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Over the last 20 years, heart rate monitors (HRMs) have become a widely usedAbstract
training aid for a variety of sports. The development of new HRMs has also
evolved rapidly during the last two decades. In addition to heart rate (HR)
responses to exercise, research has recently focused more on heart rate variability
(HRV). Increased HRV has been associated with lower mortality rate and is
affected by both age and sex. During graded exercise, the majority of studies show
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that HRV decreases progressively up to moderate intensities, after which it
stabilises. There is abundant evidence from cross-sectional studies that trained
individuals have higher HRV than untrained individuals. The results from longitu-
dinal studies are equivocal, with some showing increased HRV after training but
an equal number of studies showing no differences. The duration of the training
programmes might be one of the factors responsible for the versatility of the
results.

HRMs are mainly used to determine the exercise intensity of a training session
or race. Compared with other indications of exercise intensity, HR is easy to
monitor, is relatively cheap and can be used in most situations. In addition, HR
and HRV could potentially play a role in the prevention and detection of
overtraining. The effects of overreaching on submaximal HR are controversial,
with some studies showing decreased rates and others no difference. Maximal HR
appears to be decreased in almost all ‘overreaching’ studies. So far, only few
studies have investigated HRV changes after a period of intensified training and
no firm conclusions can be drawn from these results.

The relationship between HR and oxygen uptake (V̇O2) has been used to
predict maximal oxygen uptake (V̇O2max). This method relies upon several
assumptions and it has been shown that the results can deviate up to 20% from the
true value. The HR-V̇O2 relationship is also used to estimate energy expenditure
during field conditions. There appears to be general consensus that this method
provides a satisfactory estimate of energy expenditure on a group level, but is not
very accurate for individual estimations.

The relationship between HR and other parameters used to predict and monitor
an individual’s training status can be influenced by numerous factors. There
appears to be a small day-to-day variability in HR and a steady increase during
exercise has been observed in most studies. Furthermore, factors such as dehydra-
tion and ambient temperature can have a profound effect on the HR-V̇O2 relation-
ship.

Heart rate monitors (HRMs) have become a com- can be used and this review discusses their possible
applications.mon training tool in endurance sports. Most endur-

ance athletes have at least tried HRMs and many use In addition to the applications mentioned in this
them consistently to monitor their training and to article, heart rate (HR) monitoring also has various
help them train at the planned intensity. HRMs have limitations. The relationship between HR and other
developed rapidly from large instruments suitable physiological parameters (such as oxygen uptake
only for laboratory use (around the 1900s) to the size [V̇O2] or blood lactate concentration) is often deter-
of a watch in recent years. There have been develop- mined in an exercise laboratory. Some factors have
ments in the accuracy of the measurements, in- been identified that can potentially influence these
creased storage capacity, and new functions have relationships. The most important factors are dis-
been added. There are various ways in which HRMs cussed in this review.
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1. The Development of Heart Rate monitor, HRMs have been developed with larger
Monitoring (HRM) memory capacity. This allows for storage of HR

data from more exercise sessions. HR data can be
‘downloaded’ into a computer, which makes the

1.1 History of HRM analysis of a training, race or exercise test possible.
More recently, HRMs have been equipped with a

For several centuries, HR monitoring consisted calorie-counting feature and estimations of maximal
of placing an ear on the patients’ chest. 200 years oxygen uptake (V̇O2max). Another relatively recent
ago the stethoscope was invented by Rene Laennec development in HR monitoring is the measurement
which made it possible to listen more accurately to of heart rate variability (HRV) that may have vari-
the heart beat. However, it was still not possible to ous applications. These features and their reliability
create an accurate picture of the changes that occur and validity will be discussed in the following sec-
within the heart or to monitor HR during exercise. tions.
At the start of the 20th century, the Dutch physiolo-
gist Willem Einthoven developed the first electro- 1.2 Heart Rate Variability (HRV)
cardiograph (ECG). With an ECG it is possible to
make a graphic recording of the electric activity, Even when HR is relatively stable, the time be-
which is present in the heart. The ECG is composed tween two beats (R-R) can differ substantially. The
of three sections, a P wave, a QRS wave and a T variation in time between beats is being defined as
wave. These waves represent the depolarisation of HRV. Currently, variations in inter-beat intervals
the atria, depolarisation of the ventricles and repo- are used as an index of autonomic responsiveness.
larisation of the ventricles, respectively. As will be explained in section 1.2.2, high HRV is

Soon after the invention of the ECG, the Holter- associated with high V̇O2max values while it has
monitor was developed. The Holter-monitor is a been found that low HRV is associated with in-
portable ECG capable of making a continuous tape creased mortality,[3] the incidence of new cardiac
recording of an individual’s ECG for 24 hours.[1] events[4] and risk of sudden cardiac death in asymp-
However, the relatively large control box and the tomatic patients.[5]

wires necessary to record the changes in the electric HRV is assessed by examining the beat-to-beat
field created by the heart, make the Holter-monitor variations in normal R-R intervals. Originally, HRV
unsuitable for recording HR during exercise in all was quantified in a time-domain, i.e. R-R intervals
conditions. in milliseconds (ms) plotted against time (figure 1).

In the 1980s, the first wireless HRM was devel- The standard deviation of the R-R intervals
oped, consisting of a transmitter and a receiver. The (SDNN), that is the square root of variance, can
transmitter could be attached to the chest using show short-term as well as long-term R-R interval
either disposable electrodes or an elastic electrode variations. Differences between successive R-R in-
belt. The receiver was a watch-like monitor worn on tervals provide an index of cardiac vagal control.
the wrist.[2] The development of this relatively small This can be quantified by calculating the root mean
wireless monitor resulted in an increased utilisation square successive difference (r-MSSD) of all R-R
of HRMs by athletes. As a consequence, the objec- intervals and the number of adjacent R-R intervals
tive measure of HR replaced the more subjective differing more than 50ms expressed as a percentage
perceived exertion as an indicator of exercise inten- of all intervals over the collection period (pNN50).
sity. In the 20 years after the development of the first In figure 2, an ECG of an individual at rest is
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of the R-R intervals is depicted. The main para-
meters on the frequency domain are very low fre-
quency power (VLFP), low frequency power (LFP),
high frequency power (HFP), ratio between LFP and
HFP (LFP/HFP) and total power (TP). The measure-
ments at different frequencies are usually expressed
in absolute values of power (milliseconds squared).
In case the data of the different power components
are not normally distributed, the data are often log-
transformed. HFP and LFP may also be measured in
normalised units, which represent the relative value
of each power component in proportion to the TP
minus the VLFP component.

The peaks at different frequencies reflect the
different influences of the parasympathetic and
sympathetic nervous system.[6-11] Part of the HRV is
caused by respiratory sinus arrhythmia. During in-
spiration the R-R interval will decrease, while the
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Fig. 1. Example of R-R interval time between each subsequent
beat measured over a 7-minute period at rest (~500 beats) and
common ways to express heart rate variability in the time-domain. opposite is seen during expiration. Respiratory sinus

arrhythmia is mainly mediated by parasympathetic
displayed. For clarity of the example, the ECG only activity to the heart,[12] which is high during expira-
consists of 11 beats, it should be noted that the tion and absent or attenuated during inspiration. It
calculations normally are performed over a longer has been shown in both clinical and experimental
period. In figure 2, both the R-R interval time and settings that parasympathetic activity is a major
the difference between each two adjacent R-R inter- contributor to the HFP component of the power
vals are presented in ms. The average R-R interval spectrum.[6,7,9,11] The evidence for the interpretation
in this example is 925ms with a SDNN of 40ms. To of the LFP component is much more controversial.
calculate r-MSSD, the differences between adjacent The LFP is seen as a marker of sympathetic modula-
intervals are squared and the mean is calculated. The tion by some authors.[8-10] while others suggest it is a
squared root of the calculated mean, 62.6ms, is the r- parameter that includes both sympathetic and para-
MSSD. Of the nine calculated differences, six ap-
pear to be larger than 50ms, giving a pNN50-index
of 67%.

In contrast to the time-domain measures of HRV,
recent developments in microprocessor technology
have enabled the calculation of frequency measures
based on mathematical manipulations performed on
the same ECG-derived data. Instead of plotting the
HRV as the change in R-R intervals over time, it is
plotted as the frequency at which the length of the R-
R interval changes. In figure 3, the power spectrum

920 972 901920 979888 922 986 883 883

52 5778193284 103 064

Fig. 2. Example of an ECG output over 11 beats. R-R interval times
and difference between adjacent R-R intervals are displayed.
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Jensen-Urstadt et al.,[17] women had lower TP, VLF,
LFP, LF/HF ratio, and SDNN than men. These data
confirm the findings of other studies,[18,19] showing
that women have lower HRV than men.

When using power spectral analysis to interpret
R-R interval data, several confounding factors
should be considered. As already mentioned, part of
the HRV is determined by respiratory sinus arrhyth-
mia and it is therefore logical that any change in
breathing pattern, will have an influence on the
power spectrum. Brown et al.[22] studied the power
spectrum of nine healthy individuals, breathing at
seven different frequencies at two different tidal
volumes. They concluded that both respiratory rate
as well tidal volume strongly influenced TP, LFP
and HFP. TP was highest at low breathing frequen-
cies (6–10 breaths/min) and it decreased when the
frequency was increased above 10 breaths/min.

Another factor which can influence the power
spectrum of HRV is body position. It has been
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Fig. 3. An example of the power spectrum which shows the magni-
tude of the variability as a function of frequency. The most com-
monly found areas in the power spectrum, which represent different
influences of sympathetic and parasympathetic nervous system,
are displayed in the box. HFP = high frequency power; LFP = low
frequency power; VLFP = very low frequency power. shown that both at rest[11,23] and during exercise,[24]

the power spectrum is significantly different when
sympathetic influences.[6,7,13] The ratio of LFP to individuals are supine or upright. There is general
HFP is considered to reflect the sympatho-vagal agreement that HR is lower in a supine compared
balance and high values suggest a sympathetic pre- with an upright position, which can be ascribed to a
dominance.[11,13,14] It has been shown that pNN50 higher vagal tone, leading to an increased TP in the
and r-MSSD will provide the same information as power spectrum of HRV.[11,23] When individuals
the HFP component when calculated from both move from a supine to an upright position, blood
short-term[15] and long-term recordings.[16]

will pool into the lower extremities, causing a drop
Both age and sex appear to be important determi- in blood pressure. The change in blood pressure is

nants of HRV in healthy individuals. Jensen-Urstadt picked up in baroreceptors located in the carotid
et al.[17] studied 102 men and women varying in age sinus in the walls of the aortic arch and this will
between 20 and 70 years. ECGs were collected for result in reflex tachycardia. It has been suggested
24 hours for each individual and both time and that this baroreflex is mainly vagally mediated, and
frequency domain variables of HRV were calculat- changes in baroreflex sensitivity are hence thought
ed. It was shown that there was a strong negative to be connected with changes in parasympathetic
correlation between TP, VLFP, LFP, HFP and activity.[25]

SDNN, r-MSSD and pNN50-index and age. In the
1.2.1 Effects of Exercise on HRV60–69 year group, TP was ~30% lower than in the

20–29 year group. Overall these results suggest that The effects of exercise on indices of HRV have
HRV decreases with increasing age. Similar results been investigated on numerous occasions.[26] At the
have been reported by others.[18-21] In the study by transition from rest to exercise, a decrease is seen in

 Adis Data Information BV 2003. All rights reserved. Sports Med 2003; 33 (7)
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1.2.2 Effects of Exercise Training on HRVSDNN[27-30] and in TP, HFP and LFP, expressed in
absolute[27,29,31,32] and log transformed val- It has been known for a long time, that trained
ues,[8,30,32-35] indicating that the influence of the par- endurance athletes have profound bradycardia. The
asympathetic nervous system is decreased. In underlying mechanisms for this decreased resting
normalised units, HFP decreases[28,29,35] while LFP HR have been extensively investigated and numer-
does not change at the start of exercise in the majori- ous possible causes have been proposed. Part of the
ty of studies.[27,28,32] No change has been observed in decrease is due to a decrease in intrinsic HR, i.e. the

HR obtained with complete removal of autonomicthe ratio between LFP and HFP at the transition
influences, which is presumably related to mem-from rest to exercise in some studies,[30,33,34] al-
brane stabilisation of the conduction systemthough others reported an increased ratio.[28,29,31]

cells.[36-38] Enhanced vagal tone to the sinus node
A few studies have investigated the influence of

has also been proposed to play a role in sinus brady-
exercise intensity on HRV during exercise. In these

cardia,[39-43] whether the sympathetic nervous sys-
studies, time and frequency domain variables have

tem also contributes to the lower resting HR is still
been calculated when individuals were performing

controversial.[44-47] The latter two factors (vagal and
graded exercise tests to exhaustion. When frequency

sympathetic influences) are reflected in the different
power is expressed in absolute values, HRV tends to measures of HRV.
decrease progressively at intensities of up to 50%

The differences in HRV between trained andV̇O2max, while at higher exercise intensities, the
untrained individuals have also been investigated onvalues tend to level off. In 1995, Casadei and col-
numerous occasions. When looking at the time-leagues[27] studied HRV in 11 healthy men during a
domain variables, in most studies trained individualsgraded exercise test to exhaustion. HRV parameters
had significantly higher R-R interval times,[15,48-55]

were calculated at 43, 57, 72 and 86% V̇O2max. TP
SDNN,[15,48-50,53-56] pNN50-index[15,48,51,52] and r-

decreased from 602 ms2 during the first stage, to
MSSD[48,51,56] compared with their age- and weight-

270, 207 and 158 ms2 on the subsequent stages,
matched sedentary controls. Three studies[28,51,52]

respectively. HFP and LFP followed a similar pat-
failed to find significant differences in SDNN be-

tern decreasing from 202 and 260 ms2 to 131, 132,
tween trained and untrained individuals and differ-

128 and 77, 9, 0 ms2 respectively. However, when
ences in rMSSD were not detected.[15] When the

the data are expressed in normalised units the study
data are interpreted using frequency domain vari-

results are not conclusive. In two studies,[14,32] the ables, the results are slightly less consistent. A diffi-
HFP showed a slight decrease at intensities above culty with the comparison between these studies is
60% V̇O2max, while in another study the HFP in- the representation of the data. While some investiga-
creased considerably at near maximal exercise.[27]

tors reported absolute values, others used normal-
The LFP has been reported to progressively de- ised units or log-transformed data. In the studies that
crease with increasing intensity above ~30% provided absolute power data, TP, HFP and LFP
V̇O2max in one study,[32] while the onset of the were similar[15,48,53] or significantly higher[49,50,54] in
decrease was at ~60% V̇O2max in another study.[27] athletes compared with sedentary individuals in
It is unlikely that methodological differences can most studies, while only one study[55,57] showed the
explain the different findings because the type of opposite. The HFP expressed in normalised units
subjects and the exercise protocol used in both stud- was significantly higher in the trained individuals

compared with sedentary individuals in four out ofies were very similar.

 Adis Data Information BV 2003. All rights reserved. Sports Med 2003; 33 (7)
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six studies.[28,53,56,58] Puig et al.[54] did not find any Boutcher et al.[67] also did not induce any changes.
Studies using a training duration between 12 and 16differences in the HFP or LFP. Although Shin et
weeks induced significant increases in the HFPal.[58] and Macor et al.[53] found differences in the
component[64-66] and training programmes betweenHFP component, they were unable to show any
26 and 39 weeks increased SDNN.[59-62] Only onedifferences in LFP. On the other hand, the trained
study using a relatively large number of trainingindividuals in the study of Dixon et al.[28] and Jans-
weeks (20 weeks) was unable to show changes insen et al.[52] had significantly lower LFP compared
any of the HRV variables.[68] Since most of thewith their sedentary counterparts. In summary, both
studies have only measured few HRV variables, it isthe time-domain variables and the HFP variable
difficult to draw firm conclusions from these data.generally appear to be higher in trained individuals
However, it seems that long-duration training pro-compared with sedentary individuals, indicating that
grammes show more favourable results than short-HRV is higher in trained individuals. There seems to
duration programmes.be less consistency in the results regarding the LFP

component. It is difficult to attribute this diversity in In an effort to determine whether training intensi-
results to the differences in study design, since most ty would affect HRV, Loimaala et al.[68] trained two
studies reviewed have used similar study partici- groups of middle-aged men for 20 weeks. One of the
pants and test protocols. groups performed exercise at 55% V̇O2max, while

the other one performed exercise at 75% V̇O2max.Although it would now be easy to conclude from
Both groups trained on average four times per weekthe above-mentioned studies that training increases
for a duration of 33 minutes per session. After 20HRV, studies are needed to investigate the direct
weeks, no differences were found in any of the timeeffect of training on indices of HRV. Over the last 5
and frequency domain variables of HRV in eitheryears, several studies have addressed this question;
intensity group.however, the results of these studies are inconsis-

tent. While some studies found an increased While most cross-sectional studies show that en-
SDNN,[59-62] HFP[63-66] or LFP[60,63,64] after training, durance-trained individuals have higher HRV than
others could not detect any differences in these their age- and weight-matched controls, the results
variables.[57,60,64,65,67-69] It could be argued that the from longitudinal studies are less conclusive. The
differences found between these studies are due to data suggest that the duration of the exercise pro-
methodological differences. gramme might be an important factor when looking

at the effects of exercise training on HRV. However,The studies described above have used a variety
the fact that endurance-trained individuals have con-of study participants, training protocols and data
sistently higher HRV than untrained individualsrepresentation. However, the main factor which
suggests that vigorous training programmes arecould have influenced the study results is the dura-
necessary to induce changes in HRV and that intion of the training programme followed by the
addition to exercise duration, exercise intensity andexperimental individuals. Amano et al.[64] attempted
training volume may also play a role.to directly determine whether training duration has

an effect on HRV by testing their subjects after 5 HRV analysis has been proven to be a simple
and 12 weeks of training. They reported no signif- non-invasive technique that evaluates the autonomic
icant change after 5 weeks, but significant increases modulation of HR through measurements of instan-
in TP, HFP and LFP after 12 weeks. The relatively taneous beat to beat variations in R-R interval
short training duration of 6 weeks in a study by length. Furthermore, it is an easy tool to non-inva-
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sively explore the sympathovagal interaction in dif- Polar R-R recorder was within 1ms. Ruha et al.[78]

ferent conditions.[70] reported that Polar R-R recorder was both reliable
and valid when tested against an ECG.

1.3 Accuracy Therefore, HRMs using chest electrodes are con-
sidered to be both valid and reliable during physical-

The accuracy of the wireless HRMs has been ly and mentally stressful conditions. In addition, the
extensively investigated. In 1988, Léger and measurement of HRV with HRMs has also been
Thivierge[71] tested 13 different HRMs during rest, shown to be valid and reliable.
exercise and recovery. It was concluded from this
study that only four of the HRMs were valid when 2. Main Applications of HRM
compared with an ECG. All four HRMs were based
on the principle of the chest electrode. The HRMs
which scored low on validity and reliability, used 2.1 Monitoring Exercise Intensity
electrodes placed on fingers or hands or used photo-
cells at the earlobe.[71,72] Macfarlane et al.[73] com- All training programmes consist of three key
pared seven HRMs with an ECG in the same year components: frequency of exercise sessions, dura-
and reached a similar conclusion. The HRMs using tion of each session and exercise intensity. The sum
chest electrodes (Polar Sport Tester, Monark Trim of these training components has been previously
guide 2000 Chest and Exersentry) produced both a described as the training impulse.[79] A training im-
mean bias and variability of less than 1.0 beat/min pulse is intended to result in a positive training
throughout their functional range, while monitors adaptation and improved performance. However, it
using different techniques produced HR data which is known that excessive training impulses can result
was very deviant from the ECG data. The correla- in deteriorated performance and ultimately in the
tion coefficient of 0.9979 obtained by Seaward et development of overtraining syndrome.[80-82] Often
al.[74] when data of a portable HRM was compared there is a fine line between the optimal training
with an ECG, reflected the precision and accuracy of impulse and a training impulse that will deteriorate
the HRM. Furthermore, in 1991 Godsen et al.[75] performance. Therefore, it is believed that it is im-
compared HR data collected with a wireless HRM portant to carefully monitor all three components of
with HR data collected by an ECG. The conclusion a training programme. The duration and frequency
of the study was that the HRM was within 6 beats/ components of a training programme are relatively
min of the actual HR 95% of the time. In the studies easy to monitor and there are several methods avail-
by Godsen et al.[75] and Seaward et al.[74] the HRMs able to measure the intensity component.[83] When
were validated during rest and exercise at different determining the best possible way to monitor exer-
intensities. Recently, Goodie et al.[76] validated the cise intensity, a balance has to be found between
wireless HRM during mental stress. The average validity of the parameter and practicality of using
HR of 30 individuals during a mental stress test was that parameter for intensity measurements. Exercise
80.7 ± 10.4 when measured using an ECG and 81.3 intensity is usually defined as the amount of energy
± 10.4 with a wireless HRM (r = 0.980, p < 0.0001). expended per minute to perform a certain task (kJ/
The accuracy in the determination of the R-R inter- min).[83] The methods that are currently available to
val was also investigated. Kinnunen and Heikkila[77] measure energy expenditure (EE) directly, can not
showed that in 95.4% of the R-R intervals, the (or only on rare occasions) be used in non-laborato-
difference between the Polar Vantage NV and the ry settings.
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There are several methods that can be used to Optimal use of HR as a measure of exercise
determine exercise intensity in the field. Speed, for intensity can be reached when the individual rela-
instance, can be used to accurately monitor the tionship between HR with more direct indicators of
intensity of exercise in some modes of exercise, EE is established. By measuring V̇O2 and HR con-
such as swimming and to some extent running. currently on a variety of intensities in a laboratory,
However, in sports such as cycling and cross-coun- HR can later be used to predict EE in the field if the
try skiing, speed will not always reflect the intensity. exercise conditions are the same. In addition, the HR
In these sports, the speed-intensity relationship can zones which coincide with the accumulation of lac-
be affected by factors such as surface, undulating tic acid in the blood are often used to indicate
terrain and ambient conditions.[83] various intensity zones.[86-88] In a quest for a non-

invasive way to determine this HR zone, ConconiIt was established some time ago that HR and
and colleagues[89] proposed a method to determineV̇O2 (i.e. EE) are linearly related over a wide range
the anaerobic threshold based only on HR. Theirof submaximal intensities.[84] By determining the
results showed the expected linear relationship be-relationship between HR and V̇O2, HR can then be
tween HR and running speed at submaximal speedsutilised to estimate V̇O2, which will give a fair
but a plateau in HR at high running speeds. Theyreflection of the intensity of work that is being
reported that the deflection point of the HR-runningperformed. With the development of the portable,
speed relationship occurred at the same time as thewireless HRMs, HR has become the most common-
anaerobic threshold. Although Conconi et al[89] werely used method to get an indication of the exercise
able to show a levelling off of HR in all 210 runnersintensity in the field. HR is easy to monitor and
tested, other researchers who attempted to repeat theshows a very stable pattern during exercise and
study, only found a plateau in a certain percentage ofathletes can immediately use the HR data to adjust
the individuals.[90] Furthermore, numerous authorsthe intensity of a work bout if necessary.
have reported that the HR deflection point overesti-

In a recent American College of Sports Medicine
mates the directly measured lactate threshold.[91-93]

position stand on ‘the recommended quantity and
Jeukendrup and colleagues[94] stated, after carefulquality of exercise for developing and maintaining

consideration of the literature available on the Con-cardiorespiratory and muscular fitness, and flexibili-
coni-test, that the occurrence of the HR deflection isty in healthy adults’[85] a general classification of
an artefact rather than a true reflection of the lactatephysical activity intensity was given using %HR-
threshold. The main criticism lies in the fact that inreserve (HRmax – HRrest) and %HRmax to express
the Conconi-protocol, stage duration decreases withintensity. Intensity was divided into six different
increasing exercise intensity. It has been argued thatcategories ranging from very light to maximal. This
when the duration of a running stage is very short,classification makes it possible to estimate the inten-
the adaptation of the circulatory system to a certainsity of an exercise bout expressed as %V̇O2max or
speed will be incomplete and HR will start to lagmetabolic equivalents, without determining the indi-
behind progressively.[94] In an attempt to correct forvidual relationship between HR and V̇O2. It is im-
this apparent flaw in Conconi’s test, an adaptedportant to note that the intensity obtained from this
protocol was developed in which stage duration wastable will only give an indication of the true intensity
fixed (30 seconds per stage) rather than runningand the individual relationship between HR and
distance.[95] However, by having stages as short asV̇O2 needs to be determined for a more accurate

estimation. 30 seconds, higher speeds can be attained during
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which it is less likely to obtain a steady-state HR, ly related to parasympathetic and sympathetic activ-
increasing the likelihood of detecting HR deflec- ity and changes in the autonomic nervous system
tion.[96] So, even in the adapted Conconi-test, the due to overtraining may be reflected in changes in
occurrence of the HR deflection is not a physiologi- HR and HRV.
cal phenomenon, but rather an effect of the protocol

2.2.2 Changes in Heart Rate Associatedused.
with OvertrainingIn summary, the most important application of
In most studies, no differences were found inHR monitoring is to evaluate the intensity of the

resting HR between normal and overreachedexercise performed. The intensity of an exercise
state.[80,81,88,98,101] However, some early studies re-bout is a key factor in determining the effect of a
ported increased resting HR in overtrained individu-training session. HR shows an almost linear rela-
als.[100,102,103] In addition, sleeping HR appears to betionship with V̇O2 at submaximal intensities and can
increased when individuals are overreached.[80,104] Ittherefore be used to accurately estimate the exercise
has been suggested that sleeping HR is a moreintensity. However, it should be mentioned that the
reliable measure since it is less likely to be affectedrelationship between HR and V̇O2 is individual and
by confounding variables.[80,83]

for precise estimations of exercise intensity, the
In a study by Billat et al.,[105] it was shown thatrelationship should be determined for each individu-

HR was decreased from 155 to 150 beats/min at 14al.
km/h in runners after a period of intensified training.
More recently, Hedelin et al.[97] also found signifi-2.2 Detecting/Preventing Overtraining
cantly decreased HR (approximately 5 beats/min

2.2.1 Background Overtraining lower) at five different submaximal intensities after
6 days of increased training load. Others foundOvertraining in athletes results from long-term
similar submaximal decreases in HR in their studystress or exhaustion due to prolonged imbalance
participants after a period of intensified train-between training in combination with other external
ing.[82,101,106] However, Urhausen et al.,[98] Halson etand internal stressors and recovery.[97-99] The cardi-
al.[88] and Jeukendrup et al.[80] reported that theirnal symptom of overtraining, or its less serious
study participants in the overreached state had simi-counterpart overreaching, is decreased perform-
lar submaximal HR compared with normal condi-ance.[80,88] Some of the additional symptoms are
tions.early fatigue, changes in mood state, muscle sore-

ness, and sleeping disorders. In 1958, Israel[100] de- HR during maximal exercise has been shown to
fined overtraining according to the effects it has on decrease when individuals are overreached. In 1988,
the autonomic nervous system. He distinguished Costill et al.[106] showed that after 10 days of intensi-
between a sympathetic and a parasympathetic form fied training, the average maximal HR in 12 male
of overtraining. The latter, parasympathetic and swimmers significantly decreased from 175 ± 3 to
probably more chronic form of overtraining is domi- 169 ± 3 beats/min. Jeukendrup et al.[80] showed that
nating in endurance athletes and leads to a relatively after 14 days of intensified training, maximal HR of
bad prognosis because it often requires prolonged cyclists declined significantly from 175 ± 3 to 169 ±
recovery periods.[98] Due to the seriousness of the 3 beats/min. Similar results were found in other
syndrome, it is important to detect it in an early studies.[88,97,101,107] However, Billat et al.[105] over-
stage. So far, no single marker of overtraining has trained eight runners for 4 weeks and found that the
been determined. However, HR and HRV are close- maximal HR was the same after normal training
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compared with overtraining. Therefore, most studies changes were observed in any of the other para-
involving HR responses in overreached athletes, meters (time and frequency domain).[99] It should be
have found marked decreases in maximal HR whilst mentioned that in this study no information was
the changes in HR during submaximal exercise are provided regarding the time between the last exer-
less clear. Sleeping HR has been shown to increase cise bout and measurements of HRV. It has been
and this has been suggested as one of the indicators shown by Furlan et al.[109] that LFP remains elevated
for overreaching. Although resting HR may also be for up to 24 hours after an exercise bout. It is
affected (increased with overreaching) this measure therefore possible that the effects seen on LFP are
is less reliable and can easily be disturbed by exter- the result of a previously performed exercise bout.
nal influences. The effects of intensified training on both HR and

HRV appear to be unclear at present mainly because
2.2.3 Changes in Heart Hate Variability Associated the number of studies that have addressed this prob-
with Overtraining lem is relatively small and very few studies in-
As described in section 2.2.1, it has been suggest- creased training in a controlled and systematical

ed that a disturbance in the autonomic nervous sys- manner to provoke a state of overreaching. Careful-
tem accounts for some of the symptoms in over- ly controlled studies are needed to investigate the
trained athletes. Since HRV will also be affected by effects of intensified training on HRV before we can
changes in the autonomic nervous system, it might conclude that HRV is an important indicator of early
indicate early stages of overreaching or overtrain- overtraining.
ing.[13,99]

The information about changes in HRV due to 2.3 Estimation of Maximal Oxygen Uptake
overreaching is sparse. Hedelin et al.[97] found no (V̇O2max) and Energy Expenditure
differences in the frequency domain parameters

It has been known for a long time that both V̇O2after the study participants performed 6 days of
and HR increase linearly with increasing exercise

intensive training. In a case study, the effects of
intensity up to near maximal exercise. It has been

overtraining on a young cross-country skier were
suggested that an individual’s aerobic fitness is re-

described.[108] This athlete showed remarkably high
flected in the slope of an HR-V̇O2max curve.[110]

HFP and TP at the time of overtraining syndrome,
Endurance training will reduce HR both at rest and

suggesting an increased parasympathetic activity.
during submaximal exercise at a given V̇O2.[111-114]

Uusitalo et al.[99] performed a study in which 15
With similar V̇O2 at a certain work rate before and

endurance-trained females were divided in a train-
after training but a lower HR after training, the slope

ing group and a control group. The purpose of the
of the line will decrease.[111,114] However, it was

experimental training period was to overreach the
reported by Londeree and Ames[115] that when both

individuals in the training group. Five of the nine
V̇O2 and HR are expressed as a percentage of their

individuals in the training group became over-
maximum, no differences can be detected in the

reached (i.e. their V̇O2max and maximal treadmill
slope of highly-trained, moderately-trained and un-

performance decreased, they were unable to contin-
trained individuals.

ue training and experienced changes in mood state)
2.3.1 Estimation of V̇O2maxwhile the other individuals showed some (but not

all) symptoms of overreaching. The main finding in Over the last 50–60 years, the relationship be-
this study was the increased LFP in the training tween HR and V̇O2max has been used to estimate
group and no change in the control group. No V̇O2max. In the 1950s, Astrand and Ryhming[116]
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tested more than 300 men and women at different As mentioned in section 1.2 on HRV, the most
exercise intensities and measured HR, workload and recent HRMs are equipped with the ability to predict
V̇O2. The data of this study were used to come up V̇O2. Aerobic fitness (V̇O2max in ml/kg/min) is pre-
with a nomogram to predict V̇O2max.[116] To use this dicted from resting HR, HRV, sex, age, height,
method of V̇O2max prediction, an individual is only bodyweight and self-assessment of the level of long-
required to exercise for 6 minutes on one exercise term activity.[120] The accuracy of this application
intensity while HR (and in some cases V̇O2) is has been tested on several occasions. In one study,
measured. The information on HR together with the 11 individuals repeated the ‘fitness test’ on the
individuals weight and gender is used on the nomo- HRM on eight consecutive days at three different
gram to estimate V̇O2. times during the day. The average individual stan-

dard deviation of all test results was less than 8%Another frequently used test involves exercise at
from the individual mean value. When data werethree different intensities. HR and V̇O2 data will be
evaluated per timepoint, the standard deviationsplotted and a straight line should be drawn through
were smaller.[121] The validity of the test was as-the points of the plot. By extrapolating the line until
sessed in 52 healthy men aged 20–60 years. Thethe assumed maximal HR (220 – age in years[84]) for
individuals performed an exercise test in a laborato-the particular age group, an estimation of V̇O2max
ry to measure maximal aerobic power and this wascan be obtained.[110]

also determined using the HRM. The mean error inThe accuracy of predicting V̇O2max from sub-
V̇O2max prediction was 2.2%; when repeated after 8maximal HR has limitations. Such a method is based
weeks of training the error was only –0.7%.[121]

on the premise that the relationship between HR and
V̇O2 is linear over the entire range of work intensi-

2.3.2 Estimation of Energy Expenditureties. This is an oversimplification, since the relation-
ship is curvilinear at very low intensities and to- The relationship between HR and V̇O2 is not
wards maximal exercise.[117] In addition, the estima- only used to predict V̇O2max. The estimation of EE
tion of maximal HR will result in an error. It has can also be based on this relationship. There are
been shown in several studies that the standard several ways to estimate EE in humans, including
deviation of the prediction of maximal HR lies be- filling out activity-level questionnaires, using pe-
tween 8–12 beats/min.[118,119] The day-to-day vari- dometers/actometers, direct/indirect calorimetry and
ability in HR measurements described in section 3.1 the doubly labelled water technique. Although the
can also cause an over- or under-estimation of the last technique appears to be the most accurate for the
actual V̇O2max. determination of the EE in free living humans,[122]

the high costs and the inability to obtain an activityIt has been suggested that V̇O2max predicted from
pattern does not make this method always ideal.submaximal HR is generally within 10–20% of the
These problems are overcome when EE is estimatedperson’s actual V̇O2max.[110] Despite this rather large
from calorimetry. However, the major drawbackpercentage, the predictive tests can be suitable for
with this method is the fact that the equipmentmeasuring individuals who are not capable of per-
necessary to do the measurements can interfere withforming a maximal effort test (i.e. the elderly, preg-
the normal performance of the activities. Estimatingnant women). It should be noted, however, that the
EE from HR is relatively cheap and easy to performprediction methods are only validated in a popula-
and has therefore been investigated in numeroustion of healthy, non-pregnant, young to middle-aged
studies.[122-128]individuals.
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To use HR for the estimation of EE, the individu- lags behind. This will introduce a small error when
al relationship between HR and V̇O2 needs to be HR is being used to predict EE or V̇O2max. It is
determined. Measurements of V̇O2 can then be used therefore suggested that HR can only be used to
to calculate EE at several different HRs. The main estimate V̇O2max and EE on group level.
limitation of the use of HR for measuring EE is the

3. Factors Influencing Heart Ratealmost flat slope of the relationship at low expendi-
During Exerciseture levels.[127] At rest, slight movements can in-

crease the HR, while EE (i.e. V̇O2) remains almost As described in section 2, the relationship be-
the same. In addition, the estimation of EE from HR tween HR and other parameters (V̇O2 and lactate
is sport-specific. It has been well documented that concentration) is used to predict, estimate and moni-
type of activity and posture can influence the rela- tor an individual’s fitness level. Often these relation-
tionship between EE and HR and can therefore ships are determined in an environment where tem-
affect the estimation of EE from HR.[126,129]

perature and humidity of the ambient air will be
There appears to be general consensus that while controlled. Furthermore, individuals will attempt to

the HR method provides satisfactory estimates of enter a test under the best possible circumstances,
average EE for a group, it is not necessarily accurate having had enough sleep, carbohydrates and fluids
for individual study participants.[122,130,131] For ex- the day(s) before. However, in the field, numerous
ample, Spurr et al.[122] compared 24-hour EE by factors can influence the relationship determined
calorimetry and with the HR method in 22 individu- during a laboratory test and this may have implica-
als. The maximum deviations of the values of EE tions for the interpretation of the data obtained of
between the two methods varied between +20 and HRMs.
–15%. However, when the data were compared us- This section describes the natural variation which
ing a paired t-test, no significant differences were occurs in HR. In addition, the most important influ-
observed. ential factors on the response of HR on exercise are

described. Physiological, environmental and otherDuring intermittent exercise, the HR-EE relation-
factors are listed and there will be a short explana-ship may not be as accurate. HR responds relatively
tion of how the relationship is altered. In addition, anslowly to changes in work rate. Therefore, a sudden
indication will be given about the magnitude of theincrease in work rate will not immediately result in
changes.the HR that would be observed at that exercise

intensity after a 3–5 minute adaptation to the work
3.1 Day-to-Day Variability in Heart Raterate had been allowed. Similarly, when the work rate

is decreased, HR will remain elevated for some time Even with the best equipment available, HR mea-
and only gradually return to the HR observed during surements can only be used to monitor exercise
steady-state conditions at this lower work rate. intensity when the intra-individual differences are

In summary, when HR is used to estimate small. The day-to-day variability in the HR response
V̇O2max or EE, a linear relationship between HR and to a certain exercise stimulus has been investigated
V̇O2 is assumed. Although this is true for a large on several occasions. In a study published in 1949,
range of intensities, during very low and very high Taylor[132] examined the stability of individual dif-
intensities the relationship becomes non-linear. Fur- ferences of the physiological response to exercise.
thermore, when quick changes are made from low to On two different occasions, 31 individuals were
high intensities (and vice versa), the HR response measured while walking and running. The intra-
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individual variability of HR during submaximal ex- drift.[137,138] In a study published in 1967,
ercise averaged 4.1%. The variability dropped to Ekelund[138] described the cardiovascular changes
1.6% during maximal exercise. Astrand and Sal- which occurred in 18 individuals during 1 hour of
tin,[133] showed that the day-to-day variation in max- exercise. HR was reported to increase gradually
imal HR was approximately 3 beats/min. When over the hour, with the largest increases during the
average HRs of ten different exercise intensities first 30 minutes. HR had increased by 15% after 1
were compared on two separate days in 11 individu- hour. Mognoni et al.[139] had individuals cycling at a
als, Brooke et al.[134] reported that the average test- constant work rate for 1 hour. HR increased from
retest correlation for HR was 0.872 ± 0.03. In a 135 beats/min after 10 minutes of exercise to 150
study by Becque et al.,[135] four individuals per- beats/min (11%) after 60 minutes.
formed 20 submaximal tests at 50W and 10 tests at It was speculated by Rowell[140] that the factors
125W and 55% maximal work rate. Of all the para- that are likely to contribute to the drift are a concom-
meters measured (ventilatory rate, V̇O2, blood pres- itant body water loss and a peripheral vasodilatation.
sure and HR), HR showed the lowest coefficient of Hamilton et al.[141] found that HR increased 10%
variance (average 1.6%), which was in close agree- when no fluid was consumed and 5% when fluid
ment with the results of Taylor.[132] The individuals was provided to the individuals. It was concluded
in a study by Brisswalter and Legros[136] who had that half of the cardiovascular drift could be ex-
markedly higher V̇O2max values than the individuals plained by dehydration. In the same study, it was
in Becque et al.’s study (V̇O2max 71.2 ± 2.1 vs 58.1 shown that the rise in HR was closely related to the
± 8.9 ml/min/kg, respectively), showed similar coef- rise in body temperature.[141] It has been shown in
ficients of variation of 1.6 ± 1.3% in HR over four several studies that when core temperature is in-
tests. creased, the HR showed a similar increase.[140,142-144]

From the above-mentioned studies, it has become When aiming for a certain HR zone during exer-
clear that although the test-retest reliability of HR is cise, cardiac drift should be considered. Increases of
high, a small day-to-day variation exists. Even under up to 15% from 5–60 minutes of exercise have been
controlled conditions, changes of 2–4 beats/min are reported. Cardiovascular drift is accentuated by nu-
likely to occur when individuals are measured on merous factors such as dehydration and heat stress.
different days. To minimise the effect of this day-to- The effects of these factors on the cardiovascular
day variability on the prediction of the work rate, system will be discussed in sections 3.2.2 and 3.3.1.
HR zones are often prescribed to athletes rather than

3.2.2 Hydration Statussingle HRs.
The effects of dehydration on the cardiovascular

system have been investigated extensively. In a3.2 Physiological Factors
study published in 1964, Saltin[145] dehydrated three

Several physiological factors influence the HR
individuals in a sauna. To investigate the effect of

response to exercise; these include cardiac drift and
dehydration independent of hyperthermia, testing

fluid status.
was only started after the core temperature had

3.2.1 Cardiovascular Drift decreased to 37.2°C. Individuals lost between 1–5%
After the first few minutes of mild to moderate bodyweight. A slight decrease in cardiac output was

intensity exercise, there is a gradual decrease in seen during submaximal exercise, with the magni-
stroke volume and increase in HR. This phenome- tude of the decrease related to the decrease in body-
non of instability has been termed cardiac weight. This decrease in cardiac output was the
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result of increased HR and a slightly larger relative tests in a laboratory are usually performed at
decrease in stroke volume. Approximately 35 years 16–18°C. The HR-V̇O2 curve determined during
later, in the late 1990s, Gonzàlez-Alonso et such a test can only be accurately used to determine
al.[142,143,146,147] investigated the effects of dehydra- exercise intensity in the field when the ambient
tion on the cardiovascular response to exercise. In a conditions are exactly the same. Both higher and
study published in 1997, seven endurance-trained lower temperatures can have relatively large influ-
athletes became 4% dehydrated or they remained ences on the interpretation of the intensity of an
euhydrated during a 100-minute cycle bout in the exercise bout. The influences of both hot and cool
heat.[142] After a 45-minute rest, they cycled for 30 environments on the response to exercise have been
minutes at 70% V̇O2max under cool conditions. HR extensively studied.
and stroke volume changed significantly, with a 5%

Heatincrease and 7% decrease, respectively, in the dehy-
In almost all studies where exercise has beendrated athletes. When blood volume was restored to

performed during hot conditions, it has been showneuhydrated levels, the stroke volume decline was
that HR increases.[142,143,147-151] For example, in areversed completely, despite the persistence of 3- to
study by Gonzàlez-Alonso et al.,[143] individuals cy-4-litre extravascular dehydration. The authors con-
cled for 30 minutes at 72% V̇O2max either 8 or 35°Ccluded that the reduced stroke volume was induced
after they cycled for 2 hours at 60% V̇O2max inby a reduced blood volume. Recently, a similar
35°C. At the end of exercise the average HR wasstudy was performed, looking at different levels of
150 beats/min in the cold environment and 160dehydration.[143] As was reported by Saltin,[145] both
beats/min in the hot environment (p < 0.05). Severalthe changes in HR and stroke volume became larger
factors have been suggested that could have influ-when the body was more dehydrated. HRs were 2.5,
enced HR during hot conditions.4.4 and 7.4% higher at 1.5, 3 and 4.2% dehydration,

One possible factor influencing HR is core tem-respectively.
perature. The measures of the body to lose heat (i.e.When exercising in a dehydrated state, without a
evaporation, convection, conduction, radiation) areraised core temperature, HR can be increased up to
only partially effective during hot conditions and7.5%. The increase in HR is positively correlated to
eventually a rise in core temperature will occur. Tothe level of dehydration. This means that when the
investigate the relationship between HR and corebody gets more dehydrated, using HR to monitor
temperature, Gonzàlez-Alonso et al.[149] performed aexercise intensity will become more and more unre-
study where core temperature was manipulated priorliable.
to exercise in the heat. Seven male individuals per-
formed three bouts of cycle ergometer exercise at3.3 Environmental Factors
60% V̇O2max at 40°C. Before exercise resting tem-

Not only physiological factors can influence the
peratures were altered by immersing individuals in

relationship between HR and other exercise-related
water of 17, 36 or 40°C for 30 minutes. After 10

parameters. The environment will also have a large
minutes of exercise it was shown that HR was 140 ±

impact on HR. In this section the effects of ambient
5, 166 ± 5 and 182 ± 4 beats/min, respectively. It

temperature and altitude will be described.
was concluded that HR increased gradually when

3.3.1 Temperature the oesophageal temperature increased. Jose et
Ambient temperature can have a large influence al.[152] also reported a direct linear relationship be-

on the relationship between HR and V̇O2. Exercise tween HR and mixed venous blood temperature. It
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has also been suggested that HR during hot condi- water with a temperature ranging from 24–37°C. A
tions can be increased by activation of muscle ther- plateau in V̇O2 was seen from 37 to 32°C at rest, 37
mo-reflexes.[153] to 28°C during low intensity exercise and 37–26°C

in the high intensity trial. At the colder tempera-Therefore, when exercise is performed in hot
tures, marked increases in V̇O2 were seen. HR onconditions, heat loss mechanisms are less efficient
the other hand remained low at the colder tempera-and core temperature increases. As a consequence,
tures and increased when the water temperaturesHR will be higher at the same exercise intensities.
were increased. McArdle et al.[156] investigated theThe increase in HR has been shown to be around 10
cardiovascular changes induced by a cold environ-beats/min[143,149] and therefore overestimates the in-
ment in more detail. Individuals exercised at sixtensity of the exercise. While HR under these cir-
different exercise intensities in 26°C air, 18°C watercumstances might not be the most accurate indicator
or 25°C water. A significant increase in V̇O2 wasof exercise intensity, it is a good marker of whole
seen in the 18 and 25°C water compared with the airbody stress.[83]

trial. This difference became less pronounced during
Cold the higher exercise intensities. It was shown that the
The two main adjustments that take place in a increased V̇O2 was most likely the result of an

human when exposed to a cold environment are a increased cardiac output. No differences were ob-
decreased skin blood flow and an increased meta- served when HR was compared during the different
bolic rate. Due to the increased temperature gradient temperature conditions at the same power output.
between skin and environment, more heat will be An increase in stroke volume at lower temperatures
lost through convection and radiation when remain- caused the increase in cardiac output. It was specu-
ing in cold temperatures.[84] To reduce the heat loss lated by the authors that this increased stroke vol-
induced by these mechanisms, vasoconstriction of ume was due to an increased central blood volume
the skin blood vessels will occur and blood in the and venous return.[156]

veins of the extremities is deviated from the superfi- During exercise in cold environments HR will be
cial to the deep veins. This will increase both central similar to that in thermoneutral conditions. How-
blood volume and venous return. ever, V̇O2 will be higher and HR will therefore

Shivering is a reflex mechanism that the body underestimate the intensity of exercise. During cool
uses to increase the metabolic rate. Since the conditions, it is therefore often advised to athletes to
mechanical efficiency of shivering is close to 0%, all train at the lower border of their training zones to
the energy is being transferred into heat. Many obtain the required exercise intensity.
muscle groups are involved in shivering, it can lead
to a 2- to 4-fold increase in resting metabolic 3.3.2 Altitude

rate.[154] When resting, swimming or exercising on a Oxygen cost of work at altitude is essentially
cycle ergometer under water, V̇O2 has been shown similar to the cost at sea level.[158,159] However, the
to be higher when the temperature of the water is partial pressure of ambient oxygen (PO2) can be
colder.[155-157] This increased V̇O2 is being used to decreased to only 30% of the PO2 at sea level at high
cover the energy cost of shivering. altitudes (>4000m).[160] To compensate for this de-

In 1968, Craig and Dvorak[155] performed a study crease in oxygen delivery per millilitre of blood,
with ten non-cold acclimatised individuals. The in- more blood needs to be shunted towards the exercis-
dividuals either rested or performed cycle exercise ing muscle. It has been shown that during submax-
at a low and high workload while being immersed in imal exercise at altitude, the cardiac output will be
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increased because of an increase in HR.[161] Vogel et el.[158] Even after 3–4 weeks at 3800m, an elevation
of almost 10% was observed.[163]al.[161] studied 16 men at sea level and after 2–3 days

at 4300m. During mild exercise at altitude compared When exercising at altitude at a given V̇O2 the
with sea level, HR increased 15%, and at moderate submaximal HR is increased while V̇O2 remains the
intensity exercise an increase of 10% was reported. same. A HR-V̇O2 curve determined at sea level will
Stenberg et al.[159] investigated six men at sea level therefore not be suitable to use at altitude, since the

exercise intensity will be overestimated.and at 4000m simulated altitude. During mild and
moderate exercise, increases in HR of 22 and 13%

4. Conclusionswere found when altitude was compared with sea-
level conditions. Klausen et al.[158] reported a 22%

Monitoring of HR has been used to evaluateincrease in HR during submaximal exercise at alti-
responses to different exercise stressors for a longtude compared with sea level. The nine individuals
time. Between 1950 and 1980 a vast number ofhad an HR of 109 ± 41 beats/min at sea level and
papers were published describing HR responses, and141 ± 21 beats/min at altitude.
these continue to be well-cited today. Recently, the

During maximal effort at altitude, however, HR attention has shifted slightly towards the field of
has been shown to be the same or slightly reduced. HRV. Given that low HRV is associated with in-
The maximum HR of the individuals in the study of creased mortality, it seems only logical that more
Vogel et al.[161] decreased from 180 to 176 beats/min research is pointed towards possible interventions to
after 2–3 days at altitude. In another study, maxi- increase HRV. While age is negatively correlated to
mum HR decreased from 186 to 184 beats/min at HRV, some evidence is arising indicating that train-
4000m simulated altitude.[159] More marked reduc- ing status and possibly exercise training can have a
tions in maximal HR were found by Hartley and positive influence on HRV. In contrast to cross-
Saltin[162] HRmax decreased from 189 to 165 beats/ sectional studies, which indicate that individuals
min when maximal exercise was compared at with a higher V̇O2max have higher HRV, longitudi-
4600m altitude with sea level. Although HR has nal training studies have not been able to provide
been shown to be increased at similar V̇O2, the enough evidence to state that with exercise training,
relationship between V̇O2 and HR remains linear. an increase in HRV can be achieved. Large con-
The consequence is that at the same maximal HR, trolled training studies using a variety of individuals
V̇O2 is reduced. Reductions in V̇O2max of up to 70% should be performed to determine whether the actual
have been reported.[159]

training process can lead to increased HRV, or
When the individuals’ stay at altitude is longer whether this is already genetically determined.

than 3–4 days, some adjustments in the body take As becomes evident from section 2.2 on over-
place. As a consequence, the cardiovascular re- training, there are still large gaps in our knowledge
sponses to the reduced partial pressure change. Sev- about the changes that occur during overtraining.
eral studies have shown that submaximal cardiac The results from studies that have investigated the
output decreases and even returns to sea-level val- effects of overtraining on HR and HRV are mixed

and more research is necessary to elucidate whetherues.[161,163,164] This decrease is mainly caused by a
these parameters can be used to predict and there-decrease in stroke volume; HR remains elevated
fore prevent overtraining.during the entire stay at altitude. After 12 days at

3800m, HR during submaximal exercise was 24 Although technology has advanced quickly and it
beats/min (18%) higher at altitude than at sea lev- is possible to measure HR accurately and reliably
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