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ABSTRACT

Partanen, Juho 2014. Changes in nocturnal heartveastability and endurance perfor-
mance during a high-intensity or high-volume endugatraining period in recreational
endurance runners. Department of Biology of Phy#icavity, University of Jyvaskyla.
59 pages.

It is known that endurance training affects the olatlon of the autonomic nervous
system and heart rate variability (HRV). As a méetitRV may be a potential tool to
monitor trainability and endurance training adaptatThe purpose of this study was to
examine changes in nocturnal HRV indices and emaeraunning performance during
high-intensity versus high-volume endurance tragnin total, 28 recreational male and
female endurance runners (35 £ 8 year,,¥£50 =+ 5 ml/kg/min) were matched into
two training groups after the 8-week basic trainpegiod (BTP) according to HRV,
endurance performance and training adaptation guBifiP. During the 8-week hard
training period (HTP), the high-intensity trainifigiT) group (n=14) increased training
intensity and the high-volume training (HVT) gro(ip=14) increased training volume
from level of BTP. Basal nocturnal HRV indices (RSI3, SDNN, LFP, HFP, TP) and
endurance running performance were measured dirtgsafter BTP and HTP. In the
HIT group, VQmax (3.7 %, p=0.005) and pax (2.4 %, p=0.002) improved significantly
during HTP, whereas no changes were observed iHWTegroup. Similarly, nocturnal
HRYV indices (RMSSD: 11.6 %, p=0.034; SDNN: 11.4p940.005; TP: 2.4 %, p=0.040)
increased only in the HIT group but not in the HYDup. Significant correlations were
observed between endurance training adaptatiorclaaages in nocturnal HRV indices
(AVO2max ATP: r=0.54, p=0.045 andVpeax ASDNN: r=0.55, p=0.050) in the HIT
group. This study showed that high-intensity endoeatraining induced greater chang-
es in nocturnal HRV indices and endurance runniegopmance compared with
high-volume training. In order to lead significacttanges in nocturnal HRV indices
among recreational endurance runners high-intersijurance training seems to be
needed. Finally, the present findings support tiggsstion of HRV as a monitoring

tool of endurance training adaptation.

Key words:heart rate variability, autonomic nervous system, endurance performance,
endurance training, high-intensity training, high-volume training, training adaptation
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1 INTRODUCTION

Regular physical activity related to good physifiiless is accepted to be associated
with health, reduced all-cause mortality (Kesaniemal. 2001) as well as success in
endurance sport (Jones & Carter 2000). Physicalitigga mainly consisting of aerobic
endurance training, improves aerobic fitness wistnious physiological adaptations,
including an altered electrophysiology of the heahdt can be observed as changes in
heart rate variability (HRV) (Aubert et al. 2003he term HRV has been used to illus-
trate the variations in the intervals between thliesequent pacemaker depolarization,
R-to-R peak (RR) intervals (Figure 1), as an inicaf cardiac autonomic control
(TaskForce 1996). In addition, cardiac autonomiaticd has been suggested to have an
important role as a determinant of training adaptatHautala et al. 2009). Understand-
ing of the existing relationship between cardiatbaamic control and endurance train-
ing adaptation is still minor. However, severale@sh groups all over the world are
interested in it and trying to innovate new praattiapplications of HRV (e.g. Plews et
al. 2013; Vesterinen et al. 2013).

The measurement of HRV offers relatively simpldialde and a non-invasive tool for
assessing autonomic heart rate (HR) control inst&fadomplex invasive methods
(Akselrod et al. 1981). As a valid method, the measent of HRV has received posi-
tive acceptance among medical experts, researobegs;ise physiologists, endurance
athletes and their coaches. For example, abnoresaiit HRV can have diagnostic val-
ue in clinical world (Bigger et al. 1992), whereasdurance athletes can monitor the
state of overloading and recovery during a trairnpegiod (Aubert al. 2003). Further-
more, the measurement of RR intervals can be pedtdrwith modern HR monitors

being as accurate and valid as electrocardiogrdphiices (e.g. Gamelin et al. 2006).

The aims of this study were to examine 1) whethgh-mtensity and high-volume en-

durance training induce changes in nocturnal HRdices and endurance performance
and 2) whether a relationship exists between npatudRV indices and endurance
training adaptation. It is hypothesised that insesain nocturnal HRV indices and en-

durance performance will occur and the changesoaitlelate with each other.



2 AUTONOMIC CONTROL OF HEART RATE

HR, like numerous other bodily functions, is coligd via the autonomic nervous sys-
tem (ANS) that consists of sympathetic and parasyhgtic nerves, even though cardi-
ac contraction would be initiated by self-excitgtdibres also (Guyton & Hall 2006,

112-115, 748). However, the cardiac autonomic ingant subsequently HR, is origi-
nally modulated by the following factors: respicati (Berntson et al. 1993), central
command, arterial baroreflexes as well as cardiopuobry reflexes (Rowell & O’Leary

1990). The final common pathway for their neurdéetf on HR is the cardiac sympa-
thetic and parasympathetic afferents. Thus, theceffof those modulating factors may
be determined by the sympathetic and parasympatloetvagal, response (Saul 1990).
Although the central command seems to play an itaporole in HR control (William-

son et al. 2006), little emphasis will be placedtan this literature review because it is

difficult to measure and control.
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FIGURE 1. An electrocardiography signal with R-topRak (RR) intervals marked. Modified
from Aubert et al. (2003).
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2.1 Sympathetic control of heart rate

The preganglionic neurons of the sympathetic brasdriginate in the intermediola-
teral column of the cervical spinal cord and syeafus postganglionic neurons in the
stellate ganglion located close to the spinal ¢&miith et al. 1970). Upon entering the
pericardial sac, the postganglionic neurons inrterti@e sinoatrial node (James 2002),
atrioventricular node or -bundle (James 2003) agdaardium (Figure 2) (Kapa et al.
2010). With the knowledge of topographic studiesne sympathetic preganglionic

neurons synapse to postganglionic neurons in thdiazaganglion located close to the



sinoatrial and atrioventricular node (Singh etl8196). The neural stimulus via sympa-
thetic afferent fibres increase HR by the actiomafadrenaline released from the post-
ganglionic neurons binding to tfieadrenergic receptor (Boyett et al. 2000) speedmg
the rhythm of the sinoatrial node, from which tlaediac impulse is initiated (Schuess-
ler et al. 1996). Sympathetic response in the sirabanode is relatively slow, occurring
after 1-2 seconds after stimulus at the earliedtraturning to baseline within about 15
seconds (Spear et al. 1979).

Additionally, HR can also be modulated through tlmemones, especially noradrena-
line. The adrenal medulla secretes both adrenalime noradrenaline into circulation
when stimulated sympathetically (Guyton & Hall 20@67). Noradrenaline affects the
heart so that it increases depolarization ratéhefsinoatrial node (Boyett et al. 2000)
and myocardial contractility (Goldberg et al. 1968) activatingp-receptors as ex-
plained earlier. However, the neural control is phenary regulation mechanism of HR
(Hainsworth 1998).

Sympathetic \6

nerves
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FIGURE 2. Cardiac sympathetic and parasympathe@gus) nerves. S-A node, sinoatrial
node; A-V node, atrioventricular node. Modifiedrfrasuyton & Hall (2006, 113).

2.2 Vagal control of heart rate

The parasympathetic preganglionic neurons arism fthe tenth cranial nerve, also
termed as vagus nerve, originating in the dorsabmaucleus of the medulla (Van Stee

1978). The preganglionic neurons synapse to pogligac neurons in the cardiac gan-



glion like some of the sympathetic preganglioniano@s (Singh et al. 1996). Anatomi-
cal studies have illustrated that the vagus neregige a rich innervation to the sino-
atrial and atrioventricular node (Hainsworth 199Bigure 2). In addition to previous
areas, some branches of the parasympathetic fibegs also innervate myocardium
directly (Johnson et al. 2004). Contrary to sympathstimulus, vagal activation de-
crease HR by releasing acetylcholine from the @wgifjonic neurons. The mechanism
is still unclear but it has been speculated thathiimding of acetylcholine to the musca-

rinic receptors slow the depolarization rate ofsheatrial node (Boyett et al. 2000).

Respiratory sinus arrhythmia. Beat-to-beat fluctuation of HR at the respiratieguen-
cies (>0.15 Hz) is termed as respiratory sinusydinrhia; HR increases during inspira-
tion and decreases during expiration (Figure 3)rfBen et al. 1993). On the other
hand, RR intervals shorten and lengthen, respégtifRespiratory sinus arrhythmia is
affected mostly by reflexive modulation of vagahtol during breathing cycle (Richter
& Spyer 1990). It has been shown that an increaselal volume increases the magni-
tude of respiratory sinus arrhythmia whereas anease in respiratory frequency de-
creases it (POyhonen et al. 2004). Although thpira®ry frequency affects respiratory
sinus arrhythmia, the level of vagal HR contrahat altered (Hayano et al. 1994).
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FIGURE 3. Components of central cardiorespiratoeghanismsSolid lines represent excitato-
ry effects anddashed lines inhibitory effects of central vagal drive, respiny and sympathetic
generator. Exp., expiration; Insp., inspirationjpy, sympathetic. Modified from Berntson et
al. (1993).



2.3 Reflexes affecting autonomic control

In addition to the central command and respirat@merial baroreflex plays an im-
portant role in the modulation of cardiac autonogoatrol (Rowell & O’Leary 1990).
The baroreceptors, located in the walls of gretdrias, regulate HR with specific re-
flexes initiated by stretch receptors. The barerefespond extremely rapidly to chang-
es in arterial pressure. A decrease in arteriaddloressure diminishes the impulses to
the vasomotor centre resulting in a decrease iahagivity and an increase in sympa-
thetic activity. The net effects are increased Hid gasoconstriction of the blood ves-
sels throughout the circulatory system. (Guyton &l1H006, 209-210.) The baroreflex
may regulate HR also vice versa; an increase #riartblood pressure results in de-

creased HR and vasodilation.

The role of the chemo-, metabo- and mechanoreceptermuch minor than the barore-
ceptors. Chemoreflex initiated by the chemorecepbdperates in much the same way as
the baroreflex. The chemoreceptors are locatedaiticaand carotid bodies with oppo-
site functions. The stimulation (i.e. oxygen lac&rbon dioxide or hydrogen ion excess)
of the aortic chemoreceptors results in increagetpathetic activity via the vasomotor
centre, whereas the stimulation of the carotid dreceptors elicits increased vagal
activity. (Guyton & Hall 2006, 211-212.) The metalamd mechanoreceptors that are
located in skeletal muscles may induce an increasgmpathetic activity after becom-
ing activated (Rowell & O’Leary 1990).



3 HEART RATE VARIABILITY (HRV) — A MEASURE OF
AUTONOMIC CONTROL

3.1 Methods of analysing HRV

Power spectral density analyses together withithe domain analysis are perhaps the
most commonly used methods to analyse HRV accortirtge references concerning
HRV measurements. Also non-linear methods have deeeloped based on the theory
of non-linear dynamics (Akay 2000). However, thelioear methods are disregarded
in this review. Time domain analysis and classpmaler spectral density analyses as-
sume that the RR interval signal is stationarytfiating with the time (Saalasti 2003,

40) being at the same time a major limitation efsth methods.

Time domain analysis. As an advantage of the analysing method HRV irdan be
calculated with simple statistical methods assuntirag the length of RR intervals is
determined (TaskForce 1996). The time frame ofahalysis may differ between 5
minutes (e.g. Buchheit et al. 2010) and 24 houss. (eurlan et al. 1990). The indices
such as the standard deviation of the RR intel(&DNN) and the standard deviation of
the 5-minute mean RR intervals (SDANN) are derifredh direct measurements of RR
intervals (TaskForce 1996). It must be mentioned 8DNN increases while the dura-
tion of analysed recording increases (Saul et38). Unlike SDNN and SDANN, the
square root of the mean squared differences betadmtent RR intervals (RMSSD)
and the percentage of interval differences of aja&R intervals greater than 50 milli-
seconds (pRR50) are derived from differences betweasecutive RR intervals (Task-
Force 1996).

Geometrical methods offer an alternative techniguanalyse time series data of RR
intervals. The lengths of RR intervals are plotedthe x-axis of the plot and the num-
bers of each RR interval lengths are plotted onyth&is presenting the distribution of
the sample density (Rajendra et al. 2006). Thadtitar interpolation of RR interval
histogram (TIRRI) is determined as the width of Haseline distribution measured as a
base of triangle, whereas the HRV triangular indexalculated by dividing the total
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number of all RR intervals by the maximum of thenpée density distribution (Fig-
ure 4) (TaskForce 1996). HRV triangular index hasrbconsidered to be highly insen-
sitive to artefacts and ectopic beats, becausedteeleft outside of the triangle (Scherer
et al. 1993).

A Number of
normal RR intervals

f’v\r\Af\_p\{>

Duration of
normal RR intervals

FIGURE 4. The sample density distribution of théoFRR peak (RR) intervals. X, the most fre-

quent RR interval length; M, N, markers of the liasedistribution; Y, the maximum of the
sample density distribution. Modified from TaskF®(d996).

Soectral analysis. In the power spectral density analysis the equadisRR interval sig-
nal is decomposed into its frequency componentghwdre then quantified in terms of
their relative intensity (TaskForce 1996). Nonpaetino fast Fourier transformation and
parametric autoregressive model represent theicéhgower spectral density analysing
methods with the limitation of stationarity. The deon power spectral density analys-
ing methods, such as wavelet transformation (egglindle et al. 2001), short-time Fou-
rier transformation (e.g. Martinmaki & Rusko 20@8)goarse graining spectral analysis
(Yamamoto & Hughson 1991), can also be used forgtationary RR interval signals.
Traditionally, the frequencies of the RR intervignal is distinguished into three spec-
tral components: very low frequency power (VLFP,040Hz), low frequency power
(LFP, 0.04-0.15 Hz) and high frequency power (HBR,5-0.40 Hz) components
(Akselrod et al. 1981). The frequency ranges listedve are suitable for resting condi-

tions recommended by the committee of TaskForc8gq)L9

To obtain the fast Fourier transformation spectfoom the tachogram (the length of
RR interval plotted as a function of time), RR mtd data is divided into overlapping
segments, which are then windowed with a Hann, Hamxgror triangular window. The

fast Fourier transformation spectrum is calculdteceach windowed segment separate-
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ly. (Niskanen et al. 2004.) Finally, the spectruithe segments is averaged and can be
plotted against the frequency (Figure 5a) (Pichaad.€2006). Computational efficiency,
simple implementation and a representative grapbigg@ut are listed as the advantages
of fast Fourier transformation. However, limiteckduency resolution occurs due to

windowing when used short time frames. (Kay & Marpb81.)

Parametric autoregressive spectral analysis hasrbeéquency resolution for short
frames of data than nonparametric fast Fourierstamation spectral analysis (Marple
1977). Consequently, smoother spectral componé&iggire 5b) can be distinguished
with independently pre-selected frequency bandstdBaet al. 1985). The ordegy (see
e.g. Rajendra et al. 2006) for the autoregressigdeithat best represents the selected
series of RR intervals must be estimated priothto dpectral analysis (Akselrod et al.
1985). The selection of the model order to be usay affect inaccuracy to final analy-
sis even though different kinds of criteria for thgtimation have been published (Fa-
gard et al. 1998).
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FIGURE 5. Heart rate variability representationsfadt Fourier transformation (a) and auto-
regressive model (b) spectrum. The spectral compeneery low-, low- and high frequency
power, are separated with a vertical line. PSD,gaspectral density. Modified from Pichon et
al. (2006).

3.2 Relationship between autonomic control and HRV

HRV results from a dynamic relationship between gathetic and parasympathetic
(vagal) control of HR that can be modulated by @activation, co-inhibition or activa-

tion of one with an inhibition of another one (y@acal control) of the divisions of the
ANS (Berntson et al. 1991). Since the control @& two autonomic divisions is oppo-
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site, an increase in HR may be due to vagal withdsympathetic activation or both
(Allen et al. 2007). The level of sympathetic araj&l activity can be quantified with
the methods discussed previously using the lengBRointervals instead of HR. HRV
indices derived from HR may misrepresent the cdadevel of autonomic activity be-
cause of inherent nonlinearity between autonomictrob and HR (Berntson et al.
1995), although HR and RR intervals have similatistical and distributional charac-
teristics (O’Leary 1996).

The relationship between autonomic control and HR¥ been examined by blockade
studies with graduated dose of administration ofage drug (e.g. Pichot et al. 1999).
Especially the development of spectral analysesshhanced the knowledge of the au-
tonomic control of HR. According to the severalditis, the absolute HFP corresponds
to the modulation of vagal tone, and further vagaivity, as shown in blockade studies
(Akselrod et al. 1981; Malik et al. 1993; Bloom#tlett al 1998; Akselrod et al. 2001;
Golberger et al. 2001). An equally explicit corresgence between sympathetic control
and HRV has not been reported. However, Pagari €986) have suggested that LFP
reflects sympathetic activity when expressed asnabred units; LFP divided by total
power (TP, a sum of LFP and HFP). Later Montanale{1994) have supported the
suggestion of Pagani et al. (1986) with their firgdi of changes in normalized LFP dur-
ing passive orthostatic task. Additionally, it halso been suggested by several re-
searchers that LFP includes both sympathetic agdlvaodulation (e.g. Akselrod et al.
1981; Saul et al. 1990). Recent studies have regdimidings that support the sugges-
tion of the joint effect of sympathetic and vageliaty (Uusitalo et al. 1996; Taylor et
al. 1998; Martinmaki et al. 2006). Finally, theioabf LFP and HFP has been used to
measure the balance between sympathetic and vafjaityain some circumstances
(Aubert et al. 2003).

Most time domain and spectral HRV indices are gfiprtorrelated with each other
when recording duration is close to 24 hours (TdBleHigh correlations exist because
of the mathematical and physiological relationsfiipskForce 1996). SDNN, TIRRI,
HRYV triangular index and TP represent overall HRM@npassing all frequency com-
ponents during the period of recording (Kleigerket1992), whereas SDANN has been
used as an estimate of long-term components of HRked to sympathetic activity
(TaskForce 1996; Brennan et al. 2001). Furthermr®kMSSD together with pRR50 has
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been shown to estimate HFP variation in HR reprtesgwagal modulation (TaskForce
1996). Alternatively, the insufficiency of discrination between the sympathetic and
vagal activity has been regarded as the majordioi of the time domain analysis
(Aubert et al. 2003). However, when used the l@rgitrecordings the results of spec-
tral analyses are equivalent to those of time doraaalysis, which are moreover easier
to calculate (TaskForce 1996). Furthermore, Al Habldt al. (2011) have shown that
HRYV indices provided by the time domain analysigehamaller coefficient of variation
than spectral HRV indices and therefore reflectiear autonomic control more reliable

than spectral indices.

TABLE 1. Approximate correspondence of heart ratgability indices of the time domain and

spectral analyses applied to long-term (24-howdnmdings, based on TaskForce (1996).

Time domain index Approximate spectral Autonomic activity
index correlate
SDNN Total power Overall HRV
SDANN VLFP Sympathetic activity
RMSSD HFP Vagal activity
pRR50 HFP Vagal activity
TIRRI Total power Overall HRV
Triangular index Total power Overall HRV

HRV, heart rate variability; SDNN, standard dewatbf the R-to-R peak (RR)
intervals; SDANN, standard deviation of the 5-menntean RR intervals;

RMSSD, square root of the mean squared differebetgeen adjacent RR intervals;
pPRR50, percentage of interval differences of adja&R intervals greater than 50 ms;
TIRRI, triangular interpolation of RR interval hagfram,

VLFP, very low frequency power; HFP, high frequepoyver

3.3 Effects of age, gender and aerobic fithess orRY

Several studies have indicated that HRV decreasasgdadult life associated with
physiological aging (Carter et al. 2003a). Redurctio vagal control of HR at rest, ob-
served as a decrease in HFP, may be due to a dedrephysical fithess with age
(Goldsmith et al. 2000; Ingram 2000) or declineautonomic modulation in general
(McNarry & Lewis 2012). A similar decrease has ab@®n reported in LFP in elderly

individuals linked to a reduction in cardiac respweness to sympathetic activity
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(Lipsitz et al. 1990). However, possible changesardiac autonomic modulation with

aging do not apparently affect resting HR of eldéndividuals (Ryan et al. 1994). On

the other hand, many researchers suggest thatarodutraining, described deeply in
the following main chapter, will increase HRV, pantarly vagal activity, and resting

bradycardia also in the older individuals (Menar&#nish 1989; Gregoire et al. 1996;
Davy et al. 1998; Banach et al. 2000). Thus, it lbarhypothesised that the decline in
HRYV indices associated with aging may be partly ttusedentary lifestyle (Yataco et
al. 1997).

Gender might have an effect on HRV, although tHiteidinces between genders may
depend on age and measured HRV index (Carter 0@Ba). The findings related to
gender difference in HRV are not entirely compagaixcause of heterogeneous group
of subjects (age, training level and aerobic fimesdifferent duration of HRV record-
ings and analysing methods (Ryan et al. 1994; Gregt al. 1996; Ramaekers et al.
1998; Kuo et al. 1999; Hedelin et al. 2000b; Békardt al. 2008). Nevertheless, it can
be cautiously concluded that men show higher HRifces than women younger than
40 (or 50) years of age. Some researchers sudugmsever, that young women have
greater vagal activity than men showing higher HRBo et al. 1999; Hedelin et al.
2000b). Kuo et al. (1999) hypothesise that gendérdnce of vagal activity will dis-
appear over the menopause. The effect of the mehstycle should not be ignored as
has been done in the most HRV studies (Aubert &0&13).

Researchers have been aware of the effect of asfibiess on HRV and cardiac auto-
nomic control for a long time (e.g. Yataco et #97). More and more studies have
been published afterwards revealing that cardigamaodulation of HR at rest is high-
er in trained than in sedentary individuals (e.gclheit & Gindre 2006; Hautala et al.
2009; Buchheit et al. 2010). In the other wordg, ¢ardiac vagal activity is greater in
individuals having high aerobic capacity. A simitdifference has also been shown in
elderly athletes and an age-matched sedentary gtapul(e.g. Banach et al. 2000).
However, there exist few studies that could notehalkown any correlation between
aerobic capacity and vagal activity in athletesadifferent aerobic fitness level (e.g.
Tonkins 1999). These kinds of findings might belegble in large individual variation
of HRV (Hautala et al. 2009) not forgetting theenited factors (Singh et al. 1999).
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4 CHANGES IN HRV AND ENDURANCE PERFORMANCE
INDUCED BY AEROBIC ENDURANCE TRAINING

4.1 Improvements in aerobic endurance performance

Endurance training induces several physiologicalpgations that are reflected in im-
provements of aerobic fitness. According to thenidieation by Whipp et al. (1982)
aerobic fitness can be divided into several comptmehe maximal oxygen uptake
(VO2may, exercise economy, the lactate or ventilatorgghold and oxygen uptake ki-
netics. The magnitude of training response to tmponents of aerobic fitness depends
on the duration, intensity and frequency of thereise bouts (Wenger & Bell 1986).
Additionally, genetics, age, gender, nutrition,opriraining, level of aerobic fitness,
sleep, rest and stress has been proposed to iresafye variation in the adaptation to
endurance training (Bouchard & Rankinen 2001; Hedet al. 2001; Hautala et al.
2003, 2009; Buchheit et al. 2010; Nummela et al.030Interestingly, age, gender, race
and level of aerobic fitness together explain dily% of the variance in the adaptation
to standardized endurance training (Bouchard & Reamk2001).

Mean improvements in VQ.x following 6—-28 weeks of endurance training hasnbee
within 5-23 % of baseline values (Billat et al. 998ouchard & Rankinen 2001; Hau-
tala et al. 2003, 2009; Vollaard et al. 2009; Bughhbt al. 2010; Vesterinen et al. 2013).
However, individual adaptations vary between negafalues to as much as over 40 %
improvement (Hautala et al. 2003; Vesterinen e@ll3). The training intensity and
volume play a key role when discussed the improvesn® VQmax It is believed that
the high-intensity interval training elicits greaienprovements in maximal endurance
performance than the continuous submaximal endarémaining despite the baseline
level of aerobic fitness (Laursen & Jenkins 20@2)wever, an additional increase in
submaximal training volume may compensate the effeelatively low training inten-
sity and lead to significant improvements in g similar to the high-intensity interval
training (Ingham et al. 2008). On the other handhe light of the current researches it
appears that athletes having M@ greater than 60 ml/kg/min can achieve further im-
provements through high-intensity interval trainorgy (Londeree 1997).
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The mean improvements in the other componentsrobaefitness range within 3—-6 %
for exercise economy (Franch et al. 1998; Sauneteas 2006; Vesterinen et al. 2013)
and 10-16 % for lactate threshold (Helgerud e2@01; Esfarjani & Laursen 2007) in
recreational athletes with large individual vapati Instead, elite endurance athletes
have much smaller improvements in aerobic fitnbss tisted above (Laursen & Jen-
kins 2002); even 1 % improvement in ¥x may, however, be the determining factor
in the competitive performance (Hopkins 2005).Ha future, the understanding of the
mechanisms behind the individual adaptation to eartze training may develop new

tools to guide endurance training with optimumrtinag load of each individual.

4.2 Endurance training-induced changes in HRV at rst

Numerous longitudinal studies have shown that lmmgy endurance training induces
several cardiac autonomic adaptations that canbbened with changes in HRV indi-
ces. An increase in absolute HFP with a decreasestiing HR after endurance training
period has been observed by several researchensréF6) (Hautala et al. 2009), alt-
hough contradictory findings exist as well. Howevecan be hypothesised that endur-
ance training increases vagal control of HR regmsibf age, gender or aerobic fitness.
The changes in the absolute level of LFP are murenisistent and, therefore, any con-
clusions cannot be made. Some studies have repotezhsed absolute LFP in seden-
tary subjects (Tulppo et al. 2003; Hautala et @04 Pichot et al. 2005), whereas some
studies have found no changes in absolute LFP @alanet al. 2000; Carter et al.

2003Db; Vesterinen et al. 2013).
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FIGURE 6. Power spectral density (PSD) of a recwydn a young sedentary individual before
training, high frequency power (HFP) 812.3°n(®) and after a 6-month aerobic training, HFP
1878.4 m§(b). LF, low frequency; HF, high frequency. Modifi from Aubert et al. (2003).
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The conflicting results of endurance training-indd@changes in sympathetic and vagal
control of HR are possibly due to the differenceghe duration and intensity of the
training periods as well as the frequency of tragnbetween studies (Hautala et al.
2009). The duration of training interventions usedhe studies varies typically from 4
weeks (e.g. Kiviniemi et al. 2007) to 6 moths (e.gvy et al. 1998). The changes in the
ANS and electrophysiology of the heart take timanfrweeks to months, like many
other physiological changes too. However, evensdiert-term (6 weeks) endurance
training has been demonstrated to increase vagaitaof the heart (Yamamoto et al.
2001). On the other hand, it has been suggesteainyaala et al. (2000) that the dura-
tion of endurance training interventions should éogended up to years to induce
changes observed in HRV, at least among middle-pgpdlation. Afterwards, Iwasaki
et al. (2003) have observed that HRV increased dating the first 3 months of endur-
ance training in sedentary subjects, although titance performance was improved
over a whole 1-year progressively loaded trainiegqa (Figure 7). In consequence of
that, a long duration of endurance training maymestessarily lead to greater enhance-
ment in HRV. Finally, a recent meta-analysis resehht an increase in HFP, and there-
fore in vagal activity, during short-term (4 weele)durance training interventions is
influenced by the young age of the study populatistead of endurance training itself
(Sandercock et al. 2005).

Q 7| i i ]
1} 1000 2000 3000

FIGURE 7. A dose-response relationship betweenceseeintensity (monthly training impulse)
and low frequency power (LFRR) in sedentary subjamter a 1-year progressively loaded
training period. Resting heart rate variabilitydés/were measured at baseline and months 3, 6,

9 and 12. * p<0.05 compared with the pre-trainiagddine. Modified from Ilwasaki et al. (2003)

In the previous studies, the intensity of enduramaming has mainly been limited to
moderate or vigorous (e.g. Levy et al. 1998; Loilmast al. 2000; Kiviniemi et al.
2007) yet Achten and Jeukendrup (2003) have sugdjelsat at least vigorous training
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intensity is needed to induce changes in HRV. kan®le, Loimaala et al. (2000) had
an effort to determine whether training intensitpuld affect HRV. Two groups of
middle-aged men trained with the intensities eittes5 % or 75 % of V&hax for 20
weeks. No differences were found in any of the tdomain or spectral HRV indices in
either of the training intensity groups (Loimaatak 2000). Similarly, Vesterinen et al.
(2013) found no differences in HRV among recreatiandurance runners during the
14-week basic training period when training wadsqrered primarily below the intensi-
ty of the aerobic threshold. However, an increasdikP and TP with a decrease in HR
was found after the 14-week intensive training gervhen training intensity was sig-
nificantly increased (Vesterinen et al. 2013). Thigling by Vesterinen et al. (2013)
supports the hypothesis suggested by Achten aretddwup (2003) that vigorous train-

ing intensity is needed to induce changes in HRV.

The role of the frequency of training still remaunsclear. Perhaps the training volume
has a more important role to changes in HRV indicésiced by endurance training
than the frequency of training (Achten & JeukendB@®3). Increases in training vol-

ume have been observed to elicit significant chamgélRV indices among both seden-
tary (lwasaki et al. 2003) and trained individuéBichheit et al. 2004; Manzi et al.

2009). However, too excessive increases (over 5h%ijaining volume may rather

decrease the absolute level of HRV indices (lwasékil. 2003). In addition, age may
also affect the magnitude of endurance trainingioed changes in HRV; there are in-
dications that young individuals present greatanges in HRV compared to older in-
dividuals (Mourot et al. 2004; Hynynen et al. 20TQijppo et al. 2011). It should not
also be forgotten that HRV decreases as a resaltuk exercise (Aubert et al. 2003).
For example, nocturnal HRV can be reduced withechidR after moderate or vigorous
endurance exercise (Mourot et al. 2004) being nctiranic adaptation, however. On
the other hand, prolonged and intensive enduramageirig without adequate recovery
may lead to the state of over-reaching, or evemtm@iring syndrome, that can be ob-
served in HRV indices (Halson & Jeukendrup 2004).
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5 AIM OF THE STUDY

The aim of this study was to examine the effecthigh-intensity and high-volume en-
durance training on nocturnal HRV indices and eadcoe performance in recreational
endurance runners. The primary focus was to exathi@echanges in basal nocturnal
HRYV indices and endurance running performance essponse to endurance training
and to assess possible relationships between HRiZeis and endurance performance.
The secondary focus was to examine possible difée® in individual vagal-related

HRYV profiles between training responders and napoaders.

Research problems.

1) Does the combined 16-week basic and hard traimtegyvention induce changes in
basal nocturnal HRV indices?

2) Does the combined training intervention induce gesnn endurance performance?

3) Are there differences in changes of basal noctudf®V indices or endurance train-
ing adaptation between the high-intensity and higlime training groups during
the hard training period?

4) Are there relationships between HRYV indices andigamite training adaptation?

5) Are there differences in individual vagal-related®RW profiles between the re-

sponders and non-responders within the trainingus®

It is hypothesised that the combined basic and traming intervention increase basal
HRYV indices in recreational endurance runners toagetvith improved endurance run-
ning performance, based on the findings of Buchéiedl. (2010) and Vesterinen et al.
(2013). High-intensity endurance training may ¢lgrieater endurance training adapta-
tion compared with high-volume endurance trainibguisen & Jenkins 2002). In addi-
tion, positive endurance training adaptation iseex@d to be associated with high HRV
values at baseline (Hautala et al. 2003; Vestergteal. 2013) and great increases in
HRYV indices (Buchheit et al. 2010). The fifth resgmaproblem tries to describe qualita-
tively the differences in HRV profiles and to explavhy the other individuals improve
their endurance running performance during thenitngi periods while the other indi-

viduals possibly do not improve.
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6 METHODS

6.1 Subjects

In total, forty male (n=20) and female (n=20) retienal endurance runners were re-
cruited to the study. All subjects were healthy,nismokers, non-obese (BMI
<30 kg/nf), free of any diseases and regular medicationtifReslectrocardiography
(Cardiofax ECG-9320, Tokyo, Japan) was measuredaaatysed to ensure that sub-
jects had no cardiac abnormalities, which wouldehaffected the HRV analysis or pre-
vent from endurance training. All subjects werdyfutformed of the procedures, possi-
ble risks and benefits of the study and they sigmethformed consent document. Five
subjects dropped out due to lack of motivationnguiry and two subjects were excluded
because of insufficient compliance with the tragnduring the study. Furthermore, five
subjects were excluded from HRV analyses due toneous RR interval recordings.
Finally, the results of 28 subjects (14 men andvbfnen) were available for the final
analyses. Anthropometric characteristics of thgesib are presented in Table 2. Ac-
cording to the questionnaire, subjects had tramea@verage 5.0 + 1.9 times and 6.6 *
2.8 hours per week prior to the study. The endwaraining background of the sub-
jects was on average 14 years and varied fron3P tgears. The study was approved by

the Ethics Committee of the University of Jyvaskyanland.

TABLE 2. Anthropometric characteristics of the sdig. Values are means + SD.

n Age (year) Height (m) Weight (kg) BMI (kgfin Body fat %
28 34.7+7.6 1.70 £ 0.08 69.3+11.5 23.9+23 4206.0

SD, standard deviation; BMI, body mass index

6.2 Experimental design and training

The 16-week training intervention was divided im0 8-week basic training period
(BTP) and 8-week hard training period (HTP) sepmatdby the measurement week

(Figure 8). All subjects performed the BTP as ormeug doing the same training pro-
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gram. After the BTP, subjects were separated wim ttaining groups, high-intensity
training (HIT, n=14) and high-volume training (HVii=14) group. The training groups
were matched for gender, endurance performanceioiragd endurance performance
during the BTP and basal HRV indices. An incremletreadmill test was performed
prior to the BTP, between the training periods aftdr the HTP to measure endurance
performance characteristics. The subjects weredatgkavoid strenuous physical exer-
cise during the preceding two days of the test.tiAdl tests were performed during day-

time between 8am and 4pm.

HIT-group (n=14)
Incremente All (n=28) Incremente Incremente
treadmill tes — treadmill tes treadmill tes
ﬂ 0 HVT-group (n=14) 0
[ I |
0 9 18 (week)
8-week BTP 8-week HTP

FIGURE 8. The experimental design. BTP, basic ingirperiod; HTP, hard training period;
HIT, high-intensity training; HVT, high-volume trr@ing.

As the secondary focus of the present study wasamine individual responses to en-
durance training, subjects were separated intorsupg,post hoc, within their respec-
tive training groups. The subjects who improvedrtheximal running velocity during
the HTP more than 2 % were included in the traimggponders subgroup and the sub-
jects who did not improve or improved less than 2v#re included in the non-
responders subgroup. A 2 % cut-off point shouldespond to the typical variation in
running performance of recreational athletes stheetypical variation of distance run-
ners is ~1.5 % in 3000-10 000 m running events Kih®2005). In the HIT group,
eight subjects out of 14 were classed as resporaetshe rest six subjects as non-
responders, whereas in the HVT group, four subjegtof 14 and the rest ten subjects
were classed as responders and non-respondersctiesly. Post hoc separation into
the responders and non-responders subgroups wad basmaximal running velocity
because it has been shown to be related to enduperéormance better than YR«
(Paavolainen et al. 1999).

The outline of the 16-week training program is preéed in Table 3. During the 8-week
BTP the subjects were asked to complete threextersiurance training sessions per
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week according to the individual training volumeoprthe study. Endurance training
consisted mostly of running but occasionally ineélddalso cycling, Nordic walking

and/or cross country skiing. In addition, the satgevere asked to perform one circuit
training session per week. During the BTP trainimgnsity was asked to be kept pri-
marily below the individually determined aerobicdshold (Aunola & Rusko 1986).

During the following 8-week HTP either the trainimgensity (HIT) or training volume

(HVT) was increased compared to the BTP. The stbjeicthe HIT group were asked
to replace three low-intensity (below aerobic thidd) training sessions with one mod-
erate-intensity (between aerobic and anaerobicshiotds, Aunola & Rusko [1986])

continuous (20-40 min) and two high-intensity (adanaerobic threshold) interval
training sessions (4 x 4 min at 90 %e.eM With 3 min recovery and 6 x 2 min at 100 %
VpeakWith 2 min recovery) per week. In the HVT grouipe tsubjects were asked to pro-
long the duration of their running training sessidryy 30-50 % and maintain the train-
ing intensity primarily below aerobic threshold.erh6-week training program was pe-
riodized to cycles of four weeks; three weeks aflhteaining was followed by an easy

training week when the subjects were asked to traiy at low-intensity.

TABLE 3. The outline of the 16-week training progra

BTP (weeks 1-8) HTP (weeks 9-16)

HIT-group HVT-group
Training sessions
High-intensity None 2 sessions * None
Moderate-intensity 1-2 sessions * 1 session * 1-2 sessions *
Long low-intensity 1 session None 2 sessions
Basic low-intensity 1-3 sessions 1-3 sessions  1-3 sessions
Circuit training 1 session 1 session 1 session

* Exercises were not performed during recovery vgeek
BTP, basic training period; HTP, hard training pdriHIT group, high-intensity
training group; HVT group, high-volume training gm

The subjects controlled their training intensity tagasuring their HR during all exer-
cises using a HR monitor (Garmin Forerurthéi0, Garmin Ltd.) equipped with the
integrated GPS sensor to measure running dista#ikcéhe subjects were required to
keep a training diary throughout the study to rddoaining mode, duration of the train-
ing session, average HR and running distance di &aming session. Exercise RR

interval data was used to determine the duratiottsree different intensity zones; low-,
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moderate- and high-intensities. A novel approachiht® traditional training impulse
(TRIMP) method was used to estimate the total itngifoad (i.e. intensityk volume) of

the subjects by using the following formula introdd by Foster et al. (2001):
TRIMP =1 X t; +2 X t, + 3 X t3

where t; is a duration in the low-intensity zone, is a duration in the moderate-

intensity zone and; is a duration in the high-intensity zone.

6.3 Procedures

Anthropometry. All anthropometric measurements were performedneedind after both

training periods prior the incremental treadmiltteln addition to height, body mass
was measured using a calibrated digital scale. Batly was determined using skin-
fold thickness from four different skin folds (s@bpular, biceps brachii, triceps brachii

and iliac crest) (Durnin & Womersley 1974).

Incremental treadmill test. The initial velocity of 7 km/h (women) or 8 km/mén) was
used in the incremental treadmill test with the®Grigline. Thereafter, velocity was in-
creased by 1 km/h every third minute until voluptaxhaustion. Oxygen uptake was
measured breath-by-breath using a portable gagsama(Oxycon Mobil@, Jaeger,
Hoechberg, Germany). Also HR was measured contslyousing the HR monitor
(Suunto t6, Suunto Ltd., Finland). Fingertip blagample (2Qul) was taken at the end
of each 3-min stage for blood lactate analysis B0 S _line Laly EKF Diagnostic
GmbH, Magdeburg, Germany). The highest 60-s V&ue was considered as maximal
oxygen uptake (Véhay. The maximal running velocity (¢.) was determined as the
highest velocity of the test. If the subject contst complete the 3-min stage of the last
velocity, the \feaxWas calculated as follows: the last completedaitigkm/h) + [dura-
tion of the last uncompleted velocity (s) — 301360 s]x 1 km/h. Aerobic (AerT) and
anaerobic (AnT) thresholds were determined usimgdllactate, ventilation, oxygen
uptake and production of carbon dioxide accordmgunola & Rusko (1986).

Nocturnal HRV analysis. Subjects were asked to measure nocturnal RR alseduring

four consecutive nights per week throughout thanitng periods as well as measure-
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ment weeks. A HR monitor (Garmin Forerurfhéi0, Garmin Ltd., Great Britain) was
used to record RR intervals with a sampling freqyesf 1000 Hz. The recordings were
started before retiring to bed and stopped aftddivgaup in the morning. The first 30
min of recording was excluded and the following tomnous four hour period was ac-
cepted for the analysis if the imposed cut-off le erroneous RR intervals was lower
than 33%. The acceptable RR interval data was pseck and analysed using the
Firstbeat PRO heartbeat analysis software (ver3i010.9, Firstbeat Technologies Ltd.,
Jyvaskyla, Finland). RR interval recordings werstfscanned through an artefact de-
tection filter of the Firstbeat PRO software to lexle all falsely detected, missed and
premature heart beats (Saalasti 2003). The congeautefact corrected RR intervals
were then re-sampled at the rate of 5 Hz by usimegf interpolation to obtain equidis-
tantly sampled time series. From the re-sampled, daé software calculated HRV in-
dices second-by-second using the short-time Fodniansform method. For a given
segment of data, a Hanning time window with a lbrajt256 samples was applied, and
last Fourier transform was calculated and powectspm was obtained. Thereafter, the
window was shifted one sample to another and theesarocess was repeated. Low
frequency power (LFP; 0.04-0.15 Hz) and high fremyepower (HFP; 0.15-0.40 Hz)
were calculated as integrals of the respective paleasity curve. Total power was de-
termined as the sum of low and high frequency pdWér= LFP + HFP). In addition,
average HR, standard deviation of RR intervals (SIlp&hd root mean square of differ-
ences between adjacent RR intervals (RMSSD) westysed with time domain meth-
ods. Basal HRV indices were provided as averagew@fights after a light training

day according to TRIMP.

6.4 Statistical analyses

The values are presented as means + standardidesiésD). The normal distribution
of the data was assessed with the Shapiro-Wilk gesslof-fit test. Due to skewness,
In-transformation was used with the spectral HR#fdas in order to meet the assump-
tions of the parametric statistical analysis. Clesnig endurance performance and HRV
indices as a result of the present training wensd finalysed using repeated-measures
analysis of variance (ANOVA), followed by pairedmgales t-test within group and in-
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dependent samples t-test between groups. Peapm@asct moment correlation coeffi-
cient was used to determine the relationships EwRYV indices and endurance per-
formance. In addition to the measures of statiss@nificance, the following criteria
were adopted to interpret the magnitude of theetation (r): <0.1, trivial; 0.1-0.3,
small; 0.3-0.5 moderate; 0.5-0.7, large; 0.7—@ 8y large; and 0.9-1.0, almost perfect.
The data was analysed using SPSS software (PASW¢t8&20.0; SPSS Inc., Chica-

go, lllinois). The statistical significance was epted as p<0.05.

Additionally, the data of endurance performance &RV indices was assessed for
significance using an approach based on the malgstwf change (Hopkins et al.
2009). At first, the magnitude of change afterrag or difference between the groups
was expressed as standardized mean difference®riGoéffect sizes, ES) calculated
using the pooled standard deviations (Cohen 198&eshold values for Cohen’s ES
statistics were <0.2 (small), 0.5 (moderate) and Xlarge). 90% confidence intervals
(ClI) for the (true) mean changes or between-gratiprdnces in the training response
were estimated (Hopkins et al. 2009). For withined @etween-group comparisons, the
percentual chances that the (true) changes innpeafce or HRV indices were greater
(i.e., greater than the smallest worthwhile char@&/C [0.2 multiplied by the pooled
standard deviation, based on Cohen’s ES principleglear or smaller) than these
changes in compared group were calculated. Quawtitahances of higher or smaller
training effects were assessed qualitatively devid: <1%, almost certainly not; 1-5%,
very unlikely; 5-25%, unlikely; 25—75%, possiblyg-0B5%, likely; 95-99%, very like-
ly; and >99% almost certain. The true differences \wasessed as unclear, if the chance
of having better or poorer performances, as weliRY indices, were both >5% (Hop-
kins et al. 2009).
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7/ RESULTS

Training load. The training data of the training periods is sumpea in Table 4. The

training- and running volume during the initial &&k BTP did not differ from the

training prior to the study whereas training fregue (p=0.034) was increased. The
running volume (p<0.001) and percentage of traimingation at the high-intensity zone
(p=0.008) were increased during the following 8-kwed@'P compared to the BTP in the
HVT and HIT group, respectively. No other signifitalifferences were observed in the
training data between the two training periods.aBretotal training (p=0.005) and en-
durance training volumes (p=0.016) as well as TRI(@#0.003) were observed in the
HVT group compared to the HIT group during the HH&wever, the percentage of
training duration at the high-intensity zone (pZ2ipwas greater in the HIT group

compared to the HVT group.

TABLE 4. Training data of the groups during thernag periods. Values are means + SD.

Prior to study BTP HTP
HIT-group HVT-group
Training volume 6.6 +2.8 6.8+2.1 55+1.7 7.2+1.2%
(h/week)
Training frequency 50+£1.9 56 1.4 58+2.2 58+0.7
(times/week)
TRIMP (a week) 463 + 137 395+104 508 + 764
HR below AerT (%) 868 82+ 10 83+ 10
HR between AerT and 131 13x€ 15+10
ANT (%)
HR above AnT (%) 1+1 4 + 4™ 1+2%
Running volume 29+ 17 32+16 37 +17 44 + 117
(km/week)
Endurance training 56+18 48+15 6.2 + 1.4%

volume (h/week)
* p<0.05 (significant difference from value priordtudy)
# p<0.05," p<0.01,"" p<0.001 (significant difference between BTP and HTP
% p<0.05,%* p<0.01 (significant difference between the traingmgups)
SD, standard deviation; BTP, basic training perlaé@P, hard training period;
HIT, high-intensity training; HVT, high-volume trang; TRIMP, training impulse;
HR, heart rate; AerT, aerobic threshold; AnT, anh&rthreshold

Anthropometrics. Body mass after the BTP was significantly smatiempared to the
baseline level (69.3 £ 11.5 kg vs. 68.2 + 11.01%g.001). Also body fat % was lower



27

after the BTP compared to the baseline level (26D % vs. 19.4 + 6.1 %, p<0.001).
During the following HTP body mass and body fat éerased only in the HVT group
(0.9 + 0.4 kg, p=0.038 and -0.7 £ 0.4 %, p=0.028pectively), although no signifi-

cant differences between the training groups wesekved.

Endurance performance. Vpeak improved by 2.8 +2.9 % (p<0.001) during the 8-kwee
BTP (Figure 9, Table 5). In addition, velocitiesthe anaerobic (M) and aerobic
(Vaerr) thresholds increased by 4.2 + 3.9 % (p<0.001) Budt 4.8 % (p<0.001), re-
spectively, whereas VQax did not improve during the BTP. No significant den dif-
ferences were observed in the changes in any dadritlerance performance characteris-
tics. However, great individual heterogeneity @irimg adaptation was observed, espe-

cially in VOzmax (Figure 9).
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FIGURE 9. The percentual changes in endurance npeaftce characteristics during the 8-week
basic training periodSquares are means + standard deviatio@#.cles represent individuals.
=+ p<0.001 significant change from the baseline leVkk zero line is shown withroken line.
VOumax Maximal oxygen uptake; My maximal running velocity; My, running velocity at

anaerobic threshold; A1, running velocity at aerobic threshold.

During the HTP, VQnax (3.7 £ 4.2 %; p=0.005), pak (2.4 = 2.3 %; p=0.002), Mt
(3.8 £ 4.4 %; p=0.005) andpaMt (2.7 = 3.7 %; p=0.020) were significantly incredise
the HIT group, whereas in the HVT group a significencrease was observed ing\
(1.4 £ 2.2 %, p=0.040) only (Table 5). No signifitadifferences were found in the

changes in endurance performance characteristiegebe the training groups or gen-
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ders. However, the qualitative analysis based emthgnitudes of change revealed that
the HIT group improved Makand Va,r more than the HVT group. The true improve-
ments of the HIT group were greater, trivial or #erawith percentual chances of
60/40/0 % and 72/28/0 %, respectively (see Talite Betails, Figure 10).
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FIGURE 10. The absolute changes inM(left) and Va,r (right) during the hard training period
in the HIT and HVT groups.Bars are means.Triangles (responders) andcircles

(non-responders) represent individuats.p<0.01 significant difference from week 9 within
training group. Yeaxw Maximal running velocity; My, running velocity at anaerobic threshold;

HIT, high-intensity training; HVT, high-volume traing.

Basal HRV indices. RMSSD (p=0.038) was slightly decreased after tiwee8k BTP
compared with the baseline level. However, no §icamt changes were observed in
nocturnal HR or other HRV indices during the BTHteA the following 8-week HTP,
SDNN (p=0.005), RMSSD (p=0.034) and In TP (p=0.04®@)e increased significantly
in the HIT group compared with the level prior idP, whereas no significant changes
were observed in the HVT group (Table 6). No sigaift differences were observed in
the basal levels or the changes in HRV indices éetvithe training groups. However, it
was found by the qualitative analysis that the tthanges in all HRV indices were

greater in the HIT group compared with the HVT grdsee Table 6 for details).

Table 7 summarizes the HRV indices of fiost hoc subgroups within their respective
training groups during the 8-week HTP. In the HIDup, the responders showed lower
SDNN values prior to the HTP compared with the nesponders (ES=0.7). Nocturnal
HR (p=0.046) decreased and SDNN (p=0.003) and RM&SD.026) increased during
the HTP in the responders subgroup. These reséte wonfirmed by the consistent



TABLE 5. Endurance performance characteristicsaaehne, week 9 (after the BTP) and 18 (after th@HValues are means + standard deviations.

VO;max (MI/kg/min) Vpeak (km/h) Vant (km/h) Vaerr (km/h)
All (n=28) — BTP
Baseline 49.6 +5.3 148+1.1 12.1+1.0 9.6+0.9
Week 9 495+5.1 152 £ 1.9 12.6 £ 1.0 10.1 £ 0.9
ES (rating) 0.0 (trivial) 0.4 (small) 0.5 (moderate) 0.6 (maate)
HIT-group (=14) — HTP
Week 9 49.8+6.2 151+1.2 125+1.2 10.1+1.0
Week 18 51.6 + 6.3 154 + 1.3+ 12.9 + 1.0~ 104+ 0.%
ES (rating) 0.3 (small) 0.3 (small) 0.4 (small) 0.3 (small)
HVT-group (=14) — HTP
Week 9 49.2+3.8 15.3+0.9 12.7+0.9 10.1+£0.9
Week 18 50.7 £ 4.8 154+13 129+1.2 10.3+1.0
ES (rating) 0.3 (small) 0.1 (trivial) 0.1 (trivial) 0.1 (trivip
Magnitude of between-groups
differences prior to HTP
ES (rating) 0.1 (trivial) - 0.2 (small) — 0.3 (small) 0.0 (trivial)
Magnitude of between-groups differences
in responses to training during HTP
ES (rating) 0.1 (trivial) 0.6 (moderate) 0.7 (moderate) 0.448)m
Mean difference (90% CI) 0.3 (-1.4;2.0) 0.3 (0.0;0.5) 0.3 (0.0;0.6) 0.1 :0.3)
% chances of true value being 23/67/10 60/40/0 721280 27/7211
better/trivial/poorer
Outcome Unclear Possibly Possibly Possibly trivial

* p<0.05,»* p<0.01** p<0.001 (significant difference from baseline aelk 9)
ES, effect size (qualitative classification basadioeshold values by Cohen [1988])

Magnitude of between-groups differences in resppitséraining are expressed as percentual chandegualitative outcome for

HIT group to have better/trivial/poorer respondesitHVT group (see “Methods” for thresholds of pertcal chance used)

BTP, basic training period; HTP, hard training pdriVO,ma, maximal oxygen uptake;p\ maximal running velocity; My, running velocity

at anaerobic threshold;\r, running velocity at aerobic threshold; HIT, higitensity training; HVT, high-volume training; QGipnfidence interval

6¢



TABLE 6. Nocturnal HRV indices of the training grmuat week 9 and 18 (before and after the HTPentisely). Values are means + SD.

HR (bpm) SDNN (ms) RMSSD (ms) In LFP (ins In HFP (m$) In TP (m$)
HIT-group (=14)
Week 9 53.0+8.1 114 + 28 64 + 25 8.10 £ 0.59 .75 0.83 8.67 +0.63
Week 18 51.0+6.9 127 + 28 71+ 24* 8.30 + 0.67 7.98 + 0.67 8.88 + 0.60
ES (rating) - 0.3 (small) 0.5 (moderate) 0.3 (small) 0.3 (small) 0.3 (small) 0.3 (small)
HVT-group (1=14)
Week 9 52.2+5.5 120 £ 25 71+28 8.12 +0.63 158 1.16 8.88 +0.82
Week 18 51.6+5.2 124 + 26 71+28 8.08 + 0.52 8.00 +0.88 8.79 £+ 0.59
ES (rating) — 0.1 (trivial) 0.2 (small) 0.0 (trivial) — 0.1 (trivial) — 0.1 (trivial) — 0.1 (trivial)
Magnitude of between-groups
differences prior to HTP
ES (rating) 0.1 (trivial) —0.2 (small) — 0.3 (small) 0.0 (trivial) — 0.4 (small) — 0.3 (small)
Magnitude of between-groups
differences in responses to training
ES (rating) — 0.4 (moderate) 0.8 (large) 0.6 (moderate) 0.6 grete) 0.8 (large) 0.8 (large)
Mean difference (90% ClI) -15(-4.4;1.3) 11.5 (1.0;22.0) 8.4 (-1.4;18.2) 30-20.04;0.50) 0.37 (0.05;0.69) 0.30 (0.03;0.57)
% chances of true value being ), 84/15/1 71/18/1 76/22/1 82/18/0 85/15/0
better/trivial/poorer
Outcome Possibly Likely Possibly Possibly Likely Likely

* p<0.05,* p<0.01 (significant difference from week 9)

ES, effect size (qualitative classification basadhreshold values by Cohen [1988])

Magnitude of between-groups differences in respptséraining are expressed as percentual chandegualitative outcome for
HIT group to have better/trivial/poorer respongemntHVT group (see “Methods” for thresholds of pettaal chance used)

SD, standard deviation; HTP, hard training peridR; heart rate; SDNN; standard deviation of R-tpeRk intervals; RMSSD, root mean square of the
differences between adjacent R-to-R peak interlalsEP; natural logarithm of low frequency powkrHFP, natural logarithm of high frequency power;
In TP, natural logarithm of total power; HIT, hightensity training; HVT, high-volume training; Gipnfidence interval
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qualitative analysis. Further, the responders ptesegreater change in SDNN (with
the chances of 87/11/2 %) during the HTP than the-nesponders (Table 7). In the
HVT group, post hoc subgroups differed significantly in RMSSD (p=0.)®8ior to the
HTP; the non-responders showed higher RMSSD valaeaddition, higher nocturnal
HR and lower SDNN, In HFP and In TP values wereeoled among the responders
compared with the non-responders (al>B8). According to the qualitative analysis
In HFP and In TP decreased slightly during the HiRhe non-responders subgroup
(with the chances of 63/36/1 % and 55/41/4 %, rebpay).

Basal HRV indices and endurance performance. At baseline, VGnax was significantly
correlated with SDNN (r=0.46, p=0.015, n=28; Figlidg and In LFP (r=0.38, p=0.046,
n=28). In addition, a significant correlation wasserved between the change i
during the BTP and In LFP at baseline (r=—0.42,.p20, n=28) as well as the change
in In LFP during the BTP (r=0.38, p=0.049, n=28)rthermore, significant correlations
were observed between the change jpr\and the change in In LFP and In TP during
the BTP [(r=0.60, p=0.001, n=28) and (r=0.51, p86,h=28), respectively].

200 ~

180 -

SDNN (ms)

35 40 45 50 55 60 65 70
VO, (ml/kg/min)

FIGURE 11. A correlation between baseline maximajgen uptake (V&) and standard
deviation of R-to-R peak intervals (SDNN) in allbgects. The regression line and the 90 %

confidence intervals are shown wibntinuous andbroken lines, respectively.

In the HIT group, the change in ¥y« during the HTP correlated significantly with the
change in In TP during the HTP (r=0.54, p=0.045.4)=when the training groups were



32

examined separately. Similarly, a significant clatien was found between the change
in Vpeakand the change in SDNN (r=0.55, p=0.050, n=13ufad 2). In the HVT group
the changes in Mak and Vant during the HTP were significantly correlated witie
RMSSD basal level prior to the HTP [(r=-0.54, pZ®0 n=14; Figure 12) and
(r=—0.67, p=0.009, n=14), respectively]. Also, gndicant correlation between the
change in Mgt and nocturnal HR during the HTP (r=0.62, p=0.01214) was found.

55 -+
A responder
45 1 ® non-responder A //
35 A
o 25 -
E
pd 4
= 15
o
a4 5
™ g r=0.55
.15 - p=0.050
L ° n=13
1/" T T T T 1
0% 2% 4% 6% 8%
AV pear (%)
140 1 r=—0.54
120 - N p=0.049
100 -~
m
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40 1 A responder AN
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FIGURE 12.The correlations between the relativengka in maximal running velocitA¥ pea

and the absolute changes in standard deviation-toffR peak intervalSASDNN) during the
hard training period in the high-intensity trainiggpup (top) and the root mean square of the
differences between adjacent R-to-R peak inter(RMSSD) at week 9 in the high-volume
training group (bottom). The regression line anel 9 % confidence intervals are shown with

continuous andbroken lines, respectively.



TABLE 7. Nocturnal HRV indices in thgost hoc subgroups at week 9 and 18 (before and after T, espectively). Values are means + SD.

HR (bpm) SDNN (ms) RMSSD (ms) In LFP (ins In HFP (m$) In TP (m$)

HIT, respondersrE8)

Week 9 53.6 £ 8.8 107 + 26 63 =24 8.04 £0.60 .75% 0.65 8.63 £ 0.54

Week 18 50.8 £838 129 + 29+ @ 72 + 25* 8.20£0.79 7.94£0.64 8.81 £ 0.67
HIT, non-respondersE6)

Week 9 52.4+7.9 124 + 30 66 = 29 8.18 £ 0.62 7.75+£1.10 8.72+£0.79

Week 18 51.2+5.2 124 + 27 68 + 26 8.43+0.51 8.03+£0.78 8.98 £ 0.53
Magnitude of between-groups
differences in responses to training

% chances of true value being ;| 55, 87/11/2 37/48/15 18/39/43 14/54/32 14/85/4

better/trivial/poorer

Outcome Unclear Likely Unclear Unclear Unclear ncléar
HVT, respondersn=4)

Week 9 55.0£8.8 101 £19 48 + 24 7.95+1.10 .33% 1.69 8.42 £1.26

Week 18 53.9+4.3 111 £ 29 53 + 22 8.03+£0.91 7.48 £1.36 8.52+£1.02
HVT, non-responders€ 10)

Week 9 51.0+ 3.6 127 + 23 81 +24" ¢ 8.19 +0.40 8.47 +0.76 9.06 + 0.55'

Week 18 50.6 +5.4 130 + 24° 79 + 27° 8.10+0.34 8.21+0.58 8.90 +0.33
Magnitude of between-groups
differences in responses to training

% chances of true value being 5 c 5 58/32/10 55/32/13 56/28/16 74123/3 66/25/9

better/trivial/poorer

Outcome Unclear Unclear Unclear Unclear Possibly Unclear

* p<0.05,~ p<0.01 (significant difference from week 95, p<0.05 (significant difference betwepost hoc subgroups)

a

moderate effect size of change during the traipiegod withinpost hoc subgroup

® ¢ moderate anl ®large effect size of difference betwaast hoc subgroups within respective training group prioahd after the HTP, respectively
Magnitude of between-groups differences in respptséraining are expressed as percentual chandegualitative outcome for
HIT group to have better/trivial/poorer respongemntHVT group (see “Methods” for thresholds of pettaal chance used)

SD, standard deviation; HTP, hard training peridR; heart rate; SDNN; standard deviation of R-tpeRk intervals; RMSSD, root mean square of the

differences between adjacent R-to-R peak interlalsEP; natural logarithm of low frequency powkrHFP, natural logarithm of high frequency power;

In TP, natural logarithm of total power; HIT, hightensity training; HVT, high-volume training; Gipnfidence interval
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Individual HRV profiles. Eight representative subjects, four subjects feach training
group, were selected for the further inspectiothef HRV profiles at individual level.
The individual HRV profiles in selected subjectstioé HIT and HVT groups over the
8-week HTP are presented in figures 13 and 14emsely. HRV profiles showed that
the variation in vagal activity was individual; fexample, subject #29 had less intra-
individual variation than subject #7. In a groupdk the HVT group showed trend to
greater intra-individual variation compared to tHE group (coefficient of variation
being 41.5 + 14.4 % vs. 29.3 + 13.4 %, p=0.053).

7.6 7 Subject #7 * 92 7 Subject #1
7.4 9.0
— 7.2 1 8.8
g 7.0 1 8.6 -
o 6.8 - 8.4
T 6.6 - 8.2
£ 6.4 A 8.0
6.2 78 4 %
6.0 - 7.6 4
9.6 1 2.0 7 subject #32
9.4
—~ 9.2 -
g 9.0 |
S 8.8 -
T 8.6 -
£ 84 A
8.2 .
80 +—+—-r-—-svr-—or—7—-v-+-—1T"-"-"— 74
10 12 14 16 18 10 12 14 16 18
Week number Week number

FIGURE 13. The nocturnal weekly averaged valueghefnatural logarithm of the high fre-
quency power (In HFP) with 90% confidence intenaler the 8-week hard training period in
four subjects of the high-intensity training growgubjects #7, #29 represent responders and
subjects #1 and #32 non-responders. flaek circles indicate the weekly averaged InHFP val-
ue. Thearrows indicate the final measurement week. Tney shaded area indicates the indi-
vidual smallest worthwhile change (SWC) in In HERndicates &clear’ change in weekly av-
eraged In HFP values above/below the zero line ifiean of In HFP values during the basic
training period) of the SWC (tH#tack dashed line).

In the HIT group, vagal activity of both respondéssbjects #7 and #29) was within the
SWC (see “Methods” for details) over the first seweeeks of the HTP when training
load, according to TRIMP, was mainly within the SW@ subject #7, In HFP values
increased ‘clearly’ above the SWC at weeks 17-18dgomost likely due to decreased
(74 %) training load during the week’s 16-18. Oa thher hand, In HFP values of sub-
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ject #29 decreased ‘clearly’ below the SWC at weblksl7 when training load was
53 % higher than mean TRIMP during the HTP. Desthite minor vagal withdraw at
the end of the HTP, subject #29 could improve maxiendurance performance the

most of the HIT group (Makincreased 6.4 %).

The non-responders of the HIT group (subject #1#88) both presented lower In HFP
values at week 9 than their SWC was. In subjectr#iFP values fluctuated very typi-
cally below and above the SWC according to weekRIMP; In HFP was low when
TRIMP was high, and vice versa. Interestingly, sabj#1 had two times less intra-
individual variation in In HFP values than subjé@t (responder). Subject #32 had sub-
stantial high (28 % higher than mean TRIMP) tragnioad during the weeks 9-12 that
might have resulted in decreased In HFP valuesxguhie entire training period. How-

ever, vagal activity increased at week 18 whemingiload was decreased deliberately.

Subject #3 -]
6.4 - 9.2 A
E 6.0 1 88 4 X ———————
E._: 5.6 - 8.4 A
T 52 - 8.0
£
4.8 1 7.6 1 subject #15
- - *
7 Subject #28
8.4 - 9.0 -
“g 8.0 - 8.6 -
E 7.6 - 8.2 A
T 72 4 7.8 -
£
6.8 - 7.4 -
10 12 14 16 18 10 12 14 16 18
Week number Week number

FIGURE 14. The nocturnal weekly averaged valueghefnatural logarithm of the high fre-
quency power (In HFP) with 90% confidence intenaler the 8-week hard training period in
four subjects of the high-volume training groupbfeets #3, #23 represent responders and sub-
jects #15 and #28 non-responders. Blaek circles indicate the weekly averaged InHFP value.
Thearrows indicate the final measurement week. Bhey shaded area indicates the individual
smallest worthwhile change (SWC) in In HFP. * iraties eclear’ change in weekly averaged
In HFP values above/below the zero line (the mddn BIFP values during the basic training
period) of the SWC (thblack dashed line).
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In the HVT group, subject #3, responder, had ‘d{eaeduced vagal activity during the
weeks 9-10. The extremely high training load during weeks 6—7 (243 % greater
TRIMP than the mean during the HTP) may explais ti@duction in In HFP values.
The training load and In HFP were mainly within ®&/C from to the week 10 to the
end of the training period. In subject #23, In HEflues were within the SWC through-
out the training period despite the weeks whemitngiload was reduced by ~50 % due

to periodization at weeks 13 and 17.

Vagal activity of both non-responders of the HVOyp (subjects #15 and #28) was
‘clearly’ above the SWC at week 9. However, In HFEflues decreased dramatically at
beginning of the training period and remained galhebelow the SWC to the end of

the training period. The training was periodizadéedording to the plan so that TRIMP
was clearly lower at every four weeks; in subjeeets 12 and 16, and in subject #28
weeks 13 and 17. TRIMP during the HTP increased%Xfom the level of BTP simi-

larly in both subjects. To conclude, the shapehefHRV profiles of the representative

non-responders of the HVT group was very similar.
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8 DISCUSSION

The main findings of the present study demonstrétetl maximal endurance perfor-
mance (VOmax Vpeay and nocturnal HRV (RMSSD, SDNN, In TP) increasedly in
the HIT group during the HTP. Submaximal velocitf€ant, Vaerr) improved similarly

in both training groups. Contrary to the pre-expohs, no significant changes in HRV
indices were observed in the HVT group; not evethanresponder’s subgroup. How-
ever, low HRYV prior to the HTP was observed to lesuimproved maximal endurance
performance. In addition, the improvements in matiendurance performance were
associated with the changes in nocturnal HRV irdl{&NN, In TP) in the HIT group.

Endurance training adaptation. All endurance performance characteristics were im-
proved significantly during the 8-week BTP, exc¥flomax In total, seventeen subjects
(61 %) could not improve their ViQax explaining the observed insignificant improve-
ment in a group level. However, all except five jsots (18 %) improved Max The
present data agrees with the findings of previdudies (Paavolainen et al. 1999; Ki-
viniemi et al. 2007) suggesting that the maximalning performance can be improved
without changes in V&hax One explanation for lack of improvements in & during
the BTP might be the insufficient training stimulvgh relation to the pre-training fit-
ness level. It is known that, for recreationallgiied individuals, further improvements
in maximal endurance performance can only be aelidwy increasing training stimu-
lus (Laursen & Jenkins 2002). In the present sttrdyning volume in the BTP was not
increased from the volume prior to the study arabably, therefore, training stimulus
was not high enough. Thus, only minor improvemeémtgO,max Were expected. In ad-
dition, improvements in submaximal velocitiesafd, Vant) are congruent with the
recent findings of Vesterinen et al. (2013), althlothey reported greater improvements
in recreational endurance runners during similaming compared with the present

study. This might be the result of the longer tiregrperiod (Vesterinen et al. 2013).

Endurance training adaptations to increased trgistimulus (i.e. intensity and/or vol-
ume) in recreationally active individuals have be&adely examined (e.g. Laursen et
al. 2002; Esfarjani & Laursen 2007; Helgerud e2807; Ingham et al. 2008). Howev-
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er, most of the previous training studies have fgdwcused on physiological adapta-
tions to high-intensity interval training. In theesent study, the 8-week HTP consisted
of either high-intensity (3 sessions per week) ightvolume (38 % increase from the
BTP) endurance training. The HIT group could imgraadl endurance performance
characteristics during the HTP, whereas the HVTugronproved significantly only
Vaerr. Between-groups differences inadand Vant adaptations were observed as well
(differences rated as moderate according to ES). prsent findings are in line with
Laursen et al. (2002), Esfarjani and Laursen (20&¥) Helgerud et al. (2007) who
showed that maximal endurance performance was wedrafter 4-10 weeks of
high-intensity interval training in recreationaldemance athletes. In addition, without a
few exceptions, an additional increase in low-istgntraining volume in highly trained
individuals has not been demonstrated to enhamteefuimprovements in endurance
performance (Laursen & Jenkins 2002). However, shigly of Ingham et al. (2008)
showed that the 12-week high-volume (~95 rowingpen week) training period at the
intensity below aerobic threshold (98 % of trainohgration) improved V@ ax signifi-
cantly in sub-elite male rowers. Furthermore, lowensity training was observed to
elicit greater adaptation in power at aerobic thoks than a mix of low- and high-
intensity endurance training. The authors conclutted both training regimes have
similar training effects on performance charactess(lngham et al. 2008). However,
the results of the present study do not suppastdlaim, although the improvements in
Vaerr Were similar in both training groups (~2 %) despihe different training pro-
grams. This may be due to the fact that the timessofor endurance training adapta-
tion with increases in training volume may not acas rapidly (Costill et al. 1991) as

with increases in high-intensity training (Westarak 1997).

In addition to the group-level analyses, a retroipe analysis of the individual adapta-
tion to training supports the above-mentioned figdof endurance training adaptation;
the number of responders g« improved 2 % or more) was double in the HIT group
compared with the HVT group (8/14 vs. 4/14 subjedspectively). Furthermore, eight
subjects (57 %) could improve neither M nor Vyeakin the HVT group during the
HTP when the corresponding count in the HIT growgswnly four subjects (28 %).
However, despite lack of significant high-volumederance training-induced adapta-
tions, the present results demonstrate that sodieidnals may enhance their endur-

ance performance (e.g. ¥&xup to 18 %) after being exposed to high-volumaiing



39

load. Such great improvements have been normalyrted after a similar type of train-
ing among individuals with Véhaxless than 40 ml/kg/min (Berger et al. 2006; Gogmle
et al. 2008). Interestingly, the fitness level lné responders in the HVT group was av-
erage; none was below the™2percentile. Therefore no association betweenithess
level and the endurance training adaptation wasdotihus, the substantial endurance
training adaptation of these individuals cannoekplained by low baseline endurance
performance level as has been suggested by Bucgthealt (2010). Instead, different
types of training background (i.e. high-intensitgw-volume), individual genotype
(Nummela et al. 2010) and cardiac autonomic funcfléautala et al. 2003) may rather

explain this phenomenon.

Early training studies have shown that females atlor@ach the same absolute levels of
VO2max O Vpeakthan males; the gap between genders varies bet@ve&hin sedentary
people and 7 % in endurance athletes (Ogawa &08R; Helgerud 1994). In the pre-
sent study, the males had ~12 % higher absolutdd@f endurance performance char-
acteristics compared to the females. However, mugedifferences were observed in
the changes in endurance performance charactsrdiiiing either of the training peri-
ods. Similarly, Carter et al. (2003b) found no gandifferences in endurance training
response either. Despite the differences in albesdavtels between the genders, it has
been shown that both genders have similar quaiatardiovascular pattern of re-
sponse to endurance training and, therefore, careaeed statistically as one population
when the focus is on the changes in endurancengrmp@arformance (Raven et al. 1972).

Group-level HRV adaptation. Numerous studies have shown that endurance tgainin
increases cardiac autonomic activity and therefbifeV indices, especially va-
gal-related indices (Portier et al. 2001; Yamamet@l. 2001; Kiviniemi et al. 2007;
Buchheit et al. 2010; Nummela et al. 2010; Vestariat al. 2013). However, extremely
intensive endurance training with inadequate regovas been observed to diminish
HRYV indices (Pichot et al. 2000; lellamo et al. 20@lews et al. 2012). In the present
study, the 8-week BTP could not elicit relevantrayes in HRV indices yet RMSSD
was decreased; however, the decrease was practieadiningless according to the triv-
ial effect size. Instead, vagal activity togethéthvoverall autonomic activity increased
during the following 8-week HTP in the HIT grouphd effect of high-intensity training
on HRV indices is in line with previous studies ceming a similar type of training
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(Portier et al. 2001; Buchheit et al. 2010; Vesteni et al. 2013). In the recent study of
Vesterinen et al. (2013), for example, no changesewbserved in HRV indices after
14-week basic training period (on avg. 5 times/wael68 % HR..y), but after hard
training period of the same duration (on avg. 4esfweek at 72 % HRx incl. 18 mod-
erate- to high-intensity sessions) vagal-relatedVHiRdices increased significantly. In
addition, sympathetic withdrawal may occur duerntoréased vagal control (Portier et
al. 2001). However, the above studies differ indgis level and training background of
the subjects with a range of sedentary individbaling VQmaxless than 40 ml/kg/min
(Nummela et al. 2010) to elite athletes with M over 70 ml/kg/min (Portier et al.
2001; Plews et al. 2012). Based on the data optesent study, the increased cardiac
vagal activity after high-intensity training may aemarker of a positive response to this

type of training. The findings of Buchheit et 8100 0) support the previous suggestion.

A bit surprisingly, any of HRV indices was not aéd in the HVT group despite the
increased training volume (all ES were trivial onadl). The present results are con-
sistent with those reported by Uusitalo et al. @2%nd Hedelin et al. (2000a), although
it was not hypothesised beforehand that no chawdkesccur. Furthermore, the effects
of increases in training volume on basal HRV indibas been examined in at least four
other studies (lwasaki et al. 2003; Buchheit e2804; lellamo et al. 2004; Manzi et
al. 2009). All these studies, except the studyetidino et al. (2004), demonstrated that
vagal-related HRV indices (RMSSD, HFP) rose sigaifitly when training volume was
increased moderately. In addition, LFP has beenvsho decrease at the same time
indicating reduced sympathetic activity (Buchheditaé 2004). However, further in-
creases in training volume (~70 %) resulted in distied HRV indices (lwasaki et
al. 2003; Manzi et al. 2009). The finding of lellaret al. (2004) supports this; HFP
decreased in elite rowers when training volume vemibled. This so-called
dose-response relationship of the cardiovasculaptation expressed first time by Ilwa-
saki et al. (2003) is unlikely to be the cause mdltered cardiac autonomic control ob-
served in the present study, based on the follofants: 1) the increase in training vol-
ume was only moderate (38 %) and 2) resting HRneaslecreased either, contrary to
Iwasaki et al. (2003) and Buchheit et al. (2004).

The reasons for unaltered HR and HRYV indices inHNE group are most probably

related to the intensity and duration of the tragnperiod. Despite the increased training
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volume and thus training load, training intenst$ %% HRha) Was obviously too low to
induce any changes in cardiac autonomic activiiyil&rly, Davy et al. (1997) found
that both resting HR and HRYV indices were unchanigech baseline levels after 12
weeks of aerobic training at the intensity betw8@a75 % of HRax Later Achten and
Jeukendrup (2003) concluded in their review thdeast vigorous training intensity is
needed to induce changes in basal HRV indices. dtmglusion is supported by the
findings of the present study in relation to HRVapthtion of the HIT group. On the
other hand, the duration of the training period may have been long enough if com-
pared, for example, with the study of Iwasaki et(2003) (8 weeks vs. 6 months). Ad-
ditionally, the methodological differences betwdba foregoing studies should not be
overlooked. The correspondence of the results letwieese studies can be argued due
to the wide range of HRV recording methods varyiirgn short-term recordings after
awakening (e.g. Buchheit et al. 2010) or duringtidas (e.g. Manzi et al. 2009) to
long-term recordings during night-time (e.g. Vesten et al. 2013). The most complex
HRV indices cannot be calculated from the shorateecordings lasting contrary to
those recorded over longer period (TaskForce 198&ddition, the night-time record-
ings, used also in this study, have been considereeflect a more standardized condi-
tion being barely influenced by behavioural patt@ichot et al. 2000).

There several studies that have focused on theeinde of gender on cardiac autonomic
tone (Ramaekers et al. 1998; Kuo et al. 1999; Bkeaat al. 2008; Kiviniemi et al.
2010). The conclusion drawn from these studiebas males have higher HRV indices
than females. In the present study, however, naleedifferences existed in the basal
levels or changes of nocturnal HRV indices durimg training. This is in line with the
finding of Nummela et al. (2010); no gender effegege found. A difficulty comparing
the present finding to the previous studies is thatphysical fitness of the subjects is
different. For example, in the study of Kiviniemi &. (2010) the males had ~33 %
higher absolute levels of \\Qa.x compared to the females, whereas in the presady st
the difference was ~12 %. Individuals having highobic capacity (i.e. V&hay) show
also great HRV indices (e.g. Hautala 2009). Theesfib can be suggested that the gen-
der difference in HRV indices observed in the poesi studies might be partly due to
great gender difference in physical fitness, unlikethe present study. Finally, the
non-observed gender difference in HRV indices sugpthe gender-mixed training

group design of the present study in order to Isafficient statistical power.
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Individual HRV adaptation. The present data together with previous intereanstudies
support the hypothesis of Hautala et al. (2009) ¢hadiac autonomic control plays an
important role in endurance training adaptationwkleer, only a few researchers
(Buchheit et al. 2010; Nummela et al. 2010), initdid to the present study, have tried
to examine the differences in HRV adaptation betwdkining responders and
non-responders. The only way to examine the indalidesponses to training is to
group the subjects into the responders and norenelgps a posteriori. This may result
in a small sample size for the one of the subgrotipsrefore, in the present study, the
post hoc comparisons were assessed for significance udsw an inferences-based
method to be made with a small sample size (Hop&irad. 2009). In addition, the indi-
vidual In HFP profiles were created to illustrate time course of change in vagal ac-

tivity.

In the HIT group, SDNN values of the responders ewelearly lower than the
non-responders ones prior to the HTP but increasgmificantly during the training
period reaching the level of the non-responderscatohg enhanced parasympathetic
activity. In addition, most of the responders showereased vagal activity, although
not all of them (subject #29), together with greatay-to-day variation compared with
the non-responders. These findings are in accoedaitty Buchheit et al. (2010) who
showed that low resting HRV at baseline and inaéasgal activity during the train-
ing period were associated with positive traininigatation to a 8-week interval train-
ing period among moderately trained runners. Orother hand, opposite findings have
also been reported; high HFP or TP levels at basetiay predict positive training ad-
aptation to high-intensity training (Hautala et2003; Vesterinen et al. 2013). Howev-
er, the use of basal HRV indices in order to predidurance training adaptation may
be problematic because of remarkable intra-ind@idlifferences in basal HRV indices
(Al Haddad et al. 2011). The absolute values otspeHRYV indices may vary from
hundreds (e.g. subject #7) to tens of thousandggsiu#29) and, consequently, the re-
ported ‘high’ or ‘low’ values in one study may kenfold greater or smaller in another
study. Instead, the time course of changes in HRl#ces would be a more promising
way to monitor the trainability and endurance tiragn adaptation. Especially va-
gal-related indices have been used for this purpesently (Plews et al. 2012) but

changes in SDNN or TP values may be used as welll¥, there was nothing to sug-
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gest that the non-responders of the HIT group weegtrained during the training peri-
od, based on the individual In HFP profiles andsgio@naires.

In the HVT group, no significant changes in HRV ioceb were observed either in the
responder’s or non-responder’s subgroup. This figdtoncerning unchanged HRV
indices of the responders is novel, although adtwlies (Loimaala et al. 2000; Vester-
inen et al. 2013) have shown that low-intensityniregy does not induce changes in
HRYV indices despite improved endurance performaizserved in a group-level. On
the other hand, Nummela et al. (2010) found thaturoal HFP of the responders in-
creased significantly during moderate-intensity wadce training among sedentary
subjects. Thus, in the present study it was exgddti@ HRV indices would increase in
individuals having positive endurance training adapn. Although the present results
do not support this hypothesis, slight trend towarttreased vagal and overall ANS
activity was observed in the responder’s subgrdupther, vagal activity increased
significantly in two out of four responders (sultij¢@ and #37). Due to the extremely
small number of responders (n=4) the powerful asgiohs cannot be drawn. The un-
derlying mechanisms of changes in ANS activity éhation with endurance training
adaptation are unknown. The effect of everyday piéychological stressors, such as
work and family, and quite typical upper respirgttract infections for HRV indices
cannot be ignored. For example, it can be spealulhi@t HFP of subject #23 did not
increase at week 18 anymore due to slight uppeiregery tract infection (observation
from the training diary) as did at week 13, wheairting load was similar to week 18
(Figure 14).

Similarly to the HIT group, the responders of th€THgroup had significantly lower
basal HRV indices both prior to and after the Hidpared to the non-responders.
This supports the findings of Buchheit et al. (20EXhough training intensity and vol-
ume of the interventions are not identical. Low HiRMices may also be linked to a
poor endurance performance level (Aubert et al.32Qf minor endurance training
background (Buchheit et al. 2004). In the presardys however, HRV indices prior to
the HTP were not associated with baseline endurpadermance or previous training
activity. As described earlier, the results andcbasions of the previous studies have
not been entirely consistent with each other. # been suggested by Vesterinen et al.

(2013) that low HRV can possibly predict an indito cope with the training load and
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the accumulation of fatigue. The data of the presardy leads rather an opposite sug-
gestion whereby low HRV may predict potentiallyptositive endurance training adap-
tation regardless of training intensity and voluimstead, high HRV levels prior to the
training period were observed among the non-resgrenof the HVT group with poor
training adaptation. The In HFP profiles of subj#dt5 and #28 illustrate the time
course of changes in vagal modulation during th& Hm both subjects the HFP levels
decreased significantly by the effect of trainingd, obviously, resulting possibly in an
over-trained condition (especially subject #15)ck af periodization may partly ex-
plain poor training adaptation and this kind of HRxofiles; e.g. the training load ac-
cording to TRIMP was constant at every week in ect#15, whereas periodization of
subject #28 followed the plan. It appears unlikdhat the higher training load of
non-responders than responders would explain tipesig trends observed in HRV
indices because training load did not differ sigaiftly between thgost hoc sub-
groups. Finally, it must be noted that great weelkseek variation exists in basal va-
gal-related indices (Figures 13 and 14) and thog-term trend might be a more repre-
sentative sign of changes in HRV indices insteadahted weeks, although single val-

ues of the week are average of two recordings (P&tval. 2012).

Association between HRV and endurance training adaptation. It has been widely re-
ported that HRV indices are associated with endirgrerformance (Buchheit & Gin-
dre 2006; Buchheit et al. 2010) and enduranceitgiadaptation (Hautala et al. 2003;
Nummela et al. 2010; Vesterinen et al. 2013). Haveonly a limited number of stud-
ies concerns recreational athletes (Buchheit e2@0; Vesterinen et al. 2013). In the
present study, the significant correlation betwdenbaseline HRV indices and endur-
ance performance was observed only prior to the, BOPHTP. SDNN showed to have
the strongest relationship with Qi (r=0.46, p=0.015). This finding is in line with
Buchheit & Gindre (2006) and Buchheit et al. (201@)addition, basal HRV indices
prior to the training periods correlated signifidgrwith the endurance training adapta-
tion. Interestingly, a positive relationship wasifid between the baseline In TP values
and the change in Mt during the BTP1=0.51, p=0.005), whereas a negative relation-
ship was observed between RMSSD values at weekl $hanchange in paxand Vant
during the HTP r=-0.54, p=0.049 and=-0.67, p=0.009, respectively). The differ-
ences between the training periods might be paxptained by the fact that RMSSD is
thought to be vagal-related HRV index while TP @efs both vagal and sympathetic
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activity. However, Vesterinen et al. (2013) havearted positive relationships between
the endurance training adaptation and both basklife and TP values in recreational
endurance runners. In the HIT group only, changeSDNN values during the HTP
were associated with the changes jaavat the same time£0.55, p=0.050) accounting
30 % of the variance in the adaptation to endurdraring. Consistent findings were
also reported by Buchheit et al. (2010) after ailamtype training intervention. Taken
together, it can be suggested that there likelgtexan interdependence between cardiac

autonomic control and aerobic performance.

Limitations of the study. The RR interval recordings made at home may natdneid-
ered as highly standardized as those made in lavgreonditions. In the present study,
this compromise had to be made for practical reasonaddition to endurance training,
there may be several other factors that affect H®\¢h as irregular sleeping habits,
everyday life physiological and psychological stgs. The incidence of these factors
may be very common among sedentary and recreatathidtes due to work and the
family. Therefore, it cannot be concluded that ¢thanges in HRV indices would have
been totally consequence of trainipg se because the RR interval recordings are quite
sensitive to all kind of stress (TaskForce 1996)eXclude, or at least reduce, the effect
of everyday life stress on the RR interval recagdithe subjects were asked to inform if
the daily routines were abnormal during the tragnmtervention (e.g. night shift instead
of day shift). In these cases the single recordimg® excluded from the final analyses.
Furthermore, there was no control group that didexercise. Thus, the present results

must be interpreted cautiously.

Additionally, in the present study, the RR intervatordings were measured on four
consecutive nights each training and measuremeek,ves a rule. The original purpose
was to provide HRV indices as averages of two outsee nights but this was not pos-
sible for all subjects due to erroneous RR intergabrdings. Instead, recordings of two
single isolated nights after a light training dagrev used to calculate the averages of
HRYV indices. This can be considered an obvioustéitimn of this study as has been
suggested in general (Plews et al. 2012). Howealerpst all studies referred in this
study have used single isolated recordings as Wwetthermore, the final sample size of

the training groups was relatively small (n=14) dhds limited the statistical power.
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This was compensated by a novel statistical arsabsproach based on the magnitudes

of change (Hopkins et al. 2009).

Conclusions. The present study showed that high-intensity esnarer training induced
greater changes in endurance running performanog@a@d with high-volume endur-
ance training. In addition, it seems that highinisiey endurance training is needed in
order to lead significant changes in nocturnal HR¥ices among recreational endur-
ance runners (V&hax ~50 ml/kg/min). However, high-volume endurancenirey load
may induce changes in vagal activity of nocturreaaldovascular autonomic regulation
in some individuals together with altered endurangeing performance. No gender
differences existed in the changes in nocturnal Hiltces and endurance running per-
formance. Furthermore, the subjects who improved ttndurance performance most
showed lower basal levels of HRV indices than thigexts who improved only slightly
or did not improve at all. Finally, great increagesocturnal HRV indices were associ-

ated with good endurance training adaptations aftgr-intensity training.

Practical applications. Based on the findings of the present study HRVsueanents,
as an inexpensive and practical method, may bes$tance in monitoring endurance
training adaptation and stress among recreatiomlrance athletes. In order to achieve
further improvements in endurance performance tridiaing programs of recreational
athletes should consist of training periods withhhiraining load (i.e. high-intensity or
high-volume) and recovery periods. Thus, the kndgéeof individual trainability and
training status is extremely important. Weekly HRWnitoring of vagal activity may
provide objective information of the training statand possibly prevent long-term

states of overreaching.
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