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ABSTRACT 

Vesterinen, Ville 
Predicting and monitoring individual endurance training adaptation and 
individualizing training prescription with endurance performance, cardiac 
autonomic regulation and neuromuscular performance 

Jyväskylä: University of Jyväskylä, 2016, 102 p. 
(Studies in Sport, Physical Education and Health, 
ISSN 0356-1070; 248) 
ISBN 978-951-39-6803-8 (nid.) 
ISBN 978-951-39-6804-5 (PDF) 
 
Humans adapt differently to standardized endurance training programs. While 
some individuals may achieve huge improvements in physical fitness, other indi-
viduals may even suffer from negative adaptations. Special attention should be 
paid to identification of non-responders, which would enable to modify training to 
be more effective. Therefore, the aim of the present study was to investigate whet-
her running performance, cardiac autonomic regulation and neuromuscular per-
formance can be used in 1) predicting subsequent endurance training adaptations; 
2) monitoring training adaptations; and 3) individualizing training prescription in 
recreational endurance runners. Three longitudinal training studies were perfor-
med consisting of: 1) a 28-wk period with progressively increasing training volume 
and intensity (n = 28); 2) an 18-wk period including either a high volume of low-
intensity (HVT) or high-intensity training (HIT) (n = 40); and 3) a 12-wk study with 
heart rate variability (HRV) guided training (n = 40). Nocturnal HRV was the 
strongest pretraining subject characteristic to predict training adaptation being 
negatively associated with the adaptation to HVT and positively to HIT. Thus, 
runners with lower HRV showed greater positive changes in endurance perfor-
mance after HVT, while runners with higher HRV responded well to HIT. Running 
speeds of 80-90% of HRmax in a three-stage warm-up running protocol were the 
most competent variables to monitor changes in maximal endurance performance 
during the training period. In the final study, the HRV-guided group trained ac-
cording to daily HRV measures. HIT was completed, if HRV was within a normal 
range. Otherwise, low-intensity training was performed. Endurance and neuro-
muscular performances improved in the HRV-guided group but not in the traditi-
onal predefined training group. The findings of the thesis suggest that resting HRV 
and the warm-up running protocol show great potential as practical tools for moni-
toring of adaptations and individualizing training by selecting the content of trai-
ning and for prescribing the timing of HIT sessions. 

 
Keywords: endurance training, individual training adaptation, monitoring, train-
ing prescription, cardiac autonomic regulation.  
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1 INTRODUCTION 

Beneficial effects of regular endurance training on health and physical fitness 
have been widely recognized. Numerous studies have confirmed enhancements 
in cardiorespiratory fitness, aerobic metabolism and cardiac autonomic function 
after endurance training. The focus of research has mainly been on the mean 
effects in maximal oxygen uptake (VO2max) or endurance performance, however, 
several studies have also expressed that individuals adapt differently to stand-
ardized endurance training programs (Bouchard & Rankinen 2001; Hautala et al. 
2003; Vollaard et al. 2009; Scharhag-Rosenberger et al. 2012). While some indi-
viduals have shown over 50% improvement in VO2max after endurance training, 
other individuals have shown negative responses to training. Therefore, results 
presented as means do not give adequate information about the effectiveness of 
endurance training. Special attention should be paid to individuals without any 
improvements or even negative adaptations after regular training. The ques-
tions remain, whether it is possible to identify non-responders prior to training 
and whether non-responders improve better to varied endurance training pro-
grams. It has been proposed that genetic variance could partly explain the in-
consistency in training adaptations in sedentary people (Bouchard et al. 2011). 
In addition, many other factors have been shown to be related to individual 
training adaptation including age, sex, pretraining fitness level, and cardiac 
autonomic regulation (Bouchard & Rankinen 2001; Hautala et al. 2003). Never-
theless, an individual’s trainability to different endurance training programs is 
still unclear. 

One crucial factor in successful training is the optimal regulation of 
training load and recovery. If the training stimulus is too easy or demanding in 
relation to recovery, training may lead to undesirable adaptations. Daily infor-
mation about the progress of training adaptations may give beneficial infor-
mation for coaches and athletes for optimizing training load and recovery. 
Typically, athletes perform a maximal laboratory test two to three times per 
year in order to get objective information about the effectiveness of their train-
ing program. However, the maximal laboratory testing is not possible to repeat 
weekly to obtain regular information about training adaptations due to its im-
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practicality, expensiveness, and interfering effects on normal training habits. 
Submaximal power, heart rate variability (HRV) and heart rate recovery (HRR) 
have been suggested to be important determinants of endurance training adap-
tation (Scharhag-Rosenberger et al. 2009; Buchheit et al. 2010; Lamberts et al. 
2011; Daanen et al. 2012). In addition, neuromuscular function of the lower 
extremities has been observed to be related to endurance running performance 
(Dumke et al. 2010; Hebert-Losier, Jensen & Holmberg 2014). These measure-
ments have been proposed to have potential for monitoring fatigue and predict-
ing changes in endurance performance parameters. However, most of the pre-
vious studies have investigated the methods in predicting maximal endurance 
performance in cross-sectional setups and less is known about the usefulness of 
the methods in monitoring changes in endurance running performance in longi-
tudinal training studies. In addition, most of the studies have been conducted in 
laboratory conditions and less is known about the applicability of the methods 
as training monitoring tools in real training conditions. 

Endurance training programs are typically predetermined based on 
literature, general recommendations, experience of coaches, and presumptions 
about an athlete´s current training and recovery status. It is well known that 
adaptations to endurance training are individual. The same training program 
causes different responses in individuals and is not necessarily optimal for 
everyone despite similar training backgrounds. Individualized training 
prescription according to the status of cardiac vagal activity may be a beneficial 
method to achieve greater improvements and reduce large variation in training 
adaptations. In studies by Kiviniemi et al. (2007; 2010) the timing of intensive 
endurance training exercises was based on daily HRV measurements. However, 
it has been proposed that it is more valuable to use longer trends of HRV, e.g. a 
week rolling average compared with assessing HRV on a single day (Plews et al. 
2013). The use of the long-term HRV trend in training prescription allows block 
periodization of high-intensity training (HIT) sessions, wherein shorter training 
periods (1–4 weeks) are utilized to focus on improving a few selected 
characteristics. Block periodized HIT has recently been suggested to provide 
superior training adaptations compared with traditionally organized HIT 
(Ronnestad, Hansen & Ellefsen 2014; Ronnestad et al. 2016). However, the 
timing of HIT blocks has been typically determined subjectively without 
objective information about athlete´s training status and may not always be 
optimal in terms of regulating training load and recovery.  

The ultimate purpose of this thesis was to clarify possible methods to 
improve the effectiveness of endurance training, which would be beneficial in 
terms of training for physical fitness, health care and well-being in recreational 
and elite athletes as well as in sedentary people. Therefore, this thesis 
investigated individual endurance training adaptations with an emphasis on 
cardiorespiratory, cardiac autonomic and neuromuscular factors in predicting 
and monitoring individual adaptations and individualizing training programs 
in recreational endurance runners.  



2 REVIEW OF THE LITERATURE 

2.1 Determinants of endurance performance  

Many physiological factors are limiting and regulating endurance performance 
capacity. Maximal oxygen uptake (VO2max) has been proposed to be one of the 
most important determinants of endurance performance (Figure 1). It refers to 
the highest rate at which the body can consume oxygen during intense exercise. 
VO2max integrates the ability of the lungs to transfer oxygen from the air to the 
blood, the ability of the blood and red blood cells to carry oxygen, the heart to 
pump blood, the circulatory system to distribute blood to muscles and the mus-
cles to use oxygen. VO2max sets the upper limit for aerobic energy production in 
endurance performance but it does not determine the final performance (Bassett 
& Howley 2000). VO2 or performance at lactate threshold (LT) has been pro-
posed to be the best physiological predictor of distance running performance by 
integrating VO2max, fractional utilization of VO2max, and running economy (RE) 
(Coyle 1995; Bassett & Howley 2000). However, in a homogenous group of 
well-trained endurance athletes, RE may be a stronger predictor of endurance 
performance than VO2max (Coyle 1995; Paavolainen, Nummela & Rusko 1999). 
Furthermore, neuromuscular characteristics play an essential role in endurance 
running performance (Paavolainen et al. 1999; Nummela et al. 2006). In addition 
to aerobic power and capacity, anaerobic characteristics, such maximal anaero-
bic performance e.g. measured by running speed in maximal anaerobic test 
(VMART) and anaerobic capacity, have effects on endurance running perfor-
mance. During marathon running the relative amount of anaerobic metabolism 
is small yet in shorter distances (i.e. 5 and 10 km running), it is significant 
(Joyner & Coyle 2008). On the other hand, glycogen stores and fat oxidation 
have important roles in energy metabolism in prolonged (> 90 min) endurance 
performance (Yeo et al. 2011). 
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FIGURE 1  Determinants of distance running performance (from Paavolainen et al. 1999). 
VO2max, maximal oxygen uptake; LT, lactate threshold; VMART, peak velocity in 
maximal anaerobic test. 

2.2 Adaptations to endurance training  

According to the overload principle, the human body adapts positively to train-
ing if the training stimulus is adequate for disturbing homeostasis and the re-
covery time after the stimulus allows for a return to homeostasis and for an 
increase in performance up to the initial level (Figure 2). This is often referred to 
as the “one-factor theory” or “supercompensation theory”. This theory was first 
described by Jakowlew in 1976. The optimal regulation of training stimulus and 
recovery plays an important role in successful training. Failure in this regula-
tion may lead to undesirable adaptations to training marked as a decreased 
performance, such as under- or overtrained state (Uusitalo 2001; Meeusen et al. 
2013). Each bodily function adapts differently to training and needs different 
recovery times, which makes finding the optimal balance between training load 
and sufficient recovery time difficult.  
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FIGURE 2  The theory of supercompensation (one-factor theory). Supercompensation 
models to a single training session (A) and different kind of training (B) (modi-
fied from Zatsiorsky & Kraemer 2006, 10-12). 

In addition, Zatsiorsky & Kraemer (2006, 12-15) proposed the two factor theory, 
which is based on the idea that preparedness (characterized by the athlete´s 
potential sport performance) is not stable but rather varies with time (Figure 3). 
There are two components of the athlete´s preparedness: physical fitness (con-
sidered to be the slow-changing component) and fatigue (both mental and 
physical; considered to be the fast-changing component). According to the two-
factor theory of training, the immediate training effect after a training session is 
a combination of these two processes: athlete preparedness improves due to 
performance gains and worsens due to fatigue. 
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FIGURE 3  Two-factor theory of training (modified from Zatsiorsky & Kraemer 2006, 13). 

2.2.1 Cardiorespiratory and metabolic adaptations  

Endurance training can induce many physiological adaptations leading to im-
proved endurance performance. The magnitude of the endurance training ad-
aptations depends on the frequency, intensity and duration of the training ses-
sions, and recovery periods, along with the initial training status, genetic 
potential, age and sex of the individual (Jones & Carter 2000). The main effects 
of endurance training focus on the function of the cardiorespiratory system as 
well as the oxidative capacity and glycogen stores of the muscles. Cardiorespir-
atory fitness refers to the ability of the heart, lungs and circulatory system to 
deliver oxygen to working muscles and is usually measured by VO2max. Both 
central and peripheral mechanisms behind the training adaptation are de-
scribed in the Fick equation: VO2 = cardiac output * a-vO2diff (where cardiac 
output = HR * stroke volume (SV) and a-vO2diff = arteriovenous oxygen differ-
ence). Aerobic capacity is strongly related to maximal cardiac output. The heart 
size and SV are higher in endurance-trained compared with untrained individ-
uals (Jones & Carter 2000; Wang et al. 2012). The increases in SV, plasma vol-
ume, and cardiac output with training are mainly responsible for improved 
VO2max since maximal heart rates (HR) tend to be similar in elite athletes and 
sedentary individuals (Green, Jones & Painter 1990; Jones & Carter 2000). High-
er intensities of training have been shown to be more effective for improving 
VO2max than lower intensities (Gormley et al. 2008). High-intensity interval 
training (HIIT) has been reported to cause more gains in SV and cardiac output 
compared with continuous moderate-intensity training (MOD) (Daussin et al. 
2007; Gormley et al. 2008). On the other hand, more prolonged HIIT (~ 3.5 min) 
at the speed of VO2max may induce greater improvement in VO2max compared 
with shorter (~ 30 s), supramaximal sprint interval training (Esfarjani & Laursen 
2007). It has been suggested that 95-100% of VO2max speed (Hill & Rowell 1997; 
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Midgley, McNaughton & Wilkinson 2006) or 90-95% of HRmax intensity 
(Helgerud et al. 2007; Seiler et al. 2013) would be optimal for improving aerobic 
capacity, but there have been no well controlled training studies to support this 
presumption (Midgley, McNaughton & Wilkinson 2006). 

Aerobic energy metabolism is the main pathway for adenosine triphos-
phate (ATP) resynthesis for longer than two minutes of endurance performance 
(Gastin 2001). The process requires a sufficient delivery of oxygen to the active 
muscles via oxidative phosphorylation and the respiratory and cardiovascular 
systems. Endurance training may enhance mitochondrial density and increase 
the number of capillaries surrounding muscle fibers. The adaptations increase 
the capacity for aerobic energy production from both fatty acid and carbohy-
drate oxidation, which improves muscle performance (Gastin 2001). Metabolic 
adaptations to endurance training are influenced by the volume and intensity of 
training and the duration of a regular training period. While high-intensity 
(interval) training improves VO2max mainly by improved cardiorespiratory 
adaptations, improvement of VO2max with low-intensity training (LIT) and 
MOD is based mainly on peripheral mechanisms. MOD is more effective in 
increasing muscle oxidative capacity than HIT (Daussin et al. 2007). Prolonged, 
LIT sessions produce increases in mitochondrial density (Dudley, Abraham & 
Terjung 1982). Furthermore, increased a-vO2diff has been proposed to include 
increased capillary density and transformation of type IIX muscle fibers into 
fatigue resistant type IIA fibers (Spina 1999). Furthermore, it has been reported 
that activity of oxidative enzymes such as succinate dehydrogenase (SDH), that 
enable mitochondria to break down nutrients to ATP, may increase after HIT 
and are associated with endurance performance (Evertsen et al. 1999). In addi-
tion, endurance training may enhance aerobic metabolism by increasing muscle 
blood flow, the capacity of muscles to store glycogen, and the ability of muscles 
to use fat as an energy source (Greiwe et al. 1999; Laughlin & Roseguini 2008).  
It has been reported that endurance training increases rates of fat oxidation and 
decreases muscle glycogen utilization during submaximal exercise. The in-
creased fat oxidation is generally related to increased mitochondrial volume 
along with increased mitochondrial enzymatic adaptations to use fat, coupled 
with decreases in the signals that activate the major enzymes that metabolize 
carbohydrates (Yeo et al. 2011). In addition to aerobic energy metabolism, the 
ability to generate ATP anaerobically is also important in shorter endurance 
sports and in sprint finishes between athletes whose aerobic capacities are simi-
lar (Houmard et al. 1991). Anaerobic metabolism can be improved by HIT or 
maximal interval/sprint and power training by increasing the rate of energy 
production via the ATP-creatine phosphate (CP) system and anaerobic glycoly-
sis (lactate system). 

2.2.2 Adaptations in cardiac autonomic regulation 

The autonomic nervous system regulates many bodily functions such as the 
function of the cardiovascular system. The autonomic nervous system consists 
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the parasympathetic (vagal) and sympathetic branches, which together regulate 
optimal functions, such as peripheral vascular tone, blood pressure and HR 
during various situations and activities. The vagus nerve is responsible for 
parasympathetic control of the heart. Nerve impulses are received by the cardi-
ac sinoatrial node, atrioventricular conducting pathways, and the atrial and 
possibly ventricular myocardium. The sympathetic activity originates from the 
spinal cord and is received by all regions of the heart. Vagal stimulation de-
creases HR and increases HRV, which refers to the variation in consecutive R-R 
intervals (RRI), whereas sympathetic stimulation produces the opposite effects 
(Hainsworth 1998, 3-28). Therefore, HRV provides an indirect, non-invasive 
method to evaluate the status of the autonomic nervous system. HRV at high 
frequencies (HF, 0.15-0.40 Hz) and the overall variability of RRIs represented by 
total power (TP) are generally viewed to reflect vagal regulation (Figure 4) 
(Task Force 1996; Uusitalo et al. 1996; Martinmaki et al. 2006). In addition to the 
frequency domain measures of HRV, the time domain measures, including the 
square root of the mean squared differences of successive RRIs (RMSSD) and 
the standard deviation of the RRIs (SDNN) have been proposed to reflect the 
state of vagal activity (Task Force 1996; Uusitalo et al. 1996). The physiological 
meaning of low (LF, 0.04-0.15 Hz) and very low frequencies (VLF, 0-0.03 Hz) is 
more controversial. It has been proposed that LF reflects both sympathetic and 
vagal activity (Martinmaki et al. 2006), and only sympathetic activity of the 
autonomic regulation (Malliani et al. 1991). 

FIGURE 4  Analysis of heart rate variability. Calculation of consecutive RR intervals on 
ECG (a), results in the tachogram (b) that can be analysed in the frequency 
domain (c) and the time domain (d) (Aubert, Seps & Beckers 2003). 
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Age and cardiovascular fitness are related to cardiac autonomic activity (Gold-
smith et al. 1992; Aubert, Seps & Beckers 2003; Zhang 2007; Sztajzel et al. 2008). 
Ageing tends to cause a decrease in HRV (Zhang 2007), while endurance train-
ing has the opposite effect. Many previous studies have suggested that endur-
ance training induces a decrease in HR and an increase in HRV at rest or during 
exercise at a submaximal intensity (Yamamoto et al. 2001; Borresen & Lambert 
2008; Scharhag-Rosenberger et al. 2009; Buchheit et al. 2010; Bellenger et al. 2016; 
Nummela et al. 2016). The decrease in HR and the increase in HRV may be 
caused by a decrease in the intrinsic rhythmicity of the heart and decreased 
cardiac sympathetic activity and/or increased parasympathetic activity (Smith 
et al. 1989). On the other hand, decreased HRV has been found after intense 
training periods, indicating increased sympathetic activity due to accumulated 
training load and physical stress, so called overreaching (Pichot et al. 2000; 
Pichot et al. 2002; Baumert et al. 2006; Hynynen et al. 2007). In contrast, Le Meur 
et al. (2013b) found a progressive decrease in HR and an increase in HRV at 
both rest and exercise during three weeks of intense training with decreased 
endurance performance, indicating increased cardiac vagal activity (parasym-
pathetic hyperactivity) in functionally overreached athletes. After one week of 
tapering, HR and HRV values recovered to the baseline level simultaneously 
with an improvement in endurance performance (Le Meur et al. 2013b). On the 
other hand, unchanged HRV has also been reported in overreached athletes 
after an intense training period (Hedelin et al. 2000a). Training load can be 
increased by increasing training volume, intensity or frequency. The differences 
in training contents may partly explain the differences in cardiac autonomic 
adaptation between the studies. Plews et al. (2014) observed that increased 
cardiac vagal activity was related to an increased training time spent at low-
intensity, while HIT suppressed cardiac vagal activity. In addition, the timing, 
posture and methodology of HRV data collection may explain the contradicting 
results. Morning and night-time HRV measurements have been used for deter-
mining resting HRV. Autonomic cardiac activity is highly sensitive to environ-
mental factors, such as noise, light, and temperature (Achten & Jeukendrup 
2003). Nocturnal HRV collection is more standardized because it is free of ex-
ternal disturbances (Pichot et al. 2000). On the other hand, sleep patterns may 
cause fluctuations in nocturnal HRV, especially over short analyzing periods 
(Buchheit et al. 2004). In shorter (typically 3-5 min) morning collections, it has 
been recommended to use the time domain analysis of HRV due to greater 
reliability than spectral analysis of HRV (Al Haddad et al. 2011). 

2.2.3 Neuromuscular and hormonal adaptations 

Neuromuscular factors have been shown to be important determinants of en-
durance running performance (Paavolainen et al. 1999; Nummela et al. 2006). 
The countermovement jump (CMJ) has been used in several sports to assess 
lower-body muscle power and has often been found to correlate with running 
performance (Dumke et al. 2010; Hebert-Losier, Jensen & Holmberg 2014). En-
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durance training typically has no major effect on force production ability of 
muscles. Combined endurance and strength training is needed for achieving 
improvements in force production (e.g. McCarthy, Pozniak & Agre 2002; Mik-
kola et al. 2007; Taipale et al. 2014). It has been observed that simultaneous 
explosive-strength training, with sprinting and endurance training caused im-
provement in 5 km running performance without changes in VO2max. Improved 
neuromuscular characteristics were transferred into improved muscle power 
and running economy in well trained athletes, which is one key factor in dis-
tance running performance (Noakes, Myburgh & Schall 1990; Paavolainen, 
Nummela & Rusko 1999; Saunders et al. 2004). In addition, combining endur-
ance training with maximal strength training can enhance endurance running 
performance by improving RE (Taipale et al. 2010). Improved endurance per-
formance may be related to delayed activation of less efficient type II muscle 
fibers, improved neuromuscular efficiency, conversion of fast-twitch type IIX 
muscle fibers into more fatigue-resistance type IIA fibers, or improved muscu-
lo-tendinous stiffness (Ronnestad & Mujika 2014). On the other hand, Vikmoen 
et al. (2016a; 2016b) observed that combining endurance training with heavy 
strength training induced improvements in endurance performance and econ-
omy in cycling but not in running. A high volume of combined endurance and 
strength training can lead to what is known as the interference effect in neuro-
muscular adaptations, which results in a reduced capacity to develop strength 
(Hickson 1980). Endurance exercise may negatively affect intracellular path-
ways for myofibrillar protein synthesis and may thus impair the hypertrophic 
response to strength training (Mujika, Ronnestad & Martin 2016). 

The endocrine system has profound regulatory effects within the human 
body and thus has the ability to maintain appropriate function within many 
physiological systems (Hackney & Lane 2015). Testosterone and cortisol hor-
mones play an important role in protein and carbohydrate metabolism (Urhau-
sen, Gabriel & Kindermann 1995). An acute increase in testosterone and cortisol 
is typically observed after an endurance training session (Hackney, Sinning & 
Bruot 1988; Kraemer & Ratamess 2005). Exercise duration, intensity and mode 
affect the magnitude of the acute hormonal responses (Hackney et al. 2012; 
Wahl et al. 2013). In addition, the subsequent recovery after exercise and train-
ing status may have an effect on both acute hormonal responses and chronic 
adaptations (Kraemer & Ratamess 2005). After prolonged endurance training, 
an increase (Grandys et al. 2009), a decrease (Wheeler et al. 1991; Hoogeveen & 
Zonderland 1996) or no change (Taipale et al. 2010; Schumann et al. 2015) in 
basal concentrations of testosterone, have been observed. Even after a similar 
training content, hormonal adaptations can be different. Lee et al. (2016) ob-
served significant improvements in endurance performance, without any 
changes in testosterone, while Zinner et al. (2014) found improvements in en-
durance performance and an increase in basal testosterone concentrations after 
2 weeks of HIT in triathletes. It has been suggested that the increase in serum 
testosterone may represent a positive adaptation to the training load (Purge, 
Jurimae & Jurimae 2006; Grandys et al. 2009). Furthermore, a negative adapta-
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tion to endurance training has been associated with a decrease in basal levels of 
serum testosterone (Wheeler et al. 1991; Urhausen, Gabriel & Kindermann 1995; 
Hoogeveen & Zonderland 1996; Uusitalo et al. 1998). On the other hand, well-
trained endurance athletes tend to have lower levels of testosterone compared 
with untrained individuals (Hackney, Sinning & Bruot 1988). The lowered tes-
tosterone levels of the endurance-trained male could disrupt some of their ana-
bolic or androgenic processes (Hackney, Moore & Brownlee 2005). In addition, 
nutrition, circadian rhythms, maturation level, and menstrual cycles in women 
may have effects on hormonal adaptations to training and diversities in the 
observations (Hackney & Viru 2008). The possible association between hor-
mone concentrations and endurance training adaptation is still unclear. 

2.3 Pretraining determinants of individual variation in adapta-
tion to endurance training 

The beneficial effects of regular aerobic endurance training on cardiovascular 
fitness, endurance performance, and health are well known. Typically training 
interventions have been focused on the mean effects in endurance performance 
or VO2max. However, several studies have shown that individuals adapt differ-
ently to standardized endurance training programs. Although mean improve-
ments in VO2max following standardized training often fall within 5-15% of 
baseline values, individual responses have been shown to range from negative 
values to over 50% improvement (Bouchard & Rankinen 2001; Hautala et al. 
2003; Vollaard et al. 2009; Scharhag-Rosenberger et al. 2012). Genetic variance 
may partly explain the difference in training adaptations in sedentary people 
(Bouchard et al. 2011). Nevertheless, an individual’s trainability to different 
endurance training programs among different populations is not well-known. 

2.3.1 Effects of age, sex, training background, and fitness level on training 
adaptation 

A possible method to reduce large variation in training adaptations may be indi-
vidualized training. The challenge is to identify individuals who will not respond 
adequately to traditional training as early as possible. Many factors can lead to 
great variation in the adaptation to endurance training including: genetics, age, 
sex, nutrition, prior training, fitness level, sleep, rest, and stress. However, Bou-
chard & Rankinen (2001) summarized that age, sex, race, and baseline fitness 
level together accounted only for 11% of the variance in the response to 20 weeks 
of standardized endurance training in 720 healthy sedentary subjects. In recrea-
tional endurance runners, age, sex, compliance with the training program, and 
baseline VO2max explained 16% of the variance in training adaptation (Scharhag-
Rosenberger et al. 2012). In addition, Hautala et al. (2003) found that age account-
ed for 16% of the variation in adaptation to 8 weeks of training, in sedentary 
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males but did not observe a relationship between training adaptation and pre-
training fitness level. It seems that the pretraining characteristics of subjects ex-
plain only a relatively small amount of the subsequent training adaptations.  

2.3.2 Cardiac autonomic regulation as a predictor of endurance training 
adaptation 

During recent years, more studies are supporting the idea that HRV, reflecting 
cardiac autonomic activity, at baseline could predict subsequent training adapta-
tions (Hedelin, Bjerle & Henriksson-Larsen 2001; Hautala et al. 2003; Buchheit et 
al. 2010; Boutcher et al. 2013). The positive relationship between vagal mediated 
resting HFP at baseline and increase in VO2max has been observed after eight 
weeks of MOD in sedentary men (Hautala et al. 2003) and after twelve weeks of 
HIT in sedentary women (Boutcher et al. 2013). In addition, Hedelin et al. (2001) 
observed the positive relationship between pretraining HFP and the change in 
VO2max after 7 months of a training and competition season in national level en-
durance athletes proposing that the higher pretraining vagal activity was related 
to greater improvement in aerobic capacity. Interestingly, individuals with lower 
HRV were identified as non-responders for the regular endurance training (He-
delin, Bjerle & Henriksson-Larsen 2001). In contrast, Buchheit et al. (2010) report-
ed the negative relationship between pretraining RMSSD and the change in 10 
km running performance after an 8-week endurance training period in moderate-
ly trained runners. In the previous studies, endurance training has mostly been a 
mixture of LIT, MOD, and HIT, which may partly explain contradictory results. 
Previous studies have not focused on the effects of training intensity and volume 
in the relationship between cardiovascular autonomic regulation and training 
adaptations. However, specific physiological adaptations in cardiovascular, res-
piratory, metabolic, and neuromuscular functions are dependent on the training 
volume, intensity and frequency (Vollaard et al. 2009; Laursen 2010). Therefore, 
training content may have an effect on the relationship between pretraining car-
diac autonomic activity and subsequent training adaptation. 

2.4 Monitoring endurance training adaptations  

The essential feature of a successful training program is the optimal regulation 
of training load and recovery. If the training stimulus is too easy or too de-
manding in relation to recovery, training may lead to undesirable adaptations. 
A possible method to improve training adaptations would be the precise and 
continuous monitoring of the processes of adaptation. Appropriate monitoring 
can aid in determining whether an athlete is adapting to a training program 
while also in minimizing the risk of developing overtraining, illness, and injury 
(Halson 2014). If undesirable adaptations appear, it is possible to modify a 
training program based on the collected information. Until recently, maximal 
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laboratory tests were needed in order to get objective information about endur-
ance training adaptations. However, continuous e.g. weekly monitoring by 
performing maximal laboratory tests is not done due to the impracticality, ex-
pensiveness, and interfering effects on normal training habits. Therefore, there 
is a need for a practical and valid method for regular monitoring of training 
adaptations. Training load monitoring methods can be divided into external 
and internal methods. External training load is defined as the work completed 
by an athlete measured independently of his or her internal characteristics, such 
the mean power of performance (Wallace, Slattery & Coutts 2009). On the other 
hand, internal load, the relative physiological and psychological stress imposed 
on the athlete, determines the stimulus for training adaptation. Typically, inter-
nal load is measured by perception of effort, HR, blood lactate, and training 
impulse. As both external and internal loads have some merit for understand-
ing the athlete´s total training load, a combination of both are important for 
training monitoring (Halson 2014). 

2.4.1 Exercise heart rate  

Exercise HR is probably the most frequently used method to quantify training 
intensity and internal training load in running. It is generally observed that HR 
at submaximal exercise decreases after endurance training (Lambert, Mbambo 
& St Clair Gibson 1998; Skinner et al. 2003; Scharhag-Rosenberger et al. 2009; 
Buchheit et al. 2010; Vesterinen et al. 2014), which is mainly due to increased SV 
(Bellenger et al. 2016). Significant correlations between decreases in exercise HR 
and improvements in high-intensity or maximal endurance performance have 
been widely observed (Lamberts et al. 2010a; Buchheit et al. 2012; Buchheit et al. 
2013; Vesterinen et al. 2014; Lamberts 2014). Thus, submaximal exercise HR 
may be an efficient method to track changes in maximal aerobic running speed. 
However, decreased HR after training does not automatically reflect improved 
endurance performance. Decreased HR has also been observed to be related to 
the negative training adaptations such as in the case of short-term overreaching 
or overtraining (Hedelin et al. 2000b; Le Meur et al. 2013b).  

Lamberts et al. (2011) have developed a submaximal test called the Lam-
berts and Lambert submaximal cycle test for monitoring fatigue and predicting 
training adaptation in cycling. The protocol consists of three stages with fixed 
HRs of 6 min at 60% and 80% and 3 min at 90% of HRmax.   Recently, Otter et al. 
(2015) tested the same protocol in rowing. Performance power at 90% of HRmax 
was the strongest predictor of maximal endurance performance in both cycling 
and rowing (Lamberts et al. 2011; Otter et al. 2015). In addition, the reliability 
was the highest at 90% HRmax with intra-class correlation coefficients of 0.90 in 
rowing and 1.00 in cycling (Lamberts et al. 2011; Otter et al. 2015). High reliabil-
ity has also been reported in running performance at 80% of HRmax in a sub-
maximal running test on treadmill (Wang et al. 2010).  

The previous studies have been conducted using cross-sectional designs. 
Less is known whether submaximal performance tracks the changes in endur-



24 

ance performance during prolonged training sensitively enough and is it able to 
identify responders and non-responders during a training period. It has, how-
ever, been reported that the variables in the submaximal test were able to track 
fatigue and recovery state during an intensive training camp (Hammes et al. 
2016) and a whole training year (Otter et al. 2016). In addition, a case study by 
Lamberts et al. (2010a) suggested that cycling power at 90% HRmax in the sub-
maximal cycling test was able to monitor changes in maximal cycling perfor-
mance of a world-class cyclist during a 10-week training period. Furthermore, 
in our previous study, we observed that HR / running speed (RS) – index, cal-
culated from all constant speed running exercises, serves as a potential tool for 
daily monitoring of training adaptation (Vesterinen et al. 2014). However, there 
are many well-established factors (i.e. environmental factors such as wind, 
temperature, and terrain as well as duration and intensity of exercise), which 
may cause fluctuation in exercise HR, and thus, may disturb the relationship 
between HR and RS (Lambert, Mbambo & St Clair Gibson 1998; Achten & 
Jeukendrup 2003). It has been proposed that an exercise intensity between 85 to 
90% of HRmax is associated with the least day-to-day variation (Lamberts & 
Lambert 2009). Submaximal exercise HR, as well as performance power at a 
fixed HR may provide more valid information about training adaptation, if the 
duration and intensity of exercise are standardized.  

2.4.2 Heart rate variability and heart rate recovery 

High aerobic capacity is widely known to be related to high vagal resting activi-
ty. In addition, faster cardiorespiratory recovery measured by post-exercise 
heart rate recovery (HRR) and HRV have been reported to be related to a great-
er aerobic capacity (Hautala et al. 2001; Seiler, Haugen & Kuffel 2007; Daanen et 
al. 2012; Stanley, Peake & Buchheit 2013). Increased resting HRV is often associ-
ated with the positive adaptation (increased VO2max or maximal aerobic speed) 
to endurance training, but can also be related to impaired performance (Hautala 
et al. 2003; Buchheit et al. 2010; Nummela, Hynynen & Vesterinen 2010; Boutch-
er et al. 2013; Plews et al. 2013; Da Silva et al. 2014; Bellenger et al. 2016). The 
measurements of post-exercise HRV and HRR may also have potential for mon-
itoring training load and fatigue (Lamberts et al. 2009; Lamberts et al. 2010b; 
Otter et al. 2016; Hammes et al. 2016) as well as endurance training adaptation 
(Yamamoto et al. 2001; Lamberts et al. 2009; Buchheit et al. 2010; Lamberts et al. 
2010b). Yamamoto et al. (2001) proposed that changes in cardiac autonomic 
regulation induced by endurance training can be seen sooner in post-exercise 
HRV measurements than at rest. Lamberts et al. (2009) reported that an in-
creased HRR was associated with improvements in endurance performance 
after four weeks of HIT. In contrast, Lamberts et al. (2010a) found subsequently 
that an increased HRR was related with increased rate of perceived exertion 
(RPE) during cycling at 80-90% of HRmax in a functionally overreached cyclist. 
Recently, Aubry et al. (2015) observed that HRR improved in overreached ath-
letes during three weeks of high volume training and concluded that a faster 
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HRR is not systematically associated with improved endurance performance. A 
similar finding was observed also after 6 days of high volume and high-
intensity training in cyclists (Hammes et al. 2016). The results of these previous 
studies are, in part, conflicting and thus, the applicability of post-exercise HRR 
and HRV to monitor training adaptation will need further research work. 

2.4.3 Neuromuscular function 

Measures of neuromuscular functions such as the counter movement jump 
(CMJ) and the squat jump have become popular in training monitoring, espe-
cially in team-sports, due to their simplicity and the minimal amount of addi-
tional training load required to complete them (Cormack et al. 2008; McLean et 
al. 2010; Twist & Highton 2013). Measuring neural activation of muscles and 
fast force production abilities may provide useful data about an athlete´s neu-
romuscular fatigue status. Gathercole et al. (2015) reported that CMJ variables 
showed high intraday and interday reliability while changes in neuromuscular 
function after fatiguing exercise can be sensitively detected. In addition, it has 
been proposed that a decrease in the flight time – contraction time –relationship 
of CMJ represented neuromuscular fatigue during the Australian football sea-
son (Cormack et al. 2008). Measuring force production ability of the neuromus-
cular system may serve as a possible method to monitor training adaptation in 
endurance sports. However, to the best of my knowledge, there is no previously 
published study about the relationship between changes in CMJ and endurance 
training adaptations. 

2.5 Prescription of endurance training  

The regulation of a training load and recovery balance is a main element of a 
successful endurance training program. Adequate and gradually increasing 
training load is needed for disturbing the homeostasis of the body to achieve 
further improvement in endurance performance. Varying the type, intensity, 
and volume (by modifying duration and frequency) of training sessions allows 
the body to recover after accumulated training load and further improvements 
in endurance performance are possible. The purposeful sequencing of different 
training units is called as training periodization (Issurin 2010).  

2.5.1 Traditional predetermined training program 

Although there is consensus on which factors contribute to endurance perfor-
mance (Noakes, Myburgh & Schall 1990; Coyle 1995; Paavolainen, Nummela & 
Rusko 1999), the optimal training volume and intensity distribution is still in-
definite (Stoggl & Sperlich 2015). The majority of training studies present a high 
proportion of high volume, LIT among endurance athletes (Seiler 2010). In 
addition, Seiler & Kjerland (2006) have reported two, typically used patterns of 
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training intensity distribution in endurance training programs; the threshold 
and the polarized training models. The threshold training model has been used 
especially in short-term studies among untrained subjects showing that training 
at the lactate threshold intensity induces a significant training adaptation. The 
polarized training model has been reported to induce greater improvements in 
endurance performance especially in high level athletes (Esteve-Lanao et al. 
2007; Neal et al. 2013; Munoz et al. 2014; Stoggl & Sperlich 2014). In that model, 
75-80% of training is performed at intensities clearly below the lactate threshold,
relatively little training at the lactate threshold, and approximately 10-20% of
training at intensities clearly above the lactate threshold (Seiler & Kjerland 2006;
Tonnessen et al. 2014). However, numerous training studies have showed con-
flicting results and the optimal training intensity distribution is still unclear.

Recent studies have shown that changing the periodization of LIT and HIT 
without changing the training intensity distribution may have an effect on per-
formance improvement (Ronnestad, Hansen & Ellefsen 2014; Ronnestad et al. 
2016). Traditionally periodized training periods have been argued to focus on 
developing many abilities simultaneously. In that case, HIT is performed, e.g. 
two times per week, simultaneously with LIT and MOD in order to develop 
many fitness components at the same time (Seiler & Kjerland 2006). However, it 
has been proposed that the traditional periodized training may be a suboptimal 
training stimulus and, thus lead to suboptimal adaptations (Issurin 2010).  

In contrast, block training includes shorter training periods (1-4 weeks), 
when the aim is to develop a few selected fitness components (Issurin 2008). 
This has also been described as a training cycle of highly concentrated special-
ized workloads. It has been suggested that block periodization of HIT (3-5 HIT 
sessions per HIT-block week) may provide superior training adaptation com-
pared with traditionally organized HIT (Ronnestad, Hansen & Ellefsen 2014; 
Ronnestad et al. 2016). 

2.5.2 Individualized training program 

Traditional endurance training models and programs are based on sports and 
scientific literature, general recommendations, experience of coaches and pre-
sumptions about an athlete’s training and recovery status. Furthermore, adapta-
tion to endurance training is individual and similar training programs are not 
necessarily optimal for everyone despite their similar training background. It 
has been proposed that a training prescription according to the status of cardiac 
vagal activity may be beneficial for improving endurance training adaptation. 
In the studies of Kiviniemi et al. (2007; 2010) a HIT session was programmed, if 
vagal related HFP, measured every morning, was increased or remained the 
same relative to the reference value. Otherwise, LIT or rest was programmed. 
Individuals who trained according to HRV, showed greater improvement in 
VO2max among moderately fit men (Kiviniemi et al. 2007) and in endurance 
performance among healthy subjects (Kiviniemi et al. 2010) compared with 
individuals who trained according to a traditional, predefined training program. 
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Women benefitted from the HRV guidance by achieving the same significant 
improvement in endurance performance with a lower amount of HIT compared 
with a predefined training program (Kiviniemi et al. 2007; Kiviniemi et al. 2010). 
In studies of Kiviniemi et al. (2007; 2010) training prescription was based on 
daily, single HRV measurements. However, Plews et al. (2013) suggested that it 
is more valuable to use longer trends of HRV, e.g. a week rolling average com-
pared with assessing its value on a single day. In addition, Plews et al. (2012) 
proposed the use of an individual’s own HRV profile, the individual smallest 
worthwhile change (SWC), which reflects normal values of HRV, in interpret-
ing HRV values and training prescription.  

Capostagno et al. (2014) investigated the use of a submaximal cycling test 
in prescribing the timing of HIT sessions during a 2-week training period. Both 
predetermined and customized training programs included 4 HIT sessions but 
the time frames were different. In the customized training program, HIT was 
not performed, if an increased RPE, a failure in target HR or a change in HRR 
(more than 2 bpm) occurred in the submaximal cycling test. No differences 
were found in the improvements in endurance performance between the cus-
tomized and predetermined training groups. However, the training period was 
short and remarkable training effects induced by 4 HIT sessions were not ex-
pected. It seems that it is possible to improve endurance training adaptation by 
determining the timing of intensive endurance training sessions according to 
regulation of cardiac vagal activity during prolonged endurance training. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



3 PURPOSE OF THE THESIS 

The present study was designed to investigate potential factors that may be 
related to individual variation of endurance training adaptation and which may 
have the potential to improve the effectiveness of endurance training. The main 
purpose was to evaluate whether endurance performance, cardiac autonomic 
regulation, and neuromuscular performance can be used in predicting and 
monitoring endurance training adaptation and individualizing endurance train-
ing prescription. 

The specific aims of the study were: 

1) To assess whether pretraining characteristics of the subjects, such as
age, sex, fitness level, training background, nocturnal HRV, or serum
hormone concentrations are associated with individual adaptations to
different endurance training programs including: increased training
volume and intensity, increased volume of low intensity training, and
high intensity training.

The hypothesis was that pretraining HRV would be related to
individual endurance training adaptation. (Original papers I and II)

2) To investigate whether a submaximal running test combined with
post-exercise HRR, HRV, and CMJ measurements conducted in the
laboratory and field conditions could be used in monitoring endurance
training adaptation.

The hypothesis was that increased running speeds at standardized
submaximal HR levels and post-exercise cardiac vagal activity would
be related to enhanced endurance performance and decreased
neuromuscular function would be related to negative endurance
training adaptation. (Original papers III and IV)
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3) To evaluate whether the HRV based method could be used in 
individualization of endurance training prescription.  
 The hypothesis was that the HRV-guided training program would 
result in greater improvement in endurance performance compared 
with a traditional predetermined training program. (Original paper V) 



4 METHODS 

4.1 Subjects 

Recreational endurance runners were recruited to participate in these studies 
(Table 1). Healthy, 20- to 50-year old women and 20- to 45-year old men were 
non-obese (BMI < 30 kg· m-2), they did not have any diseases, and they did not 
regularly use medication. Subjects had a background of at least 2 years of regu-
lar running training. A physician screened each subjects’ health and resting 
electrocardiogram (ECG) prior to giving clearance to participate in the studies. 
After being fully informed about the study designs and possible risks, all sub-
jects provided a written informed consent document. The studies were ap-
proved by the Ethics Committee of the University of Jyväskylä, Finland.  

TABLE 1  Characteristics of the subjects. 

Papers I (n = 28) II, III and IV (n = 40) V (n = 40) 

Sex 28 men 20 women 20 men 20 women 20 men 

Age (yrs) 36 ± 6 35 ± 10 35 ± 6 34 ± 8 35 ± 7 

Height (m) 1.79 ± 0.05 1.66 ± 0.07 1.75 ± 6 1.67 ± 0.07 1.78 ± 0.05 

Body mass (kg) 78 ± 6 60 ± 7 77 ± 8 61 ± 7 76 ± 8 

Percentage of body fat  17.7 ± 5.1 23.7 ± 4.4 15.2 ± 4.5 24.8 ± 4.4 14.6 ± 4.0 

VO2max (ml· kg-1· min -1) 49 ± 4 47 ± 5 53 ± 5 49 ± 4 56 ± 5 

Training years 5 ± 4 14 ± 8 14 ± 8 13 ± 8 15 ± 8 

Training times· wk-1* 4.4 ± 0.8 5.6 ± 1.7 4.4 ± 2.0 5.5 ± 1.2 6.0 ± 1.7 

Running km· wk-1* 24 ± 13 38 ± 19 27 ± 15 34 ± 22 39 ± 19 

The values are mean ± SD. VO2max, maximal oxygen uptake. * during the previous two 
months before the study. 
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4.2 Experimental design 

4.2.1 Paper I 

A longitudinal study design was used to assess the contribution of pretraining 
characteristics of subjects to individual training adaptations during a 28-week 
training program. The training program was divided into a 14-week prepara-
tion period (PREP) and a 14-week intensive training period (INT). During PREP 
the subjects were asked to maintain the same training volume as before the 
study. Thereafter, training volume and intensity were planned to increase pro-
gressively during INT. Testing at baseline, week 14 and week 28 (post) included 
a maximal incremental treadmill running test, nocturnal HRV measurements, 
assessment of serum hormone concentrations and body composition measure-
ments.  

4.2.2 Papers II, III and IV 

The controlled 18-week study design was used to investigate pretraining factors 
that might be able to predict individual adaptations to high-volume of LIT or 
HIT. In addition, the usefulness of a submaximal running test with post-
exercise measurements in field and laboratory conditions in monitoring chang-
es of endurance performance during training was examined. After 8 weeks of 
PREP, the runners were matched into pairs according their background (sex, 
age, training background), endurance performance characteristics (VO2max, 
RSpeak), baseline HRV and improvement of endurance performance during 
PREP. The matching of the pairs was done so that the characteristics were as 
similar as possible between matched pairs (the mean differences in endurance 
performance variables between matched pairs < 2%) and there were no statisti-
cally significant differences between mean values of the groups. Thereafter, 
within each pair, the runners were randomly assigned to the high volume train-
ing group (HVT) and high-intensity training group (HIT). For the 8-week INT, 
the HVT-group was instructed to increase their running training volume by 30–
50%, whereas training intensity remained the same as during PREP. The HIT-
group replaced 3 LIT sessions during each intense training week with 3 MOD 
or HIT sessions, whereas training volume was remained the same. 

Testing prior and after both 8-week training periods (at weeks 0, 9 and 18) 
included a maximal incremental treadmill running test, nocturnal HRV meas-
urements, assessment of blood serum hormone concentrations, and body com-
position. A submaximal running test (SRT), with post-exercise HRR, HRV, and 
CMJ measures, was performed at weeks 0, 4, 9, 13 and 18 in the laboratory con-
ditions. In addition, the subjects were instructed to perform weekly a submaxi-
mal control exercise (SCE), with post-exercise HRR, on an outside course.  
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4.2.3 Paper V 

A longitudinal study design was used to investigate the effectiveness of using 
HRV in training prescription on adaptations to endurance training. The study 
protocol included two training periods; a 4-week PREP and an 8-week INT. For 
INT, the subjects were matched into pairs according their background (sex, age, 
training background), endurance performance characteristics (VO2max, the peak 
treadmill running speed (RSpeak), 3000 m time) and HRV. Thereafter, within 
each pair, the runners were randomized into the HRV-guided experimental 
training group (EXP) and traditional, preprogrammed training group (TRAD).  

Testing was performed before and after both training periods at weeks 0, 5 
and 14. The testing included a maximal incremental running test on a treadmill, 
a 3000 m time trial on a track, and body composition measurements. In addition, 
a reactivity jump test (RJ) was performed every other week and all subjects in 
the EXP-group were instructed to measure their R-R interval data at home eve-
ry morning after awakening. 

4.3 Data collection  

4.3.1 Endurance performance 

Maximal incremental treadmill test  

The subjects were asked not to perform any vigorous physical activity two days 
prior to the running test. An incremental treadmill test was performed at the 
same time (± 2 h) of each testing day. The subjects performed the test, starting at 
7 km· h-1 for women and at 8 km· h-1 for men, which was followed by an in-
crease of 1 km· h-1 every third minute until volitional exhaustion. The incline 
was kept at 0.5 degrees during the whole test. HR was recorded continuously 
using a heart rate monitor (Suunto t6, Suunto Ltd, Vantaa, Finland). Oxygen 
consumption was measured breath-by-breath throughout the test using a port-
able spiroergometer (Oxycon Mobile, Viasys Health Care, Würzburg, Germany). 
After each 3-min stage the treadmill was stopped for about 15-20 s for fingertip 
blood samples (20 μl) and blood lactate (La) analysis. Blood lactate was deter-
mined using the Biosen S_line Lab+ lactate analyzer (EKF Diagnostic, Magde-
burg, Germany). The highest 60-s VO2 value during the treadmill test was con-
sidered as maximal oxygen uptake (VO2max). Maximal endurance performance 
was defined as the peak treadmill running speed (RSpeak) when the subject be-
came exhausted. If a subject could not complete the whole 3 min of the last 
speed, RSpeak was calculated as follows: speed of the last completed stage (km· 
h-1) + (running time (s) of the speed at exhaustion – 30 s) / 180-30 s) * 1 km· h-1.
RSpeak has been shown to be closely related to maximal endurance performance
(Noakes, Myburgh & Schall 1990). Therefore, in the present studies (I-IV), RSpeak
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was used as the main variable for describing the adaptation to endurance train-
ing during the training periods. In addition, RSpeak has been observed to be 
highly reliable with intraclass correlation coefficients of 0.99 ± 0.01 and the 
coefficient of variation of 1.2% measured in the incremental treadmill running 
test (Dupuy et al. 2012). The determination of lactate thresholds was based on 
the increase and change in the inclination of the blood lactate curve during the 
test (Faude, Kindermann & Meyer 2009) in papers II-V. The first lactate thresh-
old (LT1) was set at 0.3 mmol· l-1 above the lowest lactate value in the test. The 
second lactate threshold (LT2) was set at the intersection point between 1) a 
linear model between LT1 and the next lactate point and 2) a linear model be-
tween the lactate points with La increase of at least 0.8 mmol· l-1. In paper I, 
aerobic (AerT) and anaerobic (AnT) thresholds were determined using La, ven-
tilation, VO2, and production of carbon dioxide (Aunola & Rusko 1986). 
 
3000 m time trial (Paper V) 

 
The subjects performed the 3000 m time trial on a 200-m indoor track before 
and after both training periods. Time and the mean running speed of the 3000 
m (RS3000m) were calculated. At least two easy training days were prescribed 
between the treadmill test and 3000 m time trial. 

 

4.3.2 A submaximal running protocol with post-exercise measures (Papers 
III and IV) 

A submaximal running test (SRT) 
 

The present submaximal running test (SRT) was modified from the Lamberts 
and Lambert Submaximal Cycle Test (Lamberts et al. 2011) (III). SRT was de-
signed to be a standardized warm-up protocol. The 17-minute SRT consisted of 
three stages (Figure 5). The speed of the treadmill was set according to heart 
rate corresponding to 70% (RS1), 80% (RS2), and 90% (RS3) of a subject’s maxi-
mum heart rate (HRmax) for 6, 6, and 3 minutes, respectively. The target heart 
rates were calculated based on HRmax in the maximal incremental treadmill test 
at week 0. HR was recorded throughout the test using a heart rate monitor 
(Suunto t6, Suunto Ltd, Vantaa, Finland) but the data of the first minute of each 
stage was excluded from the analyses due to setting running speed (RS) to 
reach the target HR. Therefore, average RS and HR were calculated over a 5-
minute period (1:00-6:00 and 7:00-12:00) for stage 1 and 2, and for a 2-minute 
period (13:00-15:00) of stage 3. Mean power of all three stages has been ob-
served to be highly repeatable with intra class correlation coefficients of 0.91, 
0.92 and 0.90 in rowing (Otter et al. 2015), and 0.91, 0.98 and 1.00 in cycling 
(Lamberts et al. 2011). RPE was recorded in the final minute of each stage (Borg 
1982). After completing the running test, the subjects were asked to stand with-
out moving and talking for 2 minutes for determining post-exercise HRR and 
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HRV. They were asked to breathe normally, with no control of the respiratory 
rate. Finally, CMJ test was performed 3 minutes after the end of SRT. 

FIGURE 5  An example of an arbitrary subject’s training monitoring test including heart 
rate and running speed during the submaximal running test (SRT) and the 
countermovement jump test (CMJ). 

Submaximal control exercise (SCE) 

The protocol of the submaximal control exercise (SCE) was similar to SRT. SCE 
was performed as a standardized warm-up protocol for MOD and HIT sessions 
once per week in field conditions taking place after at least one easy training 
day (IV). The subjects were instructed to perform SCE on the same outdoor 
course each time. The 16-minute SCE consisted of same three stages as SRT. The 
subjects were asked to set their running speed (RS) according to HR corre-
sponding to 70% (RS1), 80% (RS2) and 90% (RS3) of HRmax for 6, 6, and 3 
minutes, by using the Garmin FR 610 heart rate monitors with global position-
ing system (GPS) (Garmin Ltd, Schaffhausen, Switzerland). The target HRs 
were calculated based on HRmax in the maximal incremental treadmill test at 
week 0. After completing the three stages, the subjects were asked to stand 
without moving or talking for 1 minute for determining HRR. A rate of per-
ceived exertion with Borg´s 0-10 scale (Borg 1982) was estimated after the last 
stage. HR and RS were calculated over the same periods as in SRT. 

4.3.3 Heart rate variability measurements and analysis 

Resting ECG (Cardiofax ECG-9 320, Tokyo, Japan) was analyzed before the 
studies to screen each subjects’ health and to ensure the subjects had no cardiac 
abnormalities which would have effects on the HRV analysis. 
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Nocturnal HRV (Papers I and II) 

 
Nocturnal RRI recordings were taken during three consecutive nights before 
and after both training periods during the testing weeks in paper I, with the 
Suunto Memory Belt (Suunto Ltd, Vantaa, Finland) having a sampling frequen-
cy of 1000 Hz. The measurements were done at home and were started just 
before going to bed to sleep and stopped after awakening in the morning. Four 
consecutive nights before the incremental treadmill test before both training 
periods were recorded in paper II, with the Garmin FR 610 heart rate monitor 
(Garmin Ltd, Schaffhausen, Switzerland) consisting of a chest belt (two-lead) 
with a sampling frequency of 1000 Hz. The measuring systems have been ob-
served to be reliable for long-term HRV-analysis (Weippert et al. 2010).  

RRI data was analyzed using the Firstbeat Sports software (Firstbeat 
Technologies Ltd, Jyväskylä, Finland). RRIs were checked by an artifact detec-
tion filter of the Firstbeat Sports software and subsequently excluded all falsely 
detected, missed, and premature heart beats (Saalasti 2003) caused by move-
ment artifacts or any other artifacts of unknown origin. The consecutive RRI 
data were then resampled at the rate of 5 Hz by using linear interpolation to 
obtain equidistantly sampled time series. From the resampled data the software 
calculated HRV indices second-by-second using the short-time Fourier Trans-
form method. For a given segment of data, a time window (Hanning) with a 
length of 256 samples was applied, the fast Fourier transform was calculated 
and a power spectrum was obtained. The window was then shifted one sample 
to another and the same process was repeated. The first 30-min after going to 
bed was excluded and the succeeding 4 h were accepted for the nocturnal HRV 
analysis. The following HRV indices were analyzed: average HR, low frequency 
power (LFP; 0.04-0.15 Hz), high frequency power (HFP; 0.15-0.40 Hz), total 
power (TP =LFP+HFP; 0.04-0.40 Hz) (Task Force, 1996). Nocturnal HRV indices 
are subject to a little day-to-day variation with intraclass correlation coefficients 
between 0.84–0.91 in 4 hours of nocturnal HRV analysis during two consecutive 
nights after a similar training day (Nummela, Hynynen & Vesterinen 2010). The 
results are provided as averages of two nights for reducing possible day-to-day 
variation in HRV indices. It was not possible to use averages of the three/four 
collected recordings because the recordings with an error percent higher than 
33% (of 4 hours) were excluded from the analysis in some subjects for ensuring 
adequate quantity of RRI data for the reliable HRV analysis (Nummela, 
Hynynen & Vesterinen 2010). 

 
Post-exercise HRR and HRV (Paper III and IV) 

 
Post-exercise HRR was calculated by subtracting HR after 60 s recovery from 
HR at the end of third stage of SRT and SCE. A vagal-related HRV index, the 
natural logarithm of RMSSD, was calculated over the second recovery minute 
(16:00-17:00) in SRT for achieving a more stable HR compared to the first recov-
ery minute. Kaikkonen et al. (2010) observed that the first 2-min recovery after 
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exercise may give enough information on HRV recovery for evaluating training 
load. LnRMSSD has been suggested to provide the most reliable and practically 
applicable HRV variable for regular monitoring (Stanley, Peake & Buchheit 
2013). RRI data was analyzed using a similar method as the nocturnal HRV 
analysis using the Firstbeat Sports software (Firstbeat Technologies Ltd, 
Jyväskylä, Finland).  

Morning HRV (Paper V) 

All subjects in EXP were instructed to measure their RRI data at home every 
morning after awakening and emptying their urinary bladder (paper V). 
Omegawave Pro Mobile System, with a two-lead chest belt (Omegawave Ltd., 
Helsinki, Finland) was used to record R-R intervals with a sampling frequency 
of 500 Hz. A 4-minute recording was performed in a supine position and the 
subjects were allowed to breathe naturally. RRI data was analyzed in the 
Omegawave cloud service and the vagal-mediated RMSSD was selected to be 
used in training prescription because of its greater reliability than other HRV 
spectral indices (Al Haddad et al. 2011; Bellenger et al. 2016). Further, a 7-day 
rolling average of RMSSD (RMSSD7day) was calculated because it has been pro-
posed to be more sensitive in tracking changes in training status compared with 
single-day values (Plews et al. 2013). The smallest worthwhile change (SWC) of 
RMSSD7day was calculated, as mean ± 0.5 * SD, from RMSSD values of the 4-
week PREP for individual training prescription based on observations by Ki-
viniemi et al. (2007; 2010) and Plews et al. (2012, 2013). The SWC was updated 
after the first four weeks of INT based on the values collected over the previous 
four weeks due to previous findings about a relationship between an increase in 
resting cardiac autonomic activity and improved endurance performance 
(Buchheit et al. 2010; Nummela et al. 2010; Boutcher et al. 2013).  

4.3.4 Neuromuscular measures (Papers III and V) 

Countermovement jump 

The CMJ test was performed 3 min after the end of SRT on a commercially 
available force plate (Accupower, Advanced Mechanical Technology, Water-
town, USA) to measure CMJ height (CMJh) from the force time curve (paper III). 
The subjects performed three trials with their hands held on the hips through-
out the entire movement, separated by 60 s recovery between the trials. Subjects 
were instructed to jump as high as possible. Countermovement depth was self-
selected by the subject but no less than 90º. Force data were collected and ana-
lyzed by using custom-designed software (Research Institute for Olympic 
Sports, Jyväskylä, Finland), which used the equation h = I2· 2gm-2 to calculate 
jump height from impulse, where I is the impulse, g is gravity, and m is the 
mass of subject. Jump height was determined as an average of the two best 
jumps. 
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Reactivity jump (Paper V) 

 
The RJ test was performed after the standardized warm-up procedure every 
second week during the 14-week training period on the same force plate as was 
used to measure CMJ in paper III. Before the beginning of training, the subjects 
performed a familiarization test for learning correct jumping technique. They 
were instructed to perform 10 continual vertical jumps (with as little bending of 
the knees as possible) with their hands held on their hips throughout the jump-
ing set. The goal was to achieve the least possible contact time for a maximum 
height in every jump. The jumping set was performed twice, with a 2-minute 
recovery. Force data collection and analyses were conducted in the same way as 
in the CMJ analysis. Average height (RJh) and power (RJpower) of the best two 
jumps of the best set was determined from the impulse. 

4.3.5 Blood samples (Papers I and II) 

Venous blood samples (10 ml (paper I), 3.5 ml (paper II)) were collected into 
serum-gel tubes (Venosafe, Terumo Medical Co., Leuven, Belgium) for the 
determination of basal serum testosterone and cortisol concentrations after 10 h 
of fasting in the morning between 7:30–8:30. The whole blood was centrifuged 
at 2700 rpm (Megafuge 1.0R, Heraeus, Germany) for ten minutes after which 
serum was removed and stored at -80 °C (paper I) /-20 °C (paper II) until anal-
ysis. The concentrations of testosterone and cortisol were determined by using a 
chemical luminescence technique (Immunlite 1000 Analyzer, DPC Diagnostics 
Corporation, Los Angeles, USA) and hormone specific immunoassay kits (Sie-
mens, New York, NY, USA). The sensitivity of testosterone and cortisol assays 
were 0.05 nmol· l-1 and 5.5 nmol· l-1, respectively. The intra-assay coefficients of 
variation for testosterone and cortisol were 3.9% and 4.6%, respectively. All the 
assays were carried out according to instructions of the manufactures. All sam-
ples of the test subjects were analyzed in the same assay for each variable. 

4.3.6 Body composition  

Standing height was measured using standard laboratory techniques. Body 
mass and body composition were measured using a bioimpedance device (In 
body 720 body composition analyzer, Biospace Co. Ltd., Seoul, South Korea) in 
paper I. The measurements were performed after 10 h of fasting in the morning 
between 7:30–8:30. In papers II-V, percentage of body fat was assessed by a 4-
point skinfold thickness measurement (Durnin & Rahaman 1967).  
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4.4 Training programs 

4.4.1 Paper I 

The subjects took part in the 28-week training program, which prepared them 
for a marathon or half-marathon at the end of the study (Table 2). The training 
program was divided into a 14-week PREP and a 14-week INT. During PREP 
the subjects were asked to maintain the same training volume as before the 
study (3-6 times a week). The subjects were instructed to train primarily below 
the aerobic threshold. The training program was periodized into cycles of four 
weeks, thus three weeks of intense training was followed by an easy training 
week. Endurance training consisted primarily of running but occasionally in-
cluded cycling, Nordic walking and/or cross-country skiing. In addition, the 
subjects were asked to complete strength training 1-2 times a week.  

TABLE 2  Week template of training over the 28-week training program. 

Preparation 
period 

Intense training period 

weeks 1-14 weeks 15-19 weeks 20-24 weeks 25-28 

Week periodization 

(intense : recovery week) 
3:1  2:1  2:1 2:1 

High-intensity runs none none 1 x 4-5 km* 2 x 4-5 km* 

Moderate-intensity runs none 2 x 8-10 km* 1 x 8-10 km* none 

Long low-intensity run 1 x 15-20 km 1 x 20-25 km 1 x 20-30 km 1 x 25-30 km 

Basic low-intensity runs 2-5 x 5-15 km 1-4 x 5-15 km 1-4 x 5-15 km 1-4 x 5-15 km

Strength training  1-2 sessions 1 session 1 session 1 session 

* exercises were not performed during recovery weeks. High-intensity, intensity above
anaerobic threshold; Moderate-intensity, the intensity between aerobic and anaerobic
thresholds; Low-intensity, intensity below aerobic threshold.

The 14-week INT included higher running training volume (prolonged dura-
tion of the training sessions) and intensity compared with PREP. The training 
utilized the 3-week training cycles (two intense weeks followed by a recovery 
week). During the recovery weeks the subjects were asked to train at a low-
intensity (below the AerT), whereas during the first three intense weeks the 
subjects replaced two LIT sessions with MOD (between the AerT and AnT) 
training sessions. During the next three intense weeks the subjects were asked 
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to complete one MOD and one HIT (above the AnT) sessions per week in addi-
tion to LIT sessions. During the last three intense weeks subjects replaced two 
LIT sessions with two HIT sessions each week. In addition, the subjects were 
asked to complete one strength training session per week throughout INT for 
maintaining strength abilities and injury prevention.  

4.4.2 Papers II, III and IV 

The controlled 18-week training program included two 8-week training periods. 
PREP was completed first to familiarize the subjects with the testing procedures 
and proper endurance training and to ensure that subjects had a similar back-
ground in training before the second 8-week period. The subjects were asked to 
train once per week at MOD (HR between LT1 and2) and otherwise at LIT (HR 
< LT1) during PREP. In addition, they were asked to maintain the same training 
volume as before the study.  

For the 8-week INT, HVT were instructed to increase running training 
volume by 30–50%, whereas training intensity remained the same as during 
PREP. HIT replaced 3 LIT sessions during each intense training week with 3 
MOD or HIT (HR > LT2) sessions; 1. constant speed run 20-40 min at 80-90% 
HRmax, 2. 4 x 4 min at 90–95% HRmax, with 3 min of recovery at intensity below 
LT1, 3. 6 x 2 min at 100% RSpeak, with 2 min of recovery at the intensity below 
LT1. Training volume remained the same. The training was periodized into 
cycles of four weeks, thus three weeks of intense training was followed by an 
easy training week. Endurance training consisted primarily of running but 
occasionally included also cycling, Nordic walking and/or cross-country skiing. 
A strength training session consisting of muscle endurance exercise was in-
structed to be performed once a week for maintaining strength abilities and 
injury prevention. 

4.4.3 Paper V  

The study protocol included two training periods: a 4-week PREP and an 8-
week INT. During the first four weeks, all subjects were asked to maintain the 
same training volume as before the study using a periodization model of three 
hard training weeks followed by an easy training week with progressively 
increasing intensity throughout the period (Table 3).  

For the 8-week INT, all subjects were instructed to maintain the same 
training volume as during PREP. The TRAD-group trained according to a pre-
programmed training program, which included approximately 50% of weekly 
training sessions performed at LIT and the other 50% at MOD/HIT. The main 
training sessions at MOD and HIT were similar to training sessions during 
PREP. In addition, the periodization of the training weeks (3:1) remained same 
compared with PREP. Endurance training was mainly running but the subjects 
were encouraged to perform at least one easy session per week using some 
other training mode than running (i.e. cycling or cross-country skiing) during 
both training periods. A strength training session consisting of muscle endur-
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ance exercise was instructed to be performed once a week for maintaining 
strength abilities and injury prevention. 

TABLE 3  Week template of the preprogrammed training program for both groups dur-
ing the preparation period (weeks 1 – 4) and for TRAD-group during the in-
tense period (weeks 6 – 13). 

Week High-intensity training Moderate 
run 

Low-
intensity 
runs  

Test runs 

Constant run Intervals (HR < LT1) 

0 Test 3000 m run 
VO2max test 

1 Int 30´at 80-85% 3-6 x 6-12 km

2 Int 4x4´at 90-95%/rec 3´ 40´at 80-85% 2-5 x 6-12 km

3 Int 30´at 85-90% 4x4´at 90-95%/rec 3´ 40´at 80-85% 2-5 x 6-12 km

4 Rec 3-5 x 6-12 km

5 Test 3-5 x 6-12 km VO2max test

6 Int 30´at 85-90% 40´at 80-85% 2-4 x 6-12 km 3000 m run

7 Int 30´at 85-90% 4x4´at 90-95%/rec 3´ 40´at 80-85% 2-4 x 6-12 km

8 Int 30´at 85-90% 4x4´at 90-95%/rec 3´ 40´at 80-85% 2-4 x 6-12 km

9 Rec 3-5 x 6-12 km

10 Int 30´at 85-90% 4x4´at 90-95%/rec 3´ 40´at 80-85% 2-4 x 6-12 km

11 Int 30´at 85-90% 4x4´at 90-95%/rec 3´ 40´at 80-85% 2-4 x 6-12 km

12 Int 30´at 85-90% 4x4´at 90-95%/rec 3´ 40´at 80-85% 2-4 x 6-12 km

13 Rec 4x4´at 90-95%/rec 3´ 3-4 x 6-12 km

14 Test 2-4 x 6-12 km 3000 m run
VO2max test 

Training intensity are expressed as a percentage of maximal heart rate. Int, Intensive train-
ing week; Rec, recovery week / time between intervals; Test, testing week; LT1, lactate 
threshold 1; VO2max test, maximal incremental treadmill test. All moderate- and high-
intensity sessions started with a 15-20-min warm-up and were followed by a 15-min cool 
down. Moderate- and high-intensity runs were instructed to perform after a rest or easy 
training day. If the number of all training sessions per week was  4, only two moderate-
/high-intensity runs were instructed to perform per week.  

The EXP-group trained according to HRV from the morning measurements 
during INT (Figure 6). The basic idea of using HRV in training prescription was 
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to decrease training intensity when cardiac vagal activity differed markedly 
from the baseline level (SWC = mean ± 0.5 * SD). When RMSSD7day was within 
the SWC, only MOD and HIT session were performed. If RMSSD7day fell outside 
the SWC, the subjects trained only at LIT or rested. When RMSSD7day returned 
to the mean level of the SWC, the subjects started to perform MOD and HIT 
sessions and continued training until RMSSD7day fell outside the SWC. The 
subjects maintained the same number of training sessions and rest days for 
every week as they did in PREP.  

 

FIGURE 6  Example of programming moderate and high-intensity sessions in the EXP-
group during the intense period. The grey area indicates the individual opti-
mal area of RMSSD. The black area indicates timing of moderate- and high-
intensity training. The dashed line area indicates timing of low-intensity train-
ing. The arrows represent timing of the running tests. 

4.5  Training monitoring 

The main weekly training sessions were supervised by experienced members of 
the research group. The subjects controlled their training intensity by measur-
ing their HR during all exercises using a heart rate monitor with built-in GPS 
(Suunto t6 in I, Garmin FR 610 in II-V). Subjects kept a training diary through-
out the study to record training mode, duration of the training session, average 
HR, and running distance. In addition, the subjects rated their perceived exer-
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tion (RPE) and recovery feelings using a scale from 0–10 after each training 
session (Borg 1982) and reported possible other stress factors e.g. sicknesses, 
injuries, and work/school stress in their training diary. HR data was used for 
determining the times at the three different training intensity zones; low (below 
aerobic threshold/LT1), moderate (between aerobic/LT1 and anaerobic thresh-
olds/LT2) and high (above anaerobic threshold/LT2) intensities. Training load 
was quantified by session RPE (RPE x exercise duration in minutes) (Foster et al. 
1996) (V).  

4.6 Statistical analyses 

Statistical analyses were carried out using SPSS software (PASW Statistics 18.0; 
SPSS Inc, Chicago, IL; IBM SPSS Statistics 20, IBM, New York, USA). Values are 
expressed as mean ± standard deviation (SD). The Gaussian distribution of the 
data was assessed with the Shapiro–Wilk goodness-of-fit test and homogeneity 
of variance was assessed by Levene's variance test. Ln-transformation was used 
with the nocturnal HRV variables, in order to meet the assumptions of the par-
ametric statistical analysis. Statistical significance was accepted as p < 0.05.  

In papers I and II, Pearson product moment correlation coefficient was 
used to determine the relationships between the pretraining characteristics 
and the training adaptation (change in RSpeak). Correlations between HRV and 
the training adaptation were adjusted by age due to effects of age on HRV and 
correlations between pretraining testosterone and VO2max to the training adap-
tation were adjusted by sex using partial correlation. In addition to the 
measures of statistical significance, the following criteria were adopted to 
interpret the magnitude of the correlation between measurement variables: < 
0.1 (trivial), 0.1–0.3 (small), 0.3–0.5 (moderate), 0.5–0.7 (large), 0.7–0.9 (very 
large) and 0.9–1.0 (almost perfect) (Hopkins et al. 2009). For an additional 
analysis of the relationship between pretraining HRV and the training adapta-
tion, the subjects were retrospectively divided into high (> 8.1 ln ms2) (HVT: n 
= 8; HIT: n = 5) and low HRV (< 8.1 ln ms2) (HVT: n = 5; HIT: n = 7) groups 
based on pretraining HFP (mean of pretraining HFP in all subjects was used 
as the threshold) in paper II. Group differences were analyzed using a one-
way analysis of variance (One-way ANOVA) and within group differences 
(group-by-training interaction) were analyzed using repeated measures analy-
sis of variance (ANOVA), followed by Bonferroni as a post hoc test. In addi-
tion, multiple linear regression analysis with backward method was used to 
evaluate the amount of explained variance in training adaptation to the HVT 
and HIT programs (I-II). Pretraining predictors, which were previously re-
ported to be possible predictors of training adaptation (Bouchard & Rankinen 
2001; Hautala et al. 2003) and showed correlations to training adaptation in 
the present studies (I-II) were selected as independent variables for multiple 
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linear regression analysis while the change in RSpeak was used as the depend-
ent variable. 

In paper III, the subjects were retrospectively divided into quartiles (the 
1st quartile, Q1, the highest response (n = 9); the 2nd quartile, Q2, moderate 
response (n = 9); the 3rd quartile, Q3, low response (n = 9), the 4th quartile, Q4, 
the lowest response (n = 8)) of percentage change in RSpeak from week 0 to week 
18. Differences between the quartiles were analyzed using a one-way analysis 
of variance (One-way ANOVA) and changes in the maximal running test, SRT 
and CMJh (group-by-training interaction) were analyzed using a repeated 
measures ANOVA, followed by Bonferroni as a post hoc test. In addition, 
standardized effects sizes (ES) were calculated using the partial eta square with 
the following threshold values: < 0.2 (trivial), 0.2–0.5 (small), 0.5–0.8 (moderate) 
and > 0.8 (large) (Cohen 1988, 40). Pearson product moment correlation coeffi-
cient was used to determine relationships between absolute values of SRT and 
CMJh, and endurance performance variables at week 9. In addition, relation-
ships were analyzed between changes in SRT, CMJh, and RSpeak. In addition to 
the measures of statistical significance, the criteria were adopted to interpret the 
magnitude of the correlation between measurement variables (described in the 
previous paragraph).  

In paper IV, the subjects were retrospectively grouped into four clusters 
according to changes in SCE results. Due to the presence of missing data values 
(due to sicknesses, mild injuries or poor HR data) in time-series of RS1, RS2, 
RS3 and HRR, a self-implemented (MATLAB R2013a) variant of the classical K-
means method (MacQueen 1967), in which missing values are handled using 
the available case strategy (Little & Rubin 1987), was applied in the cluster 
analysis. The detailed algorithmic description of the K-means method for in-
complete data can be found in Äyrämö (2006). In order to avoid locally optimal 
cluster models, 1000 clustering models were generated for each set of time-
series by using random restarts and the ones with the least sum of squared 
within cluster errors were selected for further analysis. Differences of changes 
in the maximal running test between the clusters were analyzed using Kruskal 
Wallis test, followed by Dunn-Bonferroni post hoc method, due to the small 
number of the subjects in the clusters. Pearson product moment correlation 
coefficient was used the same way as in paper III for determining the relation-
ships between the absolute values of SCE and endurance performance variables 
at week 9, as well as between changes in SCE and endurance training adapta-
tion after 18-weeks of training.  

In paper V, the adaptation to training was analyzed using repeated 
measures of ANOVA followed by Bonferroni as a post hoc test. Differences in 
the training adaptation between EXP and TRAD were analyzed by Student’s t-
test for independent samples and between sex by the Kruskal Wallis test. In 
addition, the magnitude of changes during training and differences between 
groups were expressed as standardized mean differences (effect size, ES), calcu-
lated from pooled means and standard deviations (Hopkins et al. 2009). 
Threshold values for Cohen’s ES statistics were < 0.2 (trivial), 0.2–0.5 (small), 
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0.5–0.8 (moderate) and > 0.8 (large) (Cohen 1988, 40). Pearson’s product-
moment correlation coefficient was used to determine the relationships between 
the amount of MOD/HIT sessions and the training adaptation (change of 
RS3000m and VO2max). 



5 RESULTS 

5.1 Drop-outs and compliance with the training programs 

In paper I, a total of 25 men completed the whole 28-week training program. 
One subject dropped out because of a lack of motivation, and two subjects were 
excluded because of insufficient compliance with the training during the study.  

In paper II, a total of 29 subjects (16 women, 13 men) completed the whole 
18-week training program including all tests and sufficient compliance with the
training program. Exclusion of 11 subjects were due to injuries (n = 6), sickness
(n = 3) and insufficient compliance with the training program (n = 2). Five of 40
subjects did not complete all tests related to monitoring of training adaptation
(papers III and IV) due to injuries (n = 4) and lack of motivation (n = 1).

In paper V, a total of 31 subjects (14 women, 17 men) completed the whole 
training period. Nine subjects dropped out due to injuries (n = 2), sickness (n = 
2) and insufficient compliance with daily HRV recordings and the training
program (i.e. < 90% of all training sessions in the EXP-group and more than 2
main training sessions missing in the TRAD-group during the experimental
period, n = 5).

5.2 Training (I-V) 

During 28-weeks of training (I), total training volume (hours per week, times 
per week) did not differ between the two training periods (Table 4). Running 
volume and training intensity at moderate and high intensities were greater in 
INT compared with PREP. 

In the 18-week training period (II-IV), total training time and distance dur-
ing PREP remained similar compared with the training before the study (7.0 ± 
2.8 vs 6.7 ± 2.7 h· wk-1, p = 0.59; 34.0 ± 18.2 vs 36.1 ± 22.0 running km· wk-1, p = 
0.41). The HVT-group increased running volume by 35% during INT with no 
change in training intensity. The HIT-group increased proportion of training 
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time at the high-intensity zone from 2 ± 2% to 7 ± 2%, while training volume 
remained similar. 

No differences were observed between the EXP- and TRAD-group in train-
ing during PREP (V). Training volume and proportions of times in different 
training zones remained similar during PREP and INT in both groups. The 
number of MOD and HIT sessions during INT was significantly higher (p = 
0.021) in TRAD (17.7 ± 2.5 sessions) compared to EXP (13.2 ± 6.0 sessions).  

TABLE 4  Training data over the training periods. 

Training 
h· wk-1 

Training 
times· wk-1 

Running 
km· wk-1 

Low (%) Mod (%) High (%) 

14+14 weeks (I) 

PREP 5.8 ± 1.8 4.6 ± 0.9 26 ± 12 86 ± 12 13 ± 12 1 ± 1 

INT 5.5 ± 1.7 4.2 ± 0.9 40 ± 15*** 73 ± 14*** 24 ± 14*** 2 ± 3** 

8+8 weeks (II-IV) 

PREPHVT 7.0 ± 1.7 5.6 ± 0.9 35 ± 15 83 ± 10 15 ± 9 2 ± 2 

PREPHIT 6.9 ± 3.6 6.3 ± 3.1 33 ± 21 87 ± 8 12 ± 7 1 ± 1 

INTHVT 6.9 ± 1.3 5.8 ± 0.7 47 ± 13*** 81 ± 10 17 ± 9 2 ± 2 

INTHIT 6.0 ± 2.4 6.5 ± 3.0 39 ± 18 87 ± 5# 6 ± 3***,### 7 ± 2***,### 

4+8 weeks (V) 

PREPEXP 7.1 ± 3.0 6.0 ± 1.7 43 ± 18 89 ± 8 10 ± 7 2 ± 3 

PREPTRAD 7.0 ± 2.7 5.9 ± 1.8 40 ± 23 88 ± 9 10 ± 8 1 ± 2 

INTEXP 6.5 ± 2.8 6.1 ± 1.8 42 ± 22 83 ± 27 14 ± 25 3 ± 5 

INTTRAD 6.3 ± 2.5 5.6 ± 1.6 41 ± 20 84 ± 12 13 ± 10 3 ± 4 

Significant difference between the preparation and intense training periods, *p < 0.05, **p < 
0.01, ***p < 0.001 and between the groups within the periods, #p < 0.05, ###p < 0.001. Low, 
low-intensity training; Mod, moderate-intensity training; High, high-intensity training; 
PREP, preparation period; INT, intense training period; HVT, high volume training group; 
HIT, high intensity training group; EXP, HRV-guided training group; TRAD, traditional, 
preprogrammed training group. 

5.3 Training adaptation (I, II) 

5.3.1 Endurance measures 

During PREP, endurance characteristics showed improvements in most of the 
variables (Table 5). The largest improvements were observed in RSLT2 (2-8%) 
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and RSLT1 (1-9%), while smaller changes were observed in VO2max (-1-4%) and 
RSpeak (2-4%). No changes were observed in RE during PREP in any studies. 

TABLE 5  Endurance characteristics over the preparation periods. 

  14 weeks (I) 8 weeks (II-IV) 

   Women Men 

VO2max  pre 49.6 ± 3.6 48.2 ± 5.1 53.5 ± 5.1 

(ml· kg-1· min-1) mid 51.5 ± 4.5 48.0 ± 5.7 52.5 ± 3.3 

 % change 3.6 ± 5.3** -0.6 ± 4.5 -3.4 ± 4.8 

RSpeak  pre 14.7 ± 1.0 14.3 ± 1.0 15.8 ± 0.9 

(km· h-1) mid 15.3 ± 1.1 14.6 ± 1.0 16.0 ± 0.6 

 % change 4.1 ± 3.1*** 2.5 ± 2.3*** 1.8 ± 4.2 

RSLT2  pre 12.0 ± 1.2 11.8 ± 1.0 12.5 ± 1.0 

(km· h-1) mid 12.9 ± 1.1 12.1 ± 0.9 13.1 ± 0.7 

 % change 8.2 ± 6.4*** 2.2 ± 3.3* 5.0 ± 5.4** 

RSLT1  pre 9.4 ± 0.9 10.0 ± 0.9 10.3 ± 0.9 

(km· h-1) mid 10.2 ± 1.0 10.2 ± 1.1 10.6 ± 0.9 

 % change 9.1 ± 7.3*** 1.3 ± 5.3 2.9 ± 4.1* 

RE10  pre 221 ± 13 212 ± 13 215 ± 11 

(ml· kg-1· km-1) mid 219 ± 16 211 ± 12 214 ± 14 

 % change -0.6 ± 5.7 -0.6 ± 4.5 -0.1 ± 4.6 

Significant change during the period, *p < 0.05, **p < 0.01, ***p < 0.001. VO2max, maximal 
oxygen uptake; RSpeak, peak treadmill running speed; RSLT2, running speed at lactate thresh-
old 2; RSLT1, running speed at lactate threshold 1; RE10, running economy at 10 km· h-1. 

All endurance performance variables improved significantly during the 14-
week intense training period (INT), except VO2max, which remained at the same 
level as after PREP (Table 6) (I). All in all, RSpeak improved by 7.5 ± 4.5% (p < 
0.001, min-max: -3.7-13.2%) and VO2max by 5.1 ± 6.2% (p < 0.001, min-max: -3.9-
20.2%) during the whole 28-week training program. RSLT2 and RSLT1 increased 
by 12.4 ± 6.5% (p < 0.001) and 15.5 ± 8.4% (p < 0.001), respectively.  

VO2max, RSpeak, RSLT2 and RSLT1 improved after 8 weeks of HIT, while no 
significant changes were observed after HVT (II). No differences were observed 
between sexes in the changes in any of the endurance variables, except RSpeak 
improved more in men (1.7 ± 1.7%) than in women (-0.6 ± 1.4%) (p = 0.021) after 
HVT. Individual changes in RSpeak after the 14-week INT, the 8-week HVT and 
HIT are presented in Figure 7. 



48 

TABLE 6 Endurance characteristics over the intense periods (14 and 8 weeks) 

I (14 weeks) II-IV (8 weeks)

INT HVT HIT

VO2max  mid 51.5 ± 4.5 49.3 ± 3.9 50.7 ± 6.6 

(ml· kg-1· min-1) post 52.2 ± 5.1 50.5 ± 4.7 52.8 ± 6.7 

% change 1.4 ± 5.1 2.6 ± 7.0 4.3 ± 4.0** 

RSpeak  mid 15.3 ± 1.1 15.3 ± 0.9 15.2 ± 1.3 

(km· h-1) post 15.8 ± 1.2 15.3 ± 1.1 15.7 ± 1.4 

% change 3.3 ± 3.6*** 0.5 ± 1.9 3.0 ± 2.8** 

RSLT2  mid 12.9 ± 1.1 12.5 ± 0.8 12.6 ± 1.2 

(km· h-1) post 13.4 ± 1.0 12.6 ± 1.1 13.0 ± 1.3 

% change 4.0 ± 4.5*** 1.0 ± 3.9 3.6 ± 4.5* 

RSLT1  mid 10.2 ± 1.0 10.2 ± 1.0 10.3 ± 1.0 

(km· h-1) post 10.8 ± 0.9 10.3 ± 0.9 10.7 ± 1.0* 

% change 5.9 ± 5.3*** 1.4 ± 4.6 3.7 ± 4.7* 

RE10 pre 219 ± 16 211 ± 14 215 ± 9 

(ml· kg-1· km-1) mid 208 ± 13 214 ± 13 213 ± 12 

% change -4.7 ± 6.2** 1.4 ± 2.7 -0.8 ± 3.7

Significant change during the period, *p < 0.05, **p < 0.01, ***p < 0.001. INT, intense train-
ing (increased running volume and intensity); HVT, high volume training group; HIT, 
high-intensity training group; VO2max, maximal oxygen uptake; RSpeak, peak treadmill 
running speed; RSLT2, running speed at lactate threshold 2; RSLT1, running speed at lactate 
threshold 1; RE10, running economy at 10 km· h-1. 
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FIGURE 7  The individual heterogeneity of training adaptation ( RSpeak) to A) 14 weeks 
of intense training (INT, increased training volume and intensity), B) 8 weeks 
of high-intensity training and C) 8 weeks of high volume training (HVT). 

5.3.2 Nocturnal HRV measures (I, II) 

No changes were observed in nocturnal HR and HRV indices during the 14-
week PREP (I) (Table 7), whereas HFP and TP increased significantly during the 
14-week INT. HFP increased after the 8-week PREP and the intense training 
period in HVT compared with the baseline (II). None other HRV variables 
changed in either HVT or HIT during the training periods. 
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TABLE 7  Nocturnal HR and HRV over the preparation periods (8 to 14 weeks) and the 
experimental periods (8 to 14 weeks). 

I (14+14 weeks) II (8+8 weeks) 

HVT HIT

HR (bpm) pre 51.1 ± 4.4 51.2 ± 4.3 51.6 ± 7.6 

mid 49.9 ± 6.1 50.5 ± 4.1 52.5 ± 7.7 

post 48.9 ± 5.5* 49.0 ± 4.2 50.4 ± 7.1 

LFP (ln ms2) pre 8.36 ± 0.47 8.15 ± 0.48 8.23 ± 0.58 

mid 8.29 ± 0.45 8.26 ± 0.44 8.16 ± 0.51 

post 8.42 ± 0.40 8.24 ± 0.36 8.33 ± 0.66 

HFP (ln ms2) pre 8.02 ± 0.64 7.95 ± 0.66 7.88 ± 0.73 

mid 8.06 ± 0.68 8.23 ± 0.62* 7.75 ± 0.78 

post 8.21 ± 0.67# 8.24 ± 0.60* 7.93 ± 0.81 

TP (ln ms2) pre 9.01 ± 0.50 8.81 ± 0.43 8.80 ± 0.57 

mid 8.99 ± 0.53 8.98 ± 0.44 8.71 ± 0.55 

post 9.14 ± 0.49## 8.95 ± 0.40 8.87 ± 0.67 

Significant difference from pre, *p < 0.05; Significant difference from mid, #p < 0.05, ##p < 
0.01. HVT, high volume training; HIT, high-intensity training; HR, heart rate; LFP, low 
frequency power; HFP high frequency power; TP, total power 

5.3.3 Body composition and serum hormone concentrations 

Body composition and serum hormone concentrations are presented in Table 8. 
Body mass and percentage of body fat decreased during the 28-week training 
period (I). No changes were observed in body mass and percentage of body fat 
during the 18-week training period (II), except for a decrement in body mass in 
HVT men during PREP.  

No changes were observed in basal levels of serum testosterone and corti-
sol during the 28-week study (I). Serum cortisol concentration decreased in 
HVT women and HIT men after PREP and INT compared baseline in study II. 
In addition, cortisol levels increased during INT in HVT men. Basal serum 
concentrations of testosterone decreased after PREP in HIT women, as well as 
in HVT women, which increased back to the baseline after HVT.  
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TABLE 8  Body composition and serum hormone concentrations over the preparation 

periods and the intense training periods. 

   I (14+14 weeks) II (8+8 weeks) 

    HVT  HIT  

 

 

 women 

(n = 8) 

men 

(n = 6) 

women 

(n = 8) 

men 

(n = 6) 

Body mass  pre 78.1 ± 5.6 60.1 ± 6.8 83.6 ± 6.7 59.7 ± 6.5 73.8 ± 6.1 

(kg) mid 77.5 ± 5.5** 59.2 ± 6.3 81.5 ± 6.6* 59.4 ± 6.8 72.1 ± 4.8 

 post 76.5 ± 5.7*** 59.3 ± 5.6 80.4 ± 7.7 59.3 ± 6.2 72.9 ± 5.5 

Percentage of 
body fat 

pre 17.7 ± 5.1 23.2 ± 3.6 14.9 ± 1.5 24.5 ± 4.7 14.5 ± 4.5 

 mid 16.7 ± 5.1* 23.0 ± 3.4 14.2 ± 0.7 23.9 ± 5.2 13.6 ± 4.1 

 post 16.3 ± 5.4* 22.7 ± 3.4 12.9 ± 1.0 23.8 ± 5.4 13.7 ± 4.1 

Cortisol  pre 442 ± 79 624 ± 236 557 ± 191 532 ± 104 547 ± 77 

(nmol· l-1) mid 437 ± 119 505 ± 167* 460 ± 139 452 ± 125 488 ± 67* 

 post 438 ± 82 519 ± 202* 525 ± 139# 526 ± 126 457 ± 98* 

Testosterone  pre 16.2 ± 3.4 1.0 ± 0.3 15.6 ± 4.8 0.9 ± 0.4 17.1 ± 2.9 

(nmol· l-1) mid 17.1 ± 4.2 0.6 ± 0.3** 15.1 ± 4.9 0.6 ± 0.5* 15.2 ± 2.9 

 post 16.5 ± 4.0 1.0 ± 0.3# 14.8 ± 3.0 0.6 ± 0.5 17.0 ± 3.4 

Significant difference from pre,*p < 0.05, **p < 0.01, ***p < 0.001; Significant difference from 
mid, #p < 0.05. HVT, high volume training; HIT, high-intensity training. 

5.4 Pretraining predictors of subsequent training adaptation (I, II) 

Age and pretraining VO2max did not correlate with the change in RSpeak in any 
training periods in studies I and II (Table 9). A negative correlation was ob-
served between the previous training volume and the adaptation to HVT (II), 
but not in other training periods. The years of previous training tended to be 
related to the training adaptation in HVT. 

No significant correlations were observed between pretraining basal hor-
monal concentrations and training adaptations in any of the training periods. 
Interestingly, a moderate trend was observed between pretraining testosterone 
levels and the training adaptation in PREP (I) and between pretraining cortisol 
and the training adaptation in HVT (II). 

Large correlations were observed between nocturnal HRV at baseline and 
the change in RSpeak over INT, HVT, and HIT. The largest positive relationships 
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were found between HFP at baseline and the change of RSpeak in INT and HIT 
(Figure 8). A negative correlation was observed between pretraining HFP and 
the change of RSpeak in HVT.  

The change in RSpeak was greater in the low HRV group compared with 
the high HRV group after HVT (Figure 9). After HIT, the change of RSpeak was 
greater in the high HRV group compared with the low HRV group. In addition, 
the change of RSpeak was greater after HIT compared with HVT in the high HRV 
group, but no difference was found in the change of RSpeak between HIT and 
HVT in the low HRV group. 

TABLE 9  Correlations between pretraining characteristics of subjects and endurance 
training adaptation ( RSpeak). 

I (14 + 14 weeks) II (8 weeks) 

PREP INT HVT HIT

Age (years) -0.11 0.16 -0.14 -0.21

Previous training years -0.51 b 0.36 c 

Previous training volume  -0.11 0.13 -0.62**, b 0.01

VO2max (ml· kg-1· min-1) -0.03 0.20 -0.02 0.15

RSpeak (km· h-1) -0.06 0.02 0.49 c 0.02

Cortisol (nmol· l-1)  0.01 -0.18 0.40c 0.26

Testosterone (nmol· l-1)  0.32c 0.27 0.05 -0.02

HRrest -0.21 -0.44 0.14 -0.04

LFP (ln ms2)  -0.17 0.69**, b -0.16 0.05

HFP (ln ms2)  -0.29 0.71***, a -0.74**, a 0.63*, b 

TP (ln ms2)  -0.25 0.75***, a -0.65*, b 0.38c 

Significant correlation,* p < 0.05, ** p < 0.01, *** p < 0.001. a very large correlation, b large 
correlation, c moderate correlation. Correlations of HRV indices were adjusted for age and 
correlations of testosterone and VO2max were adjusted by sex using partial correlation. 
PREP, preparation training; INT, intense training; HVT, high volume training; HIT, high-
intensity training; previous training volume, times per week (I) and hours per week (II) 
during the previous two months before the study; HRrest, resting heart rate; LFP, low fre-
quency power; HFP high frequency power; TP, total power. 
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FIGURE 8  Relationships between training adaptation ( RSpeak) and pretraining nocturnal 
heart rate variability (HFP, high frequency power) over A) 14 weeks of prepa-
ration training (PREP), B) 14 weeks of intense training (INT, increased training 
volume and intensity), C) 8 weeks of high volume training (HVT) and D) 8 
weeks of high-intensity training (HIT). Correlation coefficients are adjusted by 
age. 

 

FIGURE 9  Training adaptation ( RSpeak) to 8 weeks of high volume (HVT) and high-
intensity (HIT) endurance training in the low and high heart rate variability 
(HRV) groups (II). 
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The results of the multiple linear regression analysis showed significant rela-
tionships between actual training adaptation and predicted models (Table 10). 
HFP, previous training years and age explained 44% of the variance in change 
of RSpeak during HIT (Figure 10). HFP, age, RSpeak, previous training volume 
and previous training years explained 87% of the variance in training adapta-
tion during HVT. Significant multicollinearity among the selected variables was 
not found (tolerance 0.83-1.00 in HIT and 0.56-0.83 in LIT; variance inflation 
factor 1.00-1.21 in HIT and 1.21-1.79 in LIT).  

TABLE 10  Models to predict adaptation to high-intensity training (HIT) and high volume 
of low-intensity training (HVT) revealed by linear multiple regression analysis 
(backward method). 

Model r r2 Sig F 
change 

p 

HIT (I-II) (n = 31) 

1 HFP, previous training years, previous 
training volume, age, sex and RSpeak 

0.70 0.49 0.007 0.007 

2 HFP, previous training years, previous 
training volume, age and RSpeak 

0.68 0.46 0.237 0.006 

3 HFP, previous training years, previous 
training volume and age 

0.67 0.45 0.453 0.003 

4 HFP, previous training years and age 0.67 0.44 0.555 0.001 

HVT (II) (n = 13) 

1 HFP, age, RSpeak, previous training volume, 
previous training years and sex 

0.95 0.91 0.007 0.007 

2 HFP, age, RSpeak, previous training volume 
and previous training years  

0.93 0.87 0.176 0.005 

3 HFP, age, RSpeak and previous training 
years 

0.90 0.81 0.106 0.006 

4 HFP, RSpeak and previous training years 0.86 0.73 0.118 0.006 

5 RSpeak and previous training years 0.82 0.67 0.170 0.004 

HVT, high volume of low-intensity training; HIT, high-intensity training; HFP, high fre-
quency power; RSpeak, peak treadmill running speed; previous training volume, hours per 
week. 
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FIGURE 10  Relationships between actual training adaptation ( RSpeak) and regression 
predictions based on equations Y = -29.21 + 0.16*age + 0.13*training years + 
3.22* HFP in HIT (n = 31) (A) and Y = 4.18 – 0.12*age – 0.09*training years – 
0.38*training volume + 0.77*RSpeak – 1.01* HFP in HVT (n = 13) (B). 

5.5 Submaximal running test with post-exercise cardiac autonom-
ic and neuromuscular measures in monitoring training adap-
tation (III, IV) 

5.5.1 SRT and SCE variables as predictors of endurance characteristics  

RS of all stages in SRT and SCE were well correlated with RSpeak, VO2max, RSLT2 
and RSLT1 (Table 11). Post-exercise HRR and lnRMSSD in SRT and HRR after 
SCE correlated moderately with VO2max, but not with RSpeak. Similar signifi-
cances were observed in the correlation between sexes, except HRR, which 
correlated with both VO2max and RSpeak in women after SRT (r = 0.62, p = 0.006; r 
= 0.64, p = 0.004, large) and after SCE (r = 0.66, p = 0.003; r = 0.63, p = 0.005), but 
not in men. A similar trend was found between VO2max and HRR after SRT (r = 
0.48, p = 0.098, moderate) and SCE (r = 0.56, p = 0.073, moderate) in men. In 
addition, CMJh correlated with RSpeak, when all that data was pooled the corre-
lation separated for women and men were r = 0.44 (p = 0.052, moderate) and r = 
-0.23 (p = 0.418, small), respectively. 
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TABLE 11  Correlations between the results of SRT and SCE to endurance performance 
variables (n = 29). 

VO2max  

(ml· kg-1· min-1) 

RSpeak (km· h-1) RSLT2 (km· h-1) RSLT1 (km· h-1) 

CMJ 0.47**, c 0.57***, b 0.48**, c 0.35*, c 

SRT RS1 (km· h-1) 0.68***, b 0.71***, a 0.76***, a 0.79***, a 

SRT RS2 (km· h-1) 0.74***, a 0.77***, a 0.84***, a 0.82***, a 

SRT RS3 (km· h-1) 0.75***, a 0.85***, a 0.86***, a 0.80***, a 

SRT HRR (bpm) 0.44*, c 0.13 0.19 0.04

SRT lnRMSSD (ms) 0.38*, c 0.13 0.14 0.05

SCE RS1 (km· h-1) 0.60***, b 0.74***, a 0.83***, a 0.87***, a 

SCE RS2 (km· h-1) 0.75***, a 0.83***, a 0.89***, a 0.83***, a 

SCE RS3 (km· h-1) 0.58***, b 0.79***, a 0.78***, a 0.71***, a 

SCE HRR (bpm) 0.46*, c 0.22 0.31c 0.22

Pearson’s correlation, * p < 0.05, *** p < 0.001. a very large correlation, b large correlation, c 
moderate correlation. SRT, submaximal running test; SCE, submaximal control exercise; 
VO2max, maximal oxygen consumption; RSpeak, peak running speed in the maximal tread-
mill test; RS at LT2, running speed at lactate threshold 2; RS at LT1, running speed at lac-
tate threshold 1; RS, running speed; HRR, heart rate recovery; lnRMSSD, the natural loga-
rithm of the square root of the mean squared differences of successive R-R intervals. 

5.5.2 Submaximal running test (SRT) in monitoring training adaptation (III) 

The speed of the treadmill was successfully set for the target HR levels (70%, 80% 
and 90% of HRmax) in SRT (Table 12), with no changes between the five testing 
sessions. Individual ranges in HR were 67–74% during the first, 79–82% during 
the second and 88–93% of HRmax during the third stage. RPE, post-exercise HRR, 
and lnRMSSD remained similar during the whole training period, but a persis-
tent increase was observed in RS of all stages after nine weeks of training.  
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TABLE 12  Physiological and performance variables of the submaximal running test 

(means ± SD) 

  Week 0 Week 4 Week 9 Week 13 Week 18 

Stage 1 (70% of HRmax) 

Running speed (km· h-1) 8.2 ± 1.4 8.5 ± 1.4 8.9 ± 1.4*** 8.8 ± 1.4*** 9.0 ± 1.4*** 

Heart rate (bpm) 131 ± 8 132 ± 7 131 ± 7 132 ± 7 132 ± 7 

% HRmax 70 ± 2 70 ± 1 70 ± 1 71 ± 1 70 ± 1 

RPE (0-10) 2 ± 1 2 ± 1 1 ± 1 1 ± 1 2 ± 1 

Stage 2 (80% of HRmax) 

Running speed (km· h-1) 10.1 ± 1.5 10.3 ± 1.6 10.6 ± 1.6** 10.6 ± 1.5** 10.8 ± 1.5*** 

Heart rate (bpm) 150 ± 8 150 ± 8 150 ± 8 150 ± 8 150 ± 8 

% HRmax 80 ± 1 81 ± 1 80 ± 1 80 ± 1 80 ± 1 

RPE (0-10) 3 ± 1 3 ± 1 3 ± 1 3 ± 1 3 ± 1 

Stage 3 (90% of HRmax) 

Running speed (km· h-1) 12.6 ± 1.6 13.0 ± 1.7** 13.3 ± 1.7*** 13.4 ± 1.7*** 13.7 ± 1.7*** 

Heart rate (bpm) 168 ± 9 168 ± 8 168 ± 9 167 ± 9 168 ± 9 

% HRmax 90 ± 1 90 ± 1 90 ± 1 90 ± 1 90 ± 1 

RPE (0-10) 6 ± 2 5 ± 2 5 ± 2 5 ± 2 5 ± 1 

Recovery period 

HRR (bpm) 42 ± 10 42 ± 9 43 ± 14 43 ± 12 43 ± 10 

lnRMSSD (ms) 1.5 ± 0.7 1.6 ± 0.8 1.6 ± 0.8 1.6 ± 0.7 1.6 ± 0.7 

Significant difference from week 0. ** p < 0.01, *** p < 0.001. HRR, heart rate recovery dur-
ing the first minute after the end of the submaximal running test; lnRMSSD, the natural 
logarithm of the square root of the mean squared differences of successive R-R intervals as 
calculated during the last minute of the 2-min recovery period after the submaximal run-
ning test. 

VO2max increased moderately in Q1 (the highest responders) (p = 0.004), where-
as only small or trivial changes were observed in other quartiles (Table 13). 
Large improvements of RSpeak were observed in Q1, Q2, and Q3, but not in Q4. 
The change in RSpeak was greater in Q1 compared with other quartiles. HRmax 
decreased (183 ± 10 vs. 180 ± 8; ES = 0.58, moderate; p = 0.017) in Q4, but re-
mained unaltered in other quartiles. A large increase of RS3 was observed in Q1, 
whereas small or moderate changes were observed in other quartiles after the 
training period. The change in RS3 was greater in Q1 compared with Q4. Mod-
erate or small increases were observed in SRT RS1 and RS2 in all quartiles, 
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except in Q4. CMJh, post exercise HRR, and RMSSD showed trivial changes in 
all quartiles, except CMJh in Q2 (moderate).  

TABLE 13 Performance changes after the 18-week training period in quartiles of the 
training adaptation (means ± SD). 

Percentage change at 18 weeks 

1st quartile 

(n = 9) 

2nd quartile  

(n = 9) 

3rd quartile  

(n = 9) 

4th quartile 

(n = 8) 

VO2max (%) 8.3 ± 0.8 b 2.9 ± 5.4 c 0.2 ± 4.3*, d -2.6 ± 4.3***, c

RSpeak (%) 8.3 ± 6.2 a 4.4 ± 1.1***, a 1.9 ± 0.5***, a -2.2 ± 2.7***, c

CMJh (%) 1.9 ± 5.3, d 4.1 ± 4.8 b -2.2 ± 7.3, d -1.2 ± 6.1, d

SRT RS1 (%) 11.4 ± 10.4 b 10.8 ± 9.1 b 10.7 ± 10.2 b 5.1 ± 5.3 b 

SRT RS2 (%) 10.9 ± 8.4 b 5.9 ± 4.7 b 7.8 ± 9.2, c 1.3 ± 2.3, c 

SRT RS3 (%) 13.5 ± 7.4 a 6.6 ± 3.9 b 9.1 ± 4.8 b 3.9 ± 2.0**, b 

SRT HRR (%) 8.1 ± 19.5 d 8.2 ± 17.9 d 4.8 ± 13.6 d 11.8 ± 23.0 d 

SRT RPE (%) -7.1 ± 13.9 c -5.9 ± 27.4 d 12.8 ± 34.0 d -0.4 ± 13.4 d

SRT RMSSD (%) 15.7 ± 50.0 d -4.2 ± 22.7 d 20.1 ± 51.1 d 6.2 ± 37.0 d 

Significant difference from the first quartile. * p < 0.05, ** p < 0.01, *** p < 0.001. a large effect 
size, b moderate effect size, c small effect size, d trivial effect size. 1st quartile, the highest 
responders; 2nd quartile, moderate responders; 3rd quartile, low responders; 4th quartile, the 
lowest responders; VO2max, maximal oxygen consumption; RSpeak, peak treadmill running 
speed; CMJh, the counter movement jump height; SRT, submaximal running test; RS, 
running speed; HRR, heart rate recovery; lnRMSSD, the natural logarithm of the square 
root of the mean squared differences of successive R-R intervals. 

Relationships between the changes of RS in SRT, and the changes in VO2max and 
RSpeak after 18 weeks of training are shown in Figure 11. The changes in RS2 and 
RS3 showed large or moderate correlations with the change of both VO2max and 
RSpeak. No significant relationships were found between the changes of VO2max 
and RSpeak, and the changes of CMJh (r = 0.21, small; r = 0.15, trivial), post exer-
cise lnRMSSD (r = 0.06, r = -0.02, both trivial) and HRR (r = 0.01, r = -0.09, both 
trivial). No sex differences were observed in the correlations. 

The changes of the variables in SRT and CMJh in the highest (Q1) and the 
lowest (Q4) responders at weeks 4, 9, 13, and 18 are presented in Figure 12. A 
significant training effect (test of within-subjects effect) between the measure-
ment weeks was observed in RS of all stages in Q1 (p < 0.005, all), but only in 
RS3 (p = 0.036) in Q4. No changes were observed in either quartile in CMJh, RPE, 
HRR and lnRMSSD. Significant differences between Q1 and Q4 were observed 
in the change of RS3 at week 13 and 18. In addition, the change of RS2 tended to 
be greater in Q1 than Q4 at week 13 (p = 0.076) and 18 (p = 0.136).  
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FIGURE 11  Correlations between the changes of maximal oxygen consumption (VO2max) 
and peak running speed (RSpeak), and the changes of running speed during 
the first (70% HRmax) (A-B), second (80% HRmax) (C-D) and third stage (90% 
HRmax) (E-F) in the submaximal running test (n = 33) after 18 weeks of training.  
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FIGURE 12  Changes in running speed (RS) in the first (A), second (B) and third stage (C) of 
the submaximal running test (SRT), rate of perceived exertion (RPE, D), post 
exercise heart rate recovery (HRR, E), the natural logarithm of the square root 
of the mean squared differences of successive R-R intervals (lnRMSSD, F) after 
the submaximal running test (SRT) and the counter movement jump height 
(CMJh, G) in 1st (the highest responders) and 4th (the lowest responders) quar-
tiles of percentage training adaptation. Circles around symbols denote signifi-
cant (p<0.05) within-group difference from week 0 and between groups differ-
ences: # p<0.05, ## p<0.01 (revealed by Bonferroni post hoc analysis). 

5.5.3 Submaximal control exercise (SCE) in monitoring training adaptation 
(IV) 

The subjects were not able to perform SCE every week due to sickness or mild 
injuries. In addition, some single test results were not approved for analysis due 
to poor HR signal. On average, they repeated SCE 13 times within 18 weeks. 
The presence of missing data values in the time-series of RS1, RS2, RS3, and 
HRR were 23.1%, 23.9%, 24.5% and 24.9%, respectively. The subjects were able 
to closely regulate their HR for the target HR levels by adjusting their RS ac-
cording to GPS readings from the HR monitor. Mean HR for the three stages 
were 71 ± 3%, 81 ± 1% and 90 ± 1% of HRmax, respectively. Individual mean 
ranges were 69–75% during the first, 77–84% during the second and 87–92% of 
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HRmax during the third stage of SCE. Mean RPE after SCE was 5 ± 2 during the 
training period. 

Relationships between the changes of variables in SCE and the changes in 
endurance performance variables after 18 weeks of training are shown in Table 
14. The changes in RS2 and RS3 of SCE correlated significantly with the change 
in VO2max, RSpeak and RS at lactate thresholds. Similar correlations were found 
in both sexes. 

TABLE 14  Correlations between the changes in endurance performance variables and the 
changes in the submaximal control exercise (SCE, n = 26) after 18 weeks of 
training. 

  VO2max (%) RSpeak (%) RSLT2 (%) RSLT1 (%) 

SCE RS1 (%) 0.34c 0.24 0.27 0.34c 

SCE RS2 (%) 0.60**,b 0.57**,b 0.43*, c 0.48*, c 

SCE RS3 (%) 0.62***,b 0.79***,a 0.74***,a 0.52**,b 

HRR (%) 0.13 -0.01 0.21 0.37 c 

Pearson’s correlation,*p < 0.05, **p < 0.01, ***p < 0.001. a very large correlation, b large 
correlation, c moderate correlation. VO2max, maximal oxygen consumption; RSpeak, peak 
running speed in the maximal treadmill test; RSLT2, running speed at lactate threshold 2; 
RSLT1, running speed at lactate threshold 1; RS, running speed; HRR, heart rate recovery.  

Time series of the changes in RS of SCE for the clusters are presented in Figure 
13. The clusters based on the change in RS2, showed differences between the 
clusters in the change of VO2max (p = 0.038) and RSpeak (p = 0.008). Cluster 1, 
which showed the greatest improvement in RS2, improved more in RSpeak com-
pared with clusters 2 and 3 (p = 0.004). The clusters grouped by the change of 
RS3 also showed differences in the change of VO2max (p = 0.009) and RSpeak (p = 
0.004) and RSLT2 (p = 0.042). Clusters 1 and 2 showed significantly greater im-
provements in RSpeak compared with clusters 3 and 4. Clusters grouped by the 
changes of RS1, HRR, and RPE, showed no differences in the change of any 
endurance performance variables. 
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FIGURE 13 Representative time-series for the clusters based on the changes of running 
speed in the first (A), second (C), third stage (E) and heart rate recovery (G), 
and changes in peak running speed in the maximal treadmill test (RSpeak) for 
the clusters based on changes of RS1 (B), RS2 (D), RS3 (F) and HRR (H). Be-
tween cluster differences in change of RSpeak: # p<0.05, ## p<0.01 (revealed by 
Kruskal-Wallis test).

5.6 HRV-guided vs. preprogrammed endurance training (V) 

5.6.1 Adaptations to training 

Endurance performance of all subjects improved significantly during PREP as 
follows: RS3000m by 2.7 ± 2.5% (p < 0.001), VO2max by 2.9 ± 4.4% (p = 0.003), RSLT2 
by 4.3 ± 7.4% (p = 0.001), and RSLT1 by 4.8 ± 8.0% (p = 0.001).  

Running time for the 3000 m time trial improved in EXP (-14.3 ± 14.1 s, p = 
0.005, ES = 0.53) but not in TRAD (-7.8 ± 19.8 s, p = 0.111. ES = 0.143) during 
INT. A small between-group difference was observed in the change of RS3000m 
(Table 15, Figure 14). VO2max and RSLT2 improved in both groups, with a small 
between-group difference, while RSLT1 improved in the EXP-group, but not in 
TRAD (a moderate between-group difference). No differences were observed in 
the changes of the endurance characteristics between sexes.  
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TABLE 15 Endurance performance variables in the EXP- and TRAD-groups before and 

after the 8-week intense training period. Values are means ± SD. 

 RS3000m                       

(km· h-1) 
VO2max                
(ml· kg-1· min-1) 

RSLT2             
(km· h-1) 

RSLT1            
(km· h-1) 

EXP (n=12)     

mid 15.4 ± 1.6 54.4 ± 6.2 13.4 ± 1.4 11.0 ± 1.2 

post 15.7 ± 1.5 56.4 ± 7.0 13.8 ± 1.3 11.3 ± 1.2 

% change 2.1 ± 2.0** 3.7 ± 4.6* 2.6 ± 3.3* 2.8 ± 3.7* 

ES (rating) 0.54 (mod) 0.40 (small) 0.38 (small) 0.37 (small) 

TRAD (n=18)     

mid 15.0 ± 1.6 53.0 ± 5.8 12.8 ± 1.6 10.6 ± 1.4 

post 15.2 ± 1.5 55.5 ± 5.8 13.1 ± 1.5 10.8 ± 1.5 

% change 1.1 ± 2.7ns 5.0 ± 5.2** 1.9 ± 2.2** 1.0 ± 2.9ns 

ES (rating) 0.14 (trivial) 0.49 (small) 0.46 (small) 0.17 (trivial) 

Between group differences in responses to training   

 0.42 (small) 0.26 (small) 0.25 (small) 0.54 (mod) 

* p < 0.05, ** p < 0.01, (significant difference from mid); ES = effect size; EXP, heart rate 
variability guided training group; TRAD, preprogrammed training group; RS3000m, mean 
running speed in 3000 m running test; VO2max, maximal oxygen consumption; RSLT2, run-
ning speed at lactate threshold 2; RSLT1, running speed at lactate threshold 1. 

 

FIGURE 14 Changes (%) in running performance of 3000 m after the 8-week HRV guided 
training (EXP) and preprogrammed training (TRAD). Box plots represent me-
dian values (solid line), 50th percentile values (box outline), and minimal / 
maximal values (whiskers). ** p < 0.01, significant difference from mid, ES = ef-
fect size in the difference between the groups. 
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A significant training effect between the measurement weeks was observed in 
RJpower in EXP (p < 0.001, ES = 0.398) but not in TRAD (p = 0.364, ES = 0.085) 
(Figure 15). Significant differences between the groups were observed in the 
change of RJpower at week 13 (ES = 0.39, small) and after INT (ES = 0.50, moder-
ate). No differences between the groups were observed in RJh. Weekly session 
RPE was similar for the groups during the training period, except a higher 
training load in TRAD compared with EXP at the second week of INT (week 7) 
(ES = 0.36, small). Higher weekly recovery feeling was observed in EXP com-
pared with TRAD after the second week of INT (ES = 0.57) and remained higher 
(ES = 0.41–0.52) for the whole training period, excluding week 9. 

FIGURE 15 Changes (%) in reactivity jump power (A) and weekly recovery feeling (B) and 
session RPE (C) during the 14-week training period in the HRV guided (EXP) 
and preprogrammed training groups (TRAD). Circles around symbols denote 
significant (p < 0.05) within-group difference from week 0 and between groups 
differences: # p < 0.05, ## p < 0.01 between group differences (revealed by 
Bonferroni post hoc analysis). 
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Individual ranges in the change of RS3000m were from -1 to 6% in EXP and from -
4 to 8% in TRAD (Figure 16). One subject in HRV and five subjects in TRAD 
showed decrement in the 3000 m running performance, while other subjects 
improved or maintained their running performance in EXP over the 8-week 
training period.  

 

FIGURE 16 Individual changes (%) in endurance performance after the 8-week heart rate 
variability guided training (EXP, black bars) and preprogrammed training 
(TRAD, white bars).  

5.6.2 Individualization of training in the HRV-guided group 

The only difference in means between EXP and TRAD in training was a signifi-
cantly higher (p = 0.021) amount of MOD and HIT sessions in TRAD (17.7 ± 2.5 
sessions) compared to EXP (13.2 ± 6.0 sessions). Individual ranges in the 
amount of MOD and HIT sessions were from 11 to 21 sessions in TRAD and 
from 5 to 24 sessions in EXP. Figure 17 presents three examples of individual-
ized programming of training according to HRV. Subject A responded well to a 
high amount of HIT training. The training program included three HIT blocks 
(34 days in total) during INT. Subject B also performed three HIT blocks but 
they were much shorter (15 days in total). However, the response to a high 
amount of LIT was positive. Subject C did only two 7-day blocks of HIT at the 
beginning of INT. After that, subject C’s HRV was below SWC due to work 
stress and the training was solely LIT. Subject C was the only subject who 
showed a decrement in the 3000 m running performance during INT. No signif-
icant correlations were found between the number of MOD/HIT sessions and 
the change of RS3000m (r = 0.42, p = 0.17) or VO2max (r = 0.26, p = 0.43). 
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FIGURE 17  Daily changes in the square root of the mean squared differences of successive 
R-R intervals (RMSSD), 7-day rolling average of RMSSD and recovery feeling
for subject A (positive response to a high amount of high-intensity training),
subject B (positive response to a high amount of low-intensity training) and
subject C (negative response to a high amount of low-intensity training). The
grey area indicates the individual optimal area of RMSSD. The black area indi-
cates timing of moderate- and high-intensity training. The dashed line area in-
dicates timing of low-intensity training. The arrows represent timing of the
running tests.



6 DISCUSSION 

This thesis examined potential factors that could be related to individual varia-
tion in endurance training adaptations. The aim was to investigate whether 
pretraining characteristics of subjects such as age, sex, fitness level, training 
background, nocturnal HRV, and serum hormone concentrations were related 
to the subsequent improvement in endurance characteristics. Secondly, the 
usefulness of a submaximal running test with post-exercise cardiac autonomic 
and neuromuscular function in monitoring the progress of training adaptations 
was investigated during an 18-week training program. Thirdly, the aim was to 
evaluate the effectiveness of using HRV in individualization of endurance train-
ing prescription. 

The main findings showed that pretraining nocturnal HRV was the 
strongest single predictor of improvement in maximal endurance performance. 
Secondly, the present results showed that running speeds at 80 and 90% of 
HRmax in the three-staged submaximal running test protocol were the most 
competent variables for tracking changes in maximal endurance performance. 
The third main finding showed that 3000 m running performance improved in 
the HRV-guided training group, while the performance in the traditional, pre-
defined training group remained the same, although the HRV-guided group 
performed less moderate- and high-intensity training sessions.  

6.1 Individual adaptation to predetermined endurance training (I, 
II) 

Endurance performance 

Maximal aerobic capacity and maximal endurance performance improved by 5 
and 8% after the 28-week training program and by 2 and 4% after the 18-week 
training program. The greater improvements were found in the changes of 
lactate thresholds in both studies (12-16%, 5-6%, respectively). The changes are 
within the range of aerobic capacity and endurance performance improvements 
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reported in trained endurance runners (Midgley, McNaughton & Jones 2007). 
The improvements in maximal endurance performance (~ 3%) during the 14-
week intense (increased volume and intensity) and the 8-week HIT period were 
slightly smaller than reported after 8 weeks of LIT, MOD and HIT training (10%) 
(Buchheit et al. 2010) and after 10 weeks of HIT (6-8%) in moderately trained 
subjects (Esfarjani & Laursen 2007). After the 8-week HVT (II), a non-significant 
change (0.5%) was observed, which has been also reported after 10-week of LIT 
(Esfarjani & Laursen 2007). Contrary to the previously mentioned studies, the 
protocol of the present studies included preparatory periods, which already 
induced improvements of 2 to 4% in maximal endurance performance. It is 
reasonable that greater prolonged improvements are more challenging to 
achieve after this kind of training period.  

Large individual differences in the training adaptations are typical after 
standardized training (Bouchard & Rankinen 2001; Mann, Lamberts & Lambert 
2014). Large individual variation was also found in the changes of maximal 
endurance performance (-7 to 10%) over the intense training periods (papers I 
and II) in the present study regardless of the individualized training volume 
and frequency according to subjects’ previous training background. Four of the 
25 subjects (16%) did not improved their maximal endurance performance after 
the 14-week INT. Three (20%) non-responders were identified after 8 weeks of 
HIT, and seven non-responders (50%) were identified after HVT. Scharhag-
Rosenberger et al. (2009; 2012) reported unchanged VO2max in four of the 18 
untrained subjects (22%) after 12 months of constant load (3 times/week, 45 
min/session at 60% of heart rate reserve) training. The authors concluded that 
training load should be increased after 6 months of training to maintain the 
effectiveness of training among beginners (2009; 2012). The present results sup-
port the concept that progressively increasing training load, especially by in-
creasing training intensity, is beneficial for prolonged improvements in endur-
ance characteristics in recreational endurance runners. It seems that the increase 
in training volume alone is not an adequate training stimulus for making pro-
longed improvements. It also seems that the individualization in training vol-
ume and frequency according to previous training background is not enough 
for diminishing the large heterogeneity in training adaptations. Subjects may 
need more comprehensively individualized training based on individual physi-
ological characteristics and the status of trainability.  

Heart rate variability 

Moderate endurance training load tends to increase vagal related HRV (Hautala 
et al. 2003; Buchheit et al. 2010; Nummela et al. 2010; Boutcher et al. 2013; Da 
Silva et al. 2014), while increased training intensity and/or load tends to cause a 
decrease in HRV (Pichot et al. 2000; Pichot et al. 2002; Baumert et al. 2006; 
Hynynen et al. 2007; Plews et al. 2014). However, an increase in HRV can also 
be observed after intensified training with decreased endurance performance in 
functionally overreached athletes (Le Meur et al. 2013b). In the present study, 
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increases in HFP and TP were observed over the 14-week INT and in HFP over 
both of the present 8-week LIT periods in the HVT group, while no changes 
were observed in HIT. It seems that increased training volume was needed for 
the increase in cardiac vagal activity, which is in line with the observation by 
Plews et al. (2014), who showed a positive relationship between increased vagal 
activity and training time spent at low-intensity in Olympic level rowers. On 
the other hand, HIT without the change in training volume did not induce 
changes in cardiac autonomic regulation in the present study. However, it pro-
duced greater improvements in endurance performance, while no improve-
ments were observed in HVT. HRV adaptations to endurance training seemed 
to be context dependent being related to training volume, intensity and indi-
vidual training status.  

 
Body composition and serum hormone concentrations 
 
Body mass and percentage of body fat decreased constantly over the 28-week 
training period, while no changes in anthropometrics were observed over the 
18-week training period. The initial percentage of body fat was a bit higher in 
paper I compared with the male subjects in paper II, which may explain the 
different findings. Nutritional counselling was given to all subjects and it was 
similar in both studies. It may be possible that energy consumption increased 
more during the intense training period in paper I because of the increase in 
both training volume and intensity. 

It has been proposed that serum hormone concentrations can be used in 
training monitoring. Increased cortisol levels may suggest accumulated stress, 
overreaching, overtraining or psychological stress. In addition, the increase in 
serum testosterone may suggest a positive adaptation to the training load 
(Purge, Jurimae & Jurimae 2006; Grandys et al. 2009). In the present study, basal 
serum concentrations of testosterone and cortisol remained unaltered during 28 
weeks of training. This is in line with the study by Schumann et al. (2015), who 
observed 13% improvement in endurance performance without changes in 
basal testosterone and cortisol concentrations during 24 weeks of endurance 
training in recreational endurance runners. During the 18-week training period, 
some fluctuations were found in concentrations of serum cortisol and testos-
terone. The highest cortisol concentrations were observed at baseline measure-
ments in HVT women and in HIT men, which may be due to psychological 
stress (excitement of the first blood tests). On the other hand, a decrease in cor-
tisol would also indicate a potential state of anabolism (Viru & Viru 2004). In 
the present study, unaltered basal testosterone levels during the 18 weeks of 
training do not suggest any changes in the anabolic/catabolic status. Many 
factors, such as circadian rhythms, pulsatile secretion, nutrition, training load, 
other stress factors and sleep may influence serum basal hormone concentra-
tions and cause variation in single point measurements (Hackney & Viru 2008). 
Using hormonal profiles of multiple measurements made over 2-3 days might 
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diminish large variation in hormone concentrations and would be more rele-
vant for monitoring the anabolic/catabolic status. 

6.2 Predictors of individual trainability (I, II) 

In the present study, nocturnal HFP and TP at baseline correlated negatively 
with the change in maximal endurance performance after 8 weeks of HVT. In 
contrast, nocturnal HFP and TP were positively correlated with the adaptation 
to increased training intensity, while training volume remained same (paper II) 
or increased (paper I). Previous studies have also reported the positive relation 
between pretraining cardiac vagal activity and subsequent improvement in 
VO2max (Hedelin, Bjerle & Henriksson-Larsen 2001; Hautala et al. 2003; Boutcher 
et al. 2013). Higher cardiac vagal activity has been related to greater improve-
ment in aerobic capacity in highly-trained endurance athletes after 7 months of 
training and the competition season (Hedelin, Bjerle & Henriksson-Larsen 2001), 
in sedentary men after 8 weeks of MOD (Hautala et al. 2003) and in untrained 
women after 12 weeks of HIT (Boutcher et al. 2013). In addition, Boutcher & 
Stein (1995) reported greater VO2max improvement in sedentary men with high 
pretraining HRV compared with individuals with low HRV following 24 ses-
sions of MOD. On the contrary, Buchheit et al. (2010) reported a negative rela-
tionship between pretraining RMSSD and the change in 10 km running perfor-
mance (high cardiac vagal activity predicted poor performance) after an 8-week 
period of LIT, MOD, and HIT. 

 To the best of current knowledge this is the first study, which proposed 
that training content has an effect on the relationship between pretraining car-
diac vagal activity and subsequent training adaptations. It seems that the rela-
tionship is more dependent on training intensity than training volume. High 
cardiac vagal activity predicted positive adaptations if training load was in-
creased by increasing training intensity. Individuals with higher vagal activity 
may have a better capacity to cope with increased training intensity and load 
for leading greater training adaptation. Greater adaptations of individuals with 
higher resting vagal activity may also be related to a greater adaptation capacity 
and an improved post-exercise metabolic recovery (Blasco-Lafarga, Martinez-
Navarro & Mateo-March 2013). Furthermore, LIT may not sufficiently disturb 
the homeostasis of individuals with higher HRV, and therefore, does not lead to 
desirable training adaptations. On the other hand, individuals with lower vagal 
activity seemed to get a sufficient stimulus from LIT for achieving greater adap-
tations to training. Cardiac vagal activity has been proposed as a method to 
assess the vulnerability to stress (Porges 1992; Porges 1995). Thus, individuals 
with lower vagal activity may have a limited capacity to cope with stress in-
duced by HIT. Unfortunately, the precise mechanisms underlying the relation-
ship between the endurance training adaptation and cardiac autonomic activity 
are still unclear. It has been reported that genetic factors may determine much 
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of the variation in the endurance training adaptation (Bouchard & Rankinen 
2001; Bouchard et al. 2011; Perusse et al. 2013). These factors could partly ex-
plain the great variation in cardiac vagal activity. Singh et al. (2001) observed 
that genes accounted for 13-23% of the variation in the frequency domain HRV 
measures, while Golosheykin et al. (2016) suggested that 50-60% of the ob-
served individual differences in HRV measures can be attributed to additive 
genetic factors. Therefore, a common genetic factor may explain the relationship 
between the endurance training adaptations and cardiac vagal activity (Hautala, 
Kiviniemi & Tulppo 2009).  

Buchheit et al. (2010) expressed that the non-responders had a better pre-
training fitness level than responders and speculated that training stimuli might 
not have been enough for the individuals with higher endurance capacities, 
although 8 weeks of training included HIT in addition to LIT and MOD. How-
ever, the same observation was not found in the present study in terms of the 
relationship between the baseline fitness level and subsequent training adapta-
tions. In addition, age and sex, which have previously been reported to be pre-
dictors of training adaptations (Bouchard & Rankinen 2001; Hautala et al. 2003), 
were not associated with the adaptations in the correlation analysis. This might 
be explained by the relatively homogenous groups of subjects in terms of age 
and baseline fitness level. On the other hand, the multiple regression analysis 
revealed that the strongest relationship was found between actual training 
adaptations to HIT and the regression model, which included pretraining HFP, 
previous training years, and age. However, the amount of variance explained 
by the model remained relatively low (44%). Instead, a previous training back-
ground seemed to be a stronger predictor of training adaptation to LIT. The 
correlation results proposed that individuals with less training background, in 
terms of previous training volume and years, showed greater improvements in 
endurance performance after HVT. The multiple regression analysis showed 
that the model, which included pretraining HFP, age, RSpeak, and previous 
training background (training years and training volume) explained 87% of the 
variance in training adaptations to HVT. Lower age, training background, and 
HFP was together associated with greater training adaptations in the equation. 
In contrast, higher baseline RSpeak was associated with greater adaptation in the 
model, which can be explained by the higher baseline and improvement of 
RSpeak after HVT in men compared with women. However, the small sample 
sizes have to be taken into consideration in the interpretation of the regression 
analysis results. Nevertheless, it seems that many pretraining factors are to-
gether related to subsequent training adaptations.  

Basal testosterone and cortisol levels have previously been reported to be 
related to positive training adaptations while lowered testosterone levels could 
disrupt some anabolic or androgenic processes (Hackney, Moore & Brownlee 
2005; Hackney & Lane 2015). No significant correlations were found between 
pretraining hormone concentrations and the training adaptations in the present 
studies. Statistical trends were observed between pretraining testosterone level 
and the training adaptation during PREP (paper I) and between cortisol and the 
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training adaptation in HVT (paper II). Nevertheless, the present results do not 
support the use of pretraining basal testosterone and cortisol concentrations as 
predictors of individual endurance training adaptation, at least in recreationally 
endurance trained subjects. 

6.3 Submaximal running performance with post-exercise meas-
urements in monitoring the progress of training adaptation 
(III, IV) 

RS was set successfully for the target heart rate levels of the stages in SRT by the 
exercise physiologist and in SCE by the subjects. The individual range of HR 
were the smallest during the third stage (90% of HRmax), which expresses that 
the intensity around LT2 seems to be reasonable for exact regulation of HR. 
These findings are in line with the previous study related to a submaximal 
cycling test (Lamberts & Lambert 2009). Heart rates and RPEs of the stages 
showed that the submaximal running protocol was truly submaximal and did 
not cause remarkable training load. Furthermore, the submaximal running test 
seems to be a useful method for regular monitoring of training adaptations that 
does not interfere with normal training and is therefore, a suitable warm-up 
protocol. 

Submaximal running performance with post-exercise measurements as predic-
tors of endurance characteristics 

The strongest predictor of maximal endurance performance was RS at 90% of 
HRmax in the laboratory conditions (r = 0.85) and RS at 80% of HRmax in field 
conditions (r = 0.83) (SCE) in the present study. Similar findings were also ob-
served between aerobic capacity and submaximal running performance at the 
same intensities in laboratory and field conditions (r = 0.75, r = 0.75, respective-
ly). The current findings support the idea that submaximal endurance perfor-
mance is able to predict maximal endurance performance (Lamberts et al. 2011; 
Otter et al. 2015). It has been proposed that the intensity of submaximal perfor-
mance should be around 80% and 90% of HRmax for achieving the highest relia-
bility and for predicting peak cycling performance (r = 0.94) (Lamberts et al. 
2011) and 2000-m maximal rowing time (r = -0.93) (Otter et al. 2015). Slightly 
smaller correlations in the present study may be explained by more challenging 
and rougher regulation of power (= running speed) on the treadmill compared 
to exercises with the ergometer, like cycling or rowing in the laboratory condi-
tions. During SRT the speed of the treadmill was adjusted at every 5 seconds, if 
the HR was 3 beats higher or lower compared to the target HR level. Although, 
the target average HR levels were achieved in SRT, it is possible that more fluc-
tuation was observed during running compared with the cycling or rowing 
ergometer tests. This may also explain partly higher correlations in SCE, when 
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RS was regulated continuously by the subjects according to data of the HR 
monitor, regardless other external factors (e.g. wind, temperature, terrain), 
which can interfere the results in field conditions.  

The highest correlations between RS at LTs and the submaximal RSs were 
found between LT1 and RS at 80% of HRmax (r = 0.82) and between LT2 and RS 
at 90% of HRmax (r = 0.86) in the laboratory conditions. In the field conditions, 
the highest correlations were found between LT1 and RS at 70% of HRmax (r = 
0.87) of HRmax, and between LT2 and RS at 80% of HRmax (r = 0.89). The findings 
are rational because RS at LT1 (~ 68% of RSpeak) closely corresponds with RS at 
80% of HRmax (~ 69% of RSpeak), and LT2 (~ 84% of RSpeak) with RS at 90% of 
HRmax (~ 86% of RSpeak) in SRT. Furthermore, in the field conditions RSs were 
slightly higher (2-7%) at the same submaximal HR levels due to more natural 
running surface compared with the treadmill. 

The present results showed that post-exercise HRR and HRV after SRT 
and HRR after SCE correlated moderately (r = 0.38–0.46) with VO2max, but not 
with endurance performance, except in women (r = 0.64-0.66). The present 
results support that the higher post-exercise vagal activity measured by HRR 
and HRV is related with the higher aerobic capacity. HRR is generally faster in 
well-trained individuals compared with untrained subjects (Daanen et al. 2012). 
On the other hand, it seems that the relationship between HRR and aerobic 
capacity or maximal endurance performance is weaker in well-trained athletes. 
This lack of relationship has been observed in relatively homogenous groups of 
competitive endurance runners (Bosquet, Gamelin & Berthoin 2007) and in 
well-trained cross-country skiers (Mourot et al. 2015). In the present study, the 
association was stronger in women compared with men who showed a similar 
trend between HRR and VO2max. Some differences have previously been ob-
served in HRR between sexes. Arena et al. (2010) observed faster HRR in men, 
while Antelmi et al. (2008) found just the opposite. However, possible sexdiffer-
ences in post-exercise cardiac autonomic regulation still remain unclear and 
further studies are needed.   

In addition to cardiorespiratory and metabolic factors, neuromuscular fac-
tors have an important role in endurance performance. A large correlation (r = 
0.57) was observed between CMJh and RSpeak (all pooled) in the present study. 
The finding supports that muscle power of the lower extremities is related to 
running performance (Dumke et al. 2010; Hebert-Losier, Jensen & Holmberg 
2014). Improvements in neuromuscular performance are thought to be benefi-
cial for endurance performance via improved muscle efficiency and work econ-
omy (Mujika, Ronnestad & Martin 2016). However, a similar trend in the corre-
lation was found only in women when sexes were analyzed separately. When 
the subjects were analyzed all pooled, the group was more heterogeneous in 
terms of maximal running and jumping performance, which may explain the 
larger correlation.  
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Submaximal running performance in monitoring training adaptation 

Power or RS at certain submaximal HR levels has been suggested to predict 
endurance performance in the cross-sectional study design setup and decreased 
HR after the training period is generally a sign of positive training adaptations. 
However, less is known about whether submaximal performance is able to 
track the individual changes in endurance performance during longitudinal 
training sensitively enough in order to obtain important information about the 
progress of training adaptations. The present results demonstrated that the 
changes in RSs at 80 and 90% of HRmax stages in the laboratory and field condi-
tions were related to the changes in both maximal endurance performance (r = 
0.40-0.79) and aerobic capacity (r = 0.49-0.62) after the 18-week training period. 
This finding is in line with the previous observations about decreases in HR at 
the standardized submaximal intensity after endurance training (Borresen & 
Lambert 2008; Scharhag-Rosenberger et al. 2009; Buchheit et al. 2010), which is 
proposed to be due to a decrease in sympathetic activity to the heart (Borresen 
& Lambert 2008) and an increase in stroke volume, which allows for a decrease 
in HR to maintain cardiac output (Bellenger et al. 2016). However, Buchheit et 
al. (2010) observed similar decrements in HR at 60% of maximal aerobic speed 
in both responders and non-responders. The present study suggests that the 
submaximal intensity should be higher to be more valid in monitoring endur-
ance training adaptation. RS at 90% of HRmax (86-88% of maximal aerobic speed) 
has been shown to be the most sensitive variable for identifying responders and 
non-responders during the 18-week training period measured either in the 
laboratory or field conditions. In our previous study, we observed slightly low-
er correlations (r = 0.43-0.61) between the change in HR-RS index calculated 
from every continuous-type running exercise and the change in maximal run-
ning speed during the 28-week endurance training (Vesterinen et al. 2014). It 
seems that by standardizing the intensity and duration of the submaximal per-
formance, it is possible to enhance its ability to track individual training adapta-
tions by decreasing internal factors (e.g. level of hydration, body temperature, 
cardiac drift). However, it seems that the laboratory conditions are not neces-
sary if the outdoor track for submaximal running test is well standardized. 
Furthermore, the submaximal running performance allows the possibility to 
identify individuals who fail to make positive adaptations during training, 
which is essential information for coaches and athletes as this information ena-
bles them to adjust a training program to achieve better outcomes.  

In the interpretation of the monitoring results, it is important to note that 
overload or overreaching is needed for achieving adequate homeostatic dis-
turbances (and allowing subsequent, positive adaptations), which may cause 
temporary impairment in endurance performance. Furthermore, temporarily 
impaired submaximal performance can be a desirable outcome after an exhaus-
tive training period. Therefore, the monitoring results should always be inter-
preted in the context of training data. In addition, it is important note that a 
decreased HR at a submaximal level or an increased power or RS at a submax-
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imal HR level is not always a sign of a positive training adaptation. Decreased 
submaximal HR and HRmax can also be related to impaired endurance perfor-
mance in the case of overreaching (Le Meur et al. 2013b) and overtraining (He-
delin et al. 2000b), which proposes cardiac vagal hyperactivity. In the present 
study, the moderate decrease in HRmax together with the poor improvement in 
endurance performance in the lowest responders, may have been a sign of over-
reaching. However, RPE remained relatively unaltered at submaximal levels. In 
the case of overreaching or overtraining, RPE would increase at submaximal 
levels because one would be working harder to achieve the same HR level due 
to higher relative intensity, if HRmax is reduced (Le Meur et al. 2013a). Thus, 
consideration of RPE is of great importance (Hammes et al. 2016) when inter-
preting results. Therefore, RPE together with the data of submaximal RS are 
needed for reasonable information about training adaptation.  

 
Post-exercise cardiac autonomic regulation in monitoring training adaptation 

 
Measurements of post-exercise HRV and HRR have been proposed to have 
potential for monitoring training load/fatigue (Lamberts et al. 2009; Lamberts 
et al. 2009; Lamberts et al. 2009; Lamberts et al. 2010a; Lamberts et al. 2010b; 
Aubry et al. 2015; Otter et al. 2016; Hammes et al. 2016; Otter et al. 2016; Ham-
mes et al. 2016; Otter et al. 2016; Hammes et al. 2016) and endurance training 
adaptation (Yamamoto et al. 2001; Lamberts et al. 2009; Buchheit et al. 2010; 
Lamberts et al. 2010b) by reflecting cardiac autonomic regulation. An increased 
HRR has been reported to be related to improved VO2max or endurance perfor-
mance (Lamberts et al. 2009; Lamberts et al. 2010b; Daanen et al. 2012). Howev-
er, no changes were observed in either post-exercise HRV or HRR in the present 
study. In addition, no differences were found between the highest and the low-
est responders and, contrary to our hypothesis, no relationships were found 
between post-exercise cardiac autonomic regulation and individual training 
adaptations. This finding is in line with the studies by Buchheit et al. (2012; 
2013), who also showed that changes in HRR were not related to changes in 
endurance performance in young soccer players. It seems that a faster HRR 
indicates rather a state of fatigue /or functional overreaching than an improved 
endurance performance (Lamberts et al. 2010a; Aubry et al. 2015; Hammes et al. 
2016).  

The absence of this relationship can be explained by the relatively homog-
enous group of subjects in the present study. It seems that the relationship is 
weaker in homogenous groups (Otter et al. 2015; Mourot et al. 2015), which 
may be due to the relationship between genetic polymorphism in acetylcholine 
receptor M2 and post-exercise HRR (Hautala et al. 2006). Thus, it may be possi-
ble that post-exercise cardiac autonomic regulation may indicate overall aerobic 
fitness or track changes in training load, but the change in post-exercise HRR or 
HRV is not sensitive enough to track changes in endurance performance and 
aerobic capacity, especially in homogeneous groups. The contradicting findings 
between the studies can also be explained by the different protocols used in the 
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post-exercise measurements. The mode, duration, and intensity of exercise, as 
well as time frames when HRR or HRV is measured, may have an effect on 
post-exercise HRR and HRV measurements (Daanen et al. 2012). In interpreting 
post-exercise HRV results, it is very important to take into account the preced-
ing exercise intensity because it has a graded effect on post-exercise HRV 
measures (Michael et al. 2016).  In addition, post-exercise HRV is influenced by 
many factors such blood pressure regulation, baroreflex activity, and especially 
metaboreflex stimulation, which may complicate the interpretation of results 
regarding the actual cardiac autonomic regulation (Stanley, Peake & Buchheit 
2013; Buchheit 2014). The applicability of post-exercise HRR and HRV to moni-
tor training adaptation remain unclear and need future research work. 

Neuromuscular function in monitoring training adaptation 

The present results demonstrated that neuromuscular function measured by 
CMJ was related with maximal running performance in the cross-sectional 
analysis. However, the individual change in CMJh was not related with the 
change in RSpeak over the training period in women, men, or the whole group of 
subjects. A decreasing trend in CMJh was observed during weeks 4–18 only in 
the lowest responders. Impaired CMJh performance has been proposed to be an 
indicator of neuromuscular fatigue (Cormack et al. 2008; McLean et al. 2010; 
Gathercole et al. 2015). The change of CMJh in the lowest responders was statis-
tically non-significant, but it is possible that it may be an early signal of neuro-
muscular fatigue. However, the present results cannot endorse the use of CMJh 
as a valid method for monitoring endurance training adaptations. In the study 
by Schumann et al. (2015), maximal dynamic strength in leg press decreased 
and CMJh remained unaltered during 24 weeks of endurance training, while 
endurance performance improved by 13%. Thus, decreased neuromuscular 
performance may not necessarily lead to impaired endurance performance. The 
use of a full CMJ-variable test battery (including e.g. peak power, flight time, 
ratio of flight time to contraction time) would be more sensitive for detecting 
neuromuscular fatigue than the sole use of jumping height, because the same 
fatiguing stimulus can elicit different effects between individuals and between 
CMJ variables (Gathercole et al. 2015). More detailed analysis of the neuromus-
cular status by determining neural activation of muscles and force-time curves 
might be more sensitive for monitoring training adaptation and therefore 
should be investigated in future studies. In addition, Gathercole et al. (2015) 
suggested that monitoring of neuromuscular fatigue by CMJ should be indi-
vidualized by identifying individual interday variability and fatigue-detection 
thresholds.  
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6.4 HRV-guided training prescription (V) 

The present results demonstrated that the 3000 m running performance and 
running speed at LT1 improved in the HRV-guided EXP-group, but not in the 
traditionally predefined TRAD-group, whereas VO2max and running speed at 
LT2 improved in both groups over the 8-week INT. To the best of current 
knowledge, only a few previous studies have examined the use of HRV in en-
durance training prescription (Kiviniemi et al. 2007; Kiviniemi et al. 2010; Botek 
et al. 2014). In the study by Kiviniemi et al. (2007), a HIT session was pro-
grammed in the HRV-guided group if HFP, measured on every morning, was 
increased or remained the same compared with the reference value of HFP 
(average of 10 days – SD). Otherwise, LIT or rest was programmed. They ob-
served that the HRV-guided group showed greater improvements in maximal 
running performance (6%) compared with a predefined group (4%) after four 
weeks of training (Kiviniemi et al. 2007). In the present study, the group differ-
ence in the change of maximal running performance (2.1% in EXP vs 1.1% in 
TRAD) was rated as small in qualitative and as non-significant in the t-test 
analyses. However, in practice the difference of 1% in sport performance can 
make the difference between winning and losing (Currell & Jeukendrup 2008). 
The finding that VO2max improved in both groups but 3000 m running perfor-
mance only in HRV, may be explained by improved neuromuscular function 
after HRV-guided training. Improved power in RJ in the EXP-group may sug-
gest that the timing of HIT according to HRV was more beneficial in terms of 
neuromuscular performance. Muscle endurance exercise was performed once a 
week in both groups for maintaining strength abilities and injury prevention. 
Therefore, it may not explain improved neuromuscular function in the EXP-
group. The results of RJ also showed that power seems to be a more sensitive 
variable than jumping height to track training adaptations to endurance run-
ning.   

Training volume and training load as quantified by the session RPE were 
similar for the groups. However, the feeling about recovery was greater in EXP 
after the first two weeks of INT. It is important to note that the slightly greater 
improvement in the 3000 m running performance in EXP was achieved by per-
forming less MOD and HIT sessions compared with TRAD. Furthermore, train-
ing focused more on LIT in EXP, which may explain the greater improvement 
in RSLT1 compared with TRAD. The previous finding is in line with the observa-
tions of Kiviniemi et al. (2010), who did not find any differences in the training 
adaptation between the HRV-guided and predefined groups among moderately 
trained women, but the HRV-group performed less HIT sessions (1.8 vs 2.8 
sessions per week). In addition, they proposed that a different HRV-guided 
program is needed for women because they are more susceptible to needing a 
longer recovery for HRV (Kiviniemi et al. 2010). In the present study, no differ-
ences were observed between sexes in training adaptations. Kiviniemi et al. 
(2010) proposed that the sex-differences in HRV responses to HIT could be 
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explained by a lower relative fitness level in women compared with men. In the 
present study, the relative fitness level was even a bit higher in women (Shvartz 
& Reibold 1990), which can explain the contradictory findings in sex-differences 
between the present study and the study by Kiviniemi et al. (2010). However, 
clarification of possible sex differences needs more investigations with larger 
sample sizes. 

Individual adaptation to HRV-based vs. traditional endurance training 

It is widely known that standardized endurance training induces large individ-
ual variation in training adaptations. In the present study, HRV-guided training 
led to a slightly smaller range (-1 to 6%) in the change of maximal running per-
formance compared with the predefined training (-4 to 8%), while the individu-
al range in the amount of HIT sessions was larger in EXP (5 to 24 sessions) 
compared with TRAD (11 to 21 sessions). This finding suggests that HRV based 
individual timing of HIT may be beneficial for diminishing variation in the 
adaptation. However, one subject in EXP failed to improve running perfor-
mance during INT (Figure 14.C). The subject trained only at low intensities 
during the last five weeks of INT because his RMSSD values were below the 
SWC. Reduced HRV was mainly induced by work stress and it created chal-
lenges for the HRV based training prescription method. Regardless, it might be 
assumed that neither the predefined HIT training would result in optimal train-
ing outcomes in that kind of stressed state and LIT would be recommended for 
enhancing recovery process. On the other hand, the non-significant correlation 
between the training adaptation and the number of MOD/HIT sessions showed 
that the adaptation to training was independent of the amount of vigorous 
sessions. Some individuals responded well to the high amount of MOD and 
HIT (Figure 14.A), while other individuals (Figure 14.B) achieved positive re-
sponses with a smaller dose of MOD/HIT sessions. This can be partly ex-
plained by our finding, which showed that some individuals respond better to 
LIT and some individuals to HIT (Figure 7, Figure 8). Individuals’ recovery of 
cardiac autonomic regulation and further capacity to cope with vigorous train-
ing seems to be different. Subject A (Figure 14) performed three HIT blocks 
during INT. The longest one continued for 21 days and included 15 MOD/HIT 
sessions. During the blocks, recovery feeling decreased and HRV changed rela-
tively slowly from the regular level, while some individuals’ HIT blocks were 
remarkably shorter. Therefore, individualized training programs are needed for 
diminishing variation in the adaptation and increasing effectiveness of training. 

Methodological issues in HRV-based training prescription 

In the present study, HRV determined the timing of HIT blocks via the use of a 
7-day rolling average of RMSSD, while in the previous studies by Kiviniemi et
al. (2007; 2010) daily HRV determined the timing of a single HIT sessions. The
7-day rolling average was used in the present study because it provides a better
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representation of training adaptation by diminishing the large day-to-day varia-
tion in HRV compared with single-day values (Plews et al. 2013). Hence, the 
present method prescribes the timing of MOD/HIT blocks rather than single 
MOD/HIT sessions because an averaged value of HRV does not typically 
change more than SWC after the stimulus of one single training session. The 
present method enabled a training program, which could be practical for moni-
toring endurance athletes’ training with vigorous training periods, such as 
training camps with multiple training sessions and not only monitoring of sin-
gle hard training sessions. Block periodization of HIT has, in fact, been reported 
to provide superior training adaptation compared with traditionally organized 
HIT (Ronnestad, Hansen & Ellefsen 2014; Ronnestad et al. 2016). However, 
block training has mainly been used among high level athletes. Individually 
determined duration and timing of HIT blocks according to HRV may be a 
more approachable training model also for untrained individuals. It may be 
easier to avoid the imbalance between training load and recovery, when train-
ing prescription is based on the status of cardiac autonomic regulation. Howev-
er, further studies are needed in different populations. 

The individual SWC of HRV was used in the present study, which pre-
sents regular values of HRV (Plews et al. 2012; Plews et al. 2013). When HRV is 
below the SWC, it indicates increased sympathetic activity, which has been 
observed to occur after vigorous training periods reflecting an insufficient re-
covery state (Iellamo et al. 2002; Pichot et al. 2002). On the other hand, HRV 
values above the SWC reflect increased vagal activity, called parasympathetic 
hyperactivity, which could also be a sign of functional overreaching (Le Meur et 
al. 2013b) or overtraining (Uusitalo, Uusitalo & Rusko 2000; Hedelin et al. 
2000b). The imbalance of cardiac autonomic regulation may indicate an unfa-
vorable situation to adapt to HIT sessions. As it is unknown whether HRV 
should be expected to increase or decrease in the case of overreaching and over-
training, it is recommended that the HRV based training prescription method 
includes upper and lower limits for normal area of HRV.   

Furthermore, one issue is related to the magnitude of the SWC. In the pre-
sent study, SWC was defined as mean ± 0.5 * SD based on the previous findings 
by Plews et al. (2012) and Hopkins et al. (2009). The SWC should be wide 
enough for allowing to train sufficiently at high intensities to achieve adequate 
disturbances in homeostasis so that further training adaptation can be attained. 
On the other hand, it should give enough recovery time after HRV falls outside 
the SWC. Performance changes and recovery feelings during INT did not reveal 
any signs of overtraining in the present study. Future studies should examine 
whether a shorter recovery time results in greater adaptations. In addition, the 
time frame of baseline HRV recordings has the critical role in determining the 
SWC so that it presents normal situation without abnormal values due to e.g. 
stress factors and sicknesses.  
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6.5 Methodological strengths and limitations 

The present study consisted of three longitudinal (28-, 18- and 14-week) train-
ing studies. The training, the testing, and the measurements were well instruct-
ed, controlled, and supervised during the studies. Training frequency and vol-
ume were individualized according to the previous training background of the 
subjects for the purpose of diminishing large variation in training adaptations, 
which has widely been observed after a standardized training program (Bou-
chard & Rankinen 2001; Hautala et al. 2003; Vollaard et al. 2009; Scharhag-
Rosenberger et al. 2012). In addition to training, it is well known that nutrition, 
sleep, and all daily physical activity have a high role in the process of training 
adaptations. Nutritional counselling was given to all subjects in an attempt to 
standardize nutritional habits. However, the other factors noted here were not 
strictly controlled in the present studies. Controlling of nutrition and all physi-
cal activity during prolonged studies is very challenging and arduous. Drastic 
changes in body composition were not observed and thus, it is presumed that 
the subjects followed a normal diet. The subjects reported their perceived exer-
tion, recovery feelings, and possible other stress factors e.g. sickness, injuries, 
work/school stress in their training diary. In addition, the subjects recorded 
nocturnal HRV collections regularly allowing for researchers to evaluate the 
recovery state of the subjects. Thus, it was possible to evaluate indirectly if 
some drastic changes have occurred in sleep or physical activity. 

The nocturnal recordings of RRIs (papers I and II) were done with heart 
rate monitors consisting of a two-lead chest belt with a sampling frequency of 
1000 Hz. The measuring system has been reported to be reliable for long-term 
HRV analysis (Weippert et al. 2010). Nevertheless, ECG data was not available, 
which probably increased noise in the recordings. RRI data was carefully 
checked and all falsely detected, missed, and premature heart beats were ex-
cluded with the help of automated detection software.  In addition, the HRV 
results over the 4 hours analyzing periods were provided as averages of two 
nights for reducing possible day-to-day variation in HRV indices.  

In paper II, the threshold for separating individuals with low and high 
HRV was the mean value of HFP (8.1 ln ms2) in this population. However, a 
randomized study, where low and high HRV groups would be randomly di-
vided to high volume or high-intensity training, with larger sample size would 
have given more information about differences in training adaptations between 
the low and high HRV groups. Future research should also aim to determine 
the relationship between cardiac autonomic vagal activity and training adapta-
tion among individuals with different training background from untrained 
individuals to high level endurance athletes. It has been observed that individ-
uals with higher aerobic capacity have greater vagal activity, which may have 
effects on the relation between cardiac autonomic vagal activity and training 
adaptation compared with recreational endurance runners with lower aerobic 
capacity. 
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In paper V, daily HRV measurements were performed at home, which may not 
be as highly standardized as those performed in laboratory conditions. Howev-
er, it is impractical to perform the measurements in the laboratory on every 
morning during the training period. In addition, it is possible to avoid psycho-
physiological effects of laboratory conditions on HRV by performing the meas-
urements at home. Respiratory rate was spontaneously chosen because it was 
impossible to control in a real-life situation. Respiration is known to affect HRV, 
but only small differences have been observed in vagal-related HRV indices 
during spontaneous and metronome-guided breathing (Bloomfield et al. 2001). 
The morning HRV measurements (paper V) were done with Omegawave Pro 
Mobile System with a sampling frequency of 500 Hz, which has been observed 
to be reliable for HRV analysis (Parrado et al. 2010). A 7-day rolling average of 
RMSSD was calculated, because it has been proposed to diminish large day-to-
day variation, which is typical in short, single HRV recordings, and be more 
sensitive to track changes in training status compared with single-day values 
(Plews et al. 2013). Thus, the present HRV results are reliable. 

The present studies are limited by their relatively small sample sizes, part-
ly due to drop outs because of sickness, injuries, or lack of training program 
participation. However, the number of subjects who dropped out (11-28%) is 
within similar ranges reported in longitudinal training studies (Sloan et al. 2009; 
Scharhag-Rosenberger et al. 2009; Buchheit et al. 2010; Schumann et al. 2015). 
Some injuries occurred regardless the 4-14-week preparatory training period, 
which was performed in all studies for learning, becoming accustomed to train-
ing and standardizing training background, limiting the learning effect, and 
training-induced injuries during the subsequent main training period. In addi-
tion, the limit for sufficient compliance with the training programs were rela-
tively strict for ensuring the high quality of training, but reduced the number of 
subjects in the analyses. Furthermore, comprehensively controlled and super-
vised longitudinal training studies are more troublesome to conduct with a 
high number of subjects compared with cross-sectional studies. However, larg-
er sample sizes would give more statistical power to clarify individual adapta-
tions, predictive regression models, and possible differences between sexes and 
sub-groups. In addition, missing values due to sicknesses, injuries or incorrect 
HR or GPS data in weekly measurements in monitoring training adaptation 
(paper IV) may cause some fluctuation in the trends because of large variation 
between individuals.  

One limitation in papers III and IV was that the reliability of the submax-
imal running protocol was not measured. High reliability has, however, been 
observed in mean power of all three submaximal stages in similar submaximal 
protocols in cycling (Lamberts et al. 2011) and rowing (Otter et al. 2015). High 
reliability has also been reported in running performance at 80% of HRmax in a 
submaximal running test on the treadmill, which is corresponding with the 
intensity of the second stage in SRT (Wang et al. 2010). The subjects were accus-
tomed to running on a treadmill. In addition, the running speed was set suc-
cessfully for the target heart rate levels of the stages on the treadmill by the 
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exercise physiologist and in field conditions by the subjects. Therefore, the 
present results can be considered reliable. Neuromuscular performance results 
measured by CMJh showed that it is not sensitive enough for tracking changes 
in training adaptation. CMJh was selected because it is easy and fast to conduct 
also in field-conditions with accelerometers and mobile applications. However, 
other CMJ variables or power production in RJ would give more valid infor-
mation about the status of the neuromuscular system in terms of monitoring 
endurance training adaptations. 



7 MAIN FINDINGS AND CONCLUSIONS 

The main findings of this study were as follows: 

1) Pretraining nocturnal cardiac vagal activity was the strongest predictor
of subsequent endurance training adaptations. The association was
dependent on training contents. HRV was negatively correlated with
improvements in endurance performance after an increase in volume
of low-intensity training while HRV was positively correlated with the
improvements in endurance performance after high-intensity training
and intense endurance training (increased intensity and volume).

2) Running speeds at 80 and 90% of HRmax in the three-staged
submaximal running test protocol were the most competent variables
to track changes in maximal endurance performance during training.
The highest responders according to the change in maximal endurance
performance showed the greatest improvements in running speed at
80 and 90% of HRmax stages compared with the lowest responders.

3) The HRV-guided training group improved their 3000 m running
performance over the 8-week intense training period, while 3000 m
running performance in the traditional, predefined training group
remained the same, although the HRV-guided group performed less
moderate- and high-intensity training sessions. In addition, the
individual range in the training adaptations was smaller in the HRV-
guided group compared with the traditional, predefined training
group.

Large inter-individual variation in training adaptations are widely reported 
after standardized training. For improving the effectiveness of training, the 
identification of low-responders would be worthwhile. The present results 
showed the potential of HRV in the identification of an individual´s trainability. 
Individuals with high pretraining vagal activity tended to respond better to 
high-intensity and intense (increased volume and intensity) training. These 
individuals may have a better capacity for coping with more intense training 
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compared to individuals with lower HRV. In addition, the negative relationship 
between HFP and the adaptations to the increased volume of low-intensity 
training suggested that individuals with low HRV would respond better to low-
intensity training compared with individuals with high HRV. Furthermore, 
HRV may be used in individualizing endurance training by adjusting training 
load and intensity so that individuals with higher resting HRV at baseline can 
be instructed to increase training load primarily by increasing training intensity 
rather than training volume. However, the findings are preliminary and further 
research is required before specific practical recommendations can be given to 
individuals. 

The present submaximal running test appeared to be truly submaximal 
and did not cause a remarkable increase in training load. Furthermore, it is a 
suitable warm-up protocol for primary training sessions and it is possible to 
perform regularly for continuous monitoring of training. The stages with run-
ning speeds at 80 and 90% of HRmax in SRT/SCE give appropriate information 
about the progress of training adaptation. Therefore, the submaximal running 
test gives the possibility to identify individuals who fail to achieve positive 
adaptations during training, which is essential information for coaches and 
athletes and enables them to adjust training program to achieve better outcomes. 
Post-exercise HRR and HRV measurements gave information about the status 
of cardiac vagal activity and aerobic fitness but were not sensitive enough for 
tracking changes in endurance performance. Based on the neuromuscular 
measurements, it is recommended to use the reactivity jump power measure-
ment in endurance training monitoring rather than the jumping height in CMJ. 

Traditionally, endurance programs are based on sports and scientific liter-
ature, general recommendations, and experience of coaches. Training programs 
are typically predetermined regardless of the absence of objective information 
about athletes’ training status and adaptations to previous training.  The pre-
sent results suggest that training prescription according to status of cardiac 
vagal activity may be a beneficial method to improve endurance training adap-
tation. The timing of moderate- and high-intensity training sessions according 
to HRV may be more optimal compared subjectively predefined training. 
Therefore, HRV shows a potential tool in endurance training prescription by 
optimizing the timing of vigorous training sessions. 

It is widely established that standardized and predefined endurance train-
ing does not lead desirable outcomes in terms of improvements in health and 
endurance performance in all individuals. For avoiding poor adaptation to 
training and large inter-individual variation in the effectiveness of training, 
individualization in training prescription is needed. The findings of the present 
thesis propose that a training program can be individualized according to rest-
ing cardiac vagal activity for selecting the training content before a certain train-
ing period and for determining the timing of vigorous training sessions during 
training. In addition, submaximal running performance tests can be used for 
monitoring the progress of endurance training adaptations (Figure 18).  
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FIGURE 18  Use of heart rate and jump test measures in optimizing and individualizing an 
endurance training program. 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



86 

YHTEENVETO (FINNISH SUMMARY) 

Kestävyyssuorituskyky, sydämen autonominen säätely ja hermo-
lihasjärjestelmän suorituskyky yksilöllisen kestävyysharjoitteluvasteen 
ennustamisessa ja seurannassa sekä harjoittelun ohjelmoinnissa. 

Säännöllisen kestävyysharjoittelun positiiviset vaikutukset fyysiseen suoritus-
kykyyn ovat laajasti tiedossa. Useimmat aikaisemmat tutkimukset ovat keskit-
tyneet havainnoimaan keskimääräisiä harjoittelun aikaansaamia muutoksia 
esimerkiksi maksimaalisessa hapenottokyvyssä tai kestävyyssuorituskyvyssä. 
Tutkimuksissa on kuitenkin havaittu, että yksilöiden vaste kestävyysharjoitte-
luun vaihtelee hyvin paljon. Osa kehittyy harjoittelun myötä hyvinkin paljon, 
kun taas osalla vaikutukset voivat olla jopa negatiivisia.  

Harjoitteluohjelman yksilöllistämisellä voi olla mahdollista parantaa har-
joitteluvastetta ja pienentää suurta yksilöllistä vaihtelua. Haasteena on tunnis-
taa yksilöt, jotka eivät kehity tavanomaisella kestävyysharjoittelulla. Aiemmin 
on havaittu, että monet tekijät voivat olla yhteydessä suureen vaihteluun har-
joittelun tuottavuudessa, kuten perimä, ikä, sukupuoli, aikaisempi harjoittelu-
tausta, kuntotaso, uni, ravinto ja lepo. Lisäksi lähtötilanteessa mitatun sykeväli-
vaihtelun, joka kuvaa sydämen autonomista säätelyä, on todettu olevan 
yhteydessä tulevaan harjoitteluvasteeseen.  

Harjoitteluvastetta on mahdollista parantaa myös säännöllisellä kestä-
vyysominaisuuksien kehityksen seurannalla. Tavallisesti urheilijat ja valmenta-
jat seuraavat kestävyysharjoittelun aikaansaamia kuntomuutoksia erilaisin 
laboratoriossa tehtävin kuntotestein pari kertaa vuodessa. Se ei kuitenkaan 
anna säännöllistä tietoa kehityksen suunnasta. Tämän takia on tarvetta harjoit-
teluvastetta kuvaavalle seurantamenetelmälle, jolla pystytään seuraamaan 
harjoitteluvastetta viikkotasolla ilman, että se häiritsee normaalia harjoittelua. 
Tällöin on mahdollista muokata harjoitusohjelmaa, mikäli harjoitteluvaste ei ole 
toivottu. Aiempien tutkimusten mukaan submaksimaalinen suoritusteho va-
kiosykkeellä ja suorituksen jälkeinen sykkeen palautuminen ovat olleet yhtey-
dessä maksimaaliseen hapenottokykyyn ja suorituskykyyn. Lisäksi madaltunut 
syketaso submaksimaalisessa vakiokuormituksessa harjoitusjakson jälkeen on 
ollut yhteydessä maksimaalisten kestävyysominaisuuksien kehitykseen. 
Useimmat aiemmat tutkimukset ovat kuitenkin poikkileikkaustutkimuksia ja 
vähemmän on tietoa siitä, miten edellä mainittujen muuttujien avulla voidaan 
seurata kunto-ominaisuuksien muutoksia harjoittelujakson aikana. 

Perinteisesti harjoitusohjelmat perustuvat usein kirjallisuuteen, yleisiin 
suosituksiin ja valmentajien kokemuksiin. Harjoittelua ohjelmoidaan usein 
oletusten ja subjektiivisten näkemysten perusteella ilman objektiivista tietoa 
urheilijan harjoitus- ja palautumistilasta. Aiemmin on havaittu, että harjoittelun 
ohjelmointi sydämen autonomisen säätelyn perusteella saattaa tuottaa suu-
remmat hyödyt kuin perinteinen, ennakkoon laadittu harjoitusohjelma.  

Ensimmäisessä vaiheessa tutkimuksen tarkoituksena oli selvittää lähtöti-
lanteessa mitattujen muuttujien, kuten iän, kuntotason, harjoittelutaustan, yölli-
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sen sykevälivaihtelun ja seerumin hormonitasojen yhteyttä erilaisten harjoitte-
lujaksojen aikaansaamaan yksilölliseen harjoitteluvasteeseen. Yhteensä 28 kes-
tävyysharjoittelutaustaista miestä toteutti 14 viikon perusharjoittelujakson 
jälkeen, 14 viikon intensiivisen harjoittelujakson, jolloin sekä juoksuharjoittelun 
määrä että teho lisääntyivät. Harjoittelujakson alussa mitatuista muuttujista 
yönaikainen autonomisen hermoston parasympaattista aktiivisuutta kuvaavat 
sykevälivaihtelumuuttujat (HFP, TP) olivat vahvimmin yhteydessä maksimi-
kestävyyssuorituskyvyn muutokseen. Mitä suurempaa parasympaattinen aktii-
visuus oli, sitä suurempaa oli myös kehitys. Sen sijaan muut lähtötilanteen 
muuttujat, kuten ikä, aiempi harjoittelutausta, kuntotaso ja hormonipitoisuudet 
eivät olleet yhteydessä harjoitteluvasteeseen. Toisessa harjoitustutkimuksessa 
kestävyysharjoitelleet miehet ja naiset satunnaistettiin kahteen harjoitteluryh-
mään 8 viikon perusharjoittelun jälkeen. Toinen ryhmä (n = 20) ohjeistettiin 
lisäämään juoksuharjoittelun määrää 30-50 % harjoitustehon pysyessä matalana. 
Toinen ryhmä (n=20) lisäsi harjoitteluohjelmaan viikoittain kolme vauhti-/ 
maksimikestävyysharjoitusta harjoitusmäärän pysyessä samana kuin perushar-
joitusjaksolla. Jakson lähtötilanteessa mitatuista muuttujista autonomisen her-
moston parasympaattista aktiivisuutta kuvaava HFP oli jälleen vahvimmin 
yhteydessä harjoitteluvasteeseen. Yhteys matalatehoisen määräpainotteisen 
harjoittelujakson aikaansaamaan muutokseen kestävyyssuorituskyvyssä oli 
negatiivinen (mitä matalampi HFP, sitä suurempi harjoitteluvaste) ja tehohar-
joittelun aikaansaamaan vasteeseen positiivinen (mitä suurempi HFP, sitä suu-
rempi harjoitteluvaste). Muista lähtötason muuttujista ainoastaan aikaisempi 
harjoittelu oli negatiivisesti yhteydessä määräpainotteisen harjoittelujakson 
aiheuttamaan kestävyyssuorituskyvyn muutokseen. 

Toisessa vaiheessa tarkoituksena oli selvittää voiko 15 minuutin, kolmi-
portaisen submaksimaalisen juoksutestin sekä suorituksen jälkeisen sydämen 
autonomista säätelyä kuvaavan sykkeen palautumisen ja sykevälivaihtelun 
sekä hermo-lihasjärjestelmän suorituskykyä mittaavan kevennyshypyn avulla 
seurata harjoittelun aikaansaamaa muutosta maksimikestävyyssuorituskyvyssä 
sekä laboratorio että kenttäolosuhteissa mitattuna.  Tulokset osoittivat, että 80-
90 prosentin suoritustasot maksimisykkeestä kuvasivat parhaiten kestävyys-
suorituskyvyssä tapahtuneita muutoksia 18-viikon harjoittelujakson aikana. 
Lisäksi tulokset osoittivat, että ko. kuormien juoksunopeuksien perusteella 
voitiin tunnistaa hyvin kehittyvät huonoimmin kehittyvistä jo harjoittelujakson 
aikana sekä laboratorio- että kenttäolosuhteissa tehdyistä mittauksista. Sen 
sijaan suorituksen jälkeinen sykkeen palautuminen, sykevälivaihtelu ja keven-
nyshyppytulos olivat yhteydessä maksimaaliseen hapenottokykyyn, mutta 
eivät harjoittelujakson aiheuttamiin muutoksiin. 

Kolmannessa vaiheessa tarkoituksena oli selvittää, voiko sykevälivaihte-
lua käyttää harjoitusohjelman yksilöllisessä ohjelmoinnissa kestävyysharjoitel-
leilla naisilla (n = 20) ja miehillä (n = 20).   Neljän viikon perusharjoittelujakson 
jälkeen tutkittavat satunnaistettiin kahteen harjoitteluryhmään. Perinteisesti, 
ennalta suunnitellun harjoittelun harjoituksista n. 50 % oli vauhti- ja maksimi-
kestävyysharjoituksia ja 50 % peruskestävyysharjoituksia. Toisessa harjoittelu-
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ryhmässä olleet suorittivat aamuisin sykevälivaihtelumittauksen levossa. Syke-
välivaihtelun 7 päivän keskiarvoa tarkasteltiin suhteessa yksilöllisesti määritet-
tyyn normaaliin vaihteluväliin (keskiarvo ± 0.5*keskihajonta). Arvon ollessa 
vaihteluvälin sisäpuolella harjoittelu oli vauhti- ja maksimikestävyysharjoitte-
lua. Arvon ollessa alueen ulkopuolella harjoittelu oli palauttavaa peruskestä-
vyysharjoittelua, kunnes arvo oli palannut keskitasolle. 8-viikon harjoittelujak-
son aikana sykevälivaihteluun perusteella harjoitellut ryhmä paransi 
merkittävästi 3000 m suoritusta, kun taas toisella ryhmällä suoritus säilyi sa-
malla tasolla. Maksimihapenotto kehittyi molemmilla ryhmillä, mutta hermo-
lihasjärjestelmän suorituskykyä kuvaava reaktiivisuushypyn tehontuotto aino-
astaan sykevälivaihtelun mukaan harjoitelleilla. Sykevälivaihteluun perustuva 
harjoitteluryhmä teki vähemmän vauhti- ja maksimikestävyysharjoittelua kuin 
ennakkoon ohjelmoitu harjoitteluryhmä.  

Tutkimuksen perusteella voidaan todeta, että sydämen autonomisen sää-
telyn perusteella näyttäisi olevan mahdollista ennustaa tulevaa kestävyyshar-
joitteluvastetta kestävyysharjoitelleilla naisilla ja miehillä. Tämä tieto olisi erit-
täin hyödyllistä, jotta ei-kehittyvien harjoittelua pystyisi muokkaamaan jo 
ennen harjoittelun alkua. Näyttäisi, että tehopainotteinen harjoittelu hyödyttäisi 
enemmän yksilöitä, joilla on korkea parasympaattinen aktiivisuus lähtötilan-
teessa, kun taas matalatehoinen harjoittelu hyödyttäisi enemmän yksilöitä, joilla 
on matala parasympaattinen aktiivisuus. Aihe vaatii kuitenkin jatkotutkimuk-
sia harjoittelutaustaltaan erilaisilla ryhmillä.  

Tutkimuksen tulokset osoittivat myös, että kolmiportainen submaksimaa-
linen juoksutesti soveltuu säännölliseen harjoitteluvasteen seurantaan. Testin 
voi suorittaa verryttelynä pääharjoitukselle myös kenttäolosuhteissa, jolloin se 
ei häiritse normaaleja harjoittelurutiineja. Sen avulla on mahdollista havaita 
kestävyyssuorituskyvyssä tapahtuvia muutoksia jo harjoittelujakson aikana ja 
tarvittaessa muokata harjoitteluohjelmaa, mikäli tavoiteltuja muutoksia ei ole 
havaittavissa.  Tulokset antoivat myös viitteitä siitä, sydämen autonomisen 
säätelyn avulla harjoittelun ohjelmoinnista voidaan saada tuottavampaa.  Kova-
tehoisten harjoitusten aiheuttama vaste näyttäisi olevan parempi kestävyyssuo-
rituskyvyn ja hermo-lihasjärjestelmän suorituskyvyn kannalta, kun harjoitukset 
ajoitetaan ajankohtaan, jolloin sydämen autonominen säätely on normaalitasol-
la. Tutkimuksissa käytetyt mittaukset ovat non-invasiivisia ja yksinkertaisia 
toteuttaa kenttäolosuhteissa, joten lähes kuka vain voi hyödyntää menetelmiä 
kestävyysominaisuuksien seurannassa ja harjoittelun optimoinnissa. 
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The aim of this study was to investigate factors that can
predict individual adaptation to high-volume or high-
intensity endurance training. After the first 8-week
preparation period, 37 recreational endurance runners
were matched into the high-volume training group (HVT)
and high-intensity training group (HIT). During the next
8-week training period, HVT increased their running
training volume and HIT increased training intensity.
Endurance performance characteristics, heart rate vari-
ability (HRV), and serum hormone concentrations were
measured before and after the training periods. While
HIT improved peak treadmill running speed (RSpeak)
3.1 ± 2.8% (P < 0.001), no significant changes occurred in

HVT (RSpeak: 0.5 ± 1.9%). However, large individual
variation was found in the changes of RSpeak in both
groups (HVT: −2.8 to 4.1%; HIT: 0–10.2%). A negative
relationship was observed between baseline high-
frequency power of HRV (HFPnight) and the individual
changes of RSpeak (r = −0.74, P = 0.006) in HVT and a
positive relationship (r = 0.63, P = 0.039) in HIT. Indi-
viduals with lower HFP showed greater change of RSpeak

in HVT, while individuals with higher HFP responded
well in HIT. It is concluded that nocturnal HRV can be
used to individualize endurance training in recreational
runners.

It is well known that individuals adapt differently to
endurance training. Individual changes in maximal
oxygen uptake and endurance performance during train-
ing may range from negative (−4%) response to 40%
improvements (Bouchard & Rankinen, 2001; Vollaard
et al., 2009; Buchheit et al., 2010; Vesterinen et al.,
2013). Why some individuals show a great response
while others show minor responses to standardized train-
ing is still unclear. It has been proposed that age, sex,
race, and baseline fitness level collectively accounted for
only 11% of the heterogeneity in the adaptation to endur-
ance training (Bouchard & Rankinen, 2001).

Many studies have shown that cardiovascular auto-
nomic regulation, as measured by heart rate variability
(HRV), is an important determinant of endurance train-
ing adaptation and is related to individual heterogeneity
of the adaptation. Increased resting HRV has been asso-
ciated with the positive adaptation (increased VO2max or
maximal aerobic speed) to endurance training (Hautala
et al., 2003; Buchheit et al., 2010; Nummela et al.,
2010b; Boutcher et al., 2013; Plews et al., 2013; Da
Silva et al., 2014). In addition, the positive relationship
between vagal mediated resting HRV (high-frequency
power, HFP) at baseline and increase in VO2max has been

observed in the previous studies of Hautala et al. (2003)
and Hedelin et al. (2001), and between change in
maximal aerobic speed and nocturnal HFP and total
power (TP) at baseline in our previous study (Vesterinen
et al., 2013). On the other hand, Buchheit et al. (2010)
reported the negative relationship between vagal medi-
ated resting HRV at baseline and change in 10-km
running performance after an 8-week training period.

Endurance training in previous studies has mostly
been a mixture of low-, moderate-, and high-intensity
training which may partly explain contradictory results.
Previous studies have not focused on the effects of
training intensity and volume to the relation between
cardiovascular autonomic regulation and the training
adaptation. However, specific physiological adaptations,
including cardiovascular, respiratory, metabolic, and
neuromuscular adaptations, appear to depend on the
training volume, intensity, and frequency (Vollaard et al.,
2009; Laursen, 2010). Therefore, it can be assumed that
training volume and intensity have different effects on
the relationship between cardiovascular autonomic regu-
lation and the training adaptation.

It has also been suggested that basal testosterone and
cortisol concentrations can be used in monitoring the
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adaptation to training. Purge et al. (2006) concluded that
the increase in resting testosterone concentration during
a 24-week endurance training period represents a posi-
tive adaptation to the training load in elite rowers.
However, it is well known that endurance training
decreases resting testosterone concentration (Wheeler
et al., 1991; Urhausen et al., 1995; Hoogeveen &
Zonderland, 1996; Uusitalo et al., 1998). It has been
documented that decreased resting testosterone concen-
tration is related to energy deficiency (Strauss et al.,
1985; Friedl et al., 2000). In addition, because of the
findings that testosterone stimulates erythropoiesis
(Shahidi, 2001) and enhances lactate transport from the
muscle (Enoki et al., 2006), it may be possible that
decreased testosterone concentration may reflect limited
trainability. However, more research is needed to
confirm the utility of serum testosterone and cortisol
concentrations as predictors of the individual endurance
training adaptation.

The aim of the present study was to assess whether
baseline factors, such as age, fitness level, nocturnal
HRV, and serum hormone concentrations, are associated
with the individual adaptation to high-intensity and high-
volume endurance training. In addition, the aim was to
investigate whether increased training volume and inten-
sity have different effects on the relationship between
nocturnal HRV and individual training adaptation. The
results of the previous studies suggest that HRV can be
used as a predictor of endurance training adaptation.

Methods
Subjects

Forty recreational endurance runners (20 women, 20 men) were
recruited by advertising in the local newspaper and social media to
participate in the study. The sample size was determined using the
data of Vesterinen et al. (2014) and Stoggl and Sperlich (2014)
[expected change in peak treadmill running speed (RSpeak) 3 ± 3%
and 5 ± 3%]. A priori power analysis suggested that 16 subjects
were required for both groups to achieve 80% power and a sig-
nificance level of 5%. The subjects were healthy, non-obese
(BMI < 30 kg/m2), and they did not have any diseases or use
regular medication. They had at least 2 years of regular running
training background. After being fully informed about the study
design and the possible risks, all subjects completed an informed
consent document. The study was approved by the Ethics Com-
mittee of the University of Jyväskylä, Finland. A total of 29 sub-
jects (16 women, 13 men) completed the whole 16-week training
program. Exclusion of 11 subjects was due to injuries (n = 6),
sicknesses (n = 3), and insufficient compliance with the training
program (n = 2). Age, pre-training VO2max, and a regular endur-
ance training background of the subjects were for women 35 ± 10
years, 47 ± 5 mL/kg/min, 14 ± 8 years (5.6 ± 1.7 times,
38 ± 19 km running per week during the last 2 months before the
study), and for men 35 ± 6 years, 53 ± 5 mL/kg/min, 14 ± 8 years
(4.4 ± 2.0 times, 27 ± 15 km running per week).

Experimental design and training

The controlled 16-week training program included two 8-week
training periods. All measurements were performed three times:

before training (week −9), after the first 8-week training period
(week 0), and after the second 8-week training period (week 9). A
preparation period (PREP) of 8 weeks was completed first to
familiarize the subjects with testing procedures and proper endur-
ance training and to ensure that subjects had a similar background
in training before the second 8-week period. The subjects were
asked to train once per week at moderate intensity [heart rate (HR)
between lactate thresholds 1 and 2] and otherwise at low intensity
(HR below lactate threshold 1, LT1). In addition, they were asked
to maintain the same training volume as before the study. After
PREP, the runners were matched into pairs according to their
background (sex, age, training background), endurance perfor-
mance characteristics (VO2max, RSpeak), baseline HRV, and an
improvement of endurance performance during PREP. The match-
ing of the pairs was done so that the characteristics were as equal
as possible between matched pairs (mean differences in endurance
performance variables between matched pairs < 2%), and mean
values of the groups were similar. Thereafter, within each pair, the
runners were randomly assigned to the high-volume training group
(HVT) and high-intensity training group (HIT). For the intense
8-week training period (INT), HVT were instructed to increase
their training volume by 30–50% whereas training intensity
remained same as during PREP. HIT replaced three low-intensity
training sessions during each intense training week with three
moderate- or high-intensity (HR above lactate threshold 2, LT2)
training sessions: (a) constant speed run 20–40 min at 80–90%
HRmax; (b) 4 × 4 min at 90–95% HRmax, with 3 min of recovery at
intensity below LT1; and (c) 6 × 2 min at 100% RSpeak, with 2 min
of recovery at intensity below LT1, whereas training volume was
maintained the same. The training was periodized to cycles of 4
weeks, thus 3 weeks of intense training was followed by an easy
training week. Endurance training consisted primarily of running
but occasionally included also cycling, Nordic walking, and/or
cross-country skiing.

The subjects controlled their training intensity by measuring
their HR and speed during all exercises using Garmin FR 610 HR
monitors (Garmin Ltd, Schaffhausen, Switzerland). Subjects kept
a training diary throughout the study recording training mode,
duration of the training session, average HR, and running distance.
In addition, the subjects rated their perceived exertion and recov-
ery feelings using the scale from 0 to 10 after each training session
(Borg, 1982). HR data were used for determining the times at the
three different training intensity zones: low (below LT1), moderate
(between lactate thresholds 1 and 2), and high (above LT2) inten-
sities. Weekly main training sessions were supervised by experi-
enced members of the research group.

Blood markers

Venous blood samples (3.5 mL) were collected into serum-gel
tubes (Venosafe, Terumo Medical Co., Leuven, Belgium) for the
determination of basal serum testosterone and cortisol concentra-
tions after 10 h of fasting in the morning between 07:30 and
08:30 h at each measurement point (weeks −9, 0, and 9). The
whole blood was centrifuged at 2700 rpm (Megafuge 1.0R,
Heraeus, Germany) for 10 min after which serum was removed
and stored at −20 °C until analysis. The concentrations of testos-
terone and cortisol were determined by using a chemical lumines-
cence technique (Immunlite 1000 Analyzer, DPC Diagnostics
Corporation, Los Angeles, California, USA) and hormone specific
immunoassay kits (Siemens, New York, New York, USA). The
sensitivity of testosterone and cortisol assays was 0.05 and
5.5 nmol/L, respectively. The intra-assay coefficients of variation
for testosterone and cortisol were 3.9% and 4.6%, respectively. All
the assays were carried out according to instructions of the manu-
factures. All samples of the test subject were analyzed in the same
assay for each variable.
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Maximal running test

The subjects were asked not to do any vigorous physical activity 2
days prior to running test. An incremental treadmill test was per-
formed at the same time (±2 h) of each testing day. The subjects
performed the test, starting at 7 km/h for women and at 8 km/h for
men, and followed by an increase of 1 km/h every third minute
until volitional exhaustion. The incline was kept at 0.5° during the
whole test. HR was recorded continuously using a HR monitor
(Suunto t6, Suunto Ltd, Vantaa, Finland). Oxygen consumption
was measured breath by breath throughout the test using a portable
spiroergometer (Oxycon Mobile, Viasys Health Care, Würzburg,
Germany). After each 3-min stage, the treadmill was stopped for
about 15–20 s for fingertip blood samples (20 μL) and blood
lactate (La) analysis. Blood lactate was determined using Biosen
S_line Lab+ lactate analyzer (EKF Diagnostic, Magdeburg,
Germany). The highest 60 s VO2 value during the treadmill test
was considered as maximal oxygen uptake (VO2max). The maximal
endurance performance was determined as the peak treadmill
running speed (RSpeak) when the subject became exhausted. If the
subject could not complete the whole 3 min of the last speed,
RSpeak was calculated as follows: speed of the last completed stage
(km/h) + (running time (s) of the speed at exhaustion – 30 s) /
(180 − 30 s) * 1 km/h. RSpeak has been shown to be closely related
to maximal endurance performance (Noakes et al., 1990). There-
fore, in the present study, it was used as the main variable for
describing the adaptation to endurance training during the training
periods. In addition, RSpeak has been observed to be highly reliable
with intraclass correlation coefficients of 0.99 ± 0.01 and the coef-
ficient of variation of 1.2% measured in the incremental treadmill
running test (Dupuy et al., 2012). The determination of lactate
thresholds was based on a rise and change in the inclination of the
blood lactate curve during the test (Faude et al., 2009). LT1 was set
at 0.3 mmoL/L above the lowest lactate value in the test. LT2 was
set at the intersection point between: (a) a linear model between
LT1 and the next lactate point; and (b) a linear model between the
lactate points with La increase of at least 0.8 mmoL/L.

Nocturnal HRV recordings

Nocturnal R-R interval (RRI) recordings were taken during four
consecutive nights before an incremental treadmill test before both
training periods with Garmin FR 610 HR monitor consisting of a
chest belt (two-lead) with a sampling frequency of 1000 Hz
(Garmin Ltd). The measuring system has been observed to be
reliable for long-term HRV analysis (Weippert et al., 2010). RRI
recordings were started just before going to bed to sleep and
stopped after awakening in the morning. RRI data were analyzed
using the Firstbeat Sports software (version 4.0.0.5, Firstbeat
Technologies Ltd, Jyväskylä, Finland). RRIs were checked and
edited by an artifact detection filter of the Firstbeat Sports software
and subsequently excluded all falsely detected, missed, and pre-
mature heartbeats (Saalasti, 2003) caused by movement artifacts
or any other artifacts of unknown origin. The consecutive RRI data
were then resampled at the rate of 5 Hz by using linear interpola-
tion to obtain equidistantly sampled time series. From the
resampled data, the software calculated HRV indices second by
second using the short-time Fourier transform method. For a given
segment of data, a time window (Hanning) with a length of 256
samples was applied. Fast Fourier transform was calculated and a
power spectrum was obtained. The window was then shifted one
sample to another and the same process was repeated. The first
30 min after going to bed was excluded and the succeeding 4 h
was accepted for nocturnal HRV analysis. The following HRV
indices were analyzed: average HR, low-frequency power (LFP;
0.04–0.15 Hz), HFP > 0.15–0.40 Hz, TP = LFP + HFP 0.04–
0.40 Hz (Task Force, 1996). Nocturnal HRV indices are subject to
a little day-to-day variations with intraclass correlation coeffi-

cients between 0.84 and 0.91 in 4 h nocturnal HRV analysis during
two consecutive nights after similar training day (Nummela et al.,
2010a). The results are provided as averages of two nights for
reducing possible day-to-day variation in HRV indices. It was not
possible to use averages of the four collected recordings because
the recordings with an error percent higher than 33% (of 4 h) were
excluded from the analysis in some subjects for ensuring adequate
quantity of RRI data for the reliable HRV analysis (Nummela
et al., 2010a).

Statistical analysis

The results are expressed as means ± standard deviations (SD) and
95% confidence intervals (CI) for means and correlations. The
Gaussian distribution of the data was assessed with the Shapiro–
Wilk goodness-of-fit test. Ln transformation was used with the
nocturnal HRV variables in order to meet the assumptions of
parametric statistical analysis. Group differences (HVT vs HIT,
women vs men, high HRV vs low HRV) were analyzed using a
one-way analysis of variance (ANOVA) and within-group differ-
ences (group by training interaction) were analyzed using repeated
measures ANOVA, followed by Bonferroni as a post-hoc test.
Pearson’s product–moment correlation coefficient was used to
determine the relationships between the baseline characteristics
and the training adaptation (change in RSpeak). Correlations
between HRV and the training adaptation were adjusted by age
due to effects of age on baseline HRV, and a correlation between
baseline testosterone and the training adaptation was adjusted by
sex using partial correlation. For an additional analysis of the
relationship between baseline HRV and the training adaptation, the
subjects were retrospectively divided into high (> 8.1 ln ms2)
(HVT: n = 8; HIT: n = 5) and low HRV (< 8.1 ln ms2) (HVT: n = 5;
HIT: n = 7) groups based on baseline HFP (mean of baseline HFP
in all subjects was used as the threshold). Statistical significance
was accepted as P < 0.05. Statistical analyses were carried out
using SPSS software (IBM SPSS Statistics 20, IBM, Armonk,
New York, USA).

Results
Training

Total training time and distance during PREP remained
constant compared with the training before the study
(7.0 ± 2.8 vs 6.7 ± 2.7 h/week, P = 0.59; 34.0 ± 18.2 vs
36.1 ± 22.0 running km/week, P = 0.41). HVT increased
running volume by 35% during INT with no change in
training intensity. HIT increased proportion of training
time at the high-intensity zone from 2.0 ± 2.2% to
7.0 ± 2.4% (P < 0.001) while training volume remained
similar (Table 1).

Individual training adaptation

RSpeak and running speeds at the lactate thresholds
(RSLT1, RSLT2) improved by 3.0 ± 2.7% (P < 0.001),
2.7 ± 4.8% (P = 0.02), and 4.0 ± 4.4% (P < 0.001),
respectively, during PREP, while VO2max did not change
(−0.1 ± 5.1%, P = 0.293). VO2max and RSpeak improved
by 4.3 ± 4.0% (P = 0.002) and 3.0 ± 2.8% (P = 0.003),
respectively, in HIT during INT (Table 2), but no
significant changes were observed in HVT (VO2max:
2.6 ± 7.0%; RSpeak: 0.5 ± 1.9%) during INT. However,
large individual variation was found in the change of
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RSpeak in both groups (HIT: 0–10.2%; HVT: −2.8 to
4.1%) (Fig. 1). No differences were observed between
sexes in the changes in any of the endurance variables. In
addition, none of the HRV and hormone variables
changed in either HVT or HIT during INT. The change
of RSpeak was greater (P = 0.015) in the low HRV group
compared with the high HRV group after HVT (Fig. 2).
After HIT, the change of RSpeak was greater in the high
HRV group (P = 0.031) compared with the low HRV
group. In addition, the change of RSpeak was greater
(P = 0.001) after HIT compared with HVT in the high
HRV group, but no difference was found in the change of
RSpeak between HIT and HVT in the low HRV group
(P = 0.863).

Predictors of the training adaptation

Age did not correlate with the training adaptation
(change in RSpeak) in either HVT (r = −0.14, P = 0.66) or

Table 1. Training data of high-volume (HVT, n = 14) and high-intensity (HIT, n = 15) training groups are means ± SD (95% CI)

PREP (weeks −9 to 0) INT (weeks 0–9)

HVT HIT HVT HIT

Training volume (h/week) 7.0 ± 1.7 (6.0;8.0) 6.9 ± 3.6 (4.9;8.9) 6.9 ± 1.3 (6.2;7.8) 6.0 ± 2.4 (4.7;7.4)
Training sessions per week 5.6 ± 0.9 (5.1;6.1) 6.3 ± 3.1 (4.6;8,0) 5.8 ± 0.7 (5.4;6.3) 6.5 ± 3.0 (4.9;8.2)
Running volume (km/week) 35 ± 15 (26;44) 33 ± 21 (22;45) 47 ± 13*** (40;54) 39 ± 18 (29;49)
Low intensity (%) 83 ± 10 (78;89) 87 ± 8 (82;92) 81 ± 10 (75;87) 87 ± 5† (85;90)
Moderate intensity (%) 15 ± 9 (10;20) 12 ± 7 (8;16) 17 ± 9 (12;23) 6 ± 3***‡ (4;8)
High intensity (%) 2 ± 2 (1;3) 1 ± 1 (0;2) 2 ± 2 (1;3) 7 ± 2***‡ (6;8)

Significant difference between the periods within the groups, **P < 0.01, ***P < 0.001 and between the groups within the periods, †P < 0.05, ‡P < 0.001.
PREP, preparation training period; INT, intense training period; HVT, high-volume training group; HIT, high-intensity training group; low-intensity training,
heart rate below lactate threshold 1; moderate-intensity training, heart rate between lactate thresholds 1 and 2; high-intensity training, heart rate above
lactate threshold 2.

Table 2. Endurance variables, HRV variables, and serum hormone concentrations before and after high-volume (HVT, n = 14) and high-intensity (HIT,
n = 15) endurance training are means ± SD (95% CI)

HVT HIT

Week 0 Week 9 Week 0 Week 9

VO2max (mL/kg/min) 49.3 ± 3.9 (47.1;51.6) 50.5 ± 4.7 (47.8;53.2) 50.7 ± 6.6 (47.0;54.3) 52.8 ± 6.7**(49.0;56.5)
RSpeak (km/h) 15.3 ± 0.9 (14.8;15.8) 15.3 ± 1.1 (14.7;16.0) 15.2 ± 1.3 (14.5;15.9) 15.7 ± 1.4** (14.9;16.5)
RSLT2 (km/h) 12.5 ± 0.8 (12.0;12.9) 12.6 ± 1.1 (12.0;13.3) 12.6 ± 1.2 (11.9;13.2) 13.0 ± 1.3* (12.3;13.7)
RSLT1 (km/h) 10.2 ± 1.0 (9.6;10.8) 10.3 ± 0.9 (9.8;10.8) 10.3 ± 1.0 (9.7;10.9) 10.7 ± 1.0* (10.2;11.2)
RE12 (mL/kg/km) 205 ± 11 (199;212) 210 ± 11 (204;216) 207 ± 11 (201;213) 208 ± 14 (200;215)
RE10 (mL/kg/km) 211 ± 14 (203;219) 214 ± 13 (206;221) 215 ± 9 (210;220) 213 ± 12 (206;220)
HRnight (bpm) 50.5 ± 4.1 (47.6;53.4) 49.0 ± 4.2 (46.0;52.1) 52.5 ± 7.7 (47.0;58.0) 50.4 ± 7.1 (45.3;55.5)
LFPnight (ln ms2) 8.26 ± 0.44 (7.94;8.58) 8.24 ± 0.36 (7.98;8.50) 8.16 ± 0.51 (7.79;8.53) 8.33 ± 0.66 (7.79;8.53)
HFPnight (ln ms2) 8.23 ± 0.62 (7.79;8.67) 8.24 ± 0.60 (7.81;8.67) 7.75 ± 0.78 (7.19;8.31) 7.93 ± 0.81 (7.35;8.51)
TPnight (ln ms2) 8.98 ± 0.4 (8.66;9.30) 8.95 ± 0.4 (8.66;9.24) 8.71 ± 0.6 (8.32;9.10) 8.87 ± 0.7 (8.39;9.35)
Cortisol (nmol/L) 486 ± 152 (398;573) 522 ± 171 (423;621) 467 ± 102 (408;526) 496 ± 112 (430;563)
Testosterone (nmol/L) 6.8 ± 8.0 (2.1;11.4) 6.9 ± 7.3 (2.7;11.1) 6.8 ± 7.7 (2.4;11.3) 7.6 ± 8.7 (2.6;12.6)

Significant difference from week 0, **P < 0.01, ***P < 0.001.
HVT, high-volume training group; HIT, high-intensity training group; VO2max, maximal oxygen consumption; RSpeak, peak treadmill running speed; RSLT2,
running speed at lactate threshold 2; RSLT1, running speed at lactate threshold 1; RE12, running economy at 12 km/h; RE10, running economy at 10 km/h;
HRnight, nocturnal heart rate; LFPnight, nocturnal low-frequency power; HFPnight, nocturnal high-frequency power; TPnight, nocturnal total power.

Fig. 1. Individual (bars) and mean (min–max) training adapta-
tion (ΔRSpeak) to 8 weeks of high-volume (HVT) and high-
intensity (HIT) endurance training. The shaded area represents
the typical coefficient of variation (1.2%) in the incremental
treadmill test (Dupuy et al., 2012).
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HIT (r = −0.21, P = 0.46), neither did baseline VO2max

(HVT: r = 0.06, P = 0.86; HIT: r = 0.12, P = 0.68).
Training volume before the study (h/week) correlated to
the adaptation in HVT (r = −0.62, P = 0.02) but not in
HIT (r = 0.01, P = 0.97). In addition, the previous train-
ing years tended to be related to the training adaptation
in HVT (r = −0.51, P = 0.07) but not in HIT (r = 0.36,
P = 0.46). A negative correlation was observed between
baseline nocturnal HFP and the individual change of
RSpeak in HVT (r = −0.74, P = 0.006) and a positive cor-
relation in HIT (r = 0.63, P = 0.039) (Fig. 3). In addition,
TP correlated significantly to the training adaptation in
HVT (r = −0.65, P = 0.022). No significant correlations
were observed between baseline basal hormone concen-
trations and the training adaptations in either HVT
(cortisol: r = 0.40, P = 0.180, testosterone: r = 0.54,
P = 0.869) or HIT (r = 0.26, P = 0.383, r = −0.19,
P = 0.954, respectively).

Discussion

The main findings of the present study were that
nocturnal HFP and TP at baseline were correlated
negatively with the adaptation (change in RSpeak)
to increased volume of low-intensity endurance
training (HVT) and nocturnal HFP positively with
the adaptation to high-intensity endurance training
(HIT). In addition, the results expressed the greater
adaptation after HVT in individuals with low
HRV compared with individuals with high HRV,
and the greater adaptation after HIT in individuals
with high HRV compared with individuals with
low HRV. To our best knowledge, the present
study is the first to show that the relationship between
baseline HRV and the endurance training adaptation
is dependent on regulation of training volume and
intensity.

Fig. 2. Training adaptation (ΔRSpeak) to 8 weeks of high-volume (HVT) and high-intensity (HIT) endurance training in the low and
high heart rate variability (HRV) groups.

Fig. 3. The relationships between training adaptation (ΔRSpeak) and baseline nocturnal heart rate variability (HFP, high-frequency
power) in (a) high-volume (HVT, n = 13), (b) high-intensity (HIT, n = 12), and (c) both training groups (n = 25, HVT = open circles,
HIT = solid circles). Correlation coefficients (95% confidence intervals) are adjusted by age.
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Adaptations to training

The results of the present study showed that HIT
increased VO2max (4.3 ± 4.0%) and RSpeak (3.0 ± 2.8%)
during the 8-week high-intensity training period. The
improvement in endurance performance was slightly
smaller compared with the 10% improvement after 8
weeks of low-, moderate-, and high-intensity training in
moderately trained runners reported by Buchheit et al.
(2010). Esfarjani and Laursen (2007) reported 6–8%
improvement in RSpeak after 10 weeks of high-intensity
training and a nonsignificant change (1%) after low-
intensity training in moderately trained men. In the
present study, VO2max and RSpeak were not improved at the
group mean level after the 8-week low-intensity/high-
volume training period in HVT. Contrary to the previ-
ously mentioned studies, the protocol of this study
included the 8-week preparation period before the
experimental period. The preparation period led to 3%
improvement in RSpeak and it is reasonable that prolonged
improvement is more challenging thereafter without
changing training intensity. The improvement of both
8-week training periods is in line with previous endur-
ance training-induced adaptation (Midgley et al., 2007).
It seems that the long-term improved in maximal endur-
ance running characteristics at the mean level is more
probable by increasing training intensity rather than
training volume in recreational endurance runners.

Large individual differences in the training adaptation
have been reported after standardized training (Bouchard
& Rankinen, 2001; Mann et al., 2014). Hautala et al.
(2003) reported 2–9% range of individual change in
VO2max after 8 weeks of moderate endurance training in
sedentary subjects. Buchheit et al. (2010) observed 2.5–
25% range of change in maximal aerobic speed and −2.1
to 17.5% range of change in 10-km running time after 8
weeks of combined low-, moderate-, and high-intensity
training. Large individual variation in the adaptation,
described as an individual change in RSpeak, was also
found in this study in both groups (HIT: 0–10.2%, HVT:
−2.8 to 4.1%), despite individualized training volume
and frequency according to their previous training
history. It seems that the previously mentioned individu-
alization of training according to the previous training
background is not enough for diminishing large hetero-
geneity in the training adaptation.

Individual training adaptation and HRV

Several studies have reported the positive relationship
between vagal mediated resting HRV, HFP, at baseline
and change in maximal oxygen uptake (higher vagal
activity, higher training adaptation) after aerobic endur-
ance training in highly trained endurance athletes
(Hedelin et al., 2001), moderately trained men (Hautala
et al., 2003; Vesterinen et al., 2013), and previously
untrained women (Boutcher et al., 2013). In the present
study, we observed the positive relationship (r = 0.63)

between nocturnal HFP and the change in RSpeak after 8
weeks of high-intensity training. In addition, we found
that individuals with higher HFP (> 8.1 ln ms2) showed
greater change in RSpeak after the high-intensity training
compared with individuals with lower HFP (< 8.1 ln
ms2). Only the study of Boutcher et al. (2013) training
has included solely high-intensity training. In other
previous studies, training has been a mix of low-,
moderate-, and high-intensity training. In our previous
study (Vesterinen et al., 2013), a positive relationship
between baseline nocturnal HFP and change in maximal
aerobic speed (r = 0.71) was found after 14 weeks of
intensive endurance training (increased volume and
intensity).

On the other hand, Buchheit et al. (2010) observed
that low vagal mediated HRV (RMSSD, the square root
of the mean squared differences of successive RRIs) at
baseline was related to greater improvement in 10 km
running performance after an 8-week training period in
moderately trained runners. In the present study, the
similar relation (r = −0.74) was found after 8 weeks of
low-intensity training. In addition, we observed that
individuals with lower HFP (< 8.1 ln ms2) showed
greater change in RSpeak after the increased volume of
low-intensity training compared with individuals with
higher HFP (> 8.1 ln ms2). Buchheit et al. (2010)
expressed that the nonresponders had better baseline
fitness level than the responders and speculated that
training stimuli might not have been enough for the
individuals with higher endurance capacities although 8
weeks of training included high-intensity training in
addition to training of low and moderate intensities.
However, the same observation was not found in terms
of the relationship between baseline fitness level and
subsequent training adaptation in the present study.

The previously mentioned observations support that
individuals with higher vagal activity may have a better
capacity to cope with increased training intensity and
load for leading greater training adaptation, like that
proposed in our previous study (Vesterinen et al., 2013).
Greater adaptations of individuals with higher resting
vagal activity may also be related to a greater adaptation
capacity and an improved post-exercise metabolic recov-
ery (Blasco-Lafarga et al., 2013). Furthermore, low-
intensity training may not disturb sufficiently the
homeostasis of individuals with higher HRV and thus
does not lead to desirable training adaptation. On the
other hand, individuals with low vagal activity seem to
get sufficient stimulus from low-intensity training for
achieving greater adaptation to training. However,
precise mechanisms underlying the relation between car-
diovascular autonomic regulation and the endurance
training adaptation still remain speculative. It has been
reported that genetic factors may determine much of the
variation in the adaptation to endurance training
(Bouchard & Rankinen, 2001; Perusse et al., 2013). It is
possible that these factors could partly explain great
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variation also in autonomic vagal activity. Therefore,
there might be a common factor that explains adaptation
to endurance training and cardiovascular autonomic
regulation (Hautala et al., 2009).

Predictors of training adaptation

Baseline nocturnal vagal activity showed to have the
strongest predictor of the change of RSpeak, which is in
line with the results of Boutcher and Stein (1995),
Hautala et al. (2003), and Vesterinen et al. (2013). HFP
accounted for 54% of the variation in the training adap-
tation to low-intensity training and 39% of the variation
in the adaptation to high-intensity training. Age, sex, and
baseline fitness level have also been reported to be pre-
dictors of the endurance training adaptation (Bouchard
& Rankinen, 2001; Hautala et al., 2003). However, in the
present study, these baseline characteristics were not
correlated to the adaptation during training. Age
accounted for 2% of the variation in the adaptation in
HVT and 4% in HIT, and VO2max 0.4% in HVT and 1%
in HIT. This might be explained by the relatively homog-
enous groups of subjects according to their age and base-
line fitness level. Instead, training volume before the
study accounted for 38% of the variation in the training
adaptation to low-intensity training but not to high-
intensity training. In addition, the previous training years
tended to be related to the training adaptation (accounted
for 26%) in low-intensity training. According to these
results, it seems that individuals with lower vagal activ-
ity and minor training background achieve greater adap-
tation to low-intensity training regardless of age and
baseline fitness level. Although testosterone and cortisol
concentrations have been reported to be related to the
positive adaptation to training load (Purge et al., 2006) in
the present study, no significant correlations between
basal serum hormone concentrations and the training
adaptation were found in both groups. Thus, the present
results do not support the utility of the baseline basal
testosterone and cortisol concentrations as predictors of
individual endurance training adaptation. Previously,
decreased resting concentration of testosterone has been
reported after heavy endurance training (Wheeler et al.,
1991; Urhausen et al., 1995; Hoogeveen & Zonderland,
1996; Uusitalo et al., 1998). However, in the present
study, serum concentrations of testosterone and cortisol
remained statistically unaltered over the whole study.
Some fluctuation was found, like in the combined endur-
ance and strength training studies of Taipale et al. (2010;
2014) in recreational endurance runners, but it is pos-
sible that training should be more demanding for disturb-
ing homeostasis of the hormonal system. Furthermore,
according to these findings, it seems that basal testoster-
one and cortisol concentrations may not be sensitive
enough for monitoring and predicting the adaptation to
endurance training in recreational endurance runners.

Limitations of the study and future research

The present study is limited by its relatively small
sample size, partly due to dropouts because of sickness,
injuries, or lack of training program participation. More-
over, it does not serve adequate statistical power to inves-
tigate possible sex differences in the training adaptation.
Future research should aim to test larger samples and to
clarify individual adaptation among both sexes. In addi-
tion, a randomized study, where low and high HRV
groups would be randomly divided into high-volume or
high-intensity training, with larger sample size would
give more statistical power for analyzing differences in
training adaptation between the low and high HRV
groups and determining the definition threshold for sepa-
rating individuals with low and high HRV. In the present
study, the threshold was the mean value of HFP (8.1 ln
ms2), but more investigation is needed in larger popula-
tions with different training backgrounds for confirming
the tentative finding. Future research should aim to
determine the relation between cardiac autonomic vagal
activity and training adaptation especially in high-level
endurance athletes. It has been observed that individuals
with higher aerobic capacity have greater vagal activity
(Hautala et al., 2009), which may have effects of the
relation between cardiac autonomic vagal activity and
training adaptation compared with recreational endur-
ance runners with lower aerobic capacity.

Perspectives

The results showed that HIT was more productive at
mean level compared with HVT in recreational endur-
ance runners. However, individuals showed a wide range
of adaptation, like in the previous studies (Bouchard &
Rankinen, 2001; Vollaard et al., 2009; Buchheit et al.,
2010). For improving outcomes of training and reducing
a range of adaptation, more individualized training is
needed. Thus, initial identification of low responders is
worthwhile. Based on the present findings, nocturnal
HRV is a potential tool for identifying a priori an indi-
vidual’s trainability. It seems that individuals with high
HFP tended to respond better to HIT compared with
HVT. Furthermore, the negative relation between HFP
and the adaptation after HVT suggests that individuals
with low HRVwould respond better to increased volume
of low-intensity training compared with individuals with
high HRV, but no difference was found between the
adaptation to HIT and HVT in individuals with low HRV.
Consequently, recreational endurance runners with
higher baseline nocturnal HRV are recommended to
increase training load primarily by increasing training
intensity rather than training volume. In conclusion,
HRV may be used to individualize endurance training in
recreational endurance runners, especially to adjust
training volume and intensity, to achieve greater
improvements in endurance performance.
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ABSTRACT

VESTERINEN, V., A. NUMMELA, I. HEIKURA, T. LAINE, E. HYNYNEN, J. BOTELLA, and K. HÄKKINEN. Individual En-

durance Training Prescription with Heart Rate Variability. Med. Sci. Sports Exerc., Vol. 48, No. 7, pp. 1347–1354, 2016. Introduction:

Measures of HR variability (HRV) have shown potential to be of use in training prescription. Purpose: The aim of this study was to

investigate the effectiveness of using HRV in endurance training prescription. Methods: Forty recreational endurance runners were

divided into the HRV-guided experimental training group (EXP) and traditional predefined training group (TRAD). After a 4-wk

preparation training period, TRAD trained according to a predefined training program including two to three moderate- (MOD) and high-

intensity training (HIT) sessions per week during an 8-wk intensive training period. The timing of MOD and HIT sessions in EXP was

based on HRV, measured every morning. The MOD/HIT session was programmed if HRV was within an individually determined

smallest worthwhile change. Otherwise, low-intensity training was performed. Maximal oxygen consumption (V̇O2max) and 3000-m

running performance (RS3000m) were measured before and after both training periods. Results: The number of MOD and HIT sessions

was significantly lower (P = 0.021, effect size = 0.98) in EXP (13.2 T 6.0 sessions) compared with TRAD (17.7 T 2.5 sessions). No other

differences in training were found between the groups. RS3000m improved in EXP (2.1% T 2.0%, P = 0.004) but not in TRAD (1.1% T 2.7%,

P = 0.118) during the intensive training period. A small between-group difference (effect size = 0.42) was found in the change in RS3000m.

V̇O2max improved in both groups (EXP: 3.7% T 4.6%, P = 0.027; TRAD: 5.0% T 5.2%, P = 0.002). Conclusion: The results of the present

study suggest the potential of resting HRV to prescribe endurance training by individualizing the timing of vigorous training sessions.

Key Words: RUNNING TRAINING, TRAINING ADAPTATION, AUTONOMIC NERVOUS SYSTEM, VAGAL ACTIVITY,

TRAINING PROGRAMMING

L
arge individual variation in training adaptation has
been observed after standardized endurance train-
ing. It is typical that some individuals show great

improvements (even to 40%) in maximal oxygen uptake
(V̇O2max) or endurance performance after standardized en-
durance training, whereas some individuals show no changes
or sometimes even a decrement in endurance performance
(5,7,36). In our previous study (34), a slightly smaller varia-
tion in improvement of endurance performance was observed
after 8 wk of both high-intensity training (HIT) (0% to

10.2%) and low-intensity training (LIT) (j2.8% to 4.1%)
when training volume and frequency were individualized
according to individuals_ previous training history. However,
some nonresponders (change in endurance performance e0%)
were observed, which proposes that a more precisely and
comprehensively individualized training program would be
beneficial for achieving greater improvements and smaller
variation in the adaptation to training.

Cardiac autonomic regulation is an important determinant
of endurance training adaptation. Baseline vagal-mediated
resting HR variability (HRV) has been shown to be related
to greater improvements in V̇O2max and endurance perfor-
mance after endurance training in different populations
(2,12,13,33,34). In addition, increased resting HRV during a
training period has been related to improvements of endur-
ance performance or V̇O2max (6,7,10,12,22).

It has been proposed that training prescription according
to the status of cardiac vagal activity may be a beneficial
method to improve endurance training adaptation. Kiviniemi
et al. (18,19) expressed promising results while using HRV
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in daily training prescription. Individuals who were pre-
scribed HIT sessions according to HRV showed greater
improvements in V̇O2max among moderately fit men (19)
and in endurance performance among healthy individuals
(18,19) compared with individuals who trained according to
a traditional predefined training program. Women benefitted
from HRV guidance by achieving the same significant im-
provement in endurance performance with a lower amount
of HIT compared with predefined training (18,19). In the
studies by Kiviniemi et al. (18,19), training prescription was
based on daily single-HRV measurements. However, Plews
et al. (24) suggested that it is more valuable to use longer
trends of HRV, e.g., a week rolling average, compared with
assessing its value on a single day. In addition, Plews et al.
(25) proposed to use the individual_s own HRV profile, the
individually determined smallest worthwhile change (SWC),
which reflects normal values of HRV, in interpreting HRV
values and training prescription.

Although determinants of endurance performance are
widely accepted, the optimal training volume and intensity
distribution is still indefinite (31). The majority of endurance
training studies present a high proportion of high-volume
LIT among endurance athletes, and also a polarized training
model with a higher amount of HIT has been proposed to be
an effective training model especially in high-level athletes
(21,30). Furthermore, increasing training intensity also in
sedentary adults would be more effective compared with
increasing training volume (28). Recent studies have shown
that changing the periodization of LIT and HIT without
changing the training intensity distribution may have a
positive effect on performance improvement (26,27). Tra-
ditionally, periodized endurance training includes usually
single-HIT sessions, e.g., two times per week, simultaneous
with LIT and moderate-intensity training (MOD) trying to
develop many fitness components at the same time. On
the contrary, block training includes shorter training periods
(1–4 wk), when the aim is to develop a few selected fitness
components (17). Recently, it has been suggested that block
periodization of HIT may provide superior training adap-
tation compared with traditionally organized HIT (26,27).
However, the timing of HIT blocks has been typically de-
termined subjectively without objective information about
the athlete_s training status. A good recovery status may be
needed before an intense training block to avoid imbalance
between training load and recovery.

Endurance training programs are typically predetermined
based on the literature, general recommendations, and ex-
perience of coaches regardless of objective information
about the athlete_s training and recovery status. In addition,
adaptation to endurance training is individualized, and the
same training program would not be optimal for everyone in
spite of similar training background. Furthermore, more in-
dividualized, objective training prescription may improve
training adaptation. The aim of this study was to inves-
tigate the effectiveness of using HRV averaged over 7 d
in endurance training prescription for endurance training

adaptation compared with traditional predefined endurance
training in recreational endurance runners. It was hypothe-
sized that HRV-guided training would result in greater ad-
aptations to training (18,19).

METHODS

Subjects. Forty recreational endurance runners (20 women
and 20 men) were recruited to participate in the study through
advertisement in the local newspaper and social media. The
minimal sample size was determined based on the data of
Vesterinen et al. (35) and Stöggl and Sperlich (30) (expected
changes in maximal running speed, 3% T 3% and 5% T 3%).
A priori power analysis suggested that 16 subjects were re-
quired for both groups to achieve 80% power and a signifi-
cance level of 5%. The subjects did not have any diseases or
use regular (e.g., daily) medication for any kind of chronic or
long-term diseases. They had at least 2 yr of regular endur-
ance running training background. Age, V̇O2max, regular
training background, and weekly running kilometers during
the previous 2 months were 34 T 8 yr, 49 T 4 mLIkgj1Iminj1,
13 T 8 yr, and 34 T 22 km, respectively, for women and 35 T
7 yr, 56 T 5 mLIkgj1Iminj1, 15 T 8 yr, and 39 T 19 km,
respectively, for men. After being fully informed about the
study design and the possible risks, all subjects provided a
written informed consent document. The study was approved
by the ethics committee of the local university.

Study design. The study protocol included two training
periods: a 4-wk preparation period (PREP) and an 8-wk
intensive training period (INT). All measurements were
performed before and after both training periods on weeks 0,
5, and 14. For INT, the subjects were matched into pairs
according their baseline background (sex, age, and training
background), endurance performance characteristics (V̇O2max,
3000-m running time), and HRV. Thereafter, within each pair,
the runners were randomized into the HRV-guided exper-
imental training group (EXP) and traditional predefined
training group (TRAD).

Maximal running tests. The subjects were asked not to
do any vigorous physical activity 2 d before the running
tests. The subjects performed an incremental treadmill test,
starting at 7 kmIhj1 for women and at 8 kmIhj1 for men,
and were followed by an increase of 1 kmIhj1 every third
minute until volitional exhaustion. The incline was kept at
0.5- during the whole test. HR was recorded continuously
using an HR monitor (Suunto t6; Suunto Ltd., Vantaa,
Finland). Oxygen consumption was measured breath by breath
throughout the test using a portable spiroergometer (Oxycon
mobile; Viasys Health Care, Würzburg, Germany). After each
3-min stage, the treadmill was stopped for about 15–20 s for
fingertip blood samples (20 KL) and blood lactate analysis.
Blood lactate was determined using a Biosen S_line Lab +
lactate analyzer (EKF Diagnostic, Magdeburg, Germany).
The highest 60-s V̇O2 value during the treadmill test was
considered as the maximal oxygen uptake (V̇O2max). The
determination of lactate thresholds was based on a rise and
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change in the inclination of the blood lactate curve during the
test (11). Lactate threshold 1 (LT1) was set at 0.3 mmolILj1

above the lowest lactate value. Lactate threshold 2 (LT2)
was set at the intersection point between 1) a linear model
between LT1 and the next lactate point and 2) a linear
model for the lactate points with a lactate increase of at
least 0.8 mmolILj1.

For the determination of maximal endurance perfor-
mance, the subjects performed the 3000-m running test on a
200-m indoor track before and after both training periods.
Time and a mean running speed of 3000 m (RS3000m) were
calculated. At least two easy training days were prescribed
between the treadmill test and the 3000-m running test.

Training. During PREP, all subjects were asked to main-
tain the same training volume as that before the study. The
period followed a periodization model of three hard training
weeks followed by an easy training week with progressively
increasing intensity throughout the period (Table 1). Endur-
ance training was mainly running, but the subjects were en-
couraged to do at least one easy session per week in some
other training mode than running (i.e., cycling or cross-
country skiing). In addition, muscle endurance circuit training
was instructed to be performed once a week.

Predefined training. For INT, all subjects were in-
structed to maintain the same training volume as that dur-
ing PREP. TRAD trained according to a predefined training
program, which included approximately 50% of weekly
training sessions performed at LIT (below LT1) and the
other 50% at MOD/HIT, with the week periodization 3/1 as
that during PREP (Table 1). The main training sessions at
moderate and high intensities were similar to the training
sessions during PREP in both groups.

HRV-guided training. All subjects in EXP were in-
structed to measure their R–R interval data at home every
morning after awakening and emptying their urinary blad-
der. Omegawave Pro Mobile System, with a two-lead chest
belt (Omegawave Ltd., Helsinki, Finland), was used to re-
cord R–R intervals. Four minutes of recording was per-
formed in supine position, and the subjects were allowed

to breathe spontaneously. R–R interval data were analyzed
using the Omegawave cloud service, and the vagal-mediated
square root of the mean squared differences of successive
R–R intervals (RMSSD) was selected to be used in training
prescription because of its greater reliability than other HRV
spectral indices (1). Furthermore, a 7-d rolling average of
RMSSD (RMSSD7d) was calculated because it has been
proposed to be more sensitive to track changes in the train-
ing status compared with single-day values (24).

The basic idea of using HRV in endurance training pre-
scription was to decrease training intensity when cardiac
vagal activity differed meaningfully from the regular level
based on the findings of Plews et al. (24,25). Thus, the SWC
of RMSSD7d for each subject in EXP was determined, as
mean T 0.5 SD, from RMSSD values of 4 wk over PREP
based on observations by Plews et al. (24,25) and Kiviniemi
et al. (18,19) (Fig. 1). When RMSSD7d was within the SWC,
only MOD and HIT sessions were performed. If RMSSD7d

fell outside the SWC, the subjects trained only at low in-
tensities or rested. When RMSSD7d returned to the mean
level of the SWC, the subjects started to perform MOD and
HIT sessions and continued until RMSSD7d fell outside the
SWC. The subjects maintained the same number of training
sessions and rest days every week compared with PREP
regardless of HRV. The SWC was updated after the first
4 wk of INT based on the values over the previous 4 wk
because of previous findings about a relationship between
an increment of resting cardiac autonomic activity and im-
proved endurance performance (6,7,22).

Training monitoring. The subjects controlled their
training intensity by measuring their HR and RS during all
exercises using the Garmin FR 610 HR monitor with GPS
(Garmin Ltd., Schaffhausen, Switzerland). In addition, the
subjects rated their perceived exertion (RPE) and recovery
feelings using the scale of 0–10 after each training session
(3) and reported possible other stress factors, e.g., sick-
nesses, injuries, and work/school stress, in their training di-
ary via a cloud service. HR data were used to determine the
times at the three different training intensity zones: low

TABLE 1. Week template of the predefined training program for both groups over weeks 0 to 5 and for predefined group (TRAD) over weeks 6 to 14.

Weeks Week Periodization Test Runs HIT Constant Run Intervals Moderate Run Low-Intensity Run (Intensity G LT1)

0 Test 3000-m run, V̇O2max test
1 Int 30¶ at 80%–85% 3–6 km � 6–12 km
2 Int 4¶ � 4¶ at 90%–95%/rec 3¶ 40¶ at 80%–85% 2–5 km � 6–12 km
3 Int 30¶ at 85%–90% 4¶ � 4¶ at 90%–95%/rec 3¶ 40¶ at 80%–85% 2–5 km � 6–12 km
4 Rec 3–5 km � 6–12 km
5 Test V̇O2max test 3–5 km � 6–12 km
6 Int 3000-m run 30¶ at 85%–90% 40¶ at 80%–85% 2–4 km � 6–12 km
7 Int 30¶ at 85%–90% 4¶ � 4¶ at 90%–95%/rec 3¶ 40¶ at 80%–85% 2–4 km � 6–12 km
8 Int 30¶ at 85%–90% 4¶ � 4¶ at 90%–95%/rec 3¶ 40¶ at 80%–85% 2–4 km � 6–12 km
9 Rec 3–5 km � 6–12 km
10 Int 30¶ at 85%–90% 4¶ � 4¶ at 90%–95%/rec 3¶ 40¶ at 80%–85% 2–4 km � 6–12 km
11 Int 30¶ at 85%–90% 4¶ � 4¶ at 90%–95%/rec 3¶ 40¶ at 80%–85% 2–4 km � 6–12 km
12 Int 30¶ at 85%–90% 4¶ � 4¶ at 90%–95%/rec 3¶ 40¶ at 8%–85% 2–4 km � 6–12 km
13 Rec 4¶ � 4¶ at 90%–95%/rec 3¶ 3–4 km � 6–12 km
14 Test 3000-m run, V̇O2max test 2–4 km � 6–12 km

Training intensities are expressed as a percentage of maximal HR.
All moderate- and high-intensity sessions started with a 15- to 20-min warm-up and were followed by a 15-min cool down. Moderate- and high-intensity runs were instructed to be
performed after rest or easy training day. If the number of all training sessions per week was e4, only two moderate-/high-intensity runs were instructed to be performed per week.
Int, intensive training week; Rec, recovery week; Test, testing week; rec, recovery between intervals (intensity G LT1).
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(below LT1), moderate (between LT1 and LT2), and high
(above LT2) intensities. Weekly main training sessions were
supervised by experienced members of the research group.

Statistical analysis. The results are expressed as
means T SD. The Gaussian distribution of the data was
assessed using the Shapiro–Wilk goodness-of-fit test. The
adaptation to training was analyzed using repeated measures
of ANOVA followed by Bonferroni as a post hoc test. Dif-
ferences in the training adaptation between EXP and TRAD
were analyzed using Student_s t-test for independent sam-
ples and between sexes using the Kruskal–Wallis test. In
addition, the magnitudes of changes after training and dif-
ferences between groups were expressed as standardized
effect sizes (ES), calculated from pooled means and SD (15).
The threshold values for Cohen_s ES statistics were G0.2
(trivial), 0.2–0.5 (small), 0.5–0.8 (moderate), and 90.8 (large)
(8). Pearson_s product–moment correlation coefficient was
used to determine the relationships between the amount of
MOD/HIT sessions and the training adaptation (change in
RS3000m and V̇O2max). Statistical significance was accepted
as P e 0.05. Statistical analyses were carried out using SPSS
Statistics 20 software (IBM, Armonk, NY).

RESULTS

A total of 31 subjects (13 in EXP and 18 in TRAD)
completed the whole study. Nine subjects dropped out be-
cause of injuries (n = 2), sicknesses (n = 2), and insufficient
compliance with the training program (i.e., G90% of all
training sessions in EXP and more than two main training
sessions missing in TRAD during INT, n = 5).

No differences were observed between the groups in
training during PREP (Table 2). Training volume remained
similar between PREP and INT. In addition, proportions of
times in different training zones remained similar. The num-
ber of MOD and HIT sessions over INT was significantly
lower (P = 0.021, ES = 0.98) in EXP (13.2 T 6.0 sessions)
compared with TRAD (17.7 T 2.5 sessions). Individual
ranges in the number of MOD/HIT sessions were from 5 to
24 sessions in EXP and from 11 to 21 sessions in TRAD.

FIGURE 1—Example of programming moderate- and high-intensity sessions in the HRV-guided EXP. The gray area indicates the SWC of RMSSD.
The black area indicates timing of MOD and HIT. The dashed line area indicates timing of LIT. The arrows represent timing of the running tests.

TABLE 2. Training characteristics of HRV-guided experimental (EXP) and predefined
(TRAD) training groups over the preparation (PREP, weeks 1–4) and intensive (INT,
weeks 6–13) training periods presented as means T SD.

EXP (n = 13) TRAD (n = 18)

PREP INT PREP INT

Training (hIwkj1) 7.1 T 3.0 6.5 T 2.8 7.0 T 2.7 6.3 T 2.5
Running (kmIwkj1) 43 T 18 42 T 22 40 T 23 41 T 20
Training (times per week) 6.0 T 1.7 6.1 T 1.8 5.9 T 1.8 5.6 T 1.6
Low intensity (%) 89 T 8 83 T 27 88 T 9 84 T 12
Moderate intensity (%) 10 T 7 14 T 25 10 T 8 13 T 10
High intensity (%) 2 T 3 3 T 5 1 T 2 3 T 4

Low intensity, intensity below LT1; moderate intensity, intensity between LT1 and LT2;
high intensity, intensity above LT2.

TABLE 3. Endurance performance variables in EXP and TRAD before (week 5) and after
(week 14) the 8-wk INT.

V̇O2max

(mLIkgj1Iminj1)
RS3000m
(kmIhj1)

RSLT2
(kmIhj1)

RSLT1
(kmIhj1)

EXP (n = 13)
Week 5 54.4 T 6.2 15.4 T 1.6 13.4 T 1.4 11.0 T 1.2
Week 14 56.4 T 7.0 15.7 T 1.5 13.8 T 1.3 11.3 T 1.2
% change 3.7 T 4.6* 2.1 T 2.0** 2.6 T 3.3* 2.8 T 3.7*
ES (rating) 0.40 (small) 0.54 (mod) 0.38 (small) 0.37 (small)
TRAD (n = 18)
Week 5 53.0 T 5.8 15.0 T 1.6 12.8 T 1.6 10.6 T 1.4
Week 14 55.5 T 5.8 15.2 T 1.5 13.1 T 1.5 10.7 T 1.5
% change 5.0 T 5.2** 1.1 T 2.7 (NS) 1.9 T 2.2** 1.0 T 2.9 (NS)
ES (rating) 0.49 (small) 0.14 (trivial) 0.46 (small) 0.17 (trivial)
Between-group differences in responses to training

0.26 (small) 0.42 (small) 0.25 (small) 0.54 (mod)

Values are presented as means T SD.
*P G 0.05, **P G 0.01, ***P G 0.001 (significant difference from mid).
V̇O2max, maximal oxygen consumption; RSLT2, running speed at LT2; RSLT1, running
speed at LT1; NS, not statistically significant.
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RS3000m improved by 2.7% T 2.5% (P G 0.001) and V̇O2max

by 2.9% T 4.4% (P = 0.003) over PREP. Time in the 3000-m
running test improved in EXP (j14.3 T 14.1 s, P = 0.005) but
not in TRAD (j7.8 T 19.8 s, P = 0.111) during INT. A small
between-group difference was observed in the change in
RS3000m (Table 3 and Fig. 2). V̇O2max and RSLT2 improved
in both groups (a small between-group difference), whereas
RSLT1 improved only in EXP (a moderate between-group
difference). No differences were observed in the changes of
the endurance performance variables between sexes.

Individual ranges in the change in RS3000m were from
j1% to 6% in EXP and from j4% to 8% in TRAD. One
subject in EXP and five subjects in TRAD showed decre-
ments in RS3000m, whereas other subjects improved or
maintained their running performance over INT. Figure 3
presents three examples of HRV-based individualization in
training prescription. Subject A responded well to a high
amount of MOD/HIT. The training program included three
MOD/HIT blocks (a total of 34 d) during INT. Subject B
performed also three MOD/HIT periods, but those were much
shorter (a total of 15 d). However, the response to the high
amount of LIT was good. Subject C performed two 7-d pe-
riods of MOD/HIT at the beginning of INT. After that, HRV
was below the SWC because of work stress and the training
was solely LIT. Subject C was the only subject who showed a
decrement in the 3000-m running performance in EXP during
INT. No significant correlations were found between the
number of MOD/HIT sessions and the change in RS3000m (r =
0.42, P = 0.17) or V̇O2max (r = 0.26, P = 0.43).

DISCUSSION

The aim of the present study was to compare training ad-
aptation induced by HRV-guided and predefined endurance

training. The main finding was that 3000-m running perfor-
mance improved only in the HRV-guided training group over
the 8-wk INT by performing less MOD and HIT sessions
compared with predefined training.

Changes in endurance performance. Vagal activity
of the autonomic nervous system has widely been observed
to be related to individual adaptation to endurance training,
for example (6,7,10,12,22). To our best knowledge, only a
few previous studies have examined the use of HRV in en-
durance training prescription (4,18,19). In the study by
Kiviniemi et al. (19), the HIT session was programmed if
high frequency power (HFP), measured every morning, was
increased or remained the same compared with the reference
value of HFP (an average of 10 d j SD). Otherwise, LIT or
rest was programmed. The HRV-guided group showed 7%
improvement in V̇O2max and 6% improvement in maximal
running performance, whereas the predefined group im-
proved by 4% in running performance and maintained
V̇O2max after 4 wk of training. The change in running per-
formance was greater in the HRV group (19). The present
study expressed similar findings. Maximal running perfor-
mance and RSLT1 improved in EXP but not in TRAD,
whereas V̇O2max and RSLT2 improved in both groups. The
group difference in the change in running maximal perfor-
mance (2.1% in EXP vs 1.1% in TRAD) was rated as small
in qualitative and as nonsignificant in the t-test analyses.
However, in practice, a difference of 1% in sport perfor-
mance can make the difference between winning and losing
(9). The finding may suggest that it may be possible to
identify more optimal timing to receive vigorous training
stimulus according to HRV compared with subjectively
predefined training.

It is worth considering that a slightly greater improvement
in 3000-m running performance was achieved with a lower
frequency of MOD and HIT sessions in EXP compared with
TRAD. Furthermore, training focused more on LIT in EXP,
which may explain the greater improvement in RSLT1
compared with TRAD. The previous finding is in line with
the results of Kiviniemi et al. (18) among moderately trained
women. The authors did not observe any differences in the
training adaptation between the HRV-guided and the
predefined groups, but the HRV group performed less HIT
sessions (1.8 vs 2.8 sessions per week) during 8 wk of
training. In addition, they proposed that a different HRV-
guided program is needed for women because they are more
susceptible to longer recovery of HRV (18). In the present
study, no differences were observed between sexes in the
training adaptation. Kiviniemi et al. (18) proposed that the
gender differences in HRV responses to HIT could be
explained by a lower relative fitness level in women com-
pared with men. In the present study, the relative fitness
level was even a bit higher in women (29), which can ex-
plain the contradictory findings in gender differences be-
tween the present study and the study by Kiviniemi et al.
(18). However, clarification of possible sex differences
needs more investigations with larger sample sizes.

FIGURE 2—Changes (%) in running performance of 3000 m after the
8-wk HRV-guided training (EXP) and predefined training (TRAD).
The box plots represent the median values (solid line), 50th percentile
values (box outline), and minimal/maximal values (whiskers). **P G
0.01, significant difference from week 5.
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Individual variation in the adaptation. Large indi-
vidual differences in training adaptation after standardized
endurance training are common (5,7,36). In the present
study, EXP showed a slightly smaller range (j1% to 6%) in
the change in RS3000m compared with the predefined train-
ing group (j4% to 8%), whereas the individual range in the
amount of HIT sessions was larger in EXP (5 to 24 sessions)
compared with TRAD (11 to 21 sessions). This finding
suggests that HRV-based timing of HIT may be beneficial
for diminishing variation in the adaptation. However, one
subject in EXP failed to improve running performance dur-
ing INT (Fig. 3C). The subject trained only at low intensities
during the last 5 wk of INT because his RMSSD values were
below the SWC. Reduced HRV was mainly induced by
work stress, and it caused challenges to the function of
the HRV-based training prescription method. Regardless, it
might be assumed that the predefined HIT in that kind of
stress state would not result in optimal training outcomes;
thus, LIT is recommended to enhance the recovery process.

On the other hand, the insignificant correlation between
the training adaptation and the number of MOD/HIT ses-
sions showed that the adaptation to training was indepen-
dent of the amount of vigorous sessions. Some individuals
responded well to the high amount of MOD and HIT
(Fig. 3A), whereas other individuals (Fig. 3B) achieved
good responses to the smaller dose of MOD/HIT sessions.
This can be partly explained by our previous finding (34),
which showed that some individuals respond better to LIT
and some individuals to HIT. It seems also that individuals_
recovery of HRV and further capacity to cope vigorous
training are different. Subject A (Fig. 3) performed three HIT
blocks during INT. The longest one continued 21 d and in-
cluded 15 MOD/HIT sessions. During the blocks, recovery
feeling decreased and HRV changed relatively slowly from
the regular level, whereas some individuals_ HIT blocks were
remarkably shorter. Thus, individualized training program
is needed for diminishing variation in the adaptation and in-
creasing effectiveness of training.

FIGURE 3—Daily changes in RMSSD, RMSSD7d, and recovery feeling for subject A (good response to the high amount of HIT), subject B (good
response to the high amount of LIT), and subject C (poor response to the high amount of LIT). The gray area indicates the SWC of RMSSD. The black
area indicates timing of MOD and HIT. The dashed line area indicates timing of LIT. The arrows represent timing of the running tests.
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Methodological issues to use HRV in training
prescription. In the present study, the HRV-based method
to prescribe training was different compared with the
method by Kiviniemi et al. (18,19). We used the vagal-
mediated, time-domain index, RMSSD instead of the HFP
spectral density because it has been proposed that RMSSD
has greater reliability compared with HRV spectral indices
(1). Furthermore, in the present study, a 7-d rolling average
was used because it provides a better representation of
training adaptation by diminishing the large day-to-day
variation in HRV compared with single-day values (24),
which were used in the studies by Kiviniemi et al. (18,19).
The averaged value of HRV and SWC together shows that
one single-training session does not typically change HRV
more than SWC. Thus, the present method prescribes the
timing of MOD/HIT blocks rather than the single-MOD/HIT
sessions. It is closer to practical endurance athletes_ training,
which includes vigorous training periods, such as training
camps, and not only single-training sessions. In addition,
block periodization of HIT has been proposed to provide
superior training adaptation compared with traditionally or-
ganized HIT (26,27). However, exhaustive HIT block training
has mainly been used among high-level athletes. Individually
determined duration and timing of HIT block according to
HRV may be a more approachable training model also for
untrained individuals. It may be easier to avoid the imbalance
between training load and recovery when training prescrip-
tion is based on the status of cardiac vagal activity. However,
further studies are needed in different populations.

Instead of using a strict limit for the HRV value to de-
termine the intensity of training, which was used in the
studies by Kiviniemi et al. (18,19), we used the individually
determined SWC, which reflects the regular values of HRV
(24,25). When the HRV value falls either below or above the
SWC, it is reflecting a sign of an abnormal situation. When
HRV is below the SWC, it is indicating increased sympathetic
activity, which has been observed to occur after vigorous
training periods reflecting an insufficient recovery state (16,23).
When HRV is above the SWC, it is indicating increased vagal
activity called parasympathetic hyperactivity, which could also
be a sign of functional overreaching (20) or overtraining
(14,32). The imbalance of cardiac autonomic regulation may
indicate an unfavorable situation to adapt to HIT sessions. It
is also worth considering that HRV response to training is in-
dividualized, and it can vary in different situations. For exam-
ple, it is shown in Figure 3A that HRV decreased during the
first and third MOD/HIT blocks, but during the second block,
it oppositely increased above the SWC. As it is unknown,
whether HRV should be expected to increase or decrease in the
case of overreaching and overtraining, it is recommended that
the HRV-based training prescription method includes upper
and lower limits for normal area of HRV.

Regardless of the encouraging results to use the present
HRV method for training prescription, there are some un-
certain issues to solve in future studies. First, baseline
HRV recordings for determining the SWC should not be

performed under extensive stress factors, like work stress,
sicknesses, etc. Otherwise, the SWC does not represent a
normal situation. The second issue is related to the magni-
tude of the SWC. In the present study, it was determined as
mean T 0.5 SD based on the previous findings by Plews
et al. (25) and Hopkins et al. (15). The SWC should be wide
enough for allowing an individual to train enough at high
intensities to achieve adequate disturbances in homeostasis
so that further training adaptation can be attained. On the
other hand, it should give enough recovery time after HRV falls
outside the SWC. That is the reason why LIT was performed
until HRV returned to the mean level of the SWC, not only to
the area of SWC. Performance changes and recovery feelings
during INT did not reveal any signs of overtraining in the
present study. Future studies should examine whether a shorter
recovery time results in greater adaptations. In that case, LIT
should continue until HRV is close to the mean level (e.g.,
within the area of mean T 0.1 SD). In addition, an uncertain
issue is the updating of SWC. Previous studies have expressed
that resting HRV can increase as a positive result of training,
especially in previously untrained and moderately trained
subjects (6,7,10,12,22). Therefore, the SWC was decided to
be updated after the first 4 wk of INT. Although the change in
the SWC was relatively small in most subjects in the present
study, it is recommended to update the SWC after certain time
spans, especially during longitudinal training periods.

Limitations. HRV measurements performed at home may
not be as highly standardized as those performed in labora-
tory conditions. However, it is impractical to perform the
measurements in the laboratory every morning during the
training period. In addition, it is possible to avoid psy-
chophysiological effects of laboratory conditions on HRV
by performing the measurements at home. In addition, the
present study is limited by its relatively small number of
subjects. Unfortunately, the relatively big number of drop-
outs due to sickness and injuries reduced statistical power,
especially in comparisons between sexes. It does not allow
adequate statistical power to investigate possible sex differ-
ences with parametric analyses. Furthermore, future studies
should aim to examine the usefulness of HRV in endurance
training prescription among different populations from sed-
entary individuals to high-level endurance athletes.

CONCLUSIONS

The present study expressed that the 3000-m running
performance improved only in the HRV-guided training
group over the 8-wk INT by performing less MOD and HIT
sessions compared with the predefined training. In addition,
individual range in the training adaptation was smaller in the
HRV-guided group compared with the TRAD. The findings
may suggest that the timing of MOD and HIT sessions
according to HRV is more optimal compared with the sub-
jectively predefined training. Therefore, HRV shows a po-
tential tool in endurance training prescription by optimizing
the timing of vigorous training sessions, although there is a
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need to solve some methodological issues related to the use of
HRV in training prescription in future studies.
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