerobic exercise to 300 min/week of moderate intensity or 150 min/week of vigorous intensity
for additional benefits [3].
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Endurance training can be described as long-time activity characterized by high dynamic and
low to high power load such as swimming, rowing, cycling, running, or a combination of those [4].
From a physiological point of view, the main intent of endurance training is to edge the threshold
of activation for anaerobic metabolism and lactate production. High-intensity training demands
a sustained 5- to 6-fold increase in cardiac output for prolonged time. Repetitive effort is further
compensated by electrical, structural, and functional cardiac adaptation called the “athlete’s heart”
which is characterized by an increase in left ventricular (LV) wall thickness, symmetrical increase in
both left and right ventricular and atrial capacity size, and often borderline LV ejection fraction [5].

Despite unarguable beneficial influence, endurance exercise can act as a double-edged sword.
Intensive exercise in adolescent and young athletes may be rarely associated with the risk of sudden
cardiac death (SCD). The combination of LV hypertrophy, enlargement, and/or low ejection fraction
can overlap with inherited cardiomyopathies, which are the most common causes of SCD in young
sportsmen [6]. For this reason, the differential diagnosis between athlete’s heart and disease using
conventional methods remains challenging and new biomarkers are needed to distinguish physiology
from pathology.

Over past years, microRNAs (miRNAs) have emerged as potential biomarkers for adaptive changes
in response to exercise. MicroRNAs are short noncoding RNAs that regulate post-transcriptional gene
expression by inhibiting protein translation or enhancing degradation of messenger RNA (mRNA).
MicroRNAs are involved in the development of normal, functional heart tissue. They control
cell growth, cell differentiation, apoptosis, and proliferation and are involved in the pathophysiology
of cardiovascular pathologies like hypertrophy, fibrosis, and cardiomyocytes” damage [7].

MicroRNAs comprise a leading class of small RNAs in most tissues. MiRNA genes are located
in various genomic contexts, however, the majority of human miRNAs are encoded by introns
(noncoding transcripts). MiRNA biosynthesis starts by production of primary miRNA by RNA
polymerase II. Then, miRNAs are further processed by a complex consisting of the RNA binging protein,
DGCRS8 microprocessor subunit, and the endoribonuclease, Drosha. Primary miRNAs are exported to
the cytoplasm where they are further processed by endoribonuclease Dicer and subsequently loaded
onto Argonaute family proteins to form an effector complex [8].

On the strength of their biochemical stability and the ease of access, circulating miRNAs have
aroused the interest as potential biomarkers of various pathological states as well as potential
therapeutic targets. Multiple studies have been conducted to evaluate their prognostic value in
CVDs [9,10].

Circulating miRNAs are altered in response to acute and endurance exercise and can be engaged in
the adaptations to exercise. Previous studies assessed miRNA plasma levels in marathon runners and
showed increased levels of some miRNAs after marathon runs and their association with standard fitness
parameters [11]. Other studies demonstrated correlations between miRNAs expression and cardiac
injury markers such as troponin plasma levels, n-terminal b-type natriuretic peptide (NT-pro-BNP),
or creatine kinase-MB (CK-MB). Therefore, they are a potential biomarker of cardiac adaptation
processes to exercise [12]. Circulating miRNAs may improve exercise evaluation as well as facilitating
the differential diagnosis between adaptive changes and pathology [13]. Therefore, in this article,
we aim to review the current knowledge of miRNAs’ involvement in endurance training.

2. Article Search Process

Electronic databases Pubmed and Scopus were searched up to September 2020. Original studies
were reviewed to assess their relevance to our focus, namely the clinical usefulness of miRNAs as
biomarkers of adaptive changes in response to endurance exercise based on human studies. We also
investigated review articles and meta-analysis and their secondary references were examined for
possible inclusion. Papers describing strength exercises were excluded from our review.

The following search syntax was used: “Search (“micrornas” [MeSH Terms] OR “mir” [MeSH Terms]
OR “mirna” [MeSH Terms] OR “circulating miRNA” [MeSH Terms] OR “circulating microRNA”
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[MeSH Terms]) AND (“endurance training” [MeSH Terms] AND (“adaptation” [MeSH Terms] OR
“change” [All Fields]) Filters: Humans. Our search was limited to human studies and did not exclude
studies on the basis of ethnicity.

3. Results

3.1. MicroRNAs and Adaptive Cardiac Hypertrophy Versus Hypertrophic Cardiomyopathy

Mild myocardial hypertrophy is considered as one of the structural adaptations to
endurance training. Well-trained endurance athletes display an increased wall thickness and relevant
dilatation of LV obtained mostly by eccentric hypertrophy. This allows increasing the cardiac
output and maximal oxygen uptake (VOpmay) and subsequently improves physical fitness [14].
Numerous studies aimed to correlate miRNAs and hypertrophy and allowed a distinction between anti-
and prohypertrophic miRNAs (see Figure 1) [15]. It is important also to distinguish adaptive cardiac
hypertrophy from hypertrophic cardiomyopathy (HCM) and find the differences in miRNA expression.

a) anti-apoptotic anti-fibrotic b) pro-hypertrophic pro-fibrotic
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Figure 1. The potential role of microRNAs in cardiac remodeling. (a) MicroRNAs associated
with ibeneficial response to endurance exercise. (b) MicroRNAs associated with pro-inflammatory,
pro-fibrotic and pro-hypertrophic processes in cardiac remodeling. miR, microRNA.

Several studies evaluated the involvement of a number of miRNAs in cardiac hypertrophy,
however, the results are conflicting [11,16-18]. Moreen et al. investigated a relation of miRNAs
with conventional biochemical, cardiovascular, and performance indices in endurance athletes before,
immediately after, and 24 h after a marathon run. After the marathon run, significant increases
of miR-1, miR-133a, miR-206, miR-208b, and miR-499 were observed. MiR-133a was positively related
to the thickness of the intraventricular septum in echocardiography. Interestingly, the expression
of miR-1, miR-133a, miR-206 was correlated to themselves (p < 0.001), whereas no such correlation
was found in the case of miR-208b and miR-499. There is a possibility that the difference occurred
due to the stronger skeletal muscle relation of miR-1, miR-133a, and miR-206 than the other measured
miRNAs [11]. MiR-1, miR-133, and miR-206 belong to a novel group of miRNAs known as myomiRs.
MyomiRNAs are described as striated muscle-specific or muscle-enriched miRNAs that regulate
muscle development and homeostasis. They are involved in myoblast proliferation and differentiation
as well as muscle regeneration [19]. Interestingly, expression of precursors of the mentioned myomiRs
is upregulated in elderly people compared to younger ones. Nevertheless, this difference can no longer
be observed while analyzing mature forms of myomiRs [20].
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In another study, Ramos et al. hypothesized that miRNAs exhibit dose-response correlation
with varying levels of exercise intensity and duration (see details in Table 1). The results showed that
miRNAs can be divided into three different expression patterns: (1) responsive, dose-dependent with
miR-1 dependent on exercise intensity, and miR-133a, miR-222 dependent on duration of exercise,
(2) responsive with no significant dose responsiveness like miR-24, miR-146a, and (3) nonresponsive
regardless of intensity or duration of the training (i.e., miR-21, -210). Moreover, using an animal model,
it was found that miR-133a correlated positively with increased intraventricular septal thickness and
high expression of serum response factor transcripts which play key role in myocyte proliferation and
cardiac hypertrophy. Despite the antihypertrophic effect of miR-1 and miR-133a, their plasma level
corresponds to the active heart remodeling by a decrease of its intracellular concentration, which may
weaken the inhibition effect, activate gene programming, and start the adaptation process [17].
Mooren et al. showed both miR-1 and -133 to be upregulated, which may suggest a similar expression
pathway as it was described previously [11,21]. However, in Ramos et al., the gap in expression of those
miRNAs was observed. The miR-1 elevation was dependent on the higher intensity of training and was
much more increased than miR-133, whereas miR-133 was significantly related to the longer duration
of training, which had weaker effect on miR-1 expression [17]. Contradistinctively, Fernandez et al.
showed miR-1 correlation with longer exercise (i.e., marathon run) [22]. The difference between
studies may occur due to the nature of endurance exertion during marathons, which presents
high intensity and long duration features, therefore, simultaneous elevation of miR-1 and miR-133.
Additionally, signaling pathways linked to the miR-1 and miR-133 upregulation such as MAPK ERK1/2
or myogenic factors like MyoD or myogenin could be activated by different muscle exertion features,
which may result in divergent miRNAs plasma level elevation (see Figure 2) [23,24]. It was shown that
ERK1/2 is activated by a hypoxic environment and increases miR-133 expression in cardiomyocytes [23].
Importantly, it was shown that myogenic factors such as myoD and myogenin may regulate the
expression of muscle-specific miRNAs, including miR-1, miR-133a/b, and miR-206 in biogenesis and
these miRNAs were upregulated during myogenesis [25,26]. On the other hand, Denham et al. [18]
demonstrated contrary results; downregulation of miR-1 and miR-133 expressions after acute treadmill
exercise was observed. In addition, Baggish et al. [16] detected no miR-133 elevation at the baseline
and after the acute exercise at the start and at the end of the 90-day sustained training program.
This observation may correspond to the previous finding, as the acute exercise protocol was performed
on an upright cycle ergometer and was relatively short. Different results could be obtained due to
different features of participants and the training program. However, there is also one relevant difference:
the participants have undergone the acute exertion on treadmills not by running. The reason for
contrary results can be due to different types of acute exercise. More studies should be conducted to
determine the difference in miRNA expression after varied types of endurance exertion.

It is worth mentioning that miR-1 and miR-133 were previously described to be significantly
downregulated in heart tissue in patients with HCM [27]. Similar to the endurance athletes,
HCM patients showed a significantly increased level of miR-133, but surprisingly, no significant
result was observed for miR-1 [28]. This finding may suggest that the poverty of in-tissue miR-1 and
miR-133 is important for development of both adaptive hypertrophy and HCM. However, the difference
of miR-1 concentration suggests that in the pathological state, miR-1 expression is downregulated in
cardiomyocytes, whereas in adaptive hypertrophy, it is probably stable or induced but there is a loss
due to sarcolemma damage. This hypothesis should be investigated in the future in athletes and also
elderly people, who were proven to develop muscle hypertrophy in response to the training [29].

Importantly, out of 17 articles which aimed to analyze the importance of miRNAs in
endurance training, only one study used mRNA-miRNA targeting in silico prediction tool by
using bioinformatic analysis via KEGG (Kyoto Encyclopedia of Genes and Genomes) to identify
possible molecular pathways. Interestingly, based on functional enrichment analysis, the study
identified 31 molecular pathways (enriched with the targets of the miRNA profiles) after a 10 km run,
and 61 molecular pathways after the marathon races. These molecular pathways were relatively
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associated to heart physiology and pathophysiology, including cardiac hypertrophy, cardiac remodeling
and function, fibrosis, response to injury, and cell survival and proliferation, which suggests that
endurance training may be linked to not only physiological adaptive cardiac hypertrophy, but also
pathophysiological cardiac hypertrophy [30].
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Figure 2. Regulation of cardiac remodeling by microRNAs and the functions of their target mRNAs.
MAPK/ERK pathway plays a crucial impact on signal transduction for myosin growth. PI3K/AKT
signaling pathway regulates cell proliferation, metabolism, survival, and angiogenesis and controls
the development and transformation of left ventricular hypertrophy. The ERK signaling pathway,
a member of the MAPK family, comprises a cascade of a series of successively acting kinases. (a) The
role of miR-21 in cardiac remodeling. Regulation of ERK is mediated by miR-21 via inhibiting PTEN
and SMADY gene expression. (b) The role of miR-133 in cardiac remodeling. MicroRNA-133 plays a
role in determining cardiomyocyte hypertrophy by targeting PP2AC. Abbreviations: miR, microRNA;
STATS, signal transducer and activator of transcription 3; NF-«B, nuclear factor-«B; PTEN, phosphatase
and tensin homolog; ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein
kinase; PP2AC, protein phosphatase 2A; Raf-1, Raf-1 proto-oncogene, serine/threonine kinase.
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3.2. MicroRNAs and Cardiomyocytes Damage

It is well known that excessive sustained endurance exercises may lead to increased plasma
levels of troponin-I, creatine kinase myocardial band (CK-MB), myoglobin, and B-type natriuretic
peptide (BNP), but the cause of this elevation is not clearly understood. Those biomarkers reflect
the myocardial cells damage and loss of integrity of their desmosomal connections [40]. In addition,
it was shown that elevated cardiac biomarkers such as high-sensitivity cardiac troponin T (hs-cTnT),
the N-terminal prohormone of brain natriuretic peptide (NT-proBNP), return to their normal levels
within 72 h after excessive exercise such as a marathon without complications [41]. It suggests that
excessive endurance exercises can cause temporary, reversible cardiomyocytes sarcolemma damage.
Exhaustive endurance exertion can also elevate the plasma levels of muscle-specific miRNA, which are
abundantly present in the cardiomyocytes (Figure 1) [42]. In line with that, miR-499, miR-208, miR-133,
and miR-1 are reflecting cardiomyocyte damage, and miRNA-1, miR-133, miR-499, and miR-208
possess antiapoptotic function, whereas miR-34 is proapoptotic [43-45].

In the study, running induced overexpression of miR-1-3p, miR-133a-3p, miR-133b-3p in young
healthy adults. Moreover, miR-133a-3p was still elevated after 24 h of rest, whereas miR-1-3p
and miR-133b-3p returned to their baseline. Levels of miR-1-3p and miR-133a-3p were correlated
with myoglobin at 24 h after the run [39]. Baggish et al. showed that the concentration of
cardiac-tissue-specific circulating miR-208a was significantly upregulated before, but it was substantially
decreased 24 h after completing the marathon. Additionally, the conventional biomarkers of the
cardiac injury such as hs-cTnT, hs-cTnl, and NT-pro-BNP were increased immediately after the
run and remained elevated at the second time point; however, no correlation was found with
miR-208a [12]. Similarly, in another study, there was no correlation between cardiac-specific miR-208,
as well as miR-1, miR-133a, and miR-499, and the cardiac biomarkers (i.e., CK-MB, troponin T and I,
and pro-BNP) measured after the marathon run [11]. Danese et al. found the elevation of miR-133a,
miR-206 and CK, hs-cTnT levels after completing a half-marathon run but again no correlation
was found. Interestingly, the highest elevation was detected in the miR-133 and hs-cTnT plasma levels,
7.5-fold and 4.2-fold, respectively. The enhanced plasma value of miR-133a may be interpreted as
a potential physiological response to high-intensity and/or prolonged exercise, probably aimed to
facilitate immediate regeneration or recovery of cardiac and skeletal muscle tissues [34].

All studies showed a significant elevation of specific miRNAs in response to the endurance exercise.
MicroRNA-1, miR-133a/b, miR-208, and miR-499 were significantly upregulated immediately after
the excessive endurance exertion, however, there was no correlation with the conventional cardiac
damage markers at this time point. This lack of correlation may be explained by the different pattern of
release into the circulation after cardiomyocyte injury. In line with that, one study found a correlation
of miR-1a-3p and miR-133a-3p with myoglobin at 24 h after exercise, which indicates a faster release of
those miRNAs than myoglobin, but a similar maintenance in plasma. miRNAs should be considered
not only as the direct muscle damage biomarkers but also as indicators of reparative processes in
response to external stimulus such as stress. In this scenario, the reason could be the upregulation of
miRNA concentration is not correlated with the classic cardiac damage biomarkers [34]. The value of
the above-mentioned miRNAs as cardiomyocytes damage or reparative processes biomarkers should
be assessed in future studies. In particular, it is of key importance to understand whether a panel of
circulating miRNAs might be able to differentiate hypoxic myocardial damage from myocardial injury
induced by overload.

3.3. MicroRNAs and Fibrosis

Endurance exertion requires a significant increase of cardiac output usually for several hours,
thereby enforcing prolonged and high-degree stress to all myocardial structures. This might lead
to the positive cardiac training adaptations, but there is also a possibility of pathophysiological
cardiac remodeling processes. Nowadays, still there is a discussion in the literature whether
myocardial fibrosis may occur in elite endurance athletes due to regular excessive training or
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such an effect does not exist [46,47]. The fibrosis is a well-known risk factor for the major
adverse cardiac events (MACE) and is specifically strongly correlated to the increased risk of
arrhythmias [48]. Biomarkers have been established which are correlated with the cardiac fibrosis
process, including matrix metalloproteinase (MMP)-1,-2,-3,-8,-9, tissue inhibitor of metalloproteinase
(TIMP)-1,-4, TGFbetal, growth differentiation factor 1 (GDF1), connective tissue growth factor (CTGF),
osteopontine, periostine, galactine-3, ST2, and miRNAs [49]. Fibrosis-involved miRNAs, such as miR-1,
miR-133, miR-26, miR-29, miR-21, miR-34 can be distinguished into those which are expressed mainly
in fibroblasts like miR-29 and miR-21, and the rest of them which are expressed in different types of
cells. Moreover, some miRNAs may play an important role as an antifibrotic or profibrotic regulator
(Figure 1) [15,50,51].

One of the latest studies analyzed the expression of several miRNAs in response to different
doses of endurance running. A significant increase of galectin-3 secretion (a prognostic biomarker
in patients with heart failure) was observed immediately after a 10 km run, a half-marathon,
and a marathon in a dose-response manner. Also, plasma expression of miR-21-5p was
increased twofold, miR-29a-3p fourfold, and miR-34a-5p fourfold after a marathon compared to
the baseline, however, all measured parameters returned to baseline values after 24 hours [30]. It may
suggest that prolonged myocardial stress during a long endurance exertion could induce signaling
towards myocardial fibrosis presented by galectine-3 and miR-21 upregulation. However, antifibrotic
miRNAs such as miR-29a, miR-34a were also highly expressed, probably possessing a preventive role.
Finally, the study may indicate that an endurance exertion-related fibrosis is rare in amateur athletes
due to a preserved balance of pro- and antifibrotic agents. On the contrary, a previously described study
may indicate that no profibrotic signaling was present in participants after acute endurance exertion,
as fibrosis/inflammation-related miR-21 and miR-155 showed no significant response to exercise [11].
This finding could have occurred due to the features of participants. The study did not determine
precisely how well trained runners were, which may indicate that most of them might have been
amateur athletes. Furthermore, another study demonstrated that in elite runners, only miR-26 plasma
expression was decreased, but no significant difference was observed in nonelite runners [52]. It may
indicate that well-trained endurance athletes express weaker antifibrotic reaction after the exertion.
It was hypothesized that it may predispose to the occurrence of myocardial fibrosis and arrhythmias
like atrial fibrillation in some elite endurance athletes [53]. Another study showed upregulation
of miR-29¢, miR-222, and TGF-1 mRNA after a high-intensity interval training program (for details,
see Table 1) [54]. As miR-29 is considered to prevent fibrosis by targeting the TGF3/SMAD3 signaling
pathway, TGFf3 mRNA expression after the training was evaluated and compared to the miRNA
expression [55]. The results may implicate that trained endurance athletes express induced profibrotic
signaling through the TGFf pathway after acute exertion compared to the untrained ones.

Hence, we hypothesize that amateur endurance athletes present no or weak pro-/antifibrotic
reaction after acute exertion, while well-trained ones express significant pro-/antifibrotic reaction
and finally elite athletes show significant pro- and, in some cases, weaker antifibrotic response,
however, due to an insufficient number of participants, such a conclusion should be drawn with
caution. All studies showed that miRNAs are emerging important biomarkers of myocardial fibrosis in
endurance athletes and should be further investigated. Moreover, regular measurements of c-miRNAs
levels during a training program in professional endurance athletes may give crucial information for
training customizations and myocardial fibrosis prevention.

3.4. MicroRNAs and Inflammatory Response

Inflammation is considered as a key factor of atherosclerosis, the leading CVD disease. It was
proven that oxidative stress in vascular endothelial cells leads to accumulation of macrophages and
increased production of inflammatory markers like IL-6, IL-1, and TNF-alpha [56]. Depending on
the form, exercise seems to have a different influence on the immune system. Endurance training
shows a tendency to upregulate the inflammatory biomarkers after an acute bout of exercise and
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downregulate in long-term programs, however, a previous systematic review on this topic failed to
confirm these observations [57].

MicroRNAs are considered as potential biomarkers of inflammation and can be divided into
anti-inflammatory and proinflammatory (see Figure 1) and they can correlate with classical markers
of inflammatory response (such as leukocyte count, IL-6, IL-10, c-reactive protein-CRP, etc.) [9,58].
Gonzalo-Calvo et al. assessed the classical inflammatory and inflammation-related miRNA response to a
10 km run and a marathon [30]. Total leukocyte and neutrophil counts were elevated after the 10 km run
and after the marathon, however, the increase was more pronounced in the marathon group. Furthermore,
significant differences were observed in the miRNA expression pattern (after 10 km run, miR-150-5p
levels were significantly increased, and after the marathon, let-7d-3p, let-7f-2-3p, miR-29-3p, miR-34a-5p,
miR-125b-5p, miR-132-3p, miR-143-3p, miR-148-3, miR-223-5p, miR-424-3p, and miR-424-5p) (for details,
see Table 1). Interestingly, miR-150-5p was positively correlated with leukocyte and neutrophil counts
after the 10 km run. MiR-150-5p was shown to play an anti-inflammatory role by inhibiting the activation
of PI3K and Akt and subsequently the NF-«B pathway detected by in silico analysis, as described by
Grabarek et al. [59]. Let-7f-3p was positively correlated with hs-CRP, and miR-29-3p was negatively
correlated with IL-10 levels after the marathon. The study suggests that acute endurance exercise induces
a dose-dependent circulating inflammatory miRNA response. This might be a reason for the difference
in magnitude of the inflammatory response between the race distances. Furthermore, the marathon run
seemed to induce higher expression of let-7 family members involved in initiation and development of
inflammatory response. Also, Baggish et al. found that inflammation-specific miR-146a, but not hs-CRP,
was significantly elevated after the marathon run and returned to baseline value within 24 h (for details,
see Table 1). This different temporal pattern of miR-146a rise in comparison to hs-CRP emphasizes a
potential role of the miRNAs as novel marker of exercise physiology [12].

In another study using cycle-ergometer expression of two inflammation-related miRNAs in
response to acute 60 min long endurance exercise, miR-146 and let-7i were downregulated (for details,
see Table 1) [37]. Interestingly, let-7d, miR-21, -29b, -148 expressions were significantly lower after
12-week training. The following observations indicate that both small-dose acute exercise and long-term
training may induce an anti-inflammatory response, irrespective of endurance exercise form [30,37].
This is in line with the latest observation where the expression of miR-146 showed the tendency to be
increased after different cycling training protocols [36]. Furthermore, a study by Backes et al. showed
significantly lower levels of proinflammatory let-7c in endurance athletes compared to controls on
baseline [32]. It indicates that regularly training sportsmen have lower immune system reactivity which
isin line with de Gonzalo-Calvo’s conclusion that long-term endurance sports induce anti-inflammatory
response [46]. A recent study showed that lymphocytes adapt to repetitive endurance exercise by
increasing their resistance to apoptosis by upregulation of antiapoptotic and downregulation of
proapoptotic miRNAs (especially miR-221) [31]. The alterations in apoptotic pathways might be the
reason for the above-mentioned studies observing an attenuated immune response as a result of
endurance exercise.

As a conclusion, the presented studies show different results of miRNA expression depending
on exercise duration but not type. Acute aerobic exercise in small doses induces anti-inflammatory
response whereas exhaustive endurance exercise (such as a marathon) increases proinflammatory
miRNAs [12,30,37]. It seems that the NF-kB pathway plays a crucial role in exercise-mediated
inflammatory response. In de Gonzalo-Calvo’s study, miR-150-5p targeted the PI3K/Akt pathway
and subsequently suppressed the NF-kB pathway after a 10 km run, whereas after a marathon,
miR-146, which is known to enhance production of transcriptional factors of the NF-kB pathway,
was upregulated [12,30]. Another important miRNA that takes part in exercise-dependent immune
response is the let-7 family upregulating the toll-like receptor (TLR) pathway which initiates
and develops inflammatory response. The let-7 family is upregulated in response to exhaustive
endurance exercise, however, repetitive doses of aerobic exercises in training programs inhibit
inflammation by downregulation of this family [30,32]. It seems that the NF-«B pathway, TLR pathway,

170



Diagnostics 2020, 10, 813

and miRNAs related to them (miR-146, miR-150-5p, miR-21, miR-148, miR-223, let-7 family) are most
important in exercise-dependent inflammatory response. However, more studies focusing on miRNAs
and gene expression are needed to confirm such observations.

3.5. MicroRNAs and VOy,,ax

Maximal oxygen uptake (VOzmay) is defined as a maximal rate of oxygen consumption during
incremental exercise. It is an indicator for integrated pulmonary, cardiovascular, and muscular capacity
to uptake and utilize O,. Various exercises increase the VO, capacity, however, aerobic high-intensity
training was proven to be the most effective [60]. VOpmax was identified as a strong predictor of
cardiovascular death and all-cause mortality in healthy adults and in patients with CAD [61].

Elite endurance athletes present high VOppax due to large left cardiac chamber capacity and
subsequently high cardiac output. Several miRNAs were identified which were correlated with
the parameters of aerobic performance. An exercise-induced increase of miR-1, miR-133a, miR-206,
miR-208b, and miR-499 was demonstrated directly after a marathon run. Further analysis revealed
that miR-1, miR-133a, and miR-206 were positively correlated with both VOypa and running speed at
individual anaerobic lactate threshold (VIAS) [11]. MicroRNA-1, miR-133a, and miR-206 are typical
miRNAs enriched from muscles. MicroRNA-1 and miR-206 regulate differentiation of skeletal myoblasts
and miR-1 and miR-133a are considered as antihypertrophic factors. Probably, this unique ability to
influence both tissues makes the mentioned miRNAs suitable as biomarkers for cardiopulmonary fitness.

Denham et al. confirmed a potential role of miR-1 in aerobic performance capacity, and suggested
that together with miR-486, they may constitute an independent predictor of VOyax. MicroRNA-1
and miR-486 were elevated and correlated significantly with the VOpp,ay values, and miR-486 was
inversely correlated with heart rate at rest, after completing a four-week training program [18].
Moreover, inflammation-related miRNA such as miR-146a was correlated linearly with the increase of
peak oxygen consumption before, as well as after, the training program. A similar expression pattern
was observed with miR-20 indicating that both miR-146a and miR-20a could be plasma-based markers
of cardiopulmonary fitness (see details in Table 1) [16]. Finally, 12 patients with the highest and 12 with
the lowest VOy,x Were selected out of 4631 patients from HUNT Fitness Study in order to perform
the miRNA expression profiling. As a result, miR-210 was significantly higher in a validation cohort
and therefore it was negatively correlated with VOypax values. MicroRNA-21 and miR-222 presented
weak correlation with VOy,,y, however, their value was considered predictive of CVD [33].

Kern et al. showed that miRNA expression can be altered due to regular endurance training
and highlighted six possible miRNA clusters that can be utilized to predict phenotypic VOomay levels,
where clusters 1, 2, and 6 were mostly depleted in the top list of negative feature coefficients (see
Table 1). Furthermore, it was suggested that miR-532-5p could be a potential biomarker of VOypax
changes after carbohydrate uptake. It is in line with their miRNA enrichment analysis findings as
VOymax Was significantly associated with the insulin signaling pathway [35].

In conclusion, miR-1, miR-133, miR-206, miR-146a, miR-20 were positively correlated with the
VOsmax Values, which suggests their significance as potential biomarkers for cardiopulmonary fitness.
Interestingly, discrepant results were observed regarding miR-486 and its correlation with VOjmay.-
These inconsistencies are likely to be the product of many factors that vary across studies:
(1) differences in participants (e.g., healthy endurance athletes who trained more than three times
per week for at least one year versus young healthy subjects with no regular exercise regimen);
(2) differences in training protocols (e.g., short-term VOyp. ergometer test versus long-term steady-state
cycling program); (3) differences in blood samples collection schedules; and (4) differences in
data analysis. In view of these many differences, it is not surprising that the literature is inconsistent.
More studies should be conducted to estimate miR-486 value as a biomarker of cardiopulmonary fitness.
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4. Conclusions

In the present article, we summarized the current knowledge of miRNA involvement in endurance
training comprehensively, and also discussed the miRNAs that are regulated upon cardiac hypertrophy,
cardiac myocyte damage, fibrosis, and inflammatory response during and after the endurance training.
After a detailed literature search, we found that miR-1, miR-133, miR-21, and miR-155 are crucial
in adaptive response to exercise. Studies available in the literature showed different effects on
inflammatory-related miRNA expression depending on exercise duration but not its type [30].
Further studies are needed in order to determine interactions between miRNAs and genes involved in
adaptive changes depending on the type and duration of the training.
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ACS acute coronary syndrome

CAD coronary artery disease

c-miRNA circulating microRNA

CRP c-reactive proteins

CTGF connective tissue growth factor
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GDF1 growth differentiation factor 1
HCM hypertrophic cardiomyopathy
hs-cTnT high-sensitivity cardiac troponin T
ISH ischemic heart disease

LA left atrium

LV left ventricle

MACE major adverse cardiac events
min/week minutes per week

miR microRNA

MMP matrix metalloproteinase

mRNA messenger RNA

NT-pro-BNP  n-terminal b-type natriuretic peptide
RNA ribonucleotide acid

SCD sudden cardiac death

TIMP tissue inhibitor of metalloproteinase
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WHO World Health Organization
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