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Introduction

Physical training generates physiological changes 
throughout the body in order to improve physical performance. 
The repetitive stimulus of training loads produces hemodynamic 
and autonomic adaptations necessary to satisfy the metabolic 
requirements during exercise. Nevertheless, the response to 
physical training is heterogeneous [1,2]; high variability of 
maximum oxygen consumption [1] and cross-sectional area of   
skeletal muscle in response to aerobic training and strength 
training [2] has been described, respectively. 

Different variables explain the heterogeneity of the 
response to physical training, as follows: i) factors related to 
training (type, intensity, frequency and duration) and recovery 
(physical capacity, sleep and stress); ii) individual factors 
(demographic, phenotypic, genomic, diseases, medications and 
lifestyle); and iii) contextual factors (environment and socio-
economic) [3]. The identifi cation of these factors lies in the 
possibility of making a prescription of the exercise and control 
of stratifi ed training (stratifi ed, personalized or precision 
medicine) and individualized (individualized medicine), more 
effective and safer [3,4].

The ability to adapt to physical training depends 
fundamentally on the integration of neuro-endocrine functions 
[5]. The autonomic nervous system (ANS) (sympathetic-vagal 
balance) and the relationship between anabolic and catabolic 

functions given by hormones such as testosterone and cortisol 
have a high importance [5]. When there is an imbalance between 
training loads and recovery, we can observe an activation of 
sympathetic ANS and a predominance of a catabolic state, in 
short and long term, respectively [5].

Heart rate variability (HRV) is an indicator of the 
sympathetic-vagal balance that has been used for an effi cient 
prescription of exercise in the general population and for the 
control of training in high performance athletes [6,7]. From 
HRV measurements it has been possible to adjust the intensity 
and volume of the training in an effi cient way to increase the 
physical work capacity and the maximum oxygen consumption 
in the general population [6,8-10]. An increase in the 
sympathetic tone can identify athletes at risk of overtraining 
[11]. The knowledge of the sympathetic-vagal balance day by 
day, gives relevant information of the way people are adapting 
to the training that allows to take opportune decisions in the 
modulation of the load.

In this article, we review the available methods of HRV 
analysis (time domain, frequency domain and non-linear 
dynamics) and the current recommendations for their use in 
the prescription of exercise and control of training.

Heart rate varibility

HRV or RR variability is defi ned as the variation that occurs 
in the period between consecutive heartbeats [12] (Figure 1). 
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Different methods have been used to quantify HRV which have 
been classifi ed in the time domain, frequency domain and 
non-linear dynamics [13] (Figure 2). Time domain methods 
employ statistical measurements (SDNN [standard deviation of 
all RR intervals]) or geometric measurements (HRV triangular 
index [total number of all RR intervals divided by the height of 
the histogram of all RR intervals measured on a discrete scale] 
derived directly from the RR intervals or from differences 
between the adjacent RR intervals of the electrocardiogram 
(RMSSD [the square root of the mean of the sum of the 
squares of differences between adjacent RR intervals]; NN50 
count [number of pairs of adjacent RR intervals differing by 
more than 50 ms in the entire recording]; pNN50 [NN50 count 
divided by the total number of all RR intervals]) [13] (Figure 2).

The spectral analysis of the HRV is a technique in the 
frequency domain that allows for obtaining quantitative 
information on the functioning of ANS [13]. The spectral 
analysis studies the variables according to their frequency of 
oscillation. When this technique is applied to the variations 
of the heart rate in registers of short duration (5 minutes), 
two main spectral components are detected: i) the component 
between 0.04 and 0.15 Hz called low frequency (LF) ; and ii) 
the component between 0.15 and 0.4 Hz called High Frequency 
(HF) [13]. The quantifi cation of these spectral components 
mainly gives information on the neural control of the heart 
rate. Humoral factors such as circulating catecholamines and 
circulating non-adrenergic non-cholinergic factors do not play 
a role in the determination of HRV [13]. Experimental data have 
shown that the HF component of HRV is mainly determined by 
the parasympathetic ANS, while the LF component of the HRV, 
is related to both the sympathetic and the parasympathetic ANS 
[13]. For this reason, the best indicator of the sympathetic-
vagal balance in the frequency domain is the LF / HF ratio [13] 
(Figure 2).

Non-linear phenomena are certainly involved in the genesis 
of HRV [13]. They are determined by complex interactions of 
haemodynamic, electrophysiological and humoral variables, as 
well as by autonomic and central nervous regulations [13]. It 
has been speculated that analysis of HRV based on the methods 

of non-linear dynamics might elicit valuable information for 
the physiological interpretation of HRV and for prescription 
of exercise and control of training [9]. The parameters which 
have been used to measure non-linear properties of HRV 
include 1/f scaling of Fourier spectra and H scaling exponent. 
For data representation, Poincaré sections (SD1 and SD2), low-
dimension attractor plots, singular value decomposition, and 
attractor trajectories have been used [13]. For other quantitative 
descriptions, the D2 correlation dimension and Kolmogorov 
entropy have been employed [13]. Entropy is a tool for the 
analysis of non-linear signals, which provides an independent 
model to measure the irregularity and complexity of different 
over-time series [13] (Figure 2).

Measurements in the time domain (SDNN [ms] and RMSSD 
[ms]), frequency domain (HF component [%] and LF / HF 
ratio) and nonlinear dynamics (SD1 of the Poincaré sections 
[ms]) of HRV have been used in the evaluation of the effect of 
training [14], the prediction of competitive outcome [15], the 
physiological profi ling [16,17], in the prescription of exercise 
[9], and the training control [11]. In general, physical training 
increases vagal activity and HRV (↑ SDNN; ↑ RMSSD; ↑ pNN50; 
↑ HF; ↑ SD1), while a progressive increase in intensity in 
training loads increases sympathetic activity and decreases 
HRV (↓ SDNN; ↓ HF; ↑ LF / HF ratio) during undisturbed rest 
[7] (Figure 2). The HRV response during training may be related 
to adaptations of the respiratory system [16]. 

Prescription of the exercise: general population

Currently, the American College of Sports Medicine 
recommends that the general population perform 150 minutes 
per week of physical activity at a moderate intensity or 75 
minutes per week of physical activity at moderate to high 
intensity to obtain the benefi ts of exercise [18]. However, 
this recommendation does not take into account individual 
differences in response to training and recovery from physical 
stimuli.

In recent years, some publications have shown that 

Figure 1: Recording of the heart rate variability with a heart rate monitor Polar® RS800CX (Polar®, Kempele, Finlandia) of a professional soccer player during 3 min in the 
supine position and 3 min in the standing position. The fi gure shows the RR interval over time (tachogram). The analyzes were carried out with the software Kubios HRV 
version 3.3.1 (Kubios®, Kuopio, Finland).    
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aerobic training guided individually by heart rate variability 
measurements on a daily basis can be more effi cient by 
requiring less intensity and volume to increase the maximum 
physical workload and maximum oxygen consumption [6,8-
10]. 

Different measurements of HRV have been used to adjust 
the training load daily, among which are: i) HF component of 
the spectral analysis [6]; ii) SD1 of the Poincaré sections [9]; iii) 
combined score based on several measurements of the spectral 
analysis [8]; and iv) the RMSSD [10] (Figure 2). Decreasing 
these HRV indices related to vagal tone indicates negative 
adaptations to aerobic training and the need to adjust the load 
(volume or intensity). Today we have different devices, such as 
smart watches, that facilitate the adjustment of the training 
load in the general population. Although these measurements 
have advantages and disadvantages, the most important is the 
knowledge of the individual variability of each of them over 
time, before making decisions. 

Training control: Overtraining in athletes

Overtraining is defi ned as an imbalance between training 
and recovery leading to deterioration in performance [5]. 
As part of the pathophysiology, a hypothalamus-pituitary 
dysfunction has been described in overtraining athletes. The 
plasma cortisol, ACTH, GH, and PRL responses to insulin-
induced hypoglycemia in overtrained athletes were lower than 
their responses after the rest and lower than the responses 
of the asymptomatic athletes [19]. This involves functional 
disturbance in organs and systems characterized by various 
neuro-endocrine clinical manifestations  [5,19].

HRV is a marker of sympathetic-vagal balance [13]. 
Different measurements have been used to detect early 
sympathetic overactivation indicating physical overload or 
overtraining [11]. Nevertheless, the fi rst investigations in this 
regard, have shown inconsistent results, due to diffi culties and 
methodological limitations of the designs of the studies [11,20].

Indices of HRV show a natural daily variation in athletes 

Figure 2: Heart rate variability analysis. The fi gure shows time domain, frequency domain, and nonlinear dynamics analysis of heart rate variability of a professional soccer 
player during 3 min in the supine position. The analyzes were carried out with the software Kubios HRV version 3.3.1 (Kubios®, Kuopio, Finland).    
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related to environmental factors and acute changes in the 
vagal-sympathetic balance after training [21]. These factors 
may contribute to inconsistent results and discrepancies in 
interpretation when a single data point is used for analysis. For 
this reason, it is recommended to use averaged morning resting 
HRV data as a more consistent representation of actual changes 
in an athlete’s autonomic balance with training compared with 
a single isolated value. HRV measurements (indices of vagal 
activity), taken in the morning hours, during some days of the 
week, in the decubitus position and standing, have contributed 
to overcome the limitations of the measurements used initially 
[22]. 

In recent years, some works showed the advantages of 
RMSSD, LnRMSSD and the relationship between LnRMSSD 
/ RR intervals for training control due to typical error of 
measurement low [23,24] (Figure 2).  The LnRMSSD may be 
preferred due to not signifi cantly infl uenced by breathing 
frequency, capture levels of parasympathetic activity over 
a short time frame, and can be easily calculated [24]. Also, 
measurements of the spectral analysis of the HRV, can be used 
to separate patterns of “fatigue” [25]. 

To record the HRV, different methodologies have been 
used to acquire the signals, such as the electrocardiographic 
record at rest or in 24 hours, cell phones and smart watches 
connected by bluetooth to bands located in the chest that detect 
the R wave of the electrocardiogram or that can measure heart 
rate by photoplethysmography. Some of these devices have 
been validated and use specifi c algorithms to analyze the HRV 
that facilitates the biomedical training control. Also, there are 
software (Kubios HRV version 3.3.1) [26] that analyze in detail 
the RR intervals acquired by these devices (Figure 2).

Conclusion

Currently, research is advancing in the development 
of better HRV indicators of adaptations to training and 
its incorporation in smart devices in order to facilitate 
measurements and control of training. The implementation 
of the autonomic evaluation with HRV during the training 
process, could extend the knowledge about the cardiovascular 
response to the progressive increase of the physical workloads, 
improve the prescription of exercise and the planning of the 
physical stimuli, knowing of way timely adaptations, predict 
competitive outcome, characterize individual physiological 
profi les and help in the detection of early manifestations of 
over-training syndrome. It is recommended to record the 
reference HRV (one week, during a rest period) to be able to 
compare it with time as training loads increase. In addition, 
records should be made at the same time of day, ideally in the 
morning hours, before getting up, in decubitus and standing, 
and in similar conditions. 
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