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Heart rate variability - from cardiology
labs into the world of recreational and
professional sport

Variabilnost sr¢ne frekvence - iz kardioloskih laboratorijev
v svet rekreativnega in profesionalnega Sporta

Jus Ksela

Abstract

Heart rate variability (HRV) is one of the most recognized noninvasive tools in the assessment of
cardiac autonomic modulation. The development of commercially available wireless heart rate
monitors, detecting R-R intervals with a high resolution and accurately calculating HRV param-
eters, has pushed the methodology beyond the borders of exercise physiology laboratories into
the world of recreational and professional sportsmen and coaches. Therefore, a growing number
of Slovenian physicians are nowadays faced with questions about the physiological mechanisms
of HRV and interpretational dilemmas in individuals with changed HRV parameters. Hence, the
aim of the article is to clarify the physiological background of HRV, to describe conventional lin-
ear and non-linear HRV parameters and to elucidate how HRV parameters change under various
physiological and pathological conditions.

lzvlecek

Variabilnost sr¢ne ferkvence (angl. heart rate variability, HRV) je najpogosteje uporabljena meto-
da za oceno avtonomne regulacije srca. S tehnoloskim razvojem komercialnih merilcev sréne-
ga utripa in pripadajocih racunalniskih programskih sistemov, ki omogocajo verodostojno iz-
racunavanje, se je uporaba metodologije preselila iz kardioloskih laboratorijev in specialisti¢nih
ambulant v vsakodnevno prakso rekreativnih Sportnih navdusencev, profesionalnih Sportnikov
in trenerjev. Prav zato se vse vec slovenskih zdravnikov pri svojem vsakdanjem klinicnem delu
sreCuje z vprasanji o fizioloskih osnovah HRV, o nacinih njenega dolocanja in o pravilni inter-
pretaciji analiz. Namen ¢lanka je zato razloZiti osnovne fizioloSke mehanizme variabilnosti sréne
frekvence, opisati konvencionalne in novejSe analize in kazalnike ter opredeliti in pojasniti spre-
membe sréne frekvence v razli¢nih fizioloSkih in patoloskih stanjih organizma.
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MICROBIOLOGY AND IMMUNOLOGY

1 Introduction

A healthy heart has the ability to gener-
ate spontaneous heartbeats, as it contains
specialized rhythm-generating cells; their
main characteristic is spontaneous gener-
ation of nerve impulse (1,2). Despite this
automaticity or rather, inherent rhythmic-
ity of the heart, the heart muscle is inner-
vated by the sympathetic and parasympa-
thetic branches of the autonomic nervous
system, which regulate its contractility
and heart rate. The heart is usually under
the tonic influence of both branches of the
autonomic nervous system, which, due to
different anatomical areas of innervation,
different neurotransmitters, and different
receptors, elicit an opposing physiologi-
cal response. While sympathetic stimula-
tion increases heart rate and heart muscle
contractility, parasympathetic stimulation
slows the heart rate and reduces contrac-
tility. Parasympathetic branch activity
is dominant in an inactive healthy adult
(2,3). The influence of the sympathet-
ic-parasympathetic balance on the heart,
i.e. autonomic regulation of the heart, can
be described by a number of indicators,
and in the vast majority of studies to date,
heart rate variability has been shown to be
one of the best indicators of this balance
(2).

The sympathetic-vagal effect on the
heart changes with age and with the ap-
pearance of various cardiovascular diseas-
es (2,4,5). Determining that we can assess
the rate of progression of cardiovascular
diseases by detecting changes in the au-
tonomic regulation, or that they can also
be used as predictors of complications of
these diseases and even of mortality, have
popularized sympathetic-vagal balance
analyses in the scientific and cardiac clini-
cal settings (2).

Studies in recent years undoubtedly
show that HRV changes not only with the
aging of the organism and with disease
states, but also with the level of physical
fitness or the level of training of an in-
dividual (6-9). Along with the develop-

ment of commercially available heart rate
monitors (such as Polar, Ithlet, HRV Fit,
Mega Electronics), which support the cal-
culation of RR interval variability, these
findings have in recent years popularized
the use of HRV analysis also in everyday
life, among individuals undertaking recre-
ational activities, and professional athletes
and coaches (10,11). With the use of HRV
analysis switching from cardiology labora-
tories and specialist clinics to the home en-
vironment, Slovenian doctors in their dai-
ly clinical work are increasingly faced with
questions about the physiological basis of
HRYV, how to determine it and how to cor-
rectly interpret such analyses. Therefore,
the purpose of this article is to explain the
basic physiological mechanisms of heart
rate variability, to describe conventional
and recent analyses and indicators, and to
define and explain changes in heart rate in
correlation to various physiological and
pathological conditions of the organism.

2 Heart rate variability

Today, it is known that a healthy heart,
which has a sinus rhythm, does not beat
evenly, but the time lengths of heart cy-
cles (RR intervals) differ greatly from each
other at the level of milliseconds (1,2).
Continuous variability in the length of
RR intervals is called heart rate variability
(HRV) and is a reflection of the function-
ing of the autonomic nervous system on
the sinoatrial (SA) node. (2). The constant
changes in the tonus of the sympathetic
and parasympathetic branches of the auto-
nomic nervous system, which are crucial
for maintaining homeostasis in the body,
cause constant fluctuations in RR intervals
around the mean value. The most well-
known examples of physiological periodic
changes in heart cycle length are respira-
tory sinus arrhythmia and nocturnal sinus
bradycardia (1). Over the last two decades,
numerous studies have shown that chang-
es in HRV reflect changes in physiological
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and pathological processes very well, and
at the same time, HRV has been proven
to be one of the strongest predictors of
mortality after myocardial infarction, on-
set of benign and malignant arrhythmias,
progression of cardiac failure and sudden
cardiac death (2,5,12-15).

The advantages of HRV analysis are:
non-invasive data acquisition, fairly sim-
ple computer applicability of otherwise
complex mathematical models for its cal-
culation and repeatability of the method.
For this reason, HRV analysis is still con-
sidered as the gold standard in the assess-
ment of autonomic regulation of the heart
in various physiological and pathological
conditions (2).

The physiological understanding of
HRV has in recent decades shifted from
reductionist perspectives to theories of
complex biological systems. Reduction-
ist perspectives perceive HRV simply as
an indicator of the relationship between
sympathetic and parasympathetic activa-
tion. It is perceived only as an indicator
of vegetative effects on the heart and is
primarily explained as a reflection of re-
spiratory variability - either due to specific
haemodynamics (altered venous inflow
associated with variability in chest pres-
sure during respiration, to which barore-
ceptor reflex responds with the rest), or
due to intertwining of neurophysiological
efferent pathways of the autonomic ner-
vous system and respiratory stimuli - or as
a reflection of the effects of the vegetative
nervous system on vascular tone or circa-
dian rhythms. Reductionist theories are
linear. As such, they are limited and fail
to explain certain deviations (e.g., the par-
adoxical behaviour of HRV in some dis-
eases, such as endocrinological diseases,
or in overtraining). That is why modern
interpretations of HRV (and models for its
analysis) increasingly use theories of com-
plex biological systems: small variability is
understood as inadequate adaptability of
the system to external stimuli, and HRV
is interpreted as a time series in which
(by monitoring time variability) repetitive
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patterns in a complex system are “searched
for” (2,4,5,12-16).

HRYV can therefore be analysed by lin-
ear and newer non-linear methods, and in
both cases, we measure the variations of
RR intervals in the ECG records.

2.1 Linear analyses of HRV

Linear HRV methods include time
and frequency domains of the analyses,
with time domain indicators reflecting the
magnitude of the change in heart rate and
frequency domain indicators reflecting
the rate of change in heart rate (2).

HRV time domain indicators are usu-
ally determined from long, 24-hour ECG
recordings, and are divided into two
groups: a) indicators obtained by observ-
ing individual NN intervals, (NN intervals
are RR intervals caused by sinus node de-
polarization); and b) indicators obtained
by observing differences between NN
intervals. In practice, the most common-
ly used are: NN intervals (mean value of
NN intervals), SDNN (standard deviation
of all NN intervals), SDANN (standard
deviation of average NN intervals, calcu-
lated from 5-minute intervals), RMSSD
(square root of the mean squared differ-
ence between adjacent NN intervals), SD-
NN index (mean of standard deviations of
all NN intervals, obtained from 5-minute
intervals), SDSD (standard deviation of
the difference between two adjacent NN
intervals) and pNN50 (frequency of ad-
jacent NN intervals, differing by more
than 50 ms). As part of the time domain
of HRV analysis, there is also the so-called
geometric method that contributes a tri-
angular index to the HRV (total number
of NN intervals divided by the number of
NN intervals in the modal bin), and TINN
(triangular interpolation of NN intervals
on the histogram). Time domain indica-
tors mainly reflect parasympathetic activ-
ity (2).

Frequency domain indicators are de-
termined from short-term, usually 2- to
5-minute ECG recordings. The analysis
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is based on the decomposition of the se-
quence of NN intervals into groups of
sinusoidal curves of different amplitudes
and frequencies by means of a fast Fouri-
er transform. The result of the analysis is
presented as the height of the variability of
the frequency function, which is denoted
as the power of the spectrum. In frequen-
cy analysis, we observe the total power of
the spectrum (TP) in the frequency in-
terval between 0.01 and 0.4 Hz and the
power of individual areas: high-frequency
component (HE 0.15-0.4 Hz), which is an
indicator of vagal activity, low-frequen-
cy component (LE, 0.04-0.15 Hz), which
is an indicator of modulated sympathetic
activity, and the very low-frequency com-
ponent (VLE 0.01-0.04 Hz), which is still
poorly explained, although some authors
associate it with the activation of the re-
nin-angiotensin-aldosterone system. As
such, it is supposed to reflect sympathetic
activities (17). Power ratio of low-frequen-
cy and high-frequency components (LF :
HF) mirrors the sympathetic-vagal bal-
ance (2).

2.2 Non-linear analyses of HRV

Non-linear HRV analyses are based on
mathematics of complex dynamics, chaos
theory, and fractal geometry (12,16,18).

A dynamic system or process that is
seemingly random, but essentially precise-
ly regulated according to its own intrinsic
rules, is said to be chaotic or in a state of
chaos (19). In nature, the properties of
chaotic behaviour are shown by many pro-
cesses, such as electrical circuits, oscillat-
ing chemical reactions or the dynamics of
various liquids (19,20). Chaotic processes
form fractals. They are geometric objects
that can be divided into smaller parts, all
of which reflect the structure of the origi-
nal whole: they are self-similar objects in-
dependent of the observation size class. In
nature, clouds, snowflakes, some plants, or
lightning during storms show a certain de-
gree of self-similarity. Studies over the last
two decades have unequivocally demon-

strated that complex dynamic behaviour
in time and space is also demonstrated by
biological systems and processes. In the
human body, fractal properties are shown
by a number of structures, such as branch-
ing of the arterial and venous systems,
bronchial branches and His-Purkinje
nerve bundles, and nerve entanglements
in the central nervous system. Today, cha-
otic behaviour is also known to be exhib-
ited by the heartbeat. The ECG records
indicate an apparent periodicity, but the
resting heart rate of a healthy person is a
very dynamic process. It has the proper-
ties of statistical self-similarity, which is
reflected in many time size classes, from a
few milliseconds to a few hours (12,16,18).
While linear HRV analyses have neglected
the complex dynamics of the heartbeat as
if they were “useless murmurs,” non-linear
methods show that the aforementioned
fractality contains a range of import-
ant, hitherto hidden information. Stud-
ies conducted so far have shown that the
breakdown of the fractal organization of
the heartbeat into excessive order or into
unrelated coincidence is a sign of system’s
reduced ability to adapt to change. It is
characteristic of aging and various disease
states (4,12).

The complexity of fractals due to their
irregularity cannot be described by con-
ventional mathematical methods and
Euclidean geometry, but is described by
Mandelbrot’s fractal geometry or math-
ematics of complex dynamics and chaos
theory (12,16,19). By using such mathe-
matical methods in biomedicine, new pos-
sibilities have opened up for the analysis of
a series of seemingly irregular biological
structures and phenomena (4,12,16,18). A
number of non-linear methods are used to
assess heart rate dynamics, the most com-
monly used being detrended fluctuation
analysis (DFA), fractal dimension (FD),
Approximate entropy (ApEn), Hurst ex-
ponent (H), 1/f noise, symbolic dynamics,
and Lyapunov exponent (19). Some au-
thors even consider that the time series of
the ECG records is so non-stationary and
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inhomogeneous that a large number of lo-
cal fractal exponents, known as multifrac-
tal analysis, need to be used for a credible
description of its dynamics (21).

Among the mentioned non-linear
methods, the DFA analysis has proven
to be the most reliable indicator of the
complex dynamics of ECG recordings
in previous studies (4,12,16,18). DFA is
a method of quantitatively assessing the
self-similarity of nonstationary time se-
ries and is based on detrending time series
and determining the trend line according
to the least squares principle of error. In
this case, we obtain a line whose slope is
represented by the self-similarity coeffi-
cient a. Values of a around 1 indicate the
self-similarity of the time series. DFA in
a logarithmic graph does not provide a
completely linear line, but a “two-segment
line” consisting of a line with a breaking
point at a time series size of about 11 RR
intervals. Therefore, many authors prefer
to calculate the exponent of each part of
a two-segment line separately, namely:
the short-term exponent a 1 and the long-
term exponent a 2. Values of a 1 around
1.5 and a 2 around 1 indicate self-similar-
ity of the ECG records (20).

Normal values of the most commonly
used linear indicators and the most es-
tablished non-linear DFA indicator are
shown in Table 1.

3 Changesin HRV in
various physiological and
pathophysiological conditions

HRV is high in young healthy people
and indicates a healthy response of sympa-
thetic-vagal balance to minimal changes
in homeostasis. When partially decreased,
it is a sign of normal aging of the organism
and indicates a gradual loss of vagal dom-
inance. Severely decreased or even absent
HRV results from a completely abnormal
response of the autonomic nervous sys-
tem to disturbances in homeostasis and
is a sign of a number of cardiovascular
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diseases, such as coronary heart disease,
acute coronary syndrome, heart failure,
supraventricular and ventricular arrhyth-
mias, diabetic neuropathy and various
conditions that follow myocardial infarc-
tion, heart surgery and heart transplant
(2,4,5,12-18). Although the exact patho-
physiological mechanisms that lead to a
decrease in HRV with these pathological
conditions have not been fully explained,
there are quite a few theories that identify
the most likely causes of sympathetic-va-
gal imbalance with individual diseases
(2). According to one of the theories, the
drop in HRV in patients with myocardial
infarction is due to the activation of car-
diac sympathetic-sympathetic and sympa-
thetic-vagal reflexes, with changes in the
geometry of ventricular contraction (as
a result of a necrotic and/or hibernating
myocardium), causing mechanical distur-
bance of sensory endings, which resulted
in increased triggering of sympathetic af-
ferent fibres. This ultimately leads to the
predominance of sympathetic influence
over vagal influence on the SA node (2).
In patients who experience a marked de-
crease in HRV after myocardial infarction,
a reduced SA node response to neuro-
modulation is the more likely cause (2).
In diabetes, the fall in HRV may happen
due to cardiac autonomic neuropathy, as-
sociated with impaired glucose metabo-
lism and inflammation; or it results from
a reduced hypothalamic efferent stimulus
for secretion of insulin and concurrent
activation of the vagal nerve (2). In heart
failure, reduced HRV can be explained by
disrupted cardiac haemodynamics, along
with the predominance of the sympathet-
ic nervous system due to the activation of
complex compensatory mechanisms that
occur as part of heart failure syndrome.
Under such conditions, the SA node be-
comes completely unresponsive to neural
stimuli (2). In patients following heart
transplantation, the disturbed sympathet-
ic-vagal balance results from complete de-
nervation of the donor heart and an iso-
lated response of the heart muscle to the
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circulating catecholamines (2). HRV is
greatly altered also after any type of heart
surgery. Our research team has found in
previous studies that HRV is greatly re-
duced after both dormant and beating
heart surgery and that it remains affected
for at least 4 weeks after surgery, meaning
that stress during surgery and damage to
cardiac nerves due to manipulation of the
heart and large blood vessels during sur-
gery lead to a sympathetic predominance
that lasts for at least a few weeks after sur-
gery (22,23).

Linear indicators of the TP, HE, LF, and
VLF frequency domains are statistically
significantly lower in patients with coro-
nary heart disease, heart failure, and fol-
lowing a myocardial infarction, indicating
decreased vagal and/or increased sympa-
thetic rhythm regulation in these individ-
uals (2). In cases of an increased sympa-
thetic tone, there is also a decrease in all
parameters of the time domain of linear
HRV analysis (2).

Linear frequency domain indicators
have been shown to be good predictors of
sudden cardiac death, myocardial infarc-
tion (MI) mortality, and onset of post-in-
farction arrhythmic events (2,24-26). In
studies, SDNN and SDANN indicators
proved to be among the best predictors of
mortality following MI (2). The ATRAMI
study has shown that the patients follow-
ing an MI, with whom SDNN (determined
from 24-hour ECG recordings) is < 70 ms,
have a 3.2 times faster mortality rate in the
first 21 months following MI than patients
with SDNN > 100 ms (24). Similarly, the
MPIP study has shown that patients, fol-
lowing AMI with SDNN < 50 ms (when
compared to patients with SDNN > 100
ms), are 5.3 times more likely to die in the
first 31 months after a heart attack (24,25).
Patients with postinfarction VT have sig-
nificantly lower LF values compared to pa-
tients with post-infarction sinus rhythm.
Before the onset of sympathetically or va-
gally modulated AF, the values of RMSSD,
HF and LF ratios are significantly reduced:
HF (26). Patients with higher values of lin-

ear HRV indicators have fewer ventricular
arrhythmias, suggesting a protective role
of vagal tone in the occurrence of ventric-
ular arrhythmias. In patients with coro-
nary heart disease, the probability of he-
modynamic significance of stenosis is 0.77
times, 0.75 times, 0.72 times or 0.76 times
lower, respectively, for each increase in
HE SDNN, RMSSD and pNN20 levels for
level 1 SD (24). Decreased HRV is an in-
dependent predictor of mortality even in
patients with heart failure. The UK-Heart
study showed that the annual mortality of
patients in the classes NYHA I-III is 5.5%
for SDNN > 100 ms, 12.7% for SDNN be-
tween 50 and 100 ms and 51.4% for SDNN
< 50 ms (24). In addition, in patients with
heart failure, the value of SDANN < 65 ms
before starting resynchronization treat-
ment (CRT) or SDANN < 76 ms 4 weeks
after implantation of a CRT pacemaker, an
independent predictor of the progression
of heart failure to the extent that a heart
transplant is required (24,25).

In cases of various cardiovascular dis-
eases, non-linear HRV indicators are also
significantly changed; they are better indi-
cators of the progression of these diseases
and better predictors for the occurrence
of adverse events than linear indicators
(12-18,24-26). Non-linear indicators are
mainly influenced by the parasympathetic
branch of the autonomic nervous system
and less influenced by the sympathetic
nervous system, so most parameters such
as a 1, average FD and ApEn clearly re-
flect vagal activity, and only a few, such
as a 2 and 1/f slope, reflect a sympathetic
activity. Patients with significantly higher,
post-infarction values of non-linear and
equal values of linear indicators live longer
following a myocardial infarction (25-27).
The a 1 indicator has proven to be an in-
dependent predictor of the occurrence of
benign and malignant cardiac arrhyth-
mias, sudden cardiac death, and mortality
in patients with reduced left ventricular
ejection fraction. A statistically significant
drop in the indicator is also observed af-
ter interventions on a beating or dormant
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heart. In addition, changes in the parame-
ter a 1 reflect the normal aging process of
the organism very well (12-18,24-27).

The connections between HRV and
inflammation, stress and hormonal dis-
orders are also interesting and therefore
worth mentioning. Inflammation, which
is the body’s basic protective response to
a microbial infection or injury, is a care-
fully controlled process that is significant-
ly guided and regulated by the autonomic
nervous system (28), primarily via the va-
gally modulated cholinergic anti-inflam-
matory pathway (29). Meta-analyses of
studies from the last two decades show
that there is an inverse relationship be-
tween vagally modulated HRV indicators
and laboratory indicators of inflammation,
proving that the parasympathetic branch
of the autonomic nervous system plays
a dominant role in the inflammatory re-
flex and acts anti-inflammatory, while the
(in this case) less important sympathetic
branch of the autonomic nervous system
acts either pro- or anti-inflammatory. The
degree of inflammation can be reliably de-
termined with vagally modulated HRV in-
dicators (29). According to Selye’s theory,
stress is a state of endangered homeostasis,
caused by internal or external stressors, to
which a healthy organism responds with
the so-called stress response (30). Auto-
nomic nervous system activity is the foun-
dation of the stress response and includes
activity of both sympathetic and parasym-
pathetic branch. In a phase of acute stress,
the organism achieves homeostasis by
fine regulation of the sympathetic-vagal
balance, while in phases of chronic stress,
with a constant increase in circulating cat-
echolamines and cortisol, it leads to a vi-
olation of the sympathetic-vagal balance.
When this happens, the parasympathetic
branch is not able to respond to stressors
and the simultaneous sympathetic domi-
nance, which is the reason for a decreased
HRV in the stages of chronic stress (30).
Like other stressors, hormonal disorders
cause a long-term and chronic disruption
of homeostasis in the body and disrupt the
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sympathetic-vagal balance, altering HRV
(2,30).

The data on the effect of different drugs
on HRV indicators is also important
in clinical practice. Treatment with be-
ta-blockers increases the variability of RR
intervals and with it, HRV. Some antiar-
rhythmics, such as flecainide and propafe-
none, reduce HRV, while amiodarone
treatment does not affect HRV indicators.
Muscarinic receptor antagonists such as
atropine and scopolamine increase vagal
activity and with it, HRV (2).

When we talk about the clinical signif-
icance and prognostic values of HRV in
various physiological or disease states, it is
of course necessary to be aware of some
limitations that the analysis of variability
of RR intervals has: a) HRV has usually
been studied as an observed event (health
indicator) in the previous studies, but not
as a central subject of research (e.g. why it
exists at all, what are the cellular mecha-
nisms of its formation and maintenance,
etc.), therefore many questions remain
unclear about its significance; b) while
the linear HRV parameters are already
well known and established, the non-lin-
ear HRV indicators are currently relative-
ly poorly defined, rarely validated (each
study offers its own parameter) and veri-
fied in a limited fashion in terms of both
normal values and their predictive role in
various pathological conditions; c¢) due to
the pronounced individual variability of
HRY, it is still studied at the level of the
population or extremely large groups of
subjects (2,18).

4 Changes in HRV during
physical activity

Regular intensive aerobic exercise leads
to a number of adaptation mechanisms of
the organism, which enable increased de-
livery of oxygen to the active muscle tissue
and a sufficient perfusion of target organs
in the phase of effort or physical exercise,
and are also visible at rest (1,6,7-9). These
adaptations are due to complex chang-
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es at the molecular cellular level, ranging
from altered gene expression and enzyme
function to changes in hormonal states,
receptor responses, and target organ func-
tion. With sufficient training, these mech-
anisms are triggered regardless of the race,
gender, and age of the individual in the
first 2 to 3 months of regular exercise. They
improve baseline resting values by approx-
imately 25% in well-trained individuals.
Adjustments such as a decrease in rest-
ing heart rate and submaximal exertion
(while the maximum heart rate usually
does not change or only a slight decrease
occurs), increased heart rate and cardiac
minute volume, and decreased respiration
at submaximal exertion are largely due to
changes in the functioning of the auto-
nomic regulation of the heart as a result of
physical activity (6-9).

Individuals exposed to regular aerobic
exercise have a significantly higher resting
vagal tone than individuals who are not
exposed to such exercise. Higher vagal
tone protects physically active individuals
from sudden death, from the development
of cardiovascular disease, and from benign
and malignant arrhythmias. The exact
mechanisms that lead to increased vagal
modulation in these humans are not fully
known. At least part of the change in the
autonomic nervous system, however, oc-
curs due to altered levels of angiotensin II
and nitric oxide (7). Comparisons of well-
trained athletes with their non-physically
active peers have shown that athletes have
lower plasma renin levels and therefore
lower levels of angiotensin II, which re-
duces vagal activity. This means that vagal
modulation increases at lower angioten-
sin II levels. In addition, regular aerobic
exercise increases endothelial function,
thereby raising the level of available nitric
oxide, which directly increases vagal tone
and decreases sympathetic tone (7).

Directly during aerobic exercise, the
heart rate and cardiac output increase in
order for the body to provide a sufficient
amount of oxygen in the active muscle and
to provide a sufficient perfusion of vital

organs (1). In the initial phase of exercise
or at lower loads, the increase in heart rate
and minute volume is due to reduced va-
gal tone, when an individual reaches about
40% of their maximum aerobic capacity
(then the heart rate is usually around 100
beats per minute). At the same time, the
sympathetic activity also begins to increase
(7). At maximum effort, when an individ-
ual reaches (sub)maximum aerobic capac-
ity and (sub)maximum heart rate, there
is a highly increased sympathetic activity
with simultaneous, practically eliminated
vagal modulation. Maximum aerobic per-
formance can be greatly increased in well-
trained individuals and is considered to be
the best indicator of an athlete’s readiness
or training. After a short (10- to 20-min-
ute) (sub)maximum exercise, the vagus
activity rises to baseline levels within a few
minutes, and after a long workout, only af-
ter a few hours or days. In better-trained
athletes, autonomic heart regulation im-
proves faster than in less-trained athletes,
and the duration of HRV correction can
also serve as an indicator of an athletes
training or physical fitness.

In accordance with changes in the
sympathetic-vagus balance, regular and
intense aerobic exercise also increases
heart rate variability, which is a reflection
of a healthy heart response to changes in
homeostasis (1,7). Individuals exposed to
regular aerobic exercise have elevated all
linear indicators that reflect vagal activity,
and the a 1 indicator in these individuals
is about 1.5, indicating a higher degree of
self-similarity of the ECG records. Direct-
ly during aerobic exercise, all linear indi-
cators that reflect vagal activity fall, and
linear indicators that reflect sympathetic
activity increase. Interestingly, after the
initial drop, the linear indicators no longer
decrease despite the increase in aerobic
load. The opposite is true for non-linear
indicators. At a lower load level, the a 1
indicator shows a loss of self-similarity
of the ECG record with a change towards
Brownian motion or the so-called random
walk when an individual exceeds a load of
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approximately 40% of maximum aerobic
capacity (is, therefore, at the limit). How-
ever, when the fall in vagal modulation
is accompanied by a gradual increase in
sympathetic activity, a 1 begins to fall lin-
early toward white noise or complete non-
or anticorrelation of the ECG recordings
(6-9).

The endurance of a recreational or pro-
fessional athlete and their training can be

REVIEW ARTICLE

objectified today with a number of “en-
durance indicators”, such as the ventila-
tion threshold and the point of respiratory
compensation, which are considered to be
the most frequently used indicators of an
individual’s physical fitness. Endurance
indicators are assessed in specially adapt-
ed sports and cardiology laboratories with
gas analysis of inhaled and exhaled air and
blood tests to determine lactate levels be-

Table 1: Reference values of the most established linear and non-linear indicators of heart rate variability (summarized

after Report) (2).

Indicator

Units

Description

Linear time domain indicators (24-hour recordings)

SDNN
SDANN

RMSSD

HRV
triangular
index

ms

ms

ms

N/A

Reference values
(mean value £ SD)

Activity
indicators

standard deviation of all NN intervals psy 141+39
standard deviation of average NN intervals, calculated from psy 127+35
5-minute intervals

the square root of the mean squared difference between psy 27+12

adjacent NN intervals

the total number of NN intervals divided by the number of NN psy

intervals in the modal bin

37+15

Linear frequency domain indicators (5-15 minute recordings)

TP

LF

HF

nLF

nHF

LF/HF ratio

ms?

ms?

ms?

nu

nu

N/A

the total power of the spectrum in the frequency range

between 0.01 and 0.4 Hz

low-frequency component of the spectrum in the frequency

interval between 0.04 and 0.15 Hz

high-frequency component of the spectrum in the frequency psy

interval between 0.15 and 0.4 Hz

low-frequency component of the spectrum, expressed in sy

normalized units: LF/(TP-VLF)x100

high-frequency component of the spectrum, expressed in psy

normalized units: HF/(TP-VLF)x100

the ratio between the low- and high-frequency component of

the spectrum

3466 +1018

sy 1170 £ 416

975 +203

1,5-2,0

Non-linear indicators (5-15 minute recordings)

DFAal

DFA a2

N/A

N/A

short-term exponent of quantitative assessment of self- psy 1,5

similarity, of non-stationary time series

long-term exponent of quantitative assessment of self-

similarity, of non-stationary time series

sy 1

NOTES: psy - parasympathetic activity, sy - sympathetic activity, VLF - very low-frequency component of the spectrum in the
frequency interval between 0.01 and 0.04 Hz, DFA - detrended fluctuation analysis, nu - normalized units).
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tween different levels of (sub)maximum
aerobic and anaerobic load, which means
that these are technically more demand-
ing, more expensive and time-consuming
test methods (7-9). In recent years, a num-
ber of studies has shown that during exer-
cise, changes in HRV indicators coincide
well with changes in ventilation curves
obtained during classical gas analysis of
inhaled and exhaled air during exercise
testing (31,32). The exact mechanisms of
the connection between ventilation and
HRV have yet to be fully explained. Most
likely, a healthy organism achieves a new
homeostasis through changes in the sym-
pathetic-vagal balance through changes in
blood pressure, tissue metabolism and cir-
culating hormones. Findings that changes
in HRV indicators could also be used to
determine endurance indicators such as
aerobic and anaerobic ventilation thresh-
old, maximum oxygen consumption
and respiratory compensation point in a
non-invasive and fairly simple manner,
have further popularized the method of
HRYV analysis among professional athletes
and coaches. Studies show that the aerobic
ventilation threshold is most easily deter-
mined by observing changes in non-linear
HRV indicators (e.g., in Poincaré groups).
The anaerobic threshold is determined
by observing changes in linear indica-
tors (e.g. HF vagal modulation indicator)
(31-33). Clinically, the most interesting
evidence is that significant changes in lin-
ear HRV indicators (significant decrease
in vagal indicators and/or significant in-
crease in synaptic indicators) — measured
during exercise with an increasing intensi-
ty — coincide extremely well with the on-
set of anaerobic threshold at which expo-
nential blood lactate accumulation begins.
These statistically significant changes in
HRYV indicators indicate a significant drop
in vagal activity at the time of anaerobic
threshold and a complete sympathetic
dominance (31-33). Also, research in re-
cent years has been clinically extremely in-
teresting, proving that it is possible to use
balanced models — with balanced consid-

eration of anthropometric data (age, sex,
height, body fat and muscle mass), rest-
ing heart rate and linear and non-linear
HRV indicators - in a non-invasive way
to determine the maximum oxygen con-
sumption, which is considered one of the
best indicators of the functional ability of
athletes (34,35). However, as there is little
data so far, we cannot unfortunately yet
say with certainty what are the specificity
and sensitivity of these non-invasive and,
for the athletes, extremely welcome new
non-invasive methods (31-35).

Intense aerobic exercise in principle
similarly changes the sympathetic-vagal
balance and HRV indicators in all individ-
uals. Nevertheless, the actual state of auto-
nomic balance (and therefore the values of
HRYV indicators) for each individual ath-
lete depends on a number of factors, such
as the type of sport (it does not matter
whether they are runners, cyclists, skiers
or biathletes), manner of training (pre-
dominant aerobic or anaerobic exercise),
exercise intensity, duration of exercise and
rest intervals and, last but not least, the
initial aerobic fitness level of the individ-
ual (6-9). Given such a pronounced indi-
vidual difference in the status of the au-
tonomous system in well-trained athletes,
it is currently impossible to determine
exactly which values of HRV indicators
are considered “normal” in an individual
and at which values they become clinically
significantly changed. That is why today,
most athletes use HRV for self-monitor-
ing; values in the individual are therefore
self-control at different stages of training
and at different stages of training. For
proper self-monitoring, it is most often
advised that individuals measure their so-
called basal HRV after 7 to 10 days of rest
(non-training interval), preferably early in
the morning, after about five minutes of
standing, after urination, and before food
intake. This provides the most realistic as-
sessment of basal vagal modulation, not
disturbed by daily physical activity, post-
prandial metabolism, and stress. Then, in
the phase of repeated aerobic exercise, they
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should regularly monitor HRV indicators
and train in accordance with the obtained
results: if vagal activity increases compared
to the basic level, they can increase the in-
tensity of training, and if it decreases, they
should reduce the intensity of aerobic ex-
ercise (31,32)When HRV is reduced over a
long period of time and does not improve
despite a decrease in physical activity, this
is an indicator of overtraining syndrome
(36). Overtraining occurs when the inten-
sity and frequency of exercise are such that
the body is not able to regenerate normally
during the phases of rest during exercise.
Overtraining syndrome is characterized
by a constant predominance of the sympa-
thetic nervous system both in the resting
and in the exercise phase. (36).

5 HRV estimates with
commercial heart rate
monitors

Until recently, we exclusively used tra-
ditional ECG meters to determine HRV
indicators, which, due to their techno-
logical dispositions, enable the recording
of short-term or Holter ECG recordings
in controlled laboratory conditions or in
everyday life in a home environment with
only moderate physical activity. With the
technological development of commercial
heart rate monitors and computer-aid-
ed systems for calculating variability, the
possibilities of observing HRV in the daily,
real life of an individual have opened up:
in phases of moderate or (sub)maximum
loads, in phases of regular and interval
loads, in phases of rest and regeneration,
at day-to-day intervals or while engag-
ing in various sports (10,11,37). This, of
course, raises two questions: (1) Wheth-
er commercially available meters capture
information about actual RR intervals
well enough (and therefore actually de-
tect heart rate or perhaps just noise due to
vibrations in sports activity); (2) whether
computer systems that calculate HRV in-
dicators can reliably calculate variability

REVIEW ARTICLE

from the data obtained in this way. Studies
in recent years suggest that the answer to
both is yes (10,11,37,38). A comparison of
hospital Holter monitors and commercial-
ly available monitors showed that com-
mercially available heart rate monitors
are trustworthy and reliably capture true
RR intervals, and the associated computer
systems dependably and reliably filter the
recordings and provide comparable heart
rate variability calculations. Most com-
mercial heart rate monitors available to-
day calculate linear HRV indicators.

Finding that commercially available
monitors provide credible HRV values
comparable to those obtained in cardiol-
ogy laboratories opened up new possibil-
ities for conducting investigations in reg-
ular clinical work (37,38). While the use
of hospital systems is often expensive, pa-
tient-unfriendly, less functional and more
difficult to access, the use of commercial-
ly available monitors is - on the contrary
- easier to access, significantly cheaper,
more patient-friendly and allows for nor-
mal daily activities as well as greater phys-
ical activity loads in a wide variety of en-
vironments. Of course, the fact remains
that most commercial heart rate monitors
provide only RR intervals, while hospital
systems also contain multi-channel ECG
recordings, which are often essential for
clinical and therapeutic decisions.

For a clinician who encounters individ-
uals who use heart rate monitors in their
daily routine, and gets asked questions
about the interpretation of the results and
is asked to provide advice on exercise, it
is crucial to know which information said
clinician can expect from the patient/ath-
lete and what they can advise such an in-
dividual on the basis of this information.
The vast majority of widely available and
used heart rate monitors today calculate
a strong vagal linear indicator, such as
RMSSD, SDNN, pNN50 or HE from the
measured RR intervals; before interpret-
ing the results, it is necessary to know
which indicator is calculated, since differ-
ent indicators have different target values.
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It is important to know that the levels of
HRV indicators are individually different
and that the target values obtained from
different studies have a large standard de-
viation, which means that it is difficult and
pointless to compare individuals among
each other. It is much more reliable to
compare the patient/athlete to themselves
in different periods or in periods of differ-
ent phases of training or different physi-
cal loads. In addition, it is important to be
aware that a single measurement of HRV
indicators does not have a large predictive
value, but it is always necessary to com-
pare an individual measurement with the
trend of HRV indicators over a longer pe-
riod for each user. Therefore, users should
be reminded that the first meaningful as-
sessments and interpretations of the re-
sults will be possible only after a few weeks
of regular use of the monitoring device,
when the first trend curves of an individ-
ual's HRV will have been produced. As
the number of measurements performed
increases, the data will become more and
more reliable, as trend curves will increas-
ingly reflect the variability of heart rate
in each individual. Users need to be told
that smaller declines in HRV values from
their own trend curves during the training
phases are normal. In such cases, it is nec-
essary to reduce the level of activity and
allow the body to regenerate normally.
This is shown by the re-increase of HRV.
However, significant declines in the value
of HRV, which do not improve despite the
reduction in physical activity, indicate an
overtraining syndrome. In this case, a lon-
ger regeneration period with the cessation
of extreme physical exertion is necessary
(36).

6 Conclusion

HRYV, which has been considered the
gold standard among cardiologists and
electrophysiologists for decades in assess-
ing autonomic heart regulation, has left
cardiology laboratories in recent years
and is paving the way for the world of
sports and developing new possibilities
for controlled training in everyday life. At
the same time, care must be taken when
interpreting HRV results, as incorrect
understanding of the physiological basis
and misinterpretation of changes in HRV
indicators can force an individual into an
unhealthy and harmful way of exercise.
Healthy, young people have a high heart
rate variability, which declines with age
and cardiovascular disease. Well-trained
endurance athletes have a high HRYV,
which means they have a greatly increased
vagal tone. During physical activity, HRV
begins to decrease, and is completely lost
in the range of maximum load, when the
predominance of the sympathetic nervous
system completely predominates, with vir-
tually nullified vagal activity. The greater
the endurance of an individual or their
physical fitness, the longer such an athlete
will have a higher vagal tone and with it, a
higher maintained HRV. Smaller declines
in the value of HRV during training phases
are normal. In these cases, it is necessary
to reduce the level of activity and allow
the body to regenerate normally, which is
manifested by a re-increase in vagal activ-
ity or an increase in HRV. Large declines
in HRV, which do not improve despite a
decrease in physical activity, indicate an
overtraining syndrome. It is a level of fit-
ness that does not allow the body to re-
generate normally in the resting phases in
between training and is manifested by the
constant predominance of the sympathet-
ic nervous system both in the resting and
in the exercise phase.

Zdrav Vestn | May - June 2020 | Volume 89 | https://doi.org/10.6016/ZdravVestn.2957


https://doi.org/10.6016/ZdravVestn.2957

Heart rate variability

REVIEW ARTICLE

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21

22.

23.

Berne RM, Levy MN. Cardiovascular physiology. St. Luis: Mosby Year Book; 1992. pp. 81-112.

Task force of the European Society of Cardiology and the North American Society of Pacing
ElectrophysiologySpecial Report. Heart rate variability. Standard of measurement, physiological
interpretation, and clinical use. Circulation. 1996;93(5):1043-65. DOI: 10.1161/01.CIR.93.5.1043 PMID:
8598068

Chen PS, Chen LS, Cao JM, Sharifi B, Karagueuzian HS, Fishbein MC. Sympathetic nerve sprouting,
electrical remodeling and the mechanisms of sudden cardiac death. Cardiovasc Res. 2001;50(2):409-16.
DOI: 10.1016/S0008-6363(00)00308-4 PMID: 11334845

Beckers F, Verheyden B, Aubert AE. Aging and nonlinear heart rate control in a healthy population. Am J
Physiol Heart Circ Physiol. 2006;290(6):H2560-70. DOI: 10.1152/ajpheart.00903.2005 PMID: 16373585
Buccalletti F, Bocci MG, Gilardi E, Fiore V, Calcinaro S, Fragnoli C, et al. Linear and nonlinear heart

rate variability indexes in clinical practice. Comput Math Methods Med. 2012;2012:219080. DO
10.1155/2012/219080 PMID: 22400047

Hautala A. Effect of physical exercise on autonomic regultion of heart rate. Oulu: University of Oulu; 2004.
Javorka M, Zila I, Balharek T, Javorka K. Heart rate recovery after exercise: relations to heart rate variability
and complexity. Braz J Med Biol Res. 2002;35(8):991-1000. DOI: 10.1590/S0100-879X2002000800018 PMID:
12185393

Makivic B, Djordjevic Nikic M, Willis MS. Heart rate variability as a tool for diagnostic and monitoring
performance in sport and physical activities. J Exerc Physiol Online. 2013;16(3):103-31.

Sartor F, Vailati E, ValsecchiV, Vailati F, La Torre A. Heart rate variability reflects training load and
psychophysiological status in young elite gymnasts. J Strength Cond Res. 2013;27(10):2782-90. DO
10.1519/JSC.0b013e31828783cc PMID: 23364293

Nunan D, Donovan G, Jakovljevic DG, Hodges LD, Sandercock GR, Brodie DA. Validity and reliability of
short-term heart-rate variability from the Polar S810. Med Sci Sports Exerc. 2009;41(1):243-50. DOI: 10.1249/
MSS.0b013e318184a4b1 PMID: 19092682

Gamelin FX, Berthoin S, Bosquet L. Validity of the polar S810 heart rate monitor to measure R-R intervals at
rest. Med Sci Sports Exerc. 2006;38(5):887-93. DOI: 10.1249/01.mss.0000218135.79476.9¢c PMID: 16672842
Goldberger AL, Amaral LA, Hausdorff M, Ivanov PC, Peng CK, Stanley HE. Fractal dynamics in

physiology: alterations with disease and aging. Proc Natl Acad Sci USA. 2002;99(1):2466-72. DOI: 10.1073/
pnas.012579499 PMID: 11875196

Makikallio TH, Huikuri HV, Makikallio A, Sourander LB, Mitrani RD, Castellanos A, et al. Prediction of
sudden cardiac death by fractal analysis of heart rate variability in elderly subjects. J Am Coll Cardiol.
2001;37(5):1395-402. DOI: 10.1016/S0735-1097(01)01171-8 PMID: 11300452

Tapanainen JM, Thomsen PE, Kgber L, Torp-Pedersen C, Mékikallio TH, Still AM, et al. Fractal analysis of
heart rate variability and mortality after an acute myocardial infarction. Am J Cardiol. 2002;90(4):347-52.
DOI: 10.1016/S0002-9149(02)02488-8 PMID: 12161220

Chattipakorn N, Incharoen T, Kanlop N, Chattipakorn S. Heart rate variability in myocardial infarction and
heart failure. Int J Cardiol. 2007;120(3):289-96. DOI: 10.1016/].ijcard.2006.11.221 PMID: 17349699

Huikuri HV, Makikallio TH, Perkiomaki J. Measurement of heart rate variability by methods based on
nonlinear dynamics. J Electrocardiol. 2003;36:95-9. DOI: 10.1016/j.jelectrocard.2003.09.021 PMID:
14716599

Frenneaux MP. Autonomic changes in patients with heart failure and in post-myocardial infarction patients.
Heart. 2004;90(11):1248-55. DOI: 10.1136/hrt.2003.026146 PMID: 15486114

Ksela J. Novejsi kazalci avtonomne regulacije srca kot napovedni dejavniki za pojav aritmij po
aortokoronarnih obvodih na delujoc¢em srcu. Ljubljana: Univerza v Ljubljani; 2009.

Gleick J. Chaos: The amazing science of the unpredictable. London: Vintage; 1998.

Saeed M. Fractals analysis of cardiac arrhythmias. ScientificWorldJournal. 2005;5:691-701. DOI: 10.1100/
tsw.2005.81 PMID: 16155684

lvanov PC, Amaral LA, Goldberger AL, Havlin S, Rosenblum MG, Struzik ZR, et al. Multifractality in human
heartbeat dynamics. Nature. 1999;399(6735):461-5. DOI: 10.1038/20924 PMID: 10365957

Kalisnik JM, Avbelj V, Trobec R, Ivaskovic D, Vidmar G, Troise G, et al. Assessment of cardiac autonomic
regulation and ventricular repolarization after off-pump coronary artery bypass grafting. Heart Surg Forum.
2006;9(3):E661-7. DOI: 10.1532/HSF98.2006-1020 PMID: 16753938

Ksela J, Suwalski P, Kalisnik JM, Avbelj V, Suwalski G, Gersak B. Assessment of nonlinear heart rate
dynamics after beating-heart revascularization. Heart Surg Forum. 2009;12(1):E10-6. DOI: 10.1532/
HSF98.20081116 PMID: 19233759

299


https://doi.org/10.1161/01.CIR.93.5.1043
https://pubmed.ncbi.nlm.nih.gov/8598068
https://doi.org/10.1016/S0008-6363(00)00308-4
https://pubmed.ncbi.nlm.nih.gov/11334845
https://doi.org/10.1152/ajpheart.00903.2005
https://pubmed.ncbi.nlm.nih.gov/16373585
https://doi.org/10.1155/2012/219080
https://pubmed.ncbi.nlm.nih.gov/22400047
https://doi.org/10.1590/S0100-879X2002000800018
https://pubmed.ncbi.nlm.nih.gov/12185393
https://doi.org/10.1519/JSC.0b013e31828783cc
https://pubmed.ncbi.nlm.nih.gov/23364293
https://doi.org/10.1249/MSS.0b013e318184a4b1
https://doi.org/10.1249/MSS.0b013e318184a4b1
https://pubmed.ncbi.nlm.nih.gov/19092682
https://doi.org/10.1249/01.mss.0000218135.79476.9c
https://pubmed.ncbi.nlm.nih.gov/16672842
https://doi.org/10.1073/pnas.012579499
https://doi.org/10.1073/pnas.012579499
https://pubmed.ncbi.nlm.nih.gov/11875196
https://doi.org/10.1016/S0735-1097(01)01171-8
https://pubmed.ncbi.nlm.nih.gov/11300452
https://doi.org/10.1016/S0002-9149(02)02488-8
https://pubmed.ncbi.nlm.nih.gov/12161220
https://doi.org/10.1016/j.ijcard.2006.11.221
https://pubmed.ncbi.nlm.nih.gov/17349699
https://doi.org/10.1016/j.jelectrocard.2003.09.021
https://pubmed.ncbi.nlm.nih.gov/14716599
https://doi.org/10.1136/hrt.2003.026146
https://pubmed.ncbi.nlm.nih.gov/15486114
https://doi.org/10.1100/tsw.2005.81
https://doi.org/10.1100/tsw.2005.81
https://pubmed.ncbi.nlm.nih.gov/16155684
https://doi.org/10.1038/20924
https://pubmed.ncbi.nlm.nih.gov/10365957
https://doi.org/10.1532/HSF98.2006-1020
https://pubmed.ncbi.nlm.nih.gov/16753938
https://doi.org/10.1532/HSF98.20081116
https://doi.org/10.1532/HSF98.20081116
https://pubmed.ncbi.nlm.nih.gov/19233759

MICROBIOLOGY AND IMMUNOLOGY

300

24.

25.

26.

21.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

Huikuri HV, Stein PK. Heart rate variability in risk stratification of cardiac patients. Prog Cardiovasc Dis.
2013;56(2):153-9. DOI: 10.1016/j.pcad.2013.07.003 PMID: 24215747

Perkiomaki JS. Heart rate variability and non-linear dynamics in risk stratification. Front Physiol. 2011;2:81.
PMID: 22084633

Makikallio TH, Haiber S, Kaber L, Torp-Pedersen C, Peng CK, Goldberger AL, et al. Fractal analysis of heart
rate dynamics as a predictor of mortality in patients with depressed left ventricular function after acute
myocardial infarction. TRACE Investigators. TRAndolapril Cardiac Evaluation. Am J Cardiol. 1999;83(6):836-
9.DOI: 10.1016/S0002-9149(98)01076-5 PMID: 10190395

Wagner CD, Persson PB. Chaos in the cardiovascular system: an update. Cardiovasc Res. 1998;40(2):257-64.
DOI: 10.1016/S0008-6363(98)00251-X PMID: 9893718

28. Tracey KJ. The inflammatory reflex. Nature. 2002;420(6917):853-9. DOI: 10.1038/nature01321 PMID:
12490958

Williams DP, Koenig J, Carnevali L, Sgoifo A, Jarczok MN, Sternberg EM, et al. Heart rate variability and
inflammation: A meta-analysis of human studies. Brain Behav Immun. 2019;80:219-26. DOI: 10.1016/].
bbi.2019.03.009 PMID: 30872091

Guan L, Collet JP, Mazowita G, Claydon VE. Autonomic Nervous System and Stress to Predict Secondary
Ischemic Events after Transient Ischemic Attack or Minor Stroke: Possible Implications of Heart Rate
Variability. Front Neurol. 2018;9:90. DOI: 10.3389/fneur.2018.00090 PMID: 29556209

Blain G, Meste O, Bouchard T, Bermon S. Assessment of ventilatory thresholds during graded and maximal
exercise test using time varying analysis of respiratory sinus arrhythmia. Br J Sports Med. 2005;39(7):448-
52.DO0I: 10.1136/bjsm.2004.014134 PMID: 15976169

Cottin F, Médigue C, Lopes P, Leprétre PM, Heubert R, Billat V. Ventilatory thresholds assessment from
heart rate variability during an incremental exhaustive running test. Int J Sports Med. 2007;28(4):287-94.
DOI: 10.1055/5-2006-924355 PMID: 17024637

Ramos-Campo DJ, Rubio-Arias JA, Avila-Gandia V, Marin-Pagén C, Luque A, Alcaraz PE. Heart rate variability
to assess ventilatory thresholds in professional basketball players. J Sport Health Sci. 2017;6(4):468-73.
DOI: 10.1016/}.jshs.2016.01.002 PMID: 30356606

Wollmner M, Rhenan B, Tiago P, Jorge RP, Alysson RSC, et al. Maximum oxygen uptake prediction model
based on heart rate variability parameters for young healthy adult males at rest. Open Acc Biostat
Bioinform. 2018;2(3):0ABB 000536. DOI: 10.31031/OABB.2018.02.000536

Ledn-Ariza HH, Botero-Rosas DA, Zea-Robles AC. Heart rate variability and body composition as VO2max
determinants. Rev Bras Med Esporte. 2017;23(4):317-21. DOI: 10.1590/1517-869220172304152157
Baumert M, Brechtel L, Lock J, Hermsdorf M, Wolff R, Baier V, et al. Heart rate variability, blood pressure
variability, and baroreflex sensitivity in overtrained athletes. Clin J Sport Med. 2006;16(5):412-7. DOI:
10.1097/01.jsm.0000244610.34594.07 PMID: 17016118

Porto LG, Junqueira LF. Comparison of time-domain short-term heart interval variability analysis using

a wrist-worn heart rate monitor and the conventional electrocardiogram. Pacing Clin Electrophysiol.
2009;32(1):43-51. DOI: 10.1111/j.1540-8159.2009.02175.x PMID: 19140912

Nunan D, Jakovljevic DG, Donovan G, Hodges LD, Sandercock GR, Brodie DA. Levels of agreement for RR
intervals and short-term heart rate variability obtained from the Polar S810 and an alternative system. Eur
J Appl Physiol. 2008;103(5):529-37. DOI: 10.1007/s00421-008-0742-6 PMID: 18427831

Zdrav Vestn | May - June 2020 | Volume 89 | https://doi.org/10.6016/ZdravVestn.2957


https://doi.org/10.6016/ZdravVestn.2957
https://doi.org/10.1016/j.pcad.2013.07.003
https://pubmed.ncbi.nlm.nih.gov/24215747
https://pubmed.ncbi.nlm.nih.gov/22084633
https://doi.org/10.1016/S0002-9149(98)01076-5
https://pubmed.ncbi.nlm.nih.gov/10190395
https://doi.org/10.1016/S0008-6363(98)00251-X
https://pubmed.ncbi.nlm.nih.gov/9893718
https://doi.org/10.1038/nature01321
https://pubmed.ncbi.nlm.nih.gov/12490958
https://doi.org/10.1016/j.bbi.2019.03.009
https://doi.org/10.1016/j.bbi.2019.03.009
https://pubmed.ncbi.nlm.nih.gov/30872091
https://doi.org/10.3389/fneur.2018.00090
https://pubmed.ncbi.nlm.nih.gov/29556209
https://doi.org/10.1136/bjsm.2004.014134
https://pubmed.ncbi.nlm.nih.gov/15976169
https://doi.org/10.1055/s-2006-924355
https://pubmed.ncbi.nlm.nih.gov/17024637
https://doi.org/10.1016/j.jshs.2016.01.002
https://pubmed.ncbi.nlm.nih.gov/30356606
https://doi.org/10.31031/OABB.2018.02.000536
https://doi.org/10.1590/1517-869220172304152157
https://doi.org/10.1097/01.jsm.0000244610.34594.07
https://pubmed.ncbi.nlm.nih.gov/17016118
https://doi.org/10.1111/j.1540-8159.2009.02175.x
https://pubmed.ncbi.nlm.nih.gov/19140912
https://doi.org/10.1007/s00421-008-0742-6
https://pubmed.ncbi.nlm.nih.gov/18427831

	Heart rate variability - from cardiology labs into the world of recreational and professional sport
	Abstract
	Izvleček
	1 Introduction
	2 Heart rate variability
	2.1 Linear analyses of HRV
	2.2 Non-linear analyses of HRV

	3 Changes in HRV in various physiological and pathophysiological conditions
	4 Changes in HRV during physical activity
	5 HRV estimates with commercial heart rate monitors
	6 Conclusion
	References

