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Abstract This review examines the influence on heart rate variability (HRV) indices in

athletes from training status, different types of exercise training, sex and ageing,
presented from both cross-sectional and longitudinal studies. The predictability of
HRYV in over-training, athletic condition and athletic performance is also included.
Finally, some recommendations concerning the application of HRV methods in
athletes are made.

The cardiovascular system is mostly controlled by autonomic regulation
through the activity of sympathetic and parasympathetic pathways of the auto-
nomic nervous system. Analysis of HRV permits insight in this control mecha-
nism. It can easily be determined from ECG recordings, resulting in time series
(RR-intervals) that are usually analysed in time and frequency domains. As a first
approach, it can be assumed that power in different frequency bands corresponds
to activity of sympathetic (0.04-0.15Hz) and parasympathetic (0.15-0.4Hz)
nerves. However, other mechanisms (and feedback loops) are also at work,
especially in the low frequency band.
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During dynamic exercise, it is generally assumed that heart rate increases due
to both a parasympathetic withdrawal and an augmented sympathetic activity.
However, because some authors disagree with the former statement and the fact
that during exercise there is also a technical problem related to the non-stationary
signals, a critical look at interpretation of results is needed.

It is strongly suggested that, when presenting reports on HRV studies related to
exercise physiology in general or concerned with athletes, a detailed description
should be provided on analysis methods, as well as concerning population, and
training schedule, intensity and duration. Most studies concern relatively small
numbers of study participants, diminishing the power of statistics. Therefore,
multicentre studies would be preferable.

In order to further develop this fascinating research field, we advocate prospec-
tive, randomised, controlled, long-term studies using validated measurement
methods. Finally, there is a strong need for basic research on the nature of the
control and regulating mechanism exerted by the autonomic nervous system on
cardiovascular function in athletes, preferably with a multidisciplinary approach
between cardiologists, exercise physiologists, pulmonary physiologists, coaches

and biomedical engineers.

The manner in which the intact organism (in
general) and the cardiovascular system (more spe-
cifically) responds to the stress of exercise has in-
trigued sports physiologists for the past century. The
cardiovascular adjustments necessary to meet the
extraordinary demands of the working musculature,
which begins even before the onset of exercise,
remains an area of intense investigation and specula-
tion.l'?l Also, anatomical geometry and cardio-
vascular function of the heart are altered after chron-
ic physical activity."® For example, on the one hand,
persistent volume load such as that elicited after
endurance training (or its pathological equivalent
after aortic or mitral insufficiency) leads to enlarge-
ment of the left ventricular internal diameter and a
proportional increase in wall thickness.™31 This type
of adaptation is called eccentric left ventricular hy-
pertrophy. On the other hand, a pressure load such as
elicited after power training (or its pathological
equivalent of aortic stenosis or hypertension) leads
to a thickening of the ventricular wall and an un-
changed internal dimension. This type of adaptation
is called concentric left ventricular hypertrophy. An
essential difference between exercise and pathologi-
cal conditions is that the load on the heart is continu-
ous in the latter case and intermittent in the former.
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Other adjustments take place in almost every
organ system of the body and involve all aspects of
cardiac and peripheral vascular control, including
regulation by the autonomic nervous system (ANS).
Neural mechanisms appear to be of great importance
in mediating the initial response to exercise, which
involves very rapid changes in heart rate and blood
pressure. All these phenomena involving heart rate
and blood pressure are described as ‘cardiovascular
variability’. Both phenomena covered in this re-
view, exercise training and its relation to control and
regulation of the cardiovascular function by the
ANS, also have the following important clinical
aspects: (i) can exercise training be used to retard the
advance of coronary and other heart diseases?; and
(i) can HRV be used as a predictor or as a marker of
the progression of cardiovascular disease?

Understanding interactions between cardio-
vascular function, activity of the ANS and exercise
training, remains a difficult problem. The disci-
plines of medicine, exercise and environmental
physiology, physical education and biomedical en-
gineering are all closely allied to study the effects of
exercise and other stresses on cardiac structure and
function.

Sports Med 2003; 33 (12)
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This review discusses how some of the conse-
quences of exercise training on the cardiovascular
system can be deducted from measured basic experi-
mental data of heart rate variability (HRV), aortic
blood pressure variability (BPV) and baroreflex sen-
sitivity (BRS). More specifically, time and frequen-
cy analysis of heart rate will be described as a
valuable tool to investigate the reflex mechanisms of
cardiovascular regulation in active athletes in a fully
non-invasive way.

The parameters of HRV, BPV and BRS can
simply be obtained from the measurement of the
ECG (and heart rate) and (non-invasive) blood pres-
sure as will be shown in section 2. Indices from
HRYV and BPV can be studied in time (statistical
studies) and frequency domain (power spectrum).
These indices can be a valuable non-invasive tool to
investigate the reflex mechanisms of cardiovascular
regulation during and after exercising, for de-
-training and over-training, sex differences and the
effects of ageing.

This review discusses consecutively: (i) control
mechanisms of heart rate and blood pressure and the
role of the ANS; (ii) how to measure experimentally
and analyse HRV and BPV, starting from the ECG
and (non-invasive) blood pressure signals; (iii) cor-
relation between HRV and physical and physiologi-
cal parameters; and (iv) HRV data obtained from
studies on athletes and related to training, training
overload, and age and sex differences.

1. Control of Heart Rate: the Autonomic
Nervous System (ANS)

The cardiovascular system, the heart and circula-
tion, are mostly controlled by higher brain centres
(central command) and cardiovascular control areas
in the brain stem through the activity of sympathetic
and parasympathetic nerves.®! Control is also affect-
ed by baroreceptors, chemoreceptors, muscle affer-
ent, local tissue metabolism and circulating hor-
mones.”! Study of cardiovascular variability mainly
allows access to the activity of the nerves and the
baroreceptors.

The ANS describes those nerves that are con-
cerned predominantly with the regulation of bodily
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functions. These nerves generally function without
consciousness or volition. Autonomic nerves com-
prise sympathetic nerves and parasympathetic
nerves (the latter often being used as a synonym of
vagal, because the parasympathetic supply to the
heart runs in the vagal nerves). Both divisions con-
tain both afferent and efferent nerves and both mye-
linated and non-myelinated fibres. In general, the
effects of the two divisions are complementary, with
activity in sympathetic nerves exciting the heart
(increasing heart rate), constricting blood vessels,
decreasing gastrointestinal motility and constricting
sphincters, and parasympathetic nerves inducing the
opposite response. The autonomic system supplies
both afferent and efferent nerves to the heart, with
sympathetic nerve endings all over the myocardium
and parasympathetic on the sino-atrial node, on the
atrial myocardium and the atrio-ventricular node.
These nerves not only control heart rate and force,
but both sympathetic and parasympathetic nerves
supply important reflexogenic areas in various parts
of the heart, which when excited by either mechani-
cal or chemical stimuli, give rise to reflexes that
influence both the heart itself and the state of con-
striction of blood vessels.!®! These neural pathways
are also closely linked to baroreceptor reflex ac-
tivity, with changes in blood pressure playing a key
role in either increasing or decreasing activity of one
or the other pathway.

Analysis of cardiovascular variability permitted
insight into the neural control mechanism of the
heart, leading to a new discipline: ‘neurocardiolo-
gy’ .11l This area combines the disciplines of neu-
rosciences and cardiovascular physiology on the
research side, and of neurology and cardiology on
the clinical side.

Normal heartbeat and blood pressure vary secon-
dary to respiration (respiratory sinus arrhythmia), in
response to physical, environmental, mental and
multiple other factors and is characterised by a cir-
cadian variation. Both the basic heart rate and its
modulation are primarily determined by alterations
in autonomic activity. Increased parasympathetic
nervous activity slows the heart rate and increased
sympathetic activity increases the heart rate (figure

Sports Med 2003; 33 (12)
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Fig. 1. (a) A very simple model illustrating the influence of the
sympathetic (increase in heart rate) and parasympathetic (de-
crease in heart rate) nervous activity on heart rate, the so called
‘balance model’. (b) A more elaborate working model of cardio-
vascular control mechanisms of HR, BP and the feedback mecha-
nism from the baroreflex. This illustrates independent actions of the
vagal, o- and B-sympathetic systems. Their action can be assessed
by measuring heart rate variability, blood pressure variability and
the baroreflex mechanism. The parasympathetic activity is respon-
sible for the bradycardia accompanying baroreceptor stimulation
and for the tachycardia accompanying baroreceptor deactivation,
with the sympathetic nervous system also playing a minor role. BP
= blood pressure; CO = cardiac output; HR = heart rate; n. vagus =
nervus vagus; SV = stroke volume; TPR = total peripheral resis-
tance; o = a-sympathetic system; B = B-sympathetic system.

1).1121 However, in reality the situation is much more
complex and figure 1b depicts a more evolved work-
ing model that, starting from central cardiovascular
control as a black box, identifies the output of the
ANS to blood pressure and heart rate, and describes
the feedback loop via the baroreceptors.['¥ In a
healthy individual, the role of the ANS in the beat-
to-beat adjustment of haemodynamic parameters is
essential to adequate cardiovascular functioning.
Therefore, cardiovascular control, as expressed by
the time-dependence of haemodynamic variables, is

© Adis Data Information BV 2003. All rights reserved.

Aubert et al.

a direct reflection of autonomic activity. It may be a
useful tool to examine autonomic fluctuations under
different physiological circumstances!'* or to study
external influences such as the effect of training.
Autonomic nerves, therefore, have a pivotal role
in the regulation of the cardiovascular system both
in ensuring optimal function during various activi-
ties in health under varying physical conditions,
even during weightlessness,!>! and also in mediat-
ing several of the manifestations of cardiac diseases.

2. Methodology and Analysis of
Cardiovascular Variability: Heart Rate
Variability (HRV), Blood Pressure
Variability and Baroreflex Sensitivity

The first step for the analysis of HRV and BPV
signals is obtaining high-quality ECG and (non-
invasive) blood pressure tracings under stationary
conditions (figure 2). As the analysis of the ECG
and blood pressure are very similar, only the ECG
will be discussed further. Duration of recordings can
extend from a minimum of 10 minutes to 24 hours in
Holter recordings. The duration has to be sufficient-
ly long and stationary during that period, allowing a
good frequency resolution. For frequency domain
measurements, it is recommended that the duration
of the recording is at least two-times the wavelength
of the lowest frequency component. Accordingly,
the minimum duration for the assessment of the high
frequency (HF) component (0.15Hz) would be 13.3
seconds and for the low frequency (LF) component
(0.04Hz) 50 seconds. However, it is generally re-
commended to have minimum duration recordings
of 5 minutes or even better 10 minutes. For the study
of circadian variations, Holter recordings (24-hour)
covering a full day/night cycle are needed. Also, as
will be in sections 2.1 and 2.2, many HRV indices
depend upon the duration of the recording. Thus, it
is inappropriate to compare HRV indices obtained
from recordings of different duration with each oth-
er.

While laboratory conditions may be closely con-
trolled, artefacts are present in almost all Holter
recordings or telemetry recordings as obtained in the
field. These signals are analogue/digital converted

Sports Med 2003; 33 (12)
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for computer processing. In order to have a good
time resolution and event definition, a sampling rate
of at least 250Hz and up to 1000Hz (giving a time
resolution of 1ms) is recommended.

The second step is the recognition of the QRS
complex. Peak detection is often performed with
commercially available software included in the
Holter analysis systems. An algorithm was devel-
oped in-house for threshold detection.l's! This al-
gorithm functions as well on the ECG as on the
blood pressure recordings. The result is a discrete,
unevenly spaced time event series: the tachogram,
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obtained from the ECG. It is crucial that before
processing, these signals are corrected for ectopic
and missed beats.[!'!71 This is performed with filter-
ing (elimination of spurious peaks) and interpolation
algorithms (i.e. replacing beats to be corrected by
the mean of a combination of preceding and follow-
ing beats).'8! After this step, a normal-to-normal
interval (NN) is obtained.

A final step is needed before spectral analysis can
be performed. Computation of the spectral compon-
ents of the tachogram requires a signal sampled at
regular intervals, which is not the case for the
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Fig. 2. Analysis of heart rate variability. Calculation of consecutive RR intervals (a) on the ECG, results in the tachogram (b) that can be
analysed in the frequency domain (c) and the time domain (d). The spectral analysis (c) and the histogram (d) are results from a 24-hour
Holter recording. The histogram shows two peaks: one is around 1100ms, which corresponds to mean heart rate at night, and the other is
around 750ms, which corresponds to mean heart rate during the day. FFT = fast Fourier transform; HF = high frequency; HR = heart rate;

LF = low frequency; Ln = natural logarithm; T = total.
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Table I. Heart rate variability parameters in the time domain obtained from ten control (sedentary) individuals and ten aerobically-trained
athletes. Values are mean * standard deviation (reproduced from Aubert et al.,?”l with permission)

Mean NN (ms) SDNN (ms) rMSSD (ms) pNN50 (%)
Supine
Control 880.7 £ 263.8 69.7 + 37 455 + 26.8 21.8+19.7
Aerobic 1100.3 + 158.5* 97.9 + 15.7* 73.5 + 23.7* 40.1 + 16.6*
Standing
Control 749.7 £ 165.6 65.4 + 38.9 30.6 + 16.9 105 £ 124
Aerobic 947.7 £ 108.8 92.9 + 30.9 472+ 11.1* 224 +8.9*

NN = normal-to-normal interval; pPNN50 = percentage of successive interval differences larger than 50ms; rMSSD = square root of the mean
squared successive differences between adjacent RR intervals; SDNN = standard deviation of the NN interval; * p < 0.05.

tachogram, sampled by each (variable) heartbeat. A
regular signal is obtained by modifying the
tachogram. An interpolation is performed and, on
this last signal, equidistant points are sampled every
0.5 seconds. Different algorithms have been pro-
posed to achieve equidistant sampling./18-2!

Non-invasive blood pressure can be measured
using finger cuffs?!?? or a pulse displacement de-
vice.[?3] Both methods allow continuous recording
of blood pressure and can be calibrated with a con-
ventional arm cuff device. The analysis of blood
pressure signals is very similar, therefore, a separate
description will not be given. The only supplemen-
tary differences are: (i) maxima (systolic blood pres-
sure values) and minima (diastolic blood pressure
values) should also be detected; and (ii) on the
contrary to the QRS peak where only the timing of
its occurrence has to be recorded, here both coordi-
nates (amplitude in mm Hg, and timing in seconds)
have to be recorded. The variations in systolic blood
pressure lead to the systogram and the variations in
diastolic blood pressure to the diastogram.

Data analysis on all these graphs can be ap-
proached from different viewpoints, accentuating
different underlying physiological mechanisms.
Traditionally, the time and frequency domains have
been considered, and recently non-linear dynamics
methods have also been added.

2.1 Time Domain

Parameters in the time domain are easily compu-
ted with simple statistical methods, even from short
time frames. Their main limitation is the lack of
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discrimination between the activity of the different
autonomic branches.

Recommendations for a standardisation of valid
parameters have been published.” These para-
meters are highly correlated to HF power in the
frequency domain and represent markers for vagal
modulation!®! (as will be explained in section 2.3).
The definitions for the most frequently used time
domain parameters are listed as follows:

e Standard deviation (SD) of the NN interval
(SDNN) [ms] over the recorded time interval
(result from corrected signals for ectopic and
missed beats by filtering and interpolation algo-
rithms). Theoretically, heart rate variance, equal
to (SDNN)2 and total power, are mathematically
identical. In practical terms, however, correspon-
dence between SDNN and the total spectral pow-
er depends on data processing, e.g. treatment of
ectopic beats, interpolation, definition of total
power.[?) SDNN depends largely on the duration
of the recording; therefore, SDNN values from
recordings of different duration should not be
compared.

e Standard deviation of the 5-minute mean NN
interval (SDANN) [ms] over the entire recording.
As SDANN values are obtained from successive
short 5-minute periods, it can only estimate
changes in heart rate caused by cycles shorter
than 5 minutes. Previous indices can be obtained
from statistical methods such as shown in the
histogram in figure 2d. It provides mean values,
standard deviation, coefficient of variation and
related parameters.

Sports Med 2003; 33 (12)
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e The square root of the mean squared successive
differences between adjacent RR intervals
rMSSD (ms) over the entire recording.

e The percentage of successive interval differences
larger than 50ms (pNN50) [%]: computed over
the entire recording.

Some typical values of previously mentioned
parameters are shown in table I. It gives values for
mean NN, SDNN, rMSSD and pNN50, obtained
from a control group of ten individuals and ten
aerobically-trained athletes”! in supine and stand-
ing position. Aerobically-trained athletes show a
higher NN (lower heart rate) compared with the
control group, and higher rMSSD and pNN50 in
supine as well as in standing position. Also, tMSSD
and pNNS50 are significantly larger (p < 0.05) in
supine compared with standing position. This corre-
sponds to a larger HF modulation in supine position
compared with standing (more vagal modulation) as
will be discussed in section 2.3 (also see figure 3).

Another possibility to process RR intervals in the
time domain is the use of geometrical methods.??!
The simplest one is the sample histogram (figure
2d), of which parameters related to the distribution
can be calculated: mode (value that occurs most
often), skewness (a measure of symmetry) and
kurtosis (a measure of peakedness). Lorenz or Poin-
caré maps plot the duration of each RR interval
against the duration of the immediately preceding
RR interval. The practical use of the geometrical
methods seems to be rather limited and up to now,
not so often used in the literature.

2.2 Frequency Analysis

By definition, spectral analysis decomposes any
steady, stationary, fluctuating time-dependent signal
into its sinusoidal components. It allows plotting the
power of each such component as a function of its
frequency and the computation of the power in
defined frequency regions. Power spectral analysis
has been performed by fast Fourier transform
(FFT),”! by autoregressive (AR) modelling™®! and
by wavelet decomposition.3!

© Adis Data Information BV 2003. All rights reserved.
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2.2.1 Fast Fourier Transform Approach

The FFT method is an objective method because
no information is lost: the tachogram can be shown
in the frequency domain after FFT and the latter
signal can be backward transformed to retrieve the
original tachogram. Units of the spectral compon-
ents are: ms2/Hz for HRV and mm Hg2/Hz for BPV.
The advantage of the classical FFT approach con-
sists mainly in its computational efficiency and its
simple implementation (figure 2c). However, these
advantages are counterbalanced by some limita-
tions. These are mainly related to the limited fre-
quency resolution,!'8 which is directly related to the
duration of the recording period (which also deter-
mines the lower limit of the spectrum, the latter
equals the inverse of the recording length) which is
affected by the windowing process as well. The
upper frequency limit (1Hz in humans) is imposed
by the Nyquist criterion: it equals half the sampling
rate, which in the case of resampling the signal
every 0.5 seconds corresponds to 2Hz. Therefore,
the upper frequency limit is at 1Hz.

The main reason why FFT analysis is so popular
in the scientific community is that it is relatively
simple to apply, gives a nice graphical representa-
tion and is readily available for application on
computers; it is even used for analysis of running
velocity.[3]

2.2.2 Autoregressive Modelling

This approach considers the time series as a
difference equation, such that the signal at every
time step is expressed as a linear function of its
values at J (the order of the parametric model)
previous time steps. Therefore, the AR model re-
quires an a priori choice of the value of J to provide
the best fit to the data that are being processed.
Visually, the AR spectrum presents smoother spec-
tral components, which can be distinguished inde-
pendently of pre-selected frequency bands.3% The
power content in these peaks can be calculated with-
out the need for predefined spectral bands.

The limitations of this method are linked with the
adequacy of the choice of the order J, which may
affect the accuracy of the determination of the time
series and the power spectra. The model order J,

Sports Med 2003; 33 (12)
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even if selected objectively by information theory
criteria, importantly determines both centre frequen-
cy and the magnitude of the spectral components.3!

2.2.3 Wavelet Decomposition

Wavelet transform (WT),B31-34 a relatively recent
development, provides a general signal processing
technique that can be used in numerous biomedical
applications. Its development was originally moti-
vated by the desire to overcome the drawbacks of
traditional Fourier analysis (e.g. FFT), simultane-
ously providing time and frequency information of
the signal. The WT indicates which frequencies
occur at what time, showing good time resolution at
high frequencies and good frequency resolution at
low frequencies. Therefore, this multi-resolution
joint time-frequency analysis is suited for the exam-
ination of non-stationary signals. Real signals, like
an ECG or a tachogram, are mostly non-stationary.
The information obtained by the wavelet decompo-
sition can be used to compare differences in power
or standard deviations at each of the wavelet levels
analysed.

WT offers superior time resolution and time lo-
calisation compared with FFT or AR models. Also,
WT analysis is not restricted to stationary signals.

Aubert et al.

The advantage of WT over AR modelling is that no
assumptions have to be made about model para-
meters. It offers rapid frequency decomposition with
time resolution, useful when one is interested in a
particular power spectral band over time, and has a
potential use to assess fractal characteristics.

A limitation of the method consists in the choice
of the basic wavelet function (the mother wavelet),
which has to possess some specific properties. Fur-
thermore, the WT results in coefficients, which have
to be related to power in specific frequency bands.

The previously mentioned frequency analysis
methods are compared in figure 4. Both FFT and AR
models provide very comparable results, with AR
models providing a smoother spectral shape. It also
allows decomposition of the spectrum (division of
the spectrum in its root components) without the
need for predefined spectral bands.

In the same figure (figure 4b), power bands ob-
tained from FFT and from WT are compared be-
tween the same two groups (control group and aero-
bically-trained athletes) as described in table I. Two
conclusions can be drawn from this figure: (i) FFT
and WT provide very comparable results; and (ii)
aerobically-trained athletes, with a low resting heart
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Fig. 3. Tachogram and corresponding power spectral density (PSD) of a standing individual (left) and a supine individual (right). Heart rate
rises from supine to standing (RR intervals become shorter) and high frequency power (parasympathetic) is depressed compared with
supine, whereas low frequency power (partially sympathetic) increases.
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Fig. 4. (a) Comparison of spectral analysis methods. Upper panel shows FFT, lower panel shows AR (order is 24). Peaks (due to respiration
at fixed rate) are at the same frequency, but the AR signal is smoother than the FFT signal. (b) Comparison of power bands as obtained
from FFT (upper panel) and WT (lower panel). Control measurements were from ten (sedentary) control individuals, and aerobic measure-
ments were from ten aerobically-trained athletes. Recordings were obtained in the supine position (reproduced from Verlinde et al.,3" with
permission). AR = autoregressive model; a.u. = arbitrary unit; FFT = fast Fourier transform; WT = wavelet transform.

rate, have indications of increased power in all fre-
quency bands compared with the control (sedentary)
group. This implies an increased modulation of
heart rate by the ANS, especially of the parasympa-
thetic component.

2.3 Selection of the Most Relevant
Frequency Ranges and
Physiological Significance

The power spectrum of the HRV signal, as ob-
tained from spectral analysis (FFT, AR modelling or
WT), was proposed to be used as a quantitative
probe to assess cardiovascular control mechan-
isms. U4

In a typical heart rate power spectral density
(which is the integral of the amplitude-frequency
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curve and is expressed in ms2 for HRV and in
mmHg?2 for BPV) three main frequency bands can
be observed: very low frequency (VLF), LF and HF
components (figure 2c). Power in the LF and HF
bands can also be expressed in normalised units:
LFnu and Hfnu. These are the values of LF and HF
divided by the total power minus VLF and multi-
plied by 100 (expressed as a percentage). The distri-
bution of the power and the central frequency of
these components are not fixed but may vary in
relation to changes in autonomic modulation of
heart rate and blood pressure.l!”l In humans, the
spectral components are usually integrated over two
frequency regions defined as LF (0.04-0.15Hz, with
a central frequency around O0.1Hz) and HF
(0.15-0.4Hz, with a central frequency at the respira-
tory rate around 0.25Hz). The LF and HF bands are

Sports Med 2003; 33 (12)
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indicated in figure 2c. In other mammals, these
regions are differently chosen according to the heart
rate of the specific species.['®]

Which neural mechanisms are underlying these
spectral bands fluctuations? Parasympathetic effer-
ent activity was considered responsible for HF, i.e.
respiration-linked oscillation of HRV. This state-
ment was made in conclusion after experiments with
vagotomy performed in experiments on decerebrate
cats,® or after muscarinic receptor blockade in
conscious dogs!®* and in humans.7! Both parasym-
pathetic and sympathetic outflows were considered
to determine LF, together with other regulatory
mechanisms such as the renin-angiotensin system
and baroreflex.[3738 The LF/HF ratio can assess the
fractional distribution of power,*! although like any
ratio, it can emphasise the opposite changes.

Below the LF frequency range (referred to as
VLF), there is often a continuous increase in power.
In part, this is the expression of very slow frequency
oscillations, probably related to thermoregulation,
but also non-harmonic direct current noise and the
windowing process. These rhythms cannot be satis-
factorily resolved and quantified by the traditional
spectral analysis methods that are performed on
short recordings (of the order of minutes). Different
techniques and specific methodologies have to be
applied for a correct understanding and quantifica-
tion of these complex and not yet fully clarified
mechanisms. Spectral analysis of 24-hour traces
provides information down to 105Hz and shows a
circadian pattern. The long-term power spectrum of
heart rate349-42 seems to display a 1/f shaped fre-
quency dependence (with a slope around -1 in
humans), raising the question whether the cardio-
vascular control mechanism is of fractal nature.

A simple autonomic provocation consists in an
active change of posture from supine (figure 3 right)
to standing (figure 3 left) [see also table I]. This
results in a shift of blood away from the chest to the
venous system below the diaphragm, usually re-
ferred to as venous pooling. Almost invariably in all
healthy volunteers, an increase in heart rate is the
result (from mean value of 85 beats/min supine to
120 beats/min standing in figure 3). While standing,
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the regulatory system increases heart rate, cardiac
contractility and vascular tone by a decrease in
parasympathetic outflow and an increase in sympa-
thetic outflow. The latter increase is reflected in the
LF content of the power spectral density (figure 3
left) and the former decrease in the HF content.
While being supine, there is a parasympathetic pre-
dominance, which switches to sympathetic predom-
inance on standing.

2.4 Non-Linear Methods

Chaotic behaviour exhibits a number of charac-
teristics that distinguish it from periodic and random
behaviour,*3#4 i.e. HRV spectra show a broad band
noise-like variability over a large frequency
span.[*>#0 This seems to be due to non-linearity in
the cardiovascular control network. The long-term
regulation of heart rate contains both short-time
periodic (e.g. respiratory) modulations and entirely
non-periodic fluctuations. There are indications that
a reduction in complexity comes along with a de-
crease in parasympathetic activity, suggesting that a
considerable amount of non-linear behaviour be
provided by this branch of the ANS. Methods of
non-linear dynamics define parameters that quantify
complicated interactions of independent and inter-
related components, which can be described as
‘complexity measures’.[47-4]

Non-linear dynamical methods have made their
appearance in the analysis of HRV only recently and
methods have still to be established. Methods relat-
ed to the chaos theory are used to describe the non-
linear properties of heart rate fluctuations (attrac-
tors, 1/f behaviour of the power spectrum, fractal
dimension®11 and correlation dimension,?! Poin-
caré- and higher order moment plots, approximate
entropy,P¥ pointwise correlation dimension, de-
trended fluctuation analysis,¥! and Lyapunov expo-
nents®4).

The use of the new methods from non-linear
dynamics for HRV analysis may provide a more
sensitive way to characterise function or dysfunc-
tion of the control mechanism of the cardiovascular
system. These tools are promising with regard to the
understanding of the latter mechanism, but are still
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under development and evaluation. Moreover, these
methods require more powerful computing and are
less visually attractive compared with frequency
analysis.

2.5 Baroreflex Sensitivity

Evaluation of RR interval changes corresponding
to aorta blood pressure variations, allow assessment
of the activity of the baroreceptive mechanism.!
Results from combined HRV and BPV signal ana-
lysis lead to different methods that relate to the
baroreflex mechanism. The enormous complexity of
baroreflex interactions has been extensively re-
viewed recently.!

Several methods have been described to study
arterial baroreflex activity. The majority of the
methods depend on pharmacological or physiologi-
cal manoeuvres that produce an abrupt increase or
decrease in blood pressure.”! Subsequently, quanti-
fication of the (linear) relation between blood pres-
sure and corresponding heart rate changes is per-
formed by calculation of the slope of the fitted linear
curve.’® With standing or passive tilt, transient
hypotension occurs that results in a reflex increase
in heart rate, whereas the post-Valsalva increase in
blood pressure causes reflex slowing.® Mano-
euvres like neck suction or neck pressure that alter
the transmural pressure or stretch in the carotid sinus
also can be used in humans to activate (load) or
deactivate (unload) arterial baroreceptor reflexes.[!
Drugs such as a-adrenergic agents (phenylephrine)
or angiotensin II that increase blood pressure pro-
duce reflex slowing of the heart rate, whereas drugs
such as nitrates or sodium nitroprusside that lower
blood pressure directly by relaxing vascular smooth
muscle, augment sympathetic efferent nerve activity
and cause tachycardia and an increase in cardiac
contractility. A high slope of the regression line is
interpreted as indicating the presence of strong vagal
reflexes, while a relatively flat slope indicates the
presence of weak vagal reflexes, possibly associated
with high reflex sympathetic activity.[®!

The usefulness and constraints of traditionally
used methods have been reviewed elsewhere.[62!
Some investigators have even viewed the traditional
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drug-induced baroreflex as misleading./®* Recently,
several methods have been developed to quantify
spontaneous BRS. Some are based on the use of the
spectral analysis of both RR and BPV variabilities
(0i-index),!® on the analysis of sequences of con-
current alterations in BP and HR (sequence
method),[® or on the method of statistical depend-
ence.[5¢-681 The spontaneous BRS has a number of
important advantages: it does not require the use of
intravenous drugs or a neck chamber apparatus, and
it measures BRS in the normal physiological range
over a period of time rather than brief and extreme
perturbations as induced by other methods. In this
respect, it represents a true steady-state assessment
of the cardiac baroreflex under stationary condi-
tions.

It is out of the scope of this review, but suffice it
to mention that HRV methods have many physio-
logical and clinical applications studying the influ-
ence of: ageing and sex studies;!®7° anxiety,
stress’!! and depression;">73! smoking;["4"3 caf-
feinel’®’7! and alcohol consumption;!’%7?! risk as-
sessment after myocardial infarction®” or predictor
of mortality;821 haemodialysis;®3! congestive
heart failure’®land heart transplant patients;®! dia-
betes;®%! hypertension;®”! drug testing;®8%1 sudden
infant death syndrome;"®” influence of gravity;°1-"?!
exercise training in patients after coronary artery
disease!® or heart transplantation.*>)

All the HRV and BPV analysis methods de-
scribed in section 2 have been implemented in ap-
propriate algorithms in our laboratory and software
was accordingly developed in-house. All programs
were implemented in LabVIEW, (which is a graphi-
cal language) and variability parameters determined
according to the standards provided in the Task

Force on HRV?* and extensively tested and validat-
ed [16.18.26.48.53.68]

3. Exercise Physiology Aspects as
Related to HRV

The cardiovascular adjustments in exercise re-
present a combination and integration of neural and
local chemical factors. The neural factors consist of:
(i) central command; (ii) reflexes originating in the
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contracting muscle; and (iii) the baroreflex. Central
command is the cerebrocortical activation of the
sympathetic nervous system that produces cardiac
acceleration, increased myocardial contractile force
and peripheral vasoconstriction. When exercise
stops, an abrupt decrease in heart rate and cardiac
output occurs and the sympathetic drive to the heart
is essentially removed. Blood pressure will be
stabilised by the baroreflex and parasympathetic
activity will be enhanced.

3.1 General Cardiovascular Changes Due
to Exercise

Physical activity is associated with haemodyna-
mic changes and alters the loading conditions of the
heart.”®! Cardiovascular responses to physical ac-
tivity depend on the type and intensity of exercise.
The main difference, at the heart level, is the in-
creased volume load during endurance exercise in
contrast to pressure load during strength exer-
cises.’’! These differences in loading will cause
various cardiovascular responses to physical ac-
tivity. After long-term athletic training, left ventric-
ular diastolic cavity dimensions, wall thickness and
mass will increase.[**! These changes are described
as the ‘athlete’s heart’. However, compared with
males, female athletes show smaller left ventricular
mass.[®® This sex difference has been associated
with a lower systolic blood pressure during 24-hour
Holter recordings and during exercise in female
athletes.®!

The volume load during endurance training re-
sults in adaptive changes in many aspects of cardio-
vascular function.” The heart improves its ability to
pump blood, mainly by increasing its stroke volume,
which occurs because of an increase in end-diastolic
volume and a small increase in left ventricular mass.
In contrast, strength training results in larger in-
creases in left ventricular mass. There is little or no
change in ventricular volume. Endurance exercise
also decreases the metabolic load on the heart at rest
and at any submaximal exercise intensity. It does so
by increasing stroke volume and decreasing heart
rate. The result is a more efficient pressure-time
relationship.
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Heart rate is the predominant mechanism by
which cardiac output rises during exercise under
physiological circumstances.'®! Tachycardia can
occur either by neural stimulation or by an elevation
in circulating catecholamines.'! Increased heart
volume and contractility will lead to higher values
of stroke volume during rest as well as during sub-
maximal and maximal exercise. Also, the lower
heart rate will increase stroke volume because of
longer periods of diastole. The heart ejects the extra
blood due to the Frank-Starling mechanism.?! An-
other factor inducing higher stroke volume is the
larger blood volume in athletes.!%?!

Endurance training reduces resting and submax-
imal exercise systolic, diastolic and mean arterial
blood pressures.'% The mechanism of reduced
blood pressure at rest is not known. Endurance
training will also influence the release of catecho-
lamines. Norepinephrine is released by the sympa-
thetic nerve processes. An endurance training pro-
gramme will result in less catecholamine response to
submaximal exercise but not to maximal exer-
cise.l104

3.2 Exercise and the ANS

Heart rate is generally regulated predominantly
by the ANS.M The two major efferent mechanisms
by which tachycardia occurs are either through a
decrease in parasympathetic or through an increase
in sympathetic stimulation.® The latter can occur
either by neural stimulation or by an elevation in
circulating catecholamines. The mechanism of the
(exercise-induced) tachycardia appears to involve
parasympathetic and spinal sympathetic reflex cir-
cuits (Brainbridge reflex). The latter mechanism is
important to mention, since stimulation of cardio-
vascular sympathetic afferent fibres produce cardio-
vascular reflexes that operate through a positive
feedback mechanism and thus may be particularly
responsible for the increased sympatho-adrenal ac-
tivity of exercise.’! This is opposed to reflex re-
sponses initiated by baroreceptor or parasympathet-
ic innervated cardiopulmonary receptors that
operate through the negative feedback mechan-
isms.I”) Thus, both the sympathetic and parasympa-
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thetic arms of the ANS play a pivotal role during
exercise. It can therefore be expected to find
changes in HRYV indices according to the degree and
duration of training and/or the kind of training.[1%>!

Long-term physical training influences cardiac
rhythm. It induces sinus bradycardia in resting con-
ditions, and a slower increase in heart rate at any
degree of submaximal oxygen uptake due to a shift
of the sympathovagal balance!'%! towards parasym-
pathetic dominance.!'7! However, the latter point
has been questioned recently!'%®!1%®! and a direct
involvement of the sinus node was suggested. This
point will be discussed in section 4.

Heart rate during exercise is regulated by in-
creased sympathetic modulation and withdrawal of
parasympathetic activity.[®! It varies within an indi-
vidual according to heredity (size of the left ventri-
cle; predisposition for certain sport activities), fit-
ness level, exercise mode (endurance or static train-
ing) and skill (economy of exercise). Body posture
(supine, sitting, standing!'!%"), environmental vari-
ables (temperature,!'''! humidity, altitude!!'?), state
of mood! 31 and hormonal status!'!'4l also alter heart
rate response. Heart rate and HRV are also affected
by drugs, stimulants”” and eating habits.

Reflex adjustments initiated by the stimulation of
afferent nerve fibres from the exercising muscles are
also likely to play a role in the cardiovascular res-
ponse to exercise.['’> There is evidence that reflex
cardiovascular adjustments originating in the con-
tracting muscles are not mediated by muscle spindle
afferents but rather by small myelinated and unmy-
elinated afferent fibres.!°)

Since exercise is accompanied by major cardio-
vascular alterations, including marked tachycardia,
increases in cardiac output and in arterial and atrial
pressures, and a reduction in total peripheral resis-
tance, it could be expected that a cardiovascular
regulating mechanism as important as the arterial
baroreceptor reflex would play a significant role in
mediating and modifying the exercise response.l!!”]
Investigations into the role of the arterial baroreflex
in the control of the cardiovascular system during
exercise have yielded conflicting conclusions as to
their importance.l''8 At first it was suggested that
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the baroreflex is just as active during exercise as at
rest. On the other hand, if the baroreflex was also
important during exercise, then the occurrence of
tachycardia associated with an elevated pressure is
opposite to the predicted response, since the
baroreceptor should act to restrain heart rate in the
face of an elevated pressure.['!”]

There is now a large body of evidence suggesting
the lack of importance of the baroreflex during
exercisel!?0:1211 (a similar response to moderate exer-
cise in intact dogs and arterial baroreceptor denerva-
tiont22]),

In reality, cardiovascular control mechanisms are
much more complex (see figure 1) as was recently
shown in a review by Malpas.['?3 Stroke volume
and end-diastolic volume also contribute!'3 in an
intricate feedback system.

Taking all these considerations together concern-
ing HRV and its relationship to training, some ques-
tions still remain unanswered: (i) are differences in
ANS control of the cardiovascular system between
trained athletes and a sedentary population due to a
training effect or are other factors involved?; and (ii)
can cardiovascular variability (HRV and BPV) para-
meters be used as a predictive factor for athletic
achievements, or in other words, can HRV and BPV
be used to predict optimal training and athletic per-
formance?

4. Changes in HRV Related to
Exercise Training

Highly-trained athletes have a lower resting heart
rate than sedentary controls.”*! Anticipation of phys-
ical activity inhibits the vagal nerve impulses to the
heart and increases sympathetic discharge.[?+12]
The concerted inhibition of parasympathetic control
areas and activation of sympathetic control areas in
the medulla oblongata elicit an increase in heart rate
and myocardial contractility.

Technically, a problem arises for heart rate mea-
surements during exercise: as it is increasing accord-
ing to the intensity of exercising, no steady state is
obtained, which is necessary for spectral analysis.
Two approaches are usually proposed in the litera-
ture to solve this problem: (i) perform measurements
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Table Il. Heart rate variability during exercise

Aubert et al.

Study n Age (y) Sympathetic Parasympathetic Comments
Arai et al.l?7] 43 25-69 No change Withdrawal FFT
Brenner et al.l'30 Increase at onset Withdrawal FFT
Later on attenuated increase due Review
to higher temperature
Kamath et al.'31 19 20-32 Decrease AR
Maciel et al.['32 23 25-35 No change Withdrawal Pharmacological
Increase at higher activity level Blockade
Perini et al.[28] 7 23.7 £ 0.52 No change at low intensity; No change at low intensity AR
decrease at higher
Shin et al.[133.134] 5 17-21 Decrease Decrease AR
8 21-40 Decrease Decrease Non-athletes
a Mean £ SD.

AR = autoregressive model; FFT = fast Fourier transform.

at a fixed intensity level;'?®! and (ii) subtract a
background trend to decrease the contribution of the
continuous increase in heart rate with increasing
exercise intensity.l'?’ The latter method is based on
the fact that the linear trend (first order) represents
the largest non-stationarity of heart rate during and
after exercise. Normally one is also only interested
in resolving spectral components in the range where
baroreflex and respiratory inputs are the dominant
effectors of heart rate fluctuations (higher then
0.03Hz). During exercise, sometimes an exponential
trend is subtracted.

ECG and/or blood pressure recordings before or
after exercise cause no particular problems. Best
practice is to perform these measurements in a quiet
surrounding, at comparable timings for all individu-
als in order to avoid circadian variations among
individuals. Usually, ECG is recorded as in clinical
practice, sometimes only RR intervals are stored
with a wrist watch. For particular studies, requiring
day/night resolution or circadian variations, 2-hour
Holter recordings are used.

4.1 HRV During Exercise

It has long been shown that during dynamic
exercise, heart rate increases due to both a parasym-
pathetic withdrawal and an augmented sympathetic
activity.[12812%1 The relative role of the two drives
depends on the exercise intensity.[!21-126]

© Adis Data Information BV 2003. All rights reserved.

Arai et al.'?"! were the first to test this hypothesis
with the aid of Fourier spectrum analysis of heart
rate time series in 43 healthy volunteers (aged from
25-69 years) who exercised until peak level. Their
data (table II) support a progressive withdrawal of
parasympathetic activity during exercise but no
changes in normalised values of LF and HF with
respect to rest and no correlation between LF power
and sympathetic activity have been observed during
muscular exercise.

Maciel et al.'3?! came to similar conclusions.
They performed a bicycle ergometer test in a group
of 23 untrained individuals at three levels (25W,
50W and 100W), before and after blockade with
atropine or propranolol. Their results showed that
tachycardia induced by dynamic exercise is medi-
ated by a biphasic mechanism initially depending on
rapid vagal release and an increased sympathetic
activity, especially at higher levels of exercising. In
a recent review article, Brenner et al.'*" also sup-
ports this hypothesis: at the onset of exercise, heart
rate is increased by a reduction in parasympathetic
activity and a temporary increase in sympathetic
tone. A continuation of physical activity is asso-
ciated with a continued withdrawal of vagal activity
and an attenuation of sympathetic nervous system
tone.

In contrast to Arai et al.['?”] and other previously
mentioned authors, Perini et al.['?6] performed power
spectral analysis (with AR modelling) during
steady-state exercise at different intensities (three
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levels: low at S0W, medium at 100W and high at
150W) and during the corresponding recovery peri-
ods in seven sedentary young males (aged 23.7 +0.9
years). They found only at low exercise intensities
no changes in the relative power of the three com-
ponents with respect to rest. Above 30% maximal
oxygen uptake (VO2max), a marked decrease in LF
normalised power coupled to an increase in VLF%
was found. Their hypothesis was that above this
threshold, additional mechanisms were involved in
cardiovascular adjustment and that a not negligible
portion of the power of HRV was in the VLF band.
This component might reflect, at least in part, the
sympathetic activity. However, they also mentioned
a technical problem with the VLF detection after
trend removal. Therefore, conclusions about this
component are maybe not entirely justified.

Warren et al.l'*! and Cottin et al.l'*) also con-
cluded that HRV is a valid technique for non-inva-
sive measurement of parasympathetic activity
during exercise, but its validity as a measure of
sympathetic activity during exercise is equivocal.
The former concluded this from measurements
during exercise (progressive cycling tests at 40%,
60% and 80% of each individual’s heart rate re-
serve) with infusion of saline, esmolol (B1-blocker),
glycopyrrolate (muscarinic blocker) or both drugs.
HF power decreased exponentially with workload
and was attenuated by glycopyrrolate and combined
treatments. The latter group showed spectral ana-
lysis to confirm withdrawal of parasympathetic con-
trol during graded exercise load (25%, 50% and
75% of VOomax), as the power spectral density of
the HF band significantly decreased with exercise
loads. However, the LF power also decreased with
exercise load, suggesting that LF and LF/HF is not a
good indicator of cardiovascular modulation during
exercise.

Kamath et al.!'3!! compared orthostatic stress (10
minutes supine followed by 10 minutes standing)
and exercising on a cycle ergometer (at 50% of their
maximum predicted power output) in a group of 19
healthy untrained individuals (16 males and three
females aged 20-32 years). They found the same
significant decrease in the LF component due to
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exercise, but an enhanced LF during orthostatic
stress. Therefore, they concluded that humoral fac-
tors, such as circulating catecholamines, probably
play a more dominant role in maintaining the tachy-
cardia during exercise instead of neurogenic control,
which takes place during orthostatic stress. The ex-
istence of a non-neural mechanism in the reduction
of the HF component was also supported by a study
from Casadei et al.['37]

Shin et al.['33134] submitted five runners (18 * 2
years) and eight sedentary individuals (27 + 7 years)
to a bicycle ergometer exercise to the point of ex-
haustion. They found that LF and HF gradually
decreased with exercise intensity in both athletes
and non-athletes. They suggested two possible rea-
sons: a marked absence of vagal modulation may
have led to reductions in LF accompanied by an
influence on the baroreflex (restored at higher oper-
ating point or turned off), or hormonal factors. Poss-
ible limitations of this study are: (i) the choice of
order for the AR modelling, which influences power
distribution over different bands; (ii) the small num-
ber of athletes (n = 4), rather young compared with
(iii) an older non-athletes!!3¥! population.

Yamamoto et al.l'*! found an increase of LF
component with increasing exercise intensity. In
their study, six healthy male volunteers performed
an incremental exercise test on an -electrically
braked cycle ergometer, consisting of a 5-minute
warm-up period at 50W, followed by work rate
increment in a ramp fashion until exhaustion. These
authors used 0.0-0.15Hz as limits for the low fre-
quency bands, therefore, we cannot interpret these
data compared with previous data, because their LF
component also involves the VLF component as
proposed by the Task Force.l?¥

Parasympathetic activity of heart rate during ex-
ercise was investigated with a time-series analysis
by way of geometrical methods (Poincaré plot) in a
study in 31 individuals by Tulppo et al.l'40l They
showed that during recovery, parasympathetic ac-
tivity decreased progressively until the ventilatory
threshold level was reached, when sympathetic acti-
vation was reflected from changes in the Poincaré
plot. They concluded that poor physical fitness is
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associated with an impairment of cardiac parasym-
pathetic function during exercise and that their data
support the concept that good aerobic fitness may
exert cardioprotective effects by enhancing the car-
diac parasympathetic function during exercise.

A totally different technique to analyse heart rate
variability during exercise is proposed by Anosov et
al.l'4!l They examined a group of 22 untrained indi-
viduals (13 females, nine males; 20—40 years) on a
cycle ergometer with a ramp load until exhaustion.
The authors were only interested in the HF compo-
nent. Therefore, the tachogram was high-pass
filtered with a LF cut-off at 0.15Hz. As ramp load-
ing leads to non-stationary time series, Fourier ana-
lysis was not applicable. To obtain the instantaneous
frequency of the HF component of the HRV, the
analytic signal approach was used. This method
consists in constructing a complex function (the
analytic function) where the real part is the time
series and the complex part is the Hilbert transform
of previous time series. From this complex function,
the amplitude and phase of the time series can be
obtained, and finally the instantaneous frequency is
the derivative of the instantaneous phase. They con-
cluded that the instantaneous frequency component
of the HF power of HRV and of the respiratory
signal developed in parallel during a ramp load test.
Both signals were closely linked, showing a strong
correlation between respiration and heart rate. Due
to this correlation, the HF component of HRV was
modified during ramp load and in most cases can be
used for the detection of the ventilatory anaerobic
threshold, because the shift in instantaneous fre-
quency of the HF component occurred during the
transition from aerobic to anaerobic work. The mod-
ulation of HRV in terms of its frequency is strong,
even at high physical activity levels, whereas the
absolute power of HRV is clearly reduced at high
work loads.

Gonzalez-Camarena et al.l'4?! compared heart
rate and blood pressure variabilities during static
and dynamic (cycling at 30% and 60% of VO2max)
exercise in ten individuals. They found a parasym-
pathetic withdrawal and sympathetic augmentation
during dynamic exercise and an overall increase in
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HRYV indices during static exercise, suggesting an
increased activity of both autonomic branches.

HRYV analysis during exercise remains a prob-
lem. There are not so many studies and almost all of
them mention the technical problem of not dealing
with stationary time series. There is also a problem
related to the interpretation due to the methodology.
There are nearly as many protocols proposed as
there are papers written on this topic. Methodology
differs widely especially concerning training inten-
sity and/or exercise intensity, even in some papers
they are only vaguely mentioned. Therefore, it is
strongly recommended to establish a protocol, one
for performing studies in sedentary populations and
another for athletes, while using appropriate block-
ade mechanisms and different analysis methods:
time domain (and geometric methods), spectral ana-
lysis and its variations (Hilbert transform), and non-
linear methods.

4.2 Cross-Sectional Studies: Comparison of
Athletic and Sedentary Groups

In this section, the differences between a sedenta-
ry group and one or more groups of athletes (table
IIT) will be discussed as described in the literature.

Tonkins!"*¥ reports a positive effect of time do-
main parameters, as obtained from Holter record-
ings in 39 trained athletes but did not find a differ-
ence between aerobically- and anaerobically-trained
athletes. This is in contrast with results of Aubert et
al.?”l They found significantly higher values of
rMMSD and pNN50 between aerobically- and an-
aerobically-trained athletes or rugby players, the
latter are involved in combined aerobic and anaerob-
ic training. These differences were also found in the
frequency spectrum: larger HF component in aero-
bically-trained athletes demonstrated with FFT and
wavelet analysis.?!! In an earlier study!"*” they
came to the same conclusion: significantly higher
rMSSD in 14 middle-aged athletes, compared with a
sedentary age-matched population (n = 14; 35-55
years). Many other studies confirm these findings
for young endurance-trained athletes (disciplines:
cycling, canoeing, athletics, roller-skating, volley-
ball; mean age less than 30 years).[144.146,150-153]
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Table lll. Cross-sectional studies: athletes versus sedentary population

Study n Age (y) Spectral analysis Comments
Aubert et al.l'*3 10 18-34 THF FFT

102 19-31
Dixon et al.[144] 10 22-33 THF AR

142 23-33
Furlan et al.[4%) 21 16 + 0.6° TLF Trained

15 16 + 0.5° THF Detrained

292 16 + 0.4°
Goldsmith et al.[146] 8 24-38 THF 24h Holter, FFT

82 24-38 Asleep and awake

Janssen et al.l47] 18 19-32 JLF Supine

112 23-33
Tonkins(148] 39 212+ 3° P 24h Holter

392 Time domain
Verlinde et al.3! 10 18-34 THF Wavelet

108 19-31

a Sedentary comparison group.
b Mean + SD.

AR = autoregressive model; FFT = fast Fourier transform; HF = high frequency power; LF = low frequency power; <> indicates no change; T

indicates increase; | indicates decrease.

These studies concluded that endurance training re-
sults in the enhanced vagal tone in athletes, which
may contribute in part to the lower resting heart rate.
Goldsmith et al.,['*! who performed a Holter study
in eight endurance-trained athletes and compared
them with eight age-matched untrained men, sug-
gests that aerobic exercise training may be a useful
adjunct or alternative to drug therapy in lessening
the derangements of autonomic balance in many
cardiovascular diseases.

In a combined RR-interval blood pressure study,
Macor et al.['>?! concluded that competitive cycling
caused an enhanced parasympathetic drive to the
sinus node, whereas the neural control of blood
pressure was not affected. Furlan et al.l'"*! examined
two groups of endurance athletes: one group in a rest
period (15 detrained athletes; six males, nine fe-
males) and one group during peak season (21 swim-
mers; 14 male, seven female). The latter had, in
contrast with the former group, elevated sympathet-
ic activity and higher parasympathetic activity com-
pared with a control group. They concluded that the
enhanced athletic performance resulting from long-
term training might depend on an increase of both
parasympathetic and sympathetic modulation. Jans-
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sen et al.l'4”) compared athletes (18 cyclists; 19-32
years) with 11 sedentary individuals (23-33 years)
in both supine and standing position. Spectral ana-
lysis was performed with AR models. Their mea-
surements would suggest that in the supine position,
the sympathovagal balance of the athletes differed
from the control values, caused by lowered sympa-
thetic and/or increased parasympathetic tone. This is
mostly due to a persistent sympathetic activation
after exercise, lasting up to 24 hours, which is also
studied in the same work. They concluded that the
differences in autonomic control between the ath-
letes and the control group, were reflected in the
quality (balance between slow and fast heart rate
fluctuations) rather than in the quantity of heart rate
variability.

De Meersman!'*¥ performed a cross-sectional
study for all age groups in 72 runners (15-83 years)
and in 72 sedentary controls matched for age,
bodyweight, blood pressure and social status. How-
ever, HRV was not determined from spectral ana-
lysis but defined as the percentage change of heart
rate with breathing (imposed breathing at 6 breaths/
min). Although no correlations with spectral compo-
nent were made, it can be assumed that this para-
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meter is related to the HF component of HRV. The
physically active group had significantly higher
levels of percentage change of heart rate, when
compared with their sedentary counterparts. These
authors concluded that habitual aerobic exercise
augments some parameters of HRV and could be a
beneficial modulator of heart rate variability in an
ageing population. They also suggested that this
augmented HRV in physically active individuals
provided further support for life-long aerobic exer-
cise as a possible non-pharmacological cardio-pro-
tective therapy. However, this statement remains
highly speculative, as it is not entirely supported by
their data.

All previous studies showed an increment in par-
asympathetic activity due to an aerobic exercise
programme. Some other studies!7%106:109:155-1591 did
not find this positive effect on the ANS. Migliaro et
al.”’" found no differences in HRV (as determined
from spectral analysis: LF and HF) parameters be-
tween sedentary (n = 29; 15-24 years) and non-
sedentary (n =29, 15-24 years) young people. They
also did not observe training bradycardia, which can
probably explain their observation.

A recent pharmacological blockade study by
Stein et al,['®! with atropine and propranolol,
caused parallel shifts in the sinus automaticity of
athletes (six runners aged 29 + 4 years, and six non-
athletes aged 28 * 5 years). Increased parasympa-
thetic activity would cause greater heart rate res-
ponse post-atropine and a reduction in sympathetic
activity would cause lesser heart rate response post-
propranolol in athletes compared with non-athletes.
These conclusions were obtained after electrophysi-
ological studies of the conduction system. The au-
thors concluded that sinus automaticity and AV
node conduction changes of endurance athletes were
related to intrinsic electrophysiology and not to au-
tonomic influences. The same group suggested ear-
lier!!%8! that in addition to its parasympathetic ef-
fects, athletic training might induce intrinsic adapta-
tions in the conduction system (mostly by
influencing conduction velocity), which could con-
tribute to the higher prevalence of atrioventricular
abnormalities observed in athletes.
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The latter study was in agreement with the results
of a blockade study of Smith et al.l'®"l who found
greater parasympathetic influence in endurance-
trained individuals as well as lower intrinsic heart
rate, but in disagreement with all the studies as
mentioned in the first paragraph of section 4.2 and
Goldsmith et al.l'6!1 who indicated from their results
that physical fitness is strongly associated with va-
gal modulation. Most studies!'“+!31:153] mention that
the higher parasympathetic activity is not the only
factor that contributes to the bradycardia in athletes
but that it is only a part of the lower heart rate. All of
these studies point to endurance training as an effec-
tor of enhanced parasympathetic activity in athletes,
which may contribute, in part, to the resting brady-
cardia. Katona et al.l'"®! already found in 1982 that
lower resting heart rate in endurance trained athletes
(eight world class oarsmen) is solely due to a reduc-
tion in intrinsic cardiac rate, and not to an increase in
parasympathetic tone. They showed it by using
pharmacological blockade (propranolol and atro-
pine) to suppress either sympathetic or parasympa-
thetic activity of the ANS. Also, Bonaduce et al.l'6?!
came to the conclusion that other mechanisms than
changes in cardiac autonomic control could be in-
volved in determining the profound bradycardia of
athletes.

Another possible reason for the controversial re-
sults concerning ANS activity in athletes is due to a
disturbance on the LF power caused by respiration.
This was shown in a study from Strano et al.l!63!
comparing controlled versus paced breathing. A
slow breathing rate, which is a common feature in
athletes, caused the HF and LF components to over-
lap, leading to a misinterpretation of the LF power.
An ECG was recorded in the supine position in
athletes, while they were breathing at their spontan-
eous frequency and at rates of 15, 12 and 10 to 14 (in
random order) breaths/min (corresponding to 0.25,
0.2, 0.16 and 0.23Hz). Uncontrolled and random
breathing rates significantly altered spectral sympa-
thetic indices. On the other hand, 15 and 12 breaths/
min redistributed respiratory related power through
the HF, thus yielding correct LF power estimation.
The authors conclude and recommend to standardise
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Table IV. The effect of training on a sedentary population
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Study n Age (y) Duration Repetitions TP LF HF Comments
(wks) (no./week)  (ms?) (ms?) (ms?)
Catai et al.l'5] 10 19-21 12 3 1821 818 277 Before/awake
2870 1048 429 Jogging/walking 70-85% peak
HR
7 50-59 12 3 2601 687 265 Before
2942 513 253 After
10 19-21 12 3 4862 1030 2589 Before/asleep
3152 930 1374 After
7 50-59 12 3 1225 357 342 Before
1584 502 488 After
Loimaala et al.l'®l 26 35-55 20 8632 3212 Control/before
8292 3912 After training
26 4-6 12122 5722 Before
13002 6592 Jogging/walking 55%
28 4-6 8462 3172 Before
10542 4782 Jogging 75%
Melansonl158] 11 25-45 16 3 2342 3982 Before
4162 7982 After training
5 25-45 No training 1732 3312 Before
1692 4462 After 16 wks

a Values transformed from log.

HF = high frequency power; HR = heart rate; LF = low frequency power; TP = total power; * p < 0.05.

respiration at 0.25Hz (15 breaths/min) in athletes for
assessing ANS activity.

A possible hypothesis as to the controversy about
autonomic versus non-autonomic determinants of
electrophysiological adaptations in athletes could be
a fundamental difference between short- and long-
term physical training programmes.!'% Short-term
training, as in prospective studies, could induce au-
tonomic adaptations, with a reduction in sympathet-
ic activity and an increase in parasympathetic ac-
tivity (leading to bradycardia). On the other hand,
long-term aerobic training, eliciting atrial and ven-
tricular dilation, would induce intrinsic elec-
trophysiological adaptations and enhance parasym-
pathetic activity.

4.3 Longitudinal: Effect on HRV of Exercise
Training of Non-Athletes

Beneficial effects of physical training have been
reported in post-myocardial patients!!+!16] and in
heart transplant recipients.[1®! Therefore, it can hy-
pothesised that exercise training would be effective

© Adis Data Information BV 2003. All rights reserved.

in improving the autonomic balance in the general
public while also developing physical fitness.

Melanson and Freedson showed influence of ex-
ercise training on HRV parameters on a young male
population (n = 11; 25-40 years).['71 The study
participants performed moderate- to vigorous-inten-
sity stationary cycling for 3 days each week for 30
minutes per session. In their study, they showed that
a moderate- to vigorous-intensity endurance training
programme in adult, previously sedentary men in-
creased markers of cardiac parasympathetic activity
after 12 weeks. This was proven by a significant
increase in HF power after training (table IV) and a
significant increase in time domain parameters relat-
ed to parasympathetic activity (pNN50 and
rMSSD).

Boutcher and Stein!!'® found no change in HRV
in a group of 19 middle-aged men (46.2 & 1.6 years)
compared with an age-matched control group (n =
15). HRV was assessed after 24 exercise sessions of
moderate intensity exercise training (during 8
weeks). The study participants exercised three times
each week at an intensity of 60% of heart rate,
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determined through baseline at maximal exercise
heart rate. The exercise session consisted of a 400m
warm-up walk, a series of stretches, an aerobic
exercise period (20 minutes for the first three ses-
sions, 15 minutes for the next three, and 30 minutes
for 7-24 sessions), a 400m cool-down walk and a
repeat of the stretching. LF and HF components
were obtained after band pass filtering of the
tachogram and variance was determined in these
bands. In the exercise group, VOzmax increased
(12% absolute value) after the training period, but
without altering HRV. These results show that short
duration and moderate intensity aerobic training in a
middle-aged population, is insufficient to alter HRV
parameters in that age group.

The same conclusion was reached by Perini et
al.l"’% in a training programme in an elderly popula-
tion of seven men and eight women (73.9 + 3.5
years). They reported no changes in HRV para-
meters after an intense 8-week aerobic training pro-
gramme. However, Schuit et al.'7!! found a general
increase in HRV after a training programme of 6
months (three aerobic supervised training sessions
per week lasting 45 minutes) in an elderly popula-
tion (n = 51; 67 £ 5.1 years). They specifically
showed that the VLF and LF power bands, were
significantly increased compared with a control
group. Their conclusion was: “In older subjects
physical training may be an effective means to mod-
ify positively a factor that is associated with in-
creased incidence of cardiac events”; however, this
is questionable as LF power is associated with ar-
rhythmogenic activity and low LF in pre-menopaus-
al women is cardioprotective.[®)

Again, in a 5-month duration aerobic training
programme in 83 middle-aged men (35-55 years),
Loimaala et al.'%! found no changes in HRV para-
meters in both time and frequency domains (table
1V). Individuals were trained four to six times a
week during 30 minutes in two different groups: (i)
jogging at a heart rate level corresponding to 55% of
the VO2max measured at baseline; and (ii) jogging at
a heart rate level corresponding to 75% of the
VO2max measured at baseline. Indices reflecting
tonic parasympathetic outflow (SDNN, pNN50 and
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HF power) did not change significantly during the
intervention. They concluded: “exercise training
was not able to modify the cardiac parasympathetic
activity in sedentary, middle-aged persons”.

No consistent changes were observed in BRS,
although a significant reduction in heart rate was
found. The authors blame the short duration of the
training programme and suggest that in order to
obtain any effect on HRV the training programme
should last for a period of at least a year.!18]

Many factors affect the physiological signifi-
cance of these studies. One of the most important is
the age factor, which contributes to the discrepant
findings in the literature. It is well known that HRV
parameters are decreasing with age!® (and also a
function of sex). Exercise training studies in young
adults!!”?! generally report increases in measures of
HRV, whereas studies in middle-aged"®! and older
adults!'”¥ show no changes in cardiac autonomic
function, as determined from HRV.

Duration and intensity of training, the accent of
the programme, even sex distribution, also vary
widely among different studies. In one study it was
even suggested that endurance should be practiced
for a prolonged period, even extending over many
years!'%®! in a middle-aged population. On the other
hand, in a young population (20-22 years) we have
seen (figure 5) some influence on HF of HRV after
only 6 weeks of training (unpublished data). Dy-
namic exercise is performed in most of the studies;
however, in some studies static training is also
used.l'*?! This again, if not taken into account, can
lead to differing conclusions. A last factor is usually
the small number of study participants in the train-
ing programme. Working with small numbers
reduces the statistical power, making it more diffi-
cult to detect differences due to the training. There-
fore, whether age or other factors would modulate
the effects of training on HRV parameters is still
unclear and is an area for further investigation.

Levy et al.l'’7 submitted an elderly (n = 13;
60-82 years) and a younger group of men (n = 11;
24-32 years) to a 6-month aerobic training pro-
gramme (walking, jogging and cycling). The men
trained as follows: 10 minutes warm up, 45 minutes
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Fig. 5. (a) Tachogram and power spectral density of a recording in
a young sedentary individual before training (HF = 812.3 ms2); and
(b) the same individual after a 6-month aerobic training programme
(HF = 1878.4 ms2). HF = high frequency; LF = low frequency; PSD
= power spectral density.

exercise and 10 minutes cool down. Training began
at 50-60% of heart rate reserve and increased to
80-85% by the tenth month. However, HRV was
only measured as SD (ms) of all normal RR intervals
during a 2-minute acquisition. They found an in-
crease in this parameter of 68% in the elderly and of
17% in the younger men. Their conclusion was that
exercise training increases parasympathetic tone in
both healthy elderly and young men. However, it
has been proven,!'8! and it is a mathematical law
(Parseval’s theorem), that SD corresponds to total
power and as such is a combination of sympathetic
and of parasympathetic activity; therefore, their con-
clusion is incorrect, or at least an overstatement. A
contribution by each division of autonomic modula-
tion to HRV is only possible when this variable is
represented in the frequency domain as a power
spectral density graph.

Catai et al.l'>1 also trained an elderly (50-59
years) and a younger (19-24 years) population and
reported HRV values obtained in the frequency do-
main, awake and during sleep (table IV). The train-
ing programmes were conducted for 3 months on a
field track and included stretching for 10 minutes
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followed by walking and/or jogging for 40 minutes;
three times a week at a prescribed heart rate corre-
sponding to 70-80% of peak heart rate. The authors
found no significant changes in HRV associated
with an increase in aerobic capacity induced by
aerobic training. They concluded that resting brady-
cardia induced by short-term aerobic training in both
young and middle-aged men is more related to in-
trinsic alterations in the sinus node than to changes
in efferent parasympathetic-sympathetic modula-
tion. As they mentioned, however, the primary goal
of the experimental design was directed to evaluate
the cardiorespiratory adaptation in short-term train-
ing; they only used two 1000s epochs out of a
24-hour Holter recording (awake and asleep). The
training period was very short (12 weeks) with a
small number of study participants.

In summary, it can be stated that there are con-
flicting reports in the literature concerning the ef-
fects of aerobic training in a general population on
HRV parameters under resting conditions. While
some studies have reported an increase in the magni-
tude of HRV in the time domain,!'” in the frequen-
cy domain others have reported absence of modifi-
cations,"®! and an increasel!*! or decreasel!33! of
sympathovagal balance in the sinus node. Therefore,
studies of aerobic training effects on HRV para-
meters on a previously not-trained (young and/or
elderly) population still remain necessary, prefera-
bly under well-controlled conditions.

4.4 Differences Due to Age and Sex

Many studies with a large number of study par-
ticipants have focused on the influence of age and
sex on cardiac autonomic tone (HRV para-
meters).[6%176-1801 The general conclusions of these
studies was that: (i) ageing reduced the global mea-
sure of HRV, at rest, in general and of both its
spectral components (LF and HF). Therefore, this
decline might reflect reduced responsiveness of au-
tonomic activity with age; and (ii) all HRV para-
meters, except for HF power were higher in men and
this sex difference was confined to the age catego-
ries less than 40-50 years. The lower sympathetic
tone (LF) in women might provide protection
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against arrhythmias and the development of corona-
ry heart disease.

A potential confounding effect of the menstrual
cycle can arise in studies that address sex differ-
ences in HRV parameters. Effects of the menstrual
cycle have been shown on cardiac autonomic func-
tion as assessed by HRV methods,!'8!-1831 and even
of hormonal replacement therapy in post-menopaus-
al women.!'83 All studies agreed that regulation of
the autonomic tone is modified during the menstrual
cycle. The alteration in the balance of ovarian hor-
mones might be responsible for these changes in the
cardiac autonomic activity. Results suggest that par-
asympathetic nerve activity is predominant in the
follicular phase. Unfortunately, in the few sex stud-
ies concerning young female athletes, no mention is
made of timing within the menstrual cycle.

This view is also supported in a study from
Boutcher et al.['"! and confirmed by Davy et al.l'$]
and McCole et al.l'!% who found that older women
athletes (post-menopausal women), who had habitu-
ally performed vigorous endurance training, had
higher stroke volume and cardiac outputs during
maximal exercise, than their sedentary post-meno-
pausal peers. On the other hand, in young female
athletes, similar results are found when compared
with their male counterparts. Pigozzi et al.['3¢! per-
formed a 24-hour Holter study (spectral analysis
with AR) in 26 highly trained female athletes (24.5
* 1.9 years). They were assigned to a 5-week aero-
bic training programme during a yearly rest period.
They concluded that from the relative night-time
increase in LF and the decrease in the day-night
difference in time domain indexes, exercise training
is able to induce an increase in the sympathetic
modulation of the sinus node, coexisting with signs
of reduced or unaffected vagal modulation in this
group of young female athletes.

A sex difference was obtained by Hedelin et
al.'8" in junior athletes. They compared short-term
HRYV recordings (AR power spectrum) in 17 cross-
country skiers (nine females, eight males; 16-19
years) before and after the competitive season. After
the intensive training/competition season there was
a general increase in HRV. No difference in resting
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heart rate was found, pre- and post-season; however,
they found a higher level of parasympathetic activity
in females than in males, reflected by a consistently
higher HF and total variability.

A difficulty comparing previous data is that: (i)
training level is different; (ii) training duration is
different (short-term or long-term effects); and (iii)
duration of ECG recording is different (24-hour
Holter recordings versus short duration ECG record-
ings).

In general, the literature proposes three conclu-
sions concerning ageing:

e cardiovascular and cardiorespiratory function are
higher in elderly athletes than in age-comparable
sedentary groups;! '8!

o the capacity for significant function in endurance
and power persists throughout life in trained indi-
viduals;

o strength decreases more rapidly than endur-
ance.!'%]

How do these findings in a general population
relate to the ageing athlete? There are many physio-
logical, structural and psychological differences that
distinguish elderly athletes from younger ones and
from a similar aged sedentary group, especially if
still active. Regular exercise may be able to retard
the physiological decline.l'® This is supported by
the very few HRV studies performed in senior ath-
letes so far (table V). Yataco et al.['°!l] determined
the age-associated decline in HRV by comparing
HRYV parameters in older athletes (n = 15; 69 £ 7
years) with age-matched sedentary persons (n = 14;
69 * 4 years). They showed positive correlations
between HRV parameters and aerobic fitness (as
determined from maximal treadmill exercise). Fre-
quency analysis was performed after Holter moni-
toring. Senior competitive athletes had increased
HRYV and parasympathetic heart rate activity (table
V) when compared with their sedentary counter-
parts. This work supports the hypothesis that the
age-associated decline in HRV parameters is due, in
part, to lifestyle and not solely to ageing. Similar
results were shown in the study by Banach et al.,!!%%!
i.e. higher HRV parameters in middle-aged athletes
compared with a sedentary population (table V),
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Table V. Heart rate variability parameters in elderly athletes and an age-matched sedentary population
Study n Age (y) [mean £ SD] LF (ms2) [mean + SD] HF (ms?2) [mean + SD] Comments
Banach et al.[1%2 9 52.9+7.2 1088*a 9202* Athletes
9 529+72 2207 2942 Sedentary
Jensen-Urstad et al.'5" 11 732+28 673 £ 244 353 + 349 Athletes/24h Holter
12 74527 492 + 290 209 £ 172 Sedentary
764 + 327 475 £ 654 Athletes/night
728 + 485 328 + 48 Sedentary
587 + 250* 267 £ 163* Athletes/day
346 £ 177 127 + 41 Sedentary
Yataco et al.l'9!l 15 69+7 891b* 575°* Athletes/24h Holter
14 537° 102° Sedentary

a Mean only. No SD available.
b Values transformed from log.
HF = high frequency power; LF = low frequency power; * p < 0.05.

indicating that the autonomic activity in sportsmen
is not affected by ageing until the sixth decade of
life.

Jensen-Urstad et al.'?3! showed that elderly ath-
letes (n = 11; 73.2 £ 2.8 years) with a lifelong
training history seem to have more complex arrhyth-
mias and profound brady-arrhythmias than do
healthy elderly controls, which may increase the risk
of sudden cardiac death. In contrast, however, the
age-related decrease in HRV also seems retarded as
in previous studies (table V). The latter has a posi-
tive prognostic value and may decrease the risk of
life-threatening ventricular arrhythmias.

Results from the few HRV studies in elderly
athletes all point in the same direction, i.e. the
decline in HRV parameters associated with age is
overcome to some extent by sustained endurance
training into old age. However, more studies are
needed, especially to show any beneficial effect of
lifelong regular training on quality of life and on life
expectancy.

4.5 Over-Training and the ANS

In athletic training, workloads are gradually in-
creased, thereby exceeding the previously employed
workload. This ‘overload’ principle is an important
component of modern training,"'**! and is a positive
stressor that can be quantified according to load,
repetition, rest and frequency.?! Application of too
much training stress and too many training sessions
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can result in exhaustion of a physiological system.
‘Over-training syndrome’ or ‘staleness’ in athletes
results from long-term stress or exhaustion due to
prolonged imbalance between training and other
external and internal stressors and recovery.[195-197)

It is well known that over-training causes hormo-
nal imbalance in athletes.l'”%!%1 Due to these hor-
monal changes, over-training will lead to an auto-
nomic imbalance.?0-2021 In which way the ANS
changes (parasympathetic versus sympathetic) is
still controversial. From a clinical standpoint,
Israel®’! distinguished between a parasympathetic
type or vagal type (Addison type) over-training syn-
drome and a sympathetic type (Basedow type). The
two types of over-training were the consequence of
an imbalance between training and rest periods, but
it was expected that a sympathetic type over-training
syndrome might rather be the consequence of too
much accompanying psycho-emotional stress, such
as too many competitions and too many non-training
stress factors (e.g. social, educational, nutrition-
al).1?%0 Kuipers!!?®! hypothesised that during the ear-
ly stage of the over-training syndrome, the sympa-
thetic system was continuously altered, whereas
during advanced over-training the activity of the
sympathetic system was inhibited, resulting in a
marked dominance of the parasympathetic system.

The cardiac autonomic imbalance observed in
over-trained athletes implies changes in HRV and
therefore would suggest that heart rate variability
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Table VI. The effect of over-training on heart rate variability parameters

Study n Age (y) TP (ms?) LF (ms2) HF (ms2) Comments
Hedelin et al.[2%% 9 18-23 3.71£0.29 2.9+ 0.57 3.4 +0.27 Control
3.66 + 0.26 2.77 £0.29 3.36 £ 0.43 Over-trained
Uusitalo et al.[204205 6 19-27 5100 + 900 800 + 200 2800 + 700 Control
8600 + 3700 700 + 200 5600 + 3200 Light training
9 20-27 5500 + 100 600 + 100 2700 + 600 Control
5500 + 1200 900 + 200* 2900 + 700 Over-training

a Values from Hedelin et al. have been log transformed (mean + SD).
b Values from Uusitalo et al. are absolute values (mean + standard error of the mean).
HF = high frequency power; LF = low frequency power; TP = total power; * p < 0.05.

could provide useful parameters to detect over-train-
ing in athletes. Despite these expectations, little is
known about changes in heart rate variability due to
over-training and only a few studies are available
(table VI).

Hedelin et al.?%! investigated nine canoeists (six
men and three women; 18-23 years) before and after
a training regimen corresponding to a 50% increase
in normal training load applied during 6 days. Heart
rates reduced (-5 to —8 beats/min) both at sub-
maximal and maximal levels, which could be due to
hypervolaemia leading to increased stroke volume
and maintenance of cardiac output with lower heart
rates. Unlike these changes in heart rate, no signif-
icant differences were found in HRV parameters,
neither when stressing the parasympathetic system
(controlled breathing) nor when stressing the sym-
pathetic system (tilt test, i.e. the study participant
starts in a supine position on a special bed that is
raised passively to an angle of 60°). They then
concluded that these HRV data did not support an
altered autonomic balance in these athletes. A poss-
ible explanation could be that a 6-day training
period has only a small effect on individual HRV
parameters and also that group differences would be
difficult to determine in small groups. A case study
of the same authors®®! in a cross-country skier,
showed a relative parasympathetic dominance when
the athlete was over-trained.

We suggest that it is impossible to find group
changes in HRV because of the two types of over-
training; however, individual HRV can change due
to over-training. These hypotheses were confirmed
by Uusitalo et al.? who investigated HRV and
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BPYV of young female athletes during a 6- to 9-week
training period (table VI). They compared a high-
intensity training group (four long distance runners,
one cross country skier, two triathletes, one
orienteer), with a low intensity training group (one
long distance runner, three cross country skiers, one
triathlete, one orienteer). The purpose of the experi-
mental training period was to over-train this group
after a period of 6-9 weeks. Heavy endurance train-
ing seemed to induce a significant increase in LF of
HRV during supine position, but not in the low
intensity training group. In many individuals, the
changes in supine and standing heart rate variability
seemed to be rather contrary. Since there were no
large uniform findings in the over-trained athletes,
the authors also looked at individual results during a
tilt-test. Increased as well as decreased changes due
to upright tilt were found in the over-trained athletes
compared with their values in the normal training
state. This is a sign of either increased or decreased
ability to increase sympathetic discharge during
standing, and corresponds to the two over-training
types. However, the changes were not specific to
over-training because there also were similar
changes in the not over-trained athletes.

Portier et al.[?7! tested eight runners twice (after a
relative rest period of 3 weeks and after a 12-week
intense training period for endurance) and each time
determined HRV parameters. Although the athletes
were not trained until over-training, they concluded
that spectral analysis could be a means of demon-
strating impairment of autonomic balance for the
purpose of detecting a state of fatigue that could
result in over-training. Pichot et al.?%! came to
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similar conclusions. They assessed ANS activity in
seven middle distance runners (24.6 *+ 4.8 years)
during their training cycle (3 weeks heavy training,
followed by a relative resting week). HRV was
analysed using FFT and WT. Their results con-
firmed that heavy training shifted the cardiac auto-
nomic balance of the sympathetic over the parasym-
pathetic drive. Night-time results of HRV para-
meters proved a good tool to estimate cumulated
physical fatigue. Therefore, they concluded that
HRYV could be valuable for optimising individual
training profiles.

No definite conclusions can be reached concern-
ing the use of HRV methods during over-training in
athletes as only very few studies are available, even
so with conflicting results. It remains to be proven
that the autonomic imbalance observed in over-
trained athletes, manifests itself from HRV indices.

5. Conclusions

Innumerable studies have been published con-
cerning training in general (an Internet search on the
keyword ‘training’ results in 409 395 hits) and con-
cerning the physical and physiological condition of
athletes. However, only very few papers discuss
studies of HRV and its application to athletics (117
hits). Therefore, cardiovascular variability studies in
athletes are still an almost unexplored domain.
Much work still needs to be done to advance an
understanding of the action of the ANS in athletes as
a function of athletic discipline, age, sex, intensity
and duration of training, detraining and over-train-
ing effects, comparison with sedentary population,
and so on.

Another key issue is that almost no studies are
available as a longitudinal section for the follow-up
of athletes during ageing, as well as very few studies
on active elderly athletes.

For further studies, the following standardised
conditions are recommended: (i) selection of study
participants, i.e. age, sex, training or physical fitness
level, athletic discipline and focus on aerobic or
anaerobic training; (ii) measurements, with the min-
imal number of parameters proposed being ECG,
(non-invasive) blood pressure, and eventually respi-
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ration; (iii) measurements at rest with a minimum of
10 minutes supine and 10 minutes standing to acti-
vate the sympatho-vagal balance, eventually breath-
ing at different fixed frequencies, to activate prima-
rily the parasympathetic system, 24-hour Holter
monitoring when day to night separation is needed
for circadian pattern detection; and (iv) measure-
ments during exercise, either with adapted trend
removal or else at constant work levels in order to
have stationary signals.

For interpretation of the data in the time and
frequency domain, the use of guidelines®*! are re-
commended in order to be able to compare different
studies.

It is strongly suggested that, when presenting
reports on HRV studies related to exercise physiolo-
gy in general or concerned with athletes, a detailed
description should be provided on analysis methods,
as well as concerning population, training schedule,
intensity and duration. Only with such information
will it be possible to understand and evaluate con-
clusions drawn and compare results with other stud-
ies. Until now, this has not been the case in most
studies on HRV in athletes as found in the literature,
therefore, it is only possible to make general com-
parisons.

Most studies concern relatively small numbers of
study participants, diminishing the power of statis-
tics. It is of course not easy to find and motivate
large numbers of athletes to participate in scientific
studies; the usual answer (especially from coaches)
is that the athletes should train and refrain from
losing time on other topics such as specific physio-
logical measurements. Therefore, multicentre stud-
ies would be preferable to: (i) enhance the value of
the study and motivate the study participants; and
(ii) increase significantly the number of participants.
This would also facilitate a multidisciplinary ap-
proach between cardiologists, exercise physiolo-
gists, pulmonary physiologists, coaches and bi-
omedical engineers needed to evaluate the many
different and interrelated aspects of cardiovascular
variability in the athlete.

In order to further develop this fascinating re-
search field, we advocate prospective, randomised,
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controlled, long-term studies using validated mea-
surement methods. However, there is a strong need
for basic research on the nature of the control and
regulating mechanism exerted by the ANS on
cardiovascular function in athletes, needed for better
understanding of this phenomenon.

The question remains whether aerobic exercising
helps in maintaining and developing cardiovascular
fitness in a general population,?* or whether it can
be used as a predictor of mortality,’®!! or whether
physical activity has beneficial effects on the cardio-
vascular risk profile,?!% or in other words, is life-
long exercising cardioprotective? The fact is, physi-
cal activity has a great impact on quality-of-life
improvement in all of those involved in athletic
activities.

Finally, study of cardiovascular variability (HRV
and BPV) is a potentially powerful method as a
basic scientific tool for better understanding the
regulation and control of the cardiovascular system.
From a practical point of view it remains to be
determined if it can also be used as a predictor of
athletic condition!!! and of athletic achievements.
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