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ABSTRACT
Makivić B, Djordjević Nikić M, Willis MS. Heart Rate Variability (HRV) as a Tool for Diagnostic and Monitoring Performance in Sport and Physical Activities. JEPonline 2013;16(3):103-131. The dynamic autonomic responses during exercise can be measured to give actionable information for training by analysis of the ECG to determine heart rate variability (HRV). While application of HRV has been applied to predict sudden cardiac death and diabetic neuropathy in assessing disease progression, recent studies have suggested that it may be applied to exercise training. In this review, we present the rationale for measuring HRV. We describe the different variables used and what they can tell us about the autonomic nervous system. The use of HRV in detecting changes in exercise intensity is presented, along with evidence that gender and age changes may affect autonomic HRV. Lastly, we illustrate how HRV measurements taken immediately post-exercise have proven to be useful in measuring and monitoring training load to proscribe workouts and/or prevent over-training. Despite the studies that vary widely in their application to different training levels of athletes being tested and HRV measures used, the standardization of methodologies and results should help accelerate the use of HRV in sports training.
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1. INTRODUCTION
The way in which the cardiovascular system responds to the stress of exercise has captured the imagination of sports physiologists for the past century 5()
. Critical adjustments are continually made to the cardiovascular system to meet the diverse demands of the musculature and heart 
 ADDIN EN.CITE 
(16,51)
. These dynamic adjustments in cardiac and peripheral vascular control, including their regulation by the autonomic nervous system (ANS), occur in response to rapid changes in heart rate and blood pressure. Analysis of electrocardiographic (ECG) tracings allows for the measurement of the autonomic nervous system. The application of heart rate variability (HRV) to assess risk for sudden cardiac death and diabetic neuropathy is well known 
 ADDIN EN.CITE 
(28,44)
. However, the use of HRV in monitoring sports training is in its infancy, despite technological advances in heart rate monitors that allow the collection of ECG tracings fairly conveniently. In this review, we present the underlying rationale for HRV measurement as a surrogate marker of autonomic nervous system function, the commonly used analytics applied to HRV, and present how HRV has been applied to exercise in athletes and non-athletes alike. We then review the literature to illustrate how HRV measures change with different exercise intensities, and describe how exercise, gender, and age changes may affect the autonomic tone determined by HRV. Lastly, we describe the utility of taking HRV measurements immediately post-exercise to determine training load and present how HRV may be used as a monitoring tool in athletic training programs to avoid over-training. Despite studies that vary widely in their application to different training levels of the athletes being tested and HRV measures used, standardization of methodologies and the publishing of results are still needed and will help accelerate the potential use of HRV monitoring in sports training in the future.

1.1 Origins of Heart Rate Variability (HRV) Measurements 
In 1733, Stephen Hales first observed variation in arterial pressure and beat-to-beat time length during the respiratory cycle in horses 
 ADDIN EN.CITE 
(8,9)
. The first documented report of variability of and cardiac rhythms is credited to Carl Ludwig in 1847, when he documented respiratory sinus arrhythmia (RSA) using a smoked drum kymograph, a device he invented that allowed for the measurement of mechanical activity 
 ADDIN EN.CITE 
(8,9)
. Using galvanometers in the early 20th century, William Einthoven produced the first continuous recordings of the electrical activity of the heart 
 ADDIN EN.CITE 
(8,9)
. In early 1960s, Norman Jeff Holter developed a small portable device capable of obtaining long-term ambulatory ECGs (>24 hr) 9()
. The device resulted in exponential growth in information regarding the relationship between HRV and disease. Time domain analysis was performed on these early ECG measurements, whereas frequency domain analysis did not exist until the early 1970s 9()
. The detection of heart rate variability in relation to monitoring performance in physical activities is a relatively new field that detects changes in the autonomic system in response to exercise.
1.2 Basics of the Autonomic Nervous System and Its Regulation of HRV
The sympathetic and parasympathetic (autonomic) nervous systems innervate the heart and regulate heart rate (HR). The balance between these systems affects the consistency in the time between heart beats; a measure determined by calculated the heart rate variability (HRV). As illustrated in Figure 1 the HRV represents a physiological phenomenon that may be monitored and analyzed to determine the state of the nervous system that controls the heart. A simple method of detecting the autonomic response involves determining variations in consecutive time intervals between peaks of the QRS complex called the R-R interval, which can be collected in relatively simple devices such as modern wrist computers 1


( ADDIN EN.CITE ,37,50)
.

[image: image1.emf]
Figure 1. Model of HRV Control. This illustrates independent actions of the vagal, α- and β- sympathetic system. Their action can be assessed by measuring heart rate variability, blood pressure variability, and the baroreflex mechanism. The parasympathetic nervous system is responsible for the bradycardia accompanying baroreceptor stimulation, and for the tachycardia accompanying baroreceptor deactivation, with the sympathetic nervous system also playing a minor role 5()
.

The effects of the ANS on the heart’s R-R intervals are complex, resulting from both innervation of the heart and the vasculature. The heart and circulatory system are controlled primarily by higher brain centers (central command) and cardiovascular control areas in the brain stem through the activity of the ANS, which is composed of sympathetic and parasympathetic nerves. The medulla is the primary site to regulate sympathetic and parasympathetic (vagal) outflow to the heart and blood vessels. Specifically, the nucleus tractus solitarius in the medulla receives sensory input and stimulates cardiovascular responses to emotion and stress, including physical stress (e.g., exercise). From the medulla, the parasympathetic vagus nerve innervates the heart, as do sympathetic nerve fibers. The right and left vagus nerves innervate the sinoatrial (SA) and atrioventricular (AV) nodes, respectively. The atria are also innervated by vagal efferents, whereas the ventricular myocardium is sparsely innervated by vagal efferents. Sympathetic efferent nerves are present throughout the atria (including the conduction system), particularly in the SA node and ventricles. 

Sympathetic stimulation increases the heart rate, contractility, and conduction velocity, whereas parasympathetic stimulation has the opposite effect. Sympathetic effects are mediated through adrenoreceptors (alpha and beta). Parasympathetic effects are relayed through muscarinic receptors. Autonomic control of the cardiovascular system is also affected by baroreceptors, chemoreceptors, muscle afferents, local tissue metabolism, and circulating hormones 5()
 (Figure 2). Although both the sympathetic and parasympathetic systems are active at rest, the parasympathetic fibers release acetylcholine, which acts to slow the pacemaker potential of the SA node and thus reduce heart rate. 
[image: image2.emf]
Figure 2. R-R Variations of R-R Distance, Measured Above, Make Up the Data Used to Calculate the Heart Rate Variability (HRV).  Adapted from Aubert et al. (5).
1.3  Commonly Used HRV Parameters/Descriptors 
The most commonly used HRV parameters in ANS evaluation are the frequency-domain, time-domain, and Poincaré plot parameters. While the nomenclature of the different measurements is complex, they represent different ways to look at the variability and distribution of the heart rate over time and parallel the similar, and unique, uses of mean, median, and mode as descriptors of population measurements. Frequency-domain analysis describes high and low frequency rates of the variability changes, which correspond to the activity of different branches of the ANS. By applying these frequency range differences in HRV analysis, researchers are able to distinguish the individual contributions of the sympathetic and parasympathetic systems 1(,2)
. Low-frequency (LF) modulation (0.04-0.15 Hz) of R-R interval changes corresponds to the sympathetic and parasympathetic activities together. High-frequency (HF) modulation (0.15-0.4 Hz) of R-R interval changes is primarily regulated through innervation of the heart through the parasympathetic (vagal) nerve. In the second HRV parameter described here, common time-domain parameters reflect the standard deviation (SD) of all N-N intervals (SDNN) that reflect the total variability and the root mean square of SDs between adjacent N-N intervals (RMSSD), which reflects parasympathetic activity 1()
. The N-N interval here corresponds to the R-R interval of normal (sinus) beats. In the third HRV parameter represented by the Poincaré plot, a person’s R-R intervals are plotted over time and standard deviation is used to interpret changes seen in the plot. The standard descriptor 1 (SD1) represents the fast beat-to-beat variability in the R-R intervals, while the standard descriptor 2 (SD2) describes the longer-term variability 47()
. The SD1 reflects mainly the parasympathetic input to the heart, while SD2 reflects both sympathetic and parasympathetic contributions to the heart.

The HRV increases when respiratory frequency decreases. Although respiration greatly affects the HRV, the absence of standardized models of respiratory frequency makes it difficult to interpret HRV data from that perspective. According to the previous studies, researchers have accepted various respiratory frequency ranges (e.g., from 6 to 15 breaths·min-1). However, it is clear that a self-organized respiratory pattern should be maintained during the recording period 15


( ADDIN EN.CITE ,42,43,49)
. Also, it is important that standard protocols and methods for research with athletes should be established with regard to exercise intensity and duration, respiration rate, position of the body during recording, and duration of recording 5()
. 

1.4  Application of HRV on Exercise 
Based on data from major indexing sources, the number of studies that have examined heart rate variability (HRV) in general has steadily increased at least 5-fold since 1990 (through 2012), and the number investigating the influences of different physical activities on HRV has risen dramatically since 1999 (Figure 3). The HRV has long been investigated for its role in cardiac health during disease processes. However, recent studies have shown that HRV parameters change during and after exercise. These findings suggest that the HRV parameters could be used to analyze the stress the body experiences during training and to gain insight into physiological recovery after training. In fact, it is reasonable that changes in the autonomic nervous system (ANS) patterns reflected by changes in the HRV may serve as useful parameters for managing physical fatigue and exercise intensity 3()
. Moreover, information regarding the extent to which the body recovers after training may provide useful data for the personalization of sports training, training loads, and recovery times.

[image: image3.emf]Publications

12001
1000+
800+
600+
4004
300
—e— Total # Heart Rate Variability (HRV)
-a- HRV and Sport
=+ HRV and Overtraining
== HRV and Physical Training
200+ —— HRYV and Physical Fatigue
1004
N\ o) N » Q
R & {190 (190 (19'\









1

9

9

0

1

9

9

5

2

0

0

0

2

0

0

5

2

0

1

0

0

100

200

300

400

600

800

1000

1200

Year

P

u

b

l

i

c

a

t

i

o

n

s

Total # Heart Rate Variability (HRV)

HRV and Sport

HRV and Overtraining

HRV and Physical Training

HRV and Physical Fatigue


Figure 3. The Number of Publications Having the Key Words “Heart Rate Variability” (HRV), HRV and Sport, Overtraining, and Physical Training has Continued to Increase Since 1990. Based on searches made on four major biomedical and sports medicine databases (detailed in 1.5 Experimental Approach to the Problem Section).
In this review, we summarize how HRV analysis has been reported in sport science. We also discuss the advantages and limitations of the applications of these studies to the training and monitoring of the physiological performance of athletes.

1.5 Experimental Approach to the Problem 
Four major biomedical and sports medicine databases (PubMed, MEDLINE, NSCA, and ACSM) were reviewed for studies on heart rate variability and it relationship to exercise training from 1990-2011. The 2001-2010 Proceedings of the German Union for Sport Science were also reviewed. The Union holds annual conferences to discuss the application of HRV in sports. The key search terms were: heart rate variability, HRV and sport, HRV and overtraining, HRV and physical activity, and HRV and physical fatigue. Given the diversity of athlete populations studied, the methodologies and training regimens used, and the mathematical analyses applied in these studies, meta-analysis was not possible. 
Subjects and Procedures. To be included in this review, studies had to incorporate research and athletes, individuals who exercised regularly, or sedentary individuals challenged with exercise. Also, the studies had to include the Institutional Review Board or Ethics Committee approval of their projects including the appropriate informed consent.
2. RESULTS

Most athletes understand the importance of recovery after exercise, which is defined as the return of body homeostasis after training to pre-training or near pre-training levels. Recovery involves getting adequate rest before training continues to allow the body to repair and strengthen itself between workouts. By allowing recovery to pre-training or near pre-training levels, recovery supports optimizing future performance. However, according to Zatsiorsky and Karaemer (52) this near-training level is based on the constantly changing dynamic of the athlete and the amount of further training that is encountered. Recovery seeks to minimize the negative effects of training, such as fatigue, of the previous workout while retaining the positive effect (i.e., physical fitness and improved performance). To optimize recovery, monitoring after workouts is very important to avoid excessive accumulation of physical fatigue during preparation or competition. If recovery is not achieved, performance begins to decline, as is seen in the overtraining syndrome in which training for an event or the event itself pushes beyond the body’s ability to recover. 
Researchers in the field of sport science are intensely engaged in identifying tools to estimate the quantity of physical stress in the training process needed to optimize competitive performance. The goal of training is to put a sufficient training load on the body to disturb homeostasis and the whole autonomic balance. Athletes may expect a better response in terms of physiological adaptation only if the recovery of the body is sufficient 24


( ADDIN EN.CITE )
. The question then becomes how to measure the recovery level in an objective manner to maximize the benefits of training.

Traditionally, researchers studying recovery and performance level in the experimental laboratory have assessed aerobic fitness by measuring various parameters, including the maximum oxygen uptake (VO2 max), minimum velocity needed to reach VO2 max (vVO2 max), velocity at the onset of blood lactate accumulation (VOBLA), and repeated sprint abilities. Other factors in the blood have also been described, including creatine kinase, cortisol, white blood cell counts, C-reactive protein (CRP), myeloperoxidase protein levels (MPO), and glutathione status 
 ADDIN EN.CITE 
(17,27)
. Although these measures are periodically used to determine performance and recovery 
 ADDIN EN.CITE 
(12,38)
, they are either too expensive or complicated for everyday use, even for professional athletes. In addition to requiring large, expensive equipment that is found primarily in performance laboratories, exercise physiologists must be available to conduct the tests and analyze the results. Accordingly, scientists and coaches are looking for useful, noninvasive methods to obtain valuable data about physiological changes that occur in response to physical activity. 

Optimal training depends on matching the specific abilities of the individual, such as muscle strength, endurance, explosiveness, and flexibility to the individual’s aerobic capacity, training load, and recovery. Since improvements and adjustments in each of these abilities are constantly changing with continued training, balancing these multiple components to prevent overtraining can be challenging. To this end, the use of heart rate variability (HRV) may be one logical solution because it reflects the major regulatory processes after exercise. While multiple recent studies have used HRV to detect which measures change in relationship to exercise type and intensity, its use also illustrates how monitoring physical fitness during exercise and the post-exercise periods may be applied to athletic training more broadly in the future 
 ADDIN EN.CITE 
(11,21)
. 

2.1 Basics of Heart Rate Variability (HRV)


The lengths of successive R peaks (RR) in the QRS complex can be described mathematically; the R-R parameter is not consistent between successive R peaks. How this measure varies can be described mathematically in a number of different ways. During the onset of physical activity, R-R intervals become shorter and more uniform (less varied), resulting from increased sympathetic activity and parasympathetic withdraw. It is becoming increasingly appreciated that the variation in R-R intervals can provide actionable information regarding the physiological stress and fatigue levels during and after training. A variety of mathematical and algorithmic models that represent R-R intervals can be used to present the data in time or frequency domains or even in non-linear methods. Despite the complexity of the mathematics involved in these methods, wrist watch monitors such as those made by Polar or Suunto or portable devices made by Omegawave Sport Technology Systems can collect the data for additional analysis using widely available software. As an example, autonomic activation may be evaluated by analyzing the HRV to estimate the sympathetic-vagal balance 
 ADDIN EN.CITE 
(41,49)
. The frequency-domain analysis of HRV provides different parameters related to sympathetic activity (low frequency/LF) or parasympathetic (vagal) activity (high frequency/HF). Both LF and HF may be given as absolute values or ratios (LF/HF). Additionally, low frequency and high frequency parameters of HRV may be provided as normalized values (LFn and HFn) by calculating the fraction of LF or HF relative to the total minus very low frequency (VLF) 13()
. The standard deviation of the N-N intervals (SDNN) has also been associated with changes in vagal activity 31()
.

2.2. Measurement of HRV during Different Exercise Intensities

The sympathovagal balance changes in response to different intensities and durations of aerobic training, as evidenced by changes in HRV measures, including significant changes LF, HF, and total power of the frequency domain. In studies of a recreational cyclist, changes in the HRV power spectra were detected in an intensity-dependent manner 21


( ADDIN EN.CITE )
 (Figure 4). Challenged with a workload of 60 W that was increased by 20 W every 3 min, the HRV power spectra of a cyclist differed quantitatively before and after a series of 20-min exercise pulses at various workloads. At baseline, the normalized LF (LFn) was slightly greater than the normalized HF (HFn). As exercise intensity increased over time, the LF/HF ratio increased with exercise intensity, reflecting an increase in the sympathetic tone (increased LFnu) and a decrease in the parasympathetic tone (decreased HFnu).

[image: image4.emf]
Figure 4. HRV Power Spectra of Recreational Athlete Before and After a Series of 20-min Exercise Impulses at Various Workloads. Vertical axis represents power spectrum density while horizontal axis depicts frequency of each frequency band. Circles describe relationship between Low Frequency (LFn) and High Frequency (HFn) bands in normalized units during rest and different intensity of exercise. The area under three different lines represent area of Total Power (TP) during rest (solid line) and different exercise intensity (dotted lines). A: before exercise; B: at 50% dVO2/dt max, HR 125 beats·min-1, lactate 1.7 mmol·L-1; C: at 80% dVO2/dt max, HR 155 beats·min-1, lactate 3.0 mmol·L-1). Used with permission and translated from Hottenrott et al. 21


( ADDIN EN.CITE )
.
The results of HRV spectra indicated by LFn and HFn in exercise vary between different reports. For example, a study of the differences in HRV at different ventilatory thresholds (VTs) identified a sympathetic predominance (indicated by an increased LF/HF ratio) during relatively less intense exercise and parasympathetic predominance (indicated by a decreased LF/HF ratio) during relatively more intense exercise. Cottin et al. (14) investigated 11 regional elite triathletes (age, 14.6 ± 1.1 yrs) who were challenged with a moderate-intensity test (below VT power) or high-intensity test (above VT power) until exhaustion. Under each circumstance, the R-R interval, VO2, VCO2, and blood lactate levels were measure. They identified higher absolute LF, HF, and TP values at moderate-intensity compared to high-intensity cycling. The normalized results indicated that the LFn was significantly higher in cycling below VT (LF 80% ± 10% vs. HF 20% ± 10%, P<0.001), indicating predominance of the sympathetic input 14


( ADDIN EN.CITE )
. The opposite was seen during heavy exercise (LF 11% ± 8% vs. HF 89% ± 8%, P<0.001), which indicated predominance of the parasympathetic input 14


( ADDIN EN.CITE )
. These results may be explained by changes in the breathing rate combined with disappearance of the cardiac autonomic control that occurs with heavy exercise conditions. Furthermore, the LF/HF ratio was always >1 for cycling below VT and <1 for cycling above VT (4.92 ± 2.4 and 0.14 ± 0.12, respectively; P<0.001) 14


( ADDIN EN.CITE )
. This gradual switch of the LF/HF ratio implies the overstepping of the VT and could be a reliable index of VT detection from the HRV. 

Although Cottin and colleagues (14) found an HFn predominance only under conditions of high-intensity exercise, Pichon et al. (34) reported different patterns in the HFn and LFn distribution as physical effort increased. Fourteen healthy-trained subjects exercised for 3, 6, and 9 min at 60% and 70% of the power achieved at PVO2 max and for 3 and 6 min (or 3 min twice) at 80% PVO2 max (power achieved at maximal oxygen consumption). With increasing exercise intensity, the HFn component reflecting parasympathetic modulation increased, whereas the LFn component reflecting sympathetic modulation decreased. The authors concluded that parasympathetic respiratory control and nonautonomic mechanisms may influence the HF-peak shift with strenuous exercise, whereas the indices of sympathetic activity do not reflect changes in autonomic modulation with exhaustive exercise 34()
.

The HRV indices change with exercise, reflecting the changes in the autonomic system that occurs (summarized in Table 1). Recent studies illustrate that exercise and increasing exercise intensities results in detectable changes in HRV measures, reflecting the relative input of the autonomic system the body makes in response.

Table 1. Measurement of HRV during Different Exercise Intensities.
	Publication
	Subjects                 Test

   (n)                       Protocol
	   HRV

Variables
	  Other
Variables
	Results

	Hottenrott et al., 2006

21


( ADDIN EN.CITE )
 
	1                        Bicycle ergometer

recreational

cyclist

(male)
	HFnu, LFnu
	VO2 max,

lactate,

HR
	Changes in the power spectra of HRV were identified with Increased cycling intensity (50% VO2 max and 80% VO2 max). Increased LFnu was identified with increased cycling intensity.



	Cottin et al., 2004

14


( ADDIN EN.CITE )

	11                      Bicycle ergometer
regional

(Enry,

Cedex,

France)

elite

triathletes

(9 males,

2 females)
	TP, LF, HF, LFnu, HFnu, LF/HF, RR
	VO2,VCO2,VE, VT, lactate
	At moderate intensity, cycling (30% below PVT) compared to high intensity cycling (10% above PVT) higher values of HF, LF and TP was identified. Higher LFnu was seen with moderate intensity cycling, whereas higher HFnu was found at high intensity cycling. LF/HF was always >1 during moderate intensity cycling, whereas during high intensity cycling LF/HF was <1.



	Pichon et al. 2004

34()

	14                     Bicycle ergometer

healthy

trained

subjects

(male)
	LF, HF, LFnu, HFnu, LF/HF
	%PVO2 max
	With increased exercise intensity, increased HFnu and lower LFnu was identified. Increasing exercise intensity was associated with shift HF peak frequency related to an increase in respiratory rate.




LF Low frequency power spectra; HF High frequency power spectra; LFnu Normalized units of low frequency power; HFnu Normalized units of high frequency power; TP Total power of HRV power spectra; LF/HF low frequency power spectra to high frequency power spectra ratio; HR Heart rate; VO2 max Maximal oxygen consumption; VO2 Oxygen consumption (absolute in L·min-1); VCO2 Carbon dioxide release (absolute in L·min-1); VT Ventilatory threshold; %PVO2 max Percentage of cycling power output achieved at maximal oxygen consumption.

3. Association of Exercise, Gender, and Age with Autonomic Tone

Numerous studies have identified the effects of exercise on enhancing vagal tone. Recently, Tulppo et al. (46) assessed the effects of age and physical activity on vagal modulation by HRV. They compared 3 age groups: young (24-34 yrs), middle-aged (35-46 yrs), and old (47-64 yrs) with 3 different levels of conditioning (based on VO2 max): poor (28-37 mL·kg-1·min-1); average (38-45 mL·kg-1·min-1); and good (46-60 mL·kg-1·min-1). Using the standard descriptor 1 (SD1) normalized for the average R-R interval (SD1n), subjects from different age groups and conditioning were analyzed for the parasympathetic (vagal) activity at rest and after exercise. SD1n was higher at rest in the young subjects compared to the middle-aged or old (P<0.001). These age-related differences in cardiac vagal activity were not significant after exercise (at 100 W). The age-matched subjects with good, average, and poor VO2 peaks showed no differences in SD1n at rest, but were significantly different in the low to moderate intensity levels (P<0.001 at 100 W). These findings indicate that poor physical fitness is associated with impairment in cardiac vagal function during exercise, while enhanced vagal activity at younger ages is more evident at rest 46()
.

While endurance athletes have an elevated parasympathetic tone compared to more sedentary ones, the effects of resistance training on athletes illustrate gender differences that result from training 7()
. In endurance-trained and power-trained track and field athletes tested prior to the 2004 USA Olympic trials, analysis of R-R intervals and HRV indices were collected based on training emphasis and gender (average 24.8 yrs, range 18-33) in 58 women and 87 men (mean 24.81 and 24.56 yrs of age, respectively). Significant differences in selected domain variables (NFnm, LFnm, LH, LHnu, and PNN50) were seen between genders, which illustrated that autonomic control of the heart is not controlled just by conditioning 7()
. While previous studies illustrate that elite athletes have a higher parasympathetic tone than recreational athletes and non-athletes, differences between gender, but not aerobic vs. power-based training is seen 7()
. 
Section Summary: Age, Gender, and Athletic Conditioning Affect the Autonomic Control of the Heart. As summarized in Table 2, Tulppo et al. (46) and Berkoff et al. (7) point out that age, gender, and athletic conditioning are important variables that influence the autonomic control of the heart. Understanding these differences is an important point to consider when HRV is used to prescribe training and/or oversee recovery for specific individuals or groups. Experimentally, researchers should avoid comparing HRV data between older and younger subjects, males and females, and differently conditioned athletes as these variables can confound the findings.

Table 2. Association of Exercise and Age with Autonomic Tone.
	Publication
	Subjects

      (n)
	Test

Protocol
	HRV

Variables
	Other

Variables
	Results

	Tulppo et al., 
1998

46()

	110
	Bicycle ergometer
	Poincare plot

scattergram,  SD1, SD2, SD1n, SD2n, HF
	VO2 max,

age
	Younger subjects have higher values of HRV variables at rest and during exercise (until moderate intensity) compared to older subjects. HRV values did not differ in rest between subjects of different fitness level but subjects with better fitness level had a higher value of HRV variables during exercise from low to moderate intensity.

	Berkoff et al., 
2007

7()


	87 men, 
58 women


	Resting HRV measurement


	HFnu, LFnu, LH, LHnu,

pNN50

RMSSD, TP, SDNN


	Gender, endurance-trained athletes, power-trained athletes
	Significant differences in selected domain variables (NFnm, LFnm, LH, LHnu, PNN50) were seen between genders, illustrating that autonomic control of the heart is not only controlled by the amount of conditioning a person has.




SD1 The standard deviation of the points perpendicular to the line of the identity (Short-term variability); SD2 The standard deviation of the points along the line of the identity (Long-term variability); SD1n Normalized units of the SD1; SD2n Normalized units of the SD2; HF High frequency power spectra; VO2 max Maximal oxygen consumption.

4. HRV Measurements Taken Post-Exercise: What They Can Tell Us about the Exercise Just Completed

4.1 HRV Taken Immediately Post-Exercise During Recovery Reflects the Effects of the Exercise on the Body  
The HRV found immediately after the cessation of exercise reflects characteristic responses the body has to exercise, which is correlates to athletic fitness. Hautala et al. (18) demonstrated this in 10 healthy male cross-country skiers (mean age: 36 ± 11 yrs) during a 75-km race. Analysis of HRV identified that HFn, SD1, SD2, and SDNN were lower on the first day after maximal exercise compared to the pre-exercise values; by day 2, HFn returned to baseline levels. Conversely LFn values were higher on the first day after exercise, dropping to near or below pre-exercise levels on the second day after the race. These studies reveal a reduction in the parasympathetic tone after a cross-country skiing performance and demonstrated that recovery time correlated inversely with the VO2 max measured during a bicycle exercise test before the race. The reduced vagal outflow appeared to be blunted after prolonged exercise of which it was dependent on the cardiorespiratory fitness of the athlete. An accentuated rebound of altered regulation was found on the second day after prolonged exercise. By linking HRV measurements of VO2 max, the intensity of the exercise (VO2 max) was correlated to the HRV measurements.

4.2 Exercise Load Distributions are Reflected by HRV Post-Exercise 
Recent studies have found that the determination of HRV immediately after exercise allows analysis of the intensity and type of exercise performed. These studies illustrate a proof of concept that HRV changes occur with increased exercise intensity in several different exercise regimens. Mourot et al. (33) reported that the HRV immediately post-exercise in different training regimens (interval method vs. constant intensity of exercise) resulted in different changes in HRV. HF values during the first hour post-exercise were higher after constant intensity training compared to interval training. The early recovery of autonomic modulation from a bout of exercise (from 5 min to 1 hr after termination of exercise) greatly depended on the distribution of training or exercise load. In particular, athletes showed slower return of parasympathetic activity during short-term recovery after an interval (intensive) method of training compared to constant intensity of exercise 33


( ADDIN EN.CITE )
. Mourot et al. (33) suggested that this slower return could be due to withdrawal of the parasympathetic activity or more pronounced sympathetic involvement during the interval method compared to the constant method. In contrast to early recovery of autonomic function, late recovery (24 and 48 hrs after termination of exercise) did not depend on the type of exercise (interval training or constant intensity of exercise). The authors concluded that the total exercise load (volume) determined long-term HRV recovery.

4.3 Trained Athletes have Different HRV Post-Exercise than Less Trained Athletes
In a subsequent study, Seiler and colleagues (40) studied highly trained male athletes and found that they had a faster trend in HRV recovery compared to the less-trained athletes after implementation of exercise intensities above the VT during running (>95% VO2 max). Seiler et al. studied 9 highly trained male runners (VO2 max 72 ± 5 mL·kg-1·min-1, 14 ± 3 training hr·wk-1) and 8 trained male runners (VO2 max 60 ± 5 mL·kg-1·min-1, 7 ± 1 training hr·wk-1). They were challenged to 4 intensity-controlled training sessions, and HRV was quantified through 4 hr of recovery. When the highly trained athletes ran 60 or 120 min below their ventilatory threshold 1 (VT1-the point of transition between aerobic energy production to mixed aerobic/anaerobic energy production), the HRV returned to pre-training levels in 5-10 min. Training at their VT2 threshold or higher (defined as the transition to pure anaerobic threshold), however, induced a significant delay in HRV, which returned to baseline by 30 min. In the less-trained athletes, recovery was significantly slower, returning to baseline at >90 min. These studies demonstrate that the HRV recovery depends on the physiological ability of the athlete as well as on the specific performance demands 40()
.

4.4 High Frequency Power (HFP) (Vagal Reactivation) after Exercise is Blunted with Increased Exercise Intensity in Sedentary Women
Kaikkonen et al. (25) studied HRV during the first minutes of recovery after exercise immediately after five different constant-speed exercises on 13 sedentary women performed at two low-intensity treadmill exercises at 50% vVO2 max (short and longer distance), two moderate-intensity exercises at 63% vVO2 max (short and longer distance), and one high-intensity exercise at 74% vVO2 max. Upon analysis of HRV during the 30-min post-recovery time, high frequency power (HFP) was found to be higher at the end of exercise after the 1st min (low intensity regimens), after the 4th and 5th min (moderate-intensity regimens), and 30 min (high intensity regimens). Increased HFP and TP were higher during the whole recovery after the shorter distance at low, moderate, and high. Increased HFP, due to vagal reactivation, during the first 5 min of recovery was seen after the low and moderate exercise, but not the high intensity. The high intensity exercise resulted in a slower HFP recovery, and lower HFP and TP compared to low-intensity exercise. This slower vagal activity (slower HFP recovery) after high intensity exercise indicates one parameter that is affected by exercise intensity.

4.5 Post-Exercise, LFP, and TP are Increased with Increased Workload in Male Endurance Athletes
When 8 national-level, endurance-trained males (mean age 26 ± 4) were challenged by Kaikkonen et al. (26) to 2 interval exercise challenges (IV) at increasing intensity (at 85% and 93% vVO2 max) or 2 continuous exercise challenges (CO) at increasing intensity (at 80 and 85% vVO2 max), an increased HFP was not identified in the recovery period. This finding is in contrast to prior studies in sedentary women. Both low frequency power (LFP) and total power (TP) were increased during the first 5 min post-exercise in each intervention 26()
. During the 30-min recovery period, HFP, LFP, and TP increased slowly to resting values, but HFP remained lower than at rest. In the higher intensity IV and CON training, the increases in HFP, LFP, and TP were attenuated compared to parallel lower intensity training 26()
. Understanding these changes that occur with increasing exercise intensity may make them useful to monitor HRV post-exercise to determine training load exerted in these athletes.

In subsequent studies, Kaikkonen et al. (23) investigated 13 male distance runners from marathon clubs (mean age, 35 ± 5 yrs) to determine if post-exercise HRV could detect training load in athletes who were not previously investigated (e.g., endurance trained national athletes). Marathon runners were challenged with moderate-intensity (3 km at 60% VO2 max), high-intensity (3 km at 85% VO2 max), and prolonged-intensity (14 km at 60% VO2 max) exercise on a treadmill. Their HRV values were analyzed at rest, during exercise, and during a 15-min recovery phase. The runners’ rating of perceived exertion (RPE), blood lactate, and HFP were significantly different between the high intensity and moderate intensity runners compared to those challenged with prolonged intensity exercise. With increasing RPE and lactate (measures of training intensity), increased HFP, LFP, and TP were identified at 2 min 23()
, which agree with the elevations in these parameters seen in endurance-trained volunteers from athletic clubs and university students described in the paragraph above 26()
. The authors also observed a significant delay in HRV recovery after high intensity and prolonged duration of exercise and a significant relationship between post-exercise HRV, the rating of perceived exertion, and lactate (an objective measure of exercise intensity) 23()
. These studies confirmed the increases in LFP, and TP post-exercise that are attenuated with increased exercise intensity 26()
.  Uniquely, they found these changes could be identified at 2 min post-exercise recovery making it pragmatic that HRV could be used in practical settings to evaluate training load using data taken within such a short period after exercise 23()
.
Kaikkonen et al. (24) challenged 13 recreational level distance male runners whose goal was to run a marathon in 6 mth (mean age, 35 ± 5 yrs) to even higher (ultra-high) treadmill exercise intensities that included moderate-intensity (85% VO2 max) and high-intensity (105% VO2 max). Like their findings in the previous studies (23,26), Kaikkonen and colleagues found that elevations in LFP, HFP, and TP decreased during the first 2 min post-exercise. Interestingly, HRV was able to differentiate between interval exercises of equal work, varying only in intensity or distance of running. This study indicated that not only can immediate post-exercise elevation of HRV values (HFP, LFP, and TP) could be used to differentiate exercise intensity, but that HRV values could differentiate intensity and distance as well. This finding further refines a trainer’s ability to objectively quantify the training load the trained athletes were undergoing. Based on these last 2 studies, a 2-5 min post-HRV recording post-exercise may provide enough information to differentiate exercises with different training load, which may be used to guide training in the future.

Section Summary: Changes in Post-Exercise HRV Can Be Detected in Different Types and Intensities of Exercise. Changes in HRV determined from post-exercise recordings can differentiate between different types and intensities of exercise (summarized in Table 3). While this series of studies provides valuable information on what parameters of HRV may be useful to follow, there are clear differences in the HRV changes seen depending on gender, prior training or lack thereof, or the type (interval vs. continuous) and intensity (VO2 max) of the exercise performed. Due to the variety of differences in exercises (skiing, running), genders, prior training, it is not clear which HRV variables would be best to use to target optimal training. Future studies will need to determine if common HRV measurements using standardized testing protocols may be applied to athletes of variable conditioning, gender, sport, or type of exercise. These are important points, which have not been answered to date.

Table 3. HRV Measurements Taken Post-Exercise: What They Can Tell Us About the Exercise Just Completed. 
	Publication
	Subjects

    (n)
	
	HRV

Variables
	Other

Variables
	Results

	Hautala et al., 2001

18()

	10

healthy male cross-country skiers
	75 km cross country skiing race
	LF, HF, LFnu, HFnu, LF/HF, SD1, SD2, SDNN
	VO2 max, HR, Maximal work load in bicycle exercise test, skiing time


	HFnu, SD1, SD2, SDNN were lower first day after a race compared to pre-exercise value and returned to or even exceeded the prerace level on the second day. LFnu was higher on the first day after race compared to the prerace level and returned to or even dropped below pre-exercise level on the second day. VO2 max of subjects showed strong inversely correlation with HRV recovery time, illustrating that HRV changed with increased exercise intensity.



	Mourot et al., 2004

33
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	10 healthy, moderately trained males
	Bicycle ergometer
	TP, LF, HF, LF/TP, HF/TP, LF/HF
	VT, VO2VT, RRVT, WVT, f, SAP, DAP
	HF values during first hour of recovery were higher after constant intensity training (WVT) compared to interval training (Nine consecutive periods of 4 min. base work rate followed with 1 min of WVT or maximum power output). Short term HRV recovery was dependent on type of exercise (constant or interval exercise), contrary to long term HRV recovery. Short term HRV recovery was slower at interval type of training compared to constant.



	Selier et al., 2007

40()

	(17 total)

9 Highly trained and 8 trained male runners
	Treadmill

running, Outdoor running
	HFnu, LFnu, mean RR interval, RMSSD, pNN50
	VO2 max, lactate, RPE, HR, VT1, VT2, VE/VO2, VE/VCO2


	Recovery of HRV indices returned to baseline faster in highly trained subjects than in trained subjects after high intensity exercise. Delays in recovery time of HRV indices were seen after high intensity exercise compared to low intensity exercise.



	Kaikkonen et al., 2007 
25()


	13 sedentary females
	Treadmill running


	HFP, TP
	VO2 max, vVO2 max, lactate, rating of perceived exertion at end of exercise,
	Five different constant speed challenges were given: 2 low intensity challenges (50% vVO2 max – for either 3500 m or 7000 m), 2 medium intensity challenges (63% vVO2 max – for either 3500 m or 7000 m), and 1 high-intensity challenge (74% vVO2 max – at for 7000 m).  High frequency power (HFP) was higher at the end of exercise after the 1st min (low intensity regimens), after the 4th and 5th min (moderate-intensity regimens), and 30 min (high intensity regimens).  Increased HFP, due to vagal reactivation, during the first 5 min of recovery was seen after the low and moderate exercise, but not the high intensity.  



	Kaikkonen et al., 2008
26()


	8 national level endurance trained males
	Treadmill running
	HFP, LFP, and TP
	VO2 peak, RPE, Lactate
	Low frequency (LFP) and total power (TP) were increased during the first 5 min post-exercise in each intervention (2 interval interventions (IV) at 85 and 93% vVO2 max or 2 continuous (CON) interventions at 80 and 85% vVO2 max.  Further, they found that during the 30-min recovery period, HFP, LFP, and TP increased slowly to resting values, but HFP remained lower than at rest.  In the higher intensity IV and CON training, increased HFP, LFP, and TP was attenuated compared to parallel lower intensity training.  



	Kaikkonen et al., 2010

23()

	13 distance runners from marathon clubs (males)


	Treadmill

running
	HFP, TP
	VO2 max, lactate, VO2,

Speed, RPE
	Significantly delayed HRV recovery was identified with a high intensity (3 km at 85% VO2 max) and prolonged moderate intensity (14 km at 60% VO2 max) of constant load exercise compared to moderate intensity exercise (3 km at 60% VO2 max).



	Kaikkonen et al., 2012

24
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	13 recreational level distance runners whose goal was to run a marathon in 6 mth
	Treadmill

running
	LFP, HFP, TP
	VO2 max, lactate, EPOC, RPE, TRIMP
	Elevations in LFP, HFP, and TP were decreased during the first 2 min post-exercise. HRV could differentiate between intensities of exercise. High intensity interval exercise provoked slower short-term recovery of HRV. Interval exercise of same intensity, but different durations, have minor differences in HRV recovery dynamics during the first 5 min of recovery. Exercise challenges with longer duration have slightly slower HRV recovery.




LFP Low frequency power spectra; HFP High frequency power spectra; LFnu Normalized units of low frequency power; HFnu Normalized units of high frequency power; VO2 max Maximal oxygen consumption; EPOC Excess post-exercise oxygen consumption; TRIMP Training impulse; RPE Rating of perceived exertion; LF/TP low frequency power spectra to total power spectra ratio; HF/TP High frequency power spectra to total power spectra ratio; LF/HF low frequency power spectra to high frequency power spectra ratio; VO2 max Maximal oxygen consumption; VT Ventilatory threshold; VT1 First ventilatory threshold;  VT2 Second ventilatory threshold; VE/VO2 Ventilatory equivalent for oxygen; VE/VCO2 Ventilatory equivalent for carbon dioxide; VO2VT Oxygen consumption at ventilatory threshold; RRVT R-R intervals at ventilator threshold; WVT Cycling power output at ventilator threshold; f Breathing frequency; SAP Systolic arterial pressure; DAP Diastolic arterial pressure; HR Heart rate; SDNN Standard deviation of the NN (normal to normal intervals that do not differ more than 50ms) intervals; SD1 The standard deviation of the points perpendicular to the line of the identity (Short-term variability); SD2 The standard deviation of the points along the line of the identity (Long-term variability); RMSSD Root mean square of sequential deviation; pNN50 Percentage of all sequential RR deviations exceeding 50 ms.
5. HRV as a Monitoring Tool in Athletic Training Programs

Long-term HRV changes during a prolonged period of exercise (>4 wks) appear to be a potentially good indicator of physiological adaptation in athletes, which could help in the planning of training programs. Based on these observations, several researchers (35,36) have investigated the utility of prescribing daily exercise intensity based on the HRV of the athlete, lowering the intensity if the athlete’s HRV decreases. These groups found that modulating the exercise intensity based on HRV maintained fitness levels compared to control groups, indicating the utility of HRV use in athletes.

Kiviniemi et al. (29) identified the usefulness of HRV measurements in prescribing exercise training in moderately active men and women. They reported that 21 men and 32 women were prescribed standard training or HRV-guided training, which included 8 wks of moderate training (70% max HR) or vigorous training (85% max HR). The standard training group performed ≥2 sessions at moderate- intensity and ≥3 sessions at vigorous-intensity weekly. The HRV-1 and HRV-2 groups trained based on changes in HRV. The HRV-1 group, defined as an increase or no change in HRV, performed vigorous-intensity training. The HRV-2 group, defined as a decrease in HRV, performed moderate-intensity exercise. The peak VO2 max and maximal workload (Loadmax) were measured on a bicycle ergometer before and after the training. 
No differences in VO2 max were found between the standard and HRV-guided training groups. However, in men, the workload (Loadmax) was higher in the HRV-1 group than in the standard training group.  In the women, no differences in workload were seen between the groups. These are significant findings because improvements in performance were seen in both the HRV-guided and standard training groups. These results parallel the researchers’ previous work (30) that investigated the utility of HRV in daily endurance exercise prescriptions in 26 moderately fit males during a 4-wk training period. They identified similarly beneficial outcomes in individuals who were prescribed lower-intensity exercise with decreased HRV. Although these studies are promising, their applicability to less-active people has not been tested. Therefore, the results should be interpreted with caution when applied to non-trained athletes or subjects with lower levels of physical ability 
 ADDIN EN.CITE 
(24.36)
.

Aimet et al. 4()
 demonstrated that specific HRV dynamics correlate with the levels of anaerobic thresholds (i.e., lactate turn point 2, also known as VT2; a useful parameter to guide future training). Identifying this threshold rather having to determine blood lactate levels and VO2 max values allows for the non-invasive evaluation of the anaerobic thresholds that can be used to guide future exercise to optimize performance. They investigated 53 subjects (27 males with a mean age, 21-79 yrs) with poor to trained fitness levels. Several HRV parameters were measured during both the 1st min of exercise (incremental ergometer cycling until exhaustion) and the 3rd min of the recovery period. These researchers reported that HRV parameters decreased with increasing exercise challenge, and that the decrease had its own minimum value, designated as the lactate turn point 2 (LTP2), which corresponded to the anaerobic threshold (refer to Figure 5).

[image: image5]
Figure 5. Mean High Frequency (HF) Curve of All Subjects at Rest, During the Cycle Ergometer Test and In Recovery (abscissa-steps; ordinate-HF parameter). LTP1: lactate turn point 1; LTP2: lactate turn point 2; Pmax: maximal power output; R1: recovery after first minute; R3: recovery after third minute. In this figure is presented High Frequency Power (HF) trend but all other frequency bands (TP, VLF and LF) had similar shape and trend. Adapted from M. Aimet et al. (OpenAccess) 4()
.

When male soccer players (n = 31, age: 14-16 yrs) were challenged with a standardized cycling challenge (30 W, increasing in increments of 40 W every 3 min until subjective exhaustion), significant correlations among maximal performance, lactate levels (increased muscle damage), and ventilatory equivalents to HRV variables were identified by Röttger and colleagues. Both SD1 and RMSSD decreased during progressive increases in intensity, and the decrease had its own minimum (designated as the HRV-minimum). After SD1 and RMSSD reached their minimums, they increased if the exercise intensity increased simultaneously. Three lactate values (2, 3, and 4 mM) were reported to correlate with cycling powers (P_L2, P_L3, and P_L4, respectively) and with the cycling power at HRV-minimum (P_HRVmin) (L2 r = 0.69, P<0.001, L3 and L4 r = 0.73, P<0.001). Subjects with higher values of SD1 and RMSSD at HRVmin have higher vagal activity during higher intensity of exercise and, thus better physiological performance. These findings suggest that employing HRV analysis to evaluate anaerobic thresholds to drive future training may have some utility, although this was not determined directly. 
Section Summary: HRV as a Monitoring Tool in Athletic Training Programs. Using HRV to prescribe daily exercise intensity or identify anaerobic threshold by HRVmin has been used to monitor athletic training programs (summarized in Table 4). The monitoring of the body’s reaction to exercise without invasive studies of lactate or ventilatory thresholds using HRV parameters represents a potential alternative that could be applied more broadly to athletic training to optimize fitness levels in athletes. These findings lead to the application of HRV in monitoring training in subsequent studies that are discussed in the next section.

Table 4. HRV as a Monitoring Tool in Athletic Training Programs.
	Publication
	Subjects

(n)
	Test

Protocol
	HRV

Variables
	Other

Variables
	Results

	Kiviniemi et al., 2010

29
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	53 moderately fit subjects (21 men,

32 women)
	Bicycle ergometer, different aerobic training

sessions
	SD1, RR
	VO2 max, Loadmax, HR
	No differences in VO2 max were observed between groups that used standard trainings (ST) and trainings based on HRV values in recovery (HRV group). In men, maximal workload (Loadmax) was higher in HRV group then in ST group, whereas in women, no differences were observed in Loadmax between the groups.



	Kiviniemi et al., 2007

30
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	26

moderately

fit

males
	Treadmill

running, Outdoor running
	HF, RR
	VO2 peak, Loadmax, HR
	In the group with predefined training program (TRA), maximal running velocity (Loadmax) increased whereas no significant changes were observed in VO2 peak. In the group that training intensity was defined by HRV values in rest (HRV group), significant increases in VO2 peak and Loadmax, respectively were identified.



	Aimet et al., 2001

4()

	53 subjects with different fitness levels from poor to trained athletes (Age, 21-79, 27 males, 26 females)
	Bicycle ergometer
	SD1, ULF, VLF, LF, HF, TP
	VO2 max, lactate, HR, HRVmin, Loadmax, LTP1, LTP 2
	TP, VLF, LF and HF showed minimum values (HRVmin) during exercise test until exhaustion, which then they were starting to increase toward Loadmax. HRVmin from TP, VLF, LF and HF was occurred at LTP2. SD1 showed decreasing trend until LTP1 point where then leveling off occurred. ULF demonstrated continuously decreasing trend toward Loadmax after which it started to increase in recovery period. 



	Röttger et al., 2005

39()

	31 trained male adolescents (Ages, 14-16)
	Bicycle ergometer
	SD1, RMSSD
	VO2 max, lactate, HR, P_max, P_HRVmin, P_L2, P_L3, P_L4, P_RE
	20 of 31 subjects presented HRV-minimum at the lactate level of 3.6. mmol·L-1, 90% of HR max, 78% of VO2 max, 76% of P_max, 95% of P_L4 and 90% of P_RE. It was observed significant correlation between P_HRVmin and P_RE, P_max, P_L3 and P_L4.




RR R wave to wave R interval; VO2 peak Peak oxygen consumption; HR Heart rate; Loadmax Maximal workload; HF High frequency power spectra; SD1 The standard deviation of the points perpendicular to the line of the identity (Short-term variability); RMSSD Root mean square of sequential deviation; P_max Maximal workload at bicycle ergometer; P_HRVmin Cycling workload at minimum of SD1 and RMSSD with a subsequent rise to the end of the test; P_L2, P_L3, P_L4 Workload of cycling at lactate level of 2, 3 and 4 mmol/L; P_RE  Workload of cycling at the respiratory equivalent; TP Total power of HRV power spectra; LF Low frequency power spectra; HF High frequency power spectra; VLF Very low frequency power spectra; ULF Ultra low frequency power spectra; HR Heart rate; LTP1 Lactate turn point 1 (aerobic threshold); LTP2 Lactate turn point 2 (anaerobic threshold); HRVmin Minimal reached values of HRV parameters during exercise, after they started to increase; VO2 max Maximal oxygen consumption.

6. HRV, Overtraining, and Over-Reaching States

In athletes, HRV monitoring is frequently applied to the prevention and diagnosis of overtraining (OT) syndrome, which is associated with numerous symptoms including ANS dysfunction and imbalance 32
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. Researchers (21,22) have developed a test to diagnose fluctuations in the ANS and the OT state by measuring the orthostatic HR that occurs between sitting and standing. Athletes in an OT state may show a significant drop in frequency domain (TP, LF, and HF) and time domain (RMSSD and SDNN) variables, whereas Tian and colleagues (45) observed additionally hyper-responsiveness in frequency and time domain variables in OT athletes.
There have been reports that changes in HRV do not occur in over-trained athletes with short-term training (i.e., 6 d) or long-term (6 mth) over-training 
 ADDIN EN.CITE 
(19,22)
. In contrast, others 19
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 have reported predominance of either LF (sympathetic) or HF (vagal) parameters. For example, studies by Hottenrott et al. (21) have shown changes in the HRV HF and LF parameters (Figure 6) with significant decreases in HF (decreased vagal activity) and increases in LF (sympathetic activity) during the 1st 6 d of intensive boot camp training in one subject. This shift from vagal to sympathetic predominance has also been reported in female athletes assayed for HRV in the supine rest position after 6 to 9 wks of high-intensity training 48()
.

Bosquet et al. (10) examined 9 experienced endurance athletes who increased their usual amount of training by 100% within 4 wks. HRV analysis of ECG was recorded during sleep at baseline, after overtraining, and 2 wks after recovery. Overtraining was diagnosed in 6 subjects by physiological and psychological criteria; however, no differences in HRV determined from sleep recordings were noted. There were no changes in ANS activity in general (LF + HF), no changes on the sympathetic (LF/HF) and parasympathetic activity (HFnu) in baseline, after overtraining, or after recovery 10()
. While it is possible that these HRV parameters did not differ between groups, various respiratory issues have been suggested to possibly interfere with the HRV recordings. Hence, more sophisticated measures are needed to rule out this method of assessing over-training.
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Figure 6. Temporal Changes of the HRV Power Spectrum of a 57-yr-old Male Endurance Athlete Before (left) and After (right) Completing a 6-d Training Camp, During Which Each Participant Accomplished an Overall Distance of 1,100 km (on average 183 km·d-1) on a bicycle. Interestingly, the values of the HRV time domains indices, which were already reduced before the very beginning of the tour, exhibited a further marked reduction while LF/HF ratio increased with completion of the camp: Heart Rate (HR): 55 beats·min-1 (63 beats·min-1), SDNN: 33 ms (22 ms); RMMSD: 27 ms (7.7 ms); pNN50: 7.9 (0); LF/HF: 0.8 (2.7). Used with permission and adapted from Hottenrott et al. 21
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Mourot and colleagues (32) investigated the OT state in 7 athletes (5 women and 2 men; 2 were endurance runners, 4 were cross-country skiers, and 1 was a motorcyclist). All 7 subjects suffered from OT syndrome compared to 8 endurance-trained athletes who had performed physical training for at least 3 yrs and 8 sedentary controls. A special tilt test from supine to the 60° upright position was performed to allow the investigators to exclude blurring of sympathetic activity that occurs in the supine position. The findings indicated a marked predominance of sympathetic modulation in the overtrained athletes (OA) in both positions compared to the athletes categorized as non-overtrained (NOA) who had predominance of parasympathetic modulation only in the supine position. During the tilt test, the reactivity of the ANS was higher in the NOA group compared to the OA group (P<0.05). This indicated a low responsiveness of baroreflex sensitivity in OA due to the OT state 32
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. The TP, LF, HF, SD1, and SD2 (standard descriptor 2) values were higher in the NOA compared to the OA athletes in the supine and upright positions. This study also demonstrated that the shape of the Poincaré scatter plot might be used to distinguish OT from the non-OT state, with narrower patterns being associated with increased sympathetic activity. An elliptic disperse shape of the scatter plot was associated with relaxation and good balance of the ANS, whereas a more narrow shape was associated with ANS imbalance (Figure 7).

[image: image7.emf]
Figure 7. Non-Overtrained State (left) and Overtrained State (right) Presented through Poincaré Plot Graphic. Each of the dots are composed of two R-R intervals: RRn (horizontal axis) and RRn+1 (vertical axis). Place where SD1 and SD2 lines cross each other represent mean value of all R-R intervals. Line-of-identity is presented by SD2 line and all dots along the line-of-identity corresponding to long-term variability (i.e., sympathetic and parasympathetic modulation) while all perpendicular to line-of-identity (SD1) corresponding to short-term variability (i.e., parasympathetic modulation). 

Hedelin et al. (20) reported on the effects of OT in a junior cross-country skier, who presented with reduced performance in competitions, early breathlessness in training, and central fatigue. When a power spectral analysis of the HRV was performed at rest, during OT, and after recovery, it was found that HF and TP were higher in the lying position compared before and after OT. This shift towards increased HRV in the HF range along with a reduced HR suggests an extensive parasympathetic modulation during OT. This finding is in contrast to the sympathetic predominance identified during the 6 d of intensive boot camp and athletes in the OT state described in the 3 studies above 
 ADDIN EN.CITE 
(10,32,48)
.

To illustrate the utility of HRV monitoring to prevent the “pre-overtraining” state, Tian et al. (45) recently used HRV to detect changes in 34 elite women wrestlers (age, 23 ± 3 yrs) – some of which exhibited over-reaching states. HRV was used to detect non-functional (NFOR) over-reaching states that are periods when athletic performance is substantially decreased due to prolonged intensive training. Supine HRV was analyzed weekly at the same time of day using time and frequency domain before 11 competitions. In the course of the study, 7 athletes were found to be in NFOR state and 2 athletes in a functional (FOR) state (i.e., the brief reduction in performance, followed by performance super-compensation) 45()
. Some of athletes in both overreaching states demonstrated decreased HRV variables while some hyper-reactiveness was found in the same variables. These findings indicate that it is possible to identify overreaching states in professional athletes by the means of HRV measurements. Since athletes in overreaching states demonstrated decreased or increased HRV values during FOR or NFOR when compared to normal values, it is likely that with more research they may be useful for monitoring overtraining states more broadly.

Section Summary: HRV Changes are Detectable in Overtraining and the Over-Reaching (Pre-OverTrained) State. Multiple studies illustrate that HRV variables change in the context of overtraining (summarized in Table 5). Several studies reported changes in HRV variables that reflect enhanced sympathetic activity at rest in the overtrained state while others identified a predominance of parasympathetic activity at rest in the overtrained states. The different forms of overtraining that have been described may explain the changes. Specifically, overtraining associated with increased exercise volume (sets x repetitions) and intensity (percent repetition maximum) has been associated with a sympathetic or parasympathetic predominance, respectively 21
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. Recent studies also provide evidence that in the early stages of overtraining, designated as overreaching phases, HRV may be characterized by a sympathetic dominance. When this over-reaching phase occurs over a longer period of time, then, the development to that of the overtrained stated, as characterized by parasympathetic predominance, may ensue 45()
.

Table 5. HRV, Overtraining, and Over-Reaching States.
	Publication
	Subjects

         (n)
	Test

Protocol
	HRV

Variables
	Other

Variables
	Results

	Hedelin et al., 
2000

19()

	9 International Class Canoeists (6 men, 3 women)
	Treadmill running, cross-country skiing, strength training
	LF, HF, TP
	VO2 max, lactate, HR, RPE, plasma volume, resting cortisol, resting level of adrenalin and noradrenalin


	There were no changes in LF, HF and TP in subjects, which could indicate overtrained state.

	Hynynen et al.,
 2006

22
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	24 endurance athletes. 12 over-trained athletes (6 women, 6 men) and 12 control athletes (6 women, 6 men)


	Two groups: Overtrained and control group.  Treadmill running, bicycle ergometer, Nordic walking


	RR, SDRR, RMSSD, LF, HF, TP, LF/HF
	VO2 max , resting cortisol, resting level of adrenalin and noradrenalin
	Overtrained athletes demonstrated imbalance of cardiac autonomic modulation after awakening but not during night sleep.

	Uusitalo et al., 
2000

48()

	15 endurance athletes (female)
	Treadmill running, cross-country skiing, cycling, swimming
	RR, SDRR, RMSSD, VLF, LF, HF, TP, 30/15 index, LF/HF,
	VO2 max, lactate, HR, SAP, DAP, VE/VO2
	Athletes who are diagnosed as overtrained athletes demonstrated different sympathetic excitability during prolonged standing after head-up tilt. LF in overtrained athletes was elevated in rest supine position, which was induced by heavy endurance training.



	Bosquet et al., 
2003

10()

	9 moderately to well-trained male endurance athletes (6 runners, 3 triathletes)


	Distance running
	LF, HF, TP (LF+HF)*, HFnu, LFnu, LF/HF
	Lactate, HR
	There were no significant differences in HR, LF+HF, LF/HF and HFnu in overtrained subjects during overtraining and recovery period.

	Mourot et al.,
 2004

32
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	7 professional athletes (5 women, 2 men); 8 endurance trained subjects (4 women, 4 men); 8 sedentary control subjects (4 women, 4 men)
	Three groups: Overtrained (OA), endurance trained (T) and sedentary control group (C). Tilt test 60°
	LF, HF, TP, LF/HF, LF/TP, HF/TP, RR, SDRR, pNN50, RMSSD, SD1, SD2, SD1n, SD2n,
	Hemoglobin, red blood cells, white blood cells, ferritin, urea, cortisol
	RR, SDNN, RMSSD, pNN50, TP, HF, SD1 and SD1n were significantly higher in T than in OA and C. HF/TP was higher in C than in T and OA. LF/HF was higher in OA compared to other two groups, whereas LF/TP, SD2 and SD2n were higher in T group. Overtrained subjects exhibited during tilt test lowest reactiveness of autonomic nervous system.



	Hedelin et al., 
2000

20()

	1 cross-country male skier (16 years old)


	Case study. Tilt test 70°
	LF, HF, TP, HFnu, LFnu
	HR, hemoglobin, white blood cells, ferritin, cortisol, luteinizing hormone (LH)
	HF and TP were higher in lying position during overtrained state compared before overtraining and during recovery period, indicating a predominance of parasympathetic activity during overtrained state.



	Tian et al., 
2012 
45()

	34 female wrestlers
	HRV measured 6 wks prior to each tournament
	TP, LF, HF, LF/HF, VLF, SDNN, rMMSD
	VO2 max, FOR/NFOR/OTS
	The pre-overtraining state (i.e., over-reached states) in athletes demonstrate a significant decrease or increase in time domain HRV indices (rMSSD and SDNN).




LF Low frequency power spectra; HF High frequency power spectra; TP Total power of HRV power spectra; VLF Very low frequency power spectra; LF/HF low frequency power spectra to high frequency power spectra ratio; LF/TP low frequency power spectra to total power spectra ratio; HF/TP High frequency power spectra to total power spectra ratio; RPE Rating of perceived exertion; VO2 max Maximal oxygen consumption; HR Heart rate; SDRR Standard deviation of all RR intervals; RMSSD Root mean square of sequential deviation; RR (RRI) R wave to wave R interval; SAP Systolic arterial pressure; DAP Diastolic arterial pressure; 30/15 index RRlmax30 /RRImin15 where RRlmax30 denotes the longest RRI closet to the 30th RRI and RRImin15 denotes the shortest RRI close to the 15th RRI; VE/VO2 Ventilatory equivalent for oxygen; LFnu Normalized units of low frequency power; HFnu Normalized units of high frequency power; SD1 The standard deviation of the points perpendicular to the line of the identity (Short-term variability); SD2 The standard deviation of the points along the line of the identity (Long-term variability); SD1n Normalized units of the SD1; SD2n Normalized units of the SD2;  pNN50 Percentage of all sequential RR deviations exceeding 50 ms.  *Some authors use for total power spectra LF+HF instead of TP  
7. DISCUSSION

The use of HRV to identify ANS changes in athletic performance has been increasingly researched and analyzed in recent years, it has been used primarily with trained athletes. The prospective use and application in sports training have been minimally studied. In contrast to the standard laboratory measures of athletic performance (such as VO2 max), the use of the noninvasive HRV represents an inexpensive alternative to evaluate and promote training to enhance performance in both the highly trained and the less-trained athletes. In this review, we present evidence that HRV measurements change with different exercise intensities and during recovery. The changes in HRV demonstrated by monitoring ECG immediately post-exercise, for example, illustrate the potential application that could give athletes and trainers immediate feedback on the body’s response to a workout. This may then guide the next steps in training to optimize fitness and recovery and minimize over-training and over-reaching.

The studies presented here demonstrate that HRV measurements change with exercise intensity. For example, Hottenrott et al. (21) demonstrated that increased exercise intensity was associated with an increased LF/HF ratio, reflecting increased sympathetic tone in recreational cyclists. Elite triathletes challenged with moderate-intensity and high-intensity exercise tests showed increased sympathetic and parasympathetic tone, respectively 14


( ADDIN EN.CITE )
. Similarly, during exhaustive exercise, Pichon et al. (34) reported increases in parasympathetic input. These studies indicate that, depending on the length and intensity of exercise, the autonomic input may be sympathetic up to a point with parasympathetic predominance at exhaustion.

The HRV during the exercise recovery period may offer some insight into training in athletes. In marathon distance runners, the HRV during the recovery period of high-intensity training was more sympathetic, whereas lower-intensity training was associated with more vagal tone 25()
. Recovery of HRV changes due to exercise appears to depend on the training load. Athletes showed a slower return of parasympathetic activity during short-term recovery after interval training compared to constant exercise 33


( ADDIN EN.CITE )
. However, late recovery at 24 hrs and 48 hrs after exercise did not appear to show these changes. The fitness of an athlete also affects the HRV during recovery. Hautala et al. (18) identified a reduced parasympathetic tone after cross-country skiing performance. This blunted vagal outflow after exercise was dependent on the fitness of the athlete. As expected, HRV recovery time is reduced in highly trained athletes compared to less trained athletes. Given this relationship between HRV recovery time and fitness, the HRV recovery time might be a good indicator of fitness that could be regularly monitored.

Multiple studies have shown that using HRV as a monitoring tool in athletic training programs may be beneficial. In recent studies, the use of HRV as a training guide resulted in improvements in men when compared to standard training 
 ADDIN EN.CITE 
(6,29)
. These studies demonstrated that backing off on the strenuousness of exercise when HRV was decreased did not hamper overall performance and, in some groups (men), the performance was better than with standard training regimens. Other studies (4,29,39) have shown that HRV parallels changes in VO2 max, lactic acid levels, and vagal modulation. Guiding exercise by HRV may be an efficient way to measure these several critical indicators that are not generally easy to monitor in a routine setting. Because HRV monitoring can accurately detect these key indicators of OT, it is not surprising that HRV is a good monitor of OT as well. Multiple studies (21,32,48) have indicated that shifts of HRV from vagal to sympathetic dominance result when OT occurs. Researchers (10,19,20,22,32,45,48) have monitored the imbalance in autonomic activity that occurs with OT by HRV in both non-athletes (boot-camp participants) and athletes. These findings may offer another application of HRV monitoring to guide OT in amateur and professional athletes alike.

8. SUMMARY
Determination of HRV has been used to guide therapy in patients at risk for sudden cardiac death and diabetic autonomic neuropathy 
 ADDIN EN.CITE 
(28,44)
. Despite the increasing availability of heart rate monitoring systems using watches, HRV is not routinely applied to sports and training sciences and only has research application at this time. As illustrated in Tables 1-5, standardization of reliable measures for prospective training feedback is not presently available. Although more work is needed to determine how HRV can be applied more broadly, particularly to non-athletes, the technology to perform HRV studies is largely available to almost anyone, making its application increasingly attractive. For example, small wristwatch computers capable of collecting accurate HRs and R-R interval data 37()
 and free software to calculate HRV measurements are readily available, such that implementing HRV analyses into routine exercise is possible. There are even HR monitors that integrate some HRV analyses directly, thus allow for the monitoring of real-time changes in HRV and, consequently, disturbances in the ANS. However, until dependable models of HRV are available that are applicable to specific populations, it is not currently used beyond specific research settings as described in this review. Analysis of the HRV may allow an inexpensive, fast, and noninvasive method to establish relevant parameters that can be followed throughout a training season. 
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