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Abstract

Purpose Exercise-related sudden cardiac deaths (SCD)
occur with a striking male predominance. A higher sym-
pathetic tone in men has been suggested as risk factor
for SCD. Elite athletes have the highest risk for exercise-
related SCD. We aimed to analyze the autonomic nervous
system of elite cross-country skiers from Norway, Russia
and Switzerland in supine position and after orthostatic
challenge in various training periods (TP).

Method Measurements of heart rate variability (HRV)
were performed on a weekly basis over 1 year using an
orthostatic challenge test with controlled breathing. Main
outcome parameters were the high-frequency power in
supine position (HFsupine) as marker of cardiac parasym-
pathetic activity and the low-frequency/high-frequency
power ratio after orthostatic challenge (LF/HFstand) as
marker of cardiac sympathetic activation. Training intensity
and duration were recorded daily and expressed as training
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strain. The training year was divided into three TPs. An
average of weekly HRV measurements was calculated for
each TP.

Result Female (n = 19, VO,,,, 62.0 + 4.6 ml kg~ min~",
age 25.8 & 4.3 years) and male (n = 16, VO, 74.3 £ 6.3
ml kg=' min~!, age 24.4 £ 4.2 years) athletes were
included. Training strain was comparable between sexes
(all p > 0.05) and changed between TPs (all p < 0.05) while
no HRV parameters changed over time. There were no sex
differences in HFsupine while the LF/HFstand was signifi-
cantly higher in male athletes in all TPs.

Conclusion For a comparable amount of training, male
athletes showed constantly higher markers of sympathetic
activity after a provocation maneuver. This may explain
part of the male predominance in sports-related SCD.

Keywords Autonomic nervous system - Heart rate
variability - Orthostatic test - Athletes - Endurance -
Training

Abbreviations
ANOVA  Analysis of variance

ANS Autonomic nervous system

Cp Competition period

HF High-frequency power

HRV Heart rate variability

LF Low-frequency power

LF/HF Low-frequency/high-frequency power ratio

MeanRR Mean of the R-R intervals

PP1 Preparation period 1

PP2 Preparation period 2

RMSSD The square root of the mean squared differ-
ences of successive R-R intervals

RPE Rate of perceived exertion

SDNN Standard deviation of all R-R intervals

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00421-015-3190-0&domain=pdf

Eur J Appl Physiol (2015) 115:2107-2114

2108

SCD Sudden cardiac death

Sup In supine position

Stand Standing after orthostatic challenge
TP Training periods

Introduction

A higher risk for sudden cardiac death (SCD) in young ath-
letes is associated with a higher competition level (Corrado
et al. 2006; Harmon et al. 2011). Men have been shown
to have an increased risk for SCD (Kannel and Schatzkin
1985) and male sex has also been reported to be an addi-
tional risk factor for sports-related SCD, illustrated by the
striking male predominance of SCD in young competitive
athletes (Maron et al. 2009). Most cases are caused by an
underlying cardiac disease, mainly hypertrophic cardiomy-
opathy, premature coronary artery disease and congenital
coronary anomalies (Maron et al. 2009). During exercise-
induced myocardial ischemia, the enhanced sympathetic
nerve drive may trigger ventricular fibrillation (Verrier and
Kwaku 2004; Zhou et al. 2008). Animal studies suggested
that vagal activation may have a protective effect against
ventricular arrhythmias induced by acute myocardial
ischemia (Billman 2009). Numerous studies examined sex
differences in HRV and the majority found a lower LF/HF
power ratio (Agelink et al. 2001; Liao et al. 1995; Ramaek-
ers et al. 1998) and lower LF power (Agelink et al. 2001;
Liao et al. 1995; Ryan et al. 1994) in women compared to
men. These data suggest a higher sympathetic and/or lower
vagal activity in males compared to females. However, it
should be mentioned that results reporting markers of par-
asympathetic activity such as absolute HF power showed
conflicting results. Some studies have reported significantly
higher HF power at rest in women compared to men (Bar-
nett et al. 1999; Fukusaki et al. 2000) while others have
reported similar HF power between sexes (Agelink et al.
2001; Fiirholz et al. 2013; Ramaekers et al. 1998). Abso-
lute HF power is dependent on HR (Sacha et al. 2014) and
the conflicting results may therefore be a consequence of
sex differences in HR (Fiirholz et al. 2013). Endurance
training increases vagal activity, both in female and male
athletes (Carter et al. 2003). However, it is currently not
known whether the high training loads of elite athletes may
increase vagal tone to a saturation level (Buchheit 2014)
where sex differences may subside. Additionally to para-
sympathetic tone at rest, a provocation maneuver is reflec-
tive of sympathetic responsiveness for which no saturation
effect has been postulated.

The primary aim of the present study was therefore to
investigate sex difference in the autonomic nervous system
(ANS) activity of elite cross-country skiers over the dura-
tion of a whole training year. We hypothesized that male
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athletes have lower markers of vagal activity in supine
position, and higher markers of sympathetic activity after
an orthostatic challenge test in all TPs.

Further, it has been shown that the cardiac autonomic
nervous activity may vary within different training peri-
ods. Very intensive exercise training, such as performed
by male world class rowers or recreational marathon run-
ners, resulted in a conversion from cardiac vagal to sym-
pathetic predominance (Hedelin et al. 2000; Iellamo et al.
2002). It is presently unknown whether HRV parameters
change between different training periods in elite cross-
country skiers and whether such changes would be differ-
ent between sexes. Therefore, the second aim of the present
study was to investigate sex-specific reactions of HRV on
different training periods in elite cross-country skiers.

Methods

Elite female and male cross-country skiers from either
national, junior national or regional teams from Norway,
Russia and Switzerland were recruited to participate in the
study during the Olympic Season 2013/2014. Inclusion
criteria were age 18-35 years and being an active athlete
of the International Ski Federation (FIS). Exclusion crite-
ria were compliance with home-based HRV measurements
of <50 % during the study period or injuries and sickness
that stopped the athlete from continuation of planned train-
ing for more than 4 weeks. The study was approved by all
national ethics committees and all participants signed the
informed consent.

Training of elite cross-country skiers was monitored for
the duration of 1 year on a weekly basis. The athletes per-
formed home-based short-term HRV measurements once
per week. Measurements were performed in the morn-
ing after awakening on a day that followed a low-inten-
sity training day. Maximal oxygen uptake (VO,,,,.), body
weight and height were taken from their yearly laboratory
performance test at their respective national sports institute.

Home-based beat-to-beat R-wave to R-wave intervals
(R-R intervals) were recorded in the morning once a week
after awakening with a Polar RS800CX computer (Polar
Electro Oy, Kempele, Finland). Validity of Polar RS800
to measure R-R intervals has been demonstrated (Wallen
et al. 2012). A smartphone-derived metronome was used
to provide standardized breathing frequency of 0.25 Hz
(15 breaths/min). Short-term recordings were performed
in supine position and after an orthostatic challenge. After
5 min recording in supine position, athletes were verbally
instructed by the metronome to stand up and stand qui-
etly for another 5 min. Data was uploaded to the Polar Pro
Trainer 5 software and transmitted via electronic mail to
the core lab (University Hospital Bern) for further analysis.
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R-R intervals of the measurements were transferred to
Kubios-HRV (V2.1, Department of Physics, University of
Kuopio, Finland) (Niskanen et al. 2004) software and ana-
lyzed as recommended by the European Society of Cardi-
ology Task Force (Camm 1996). Trend components were
removed using the smoothness priors method (Lamda 500,
f. = 0.035 Hz). Analysis was performed for 4 min seg-
ments in supine and standing position using fast Fourier
transformation. The segment for supine position started
4 min before standing up and the segment for standing
started at the shortest R—R interval. The following time-
domain and frequency-domain parameters were calcu-
lated for each supine and standing segment: Time domain:
Mean of the R-R intervals [MeanRR (ms)], standard
deviation of all R-R intervals (SDNN), the square root of
the mean squared differences of successive R—R intervals
(RMSSD), frequency domain: low-frequency power (LF)
(ms?), high-frequency power (HF) (ms?) and LF/HF power
ratio. Frequency bands were set on 0.15-0.4 Hz for HF
and 0.04-0.15 Hz for LF (Camm 1996). HF and LF in nor-
malized units (HFn.u. and LFn.u.) were not reported due
to their redundancy with LF/HF power ratio (Burr 2007).
Primary outcome parameters were the HF power in supine
position (HFsupine) as marker of vagal tone (Camm 1996)
and the LF/HF power ratio after orthostatic challenge (LF/
HFstand) as marker of sympathetic activity (Furlan et al.
2000). All signals were visually corrected with the auto-
mated artifact correction filter from Kubios-HRV (arti-
fact correction was set as low as possible to cut out all
artifacts).

Training session load was quantified by multiplying
rate of perceived exertion (RPE) (Foster 1998; Foster et al.
2001) calculated using the modified Borg scale intensity
score (scale from 1 to 10) (Foster et al. 2001) with the dura-
tion of the session. Daily training loads were calculated by
summing session training loads of each day. These data
were recorded by the athletes in an excel sheet on their own
computer. The average weekly training load was calculated
according to Foster et al. Training monotony was deter-
mined by dividing average weekly training load through
the standard deviation of the average weekly training load
for each athlete. Weekly strain was calculated by multiply-
ing average weekly training load with training monotony.
Average weekly intensity was calculated.

All weekly measured HRV and training data were aver-
aged for each TP. TPs were defined as preparation period
1 (PP1) from calendar week 19 to 31, preparation period 2
(PP2) from calendar week 32 to 46 and competition period
(CP) from calendar week 47 to week 14 of the following
year. The data was analyzed with SPSS Statistics, Ver-
sion 21 (IBM Corp. Armont, NY, USA). Normality of the
data was examined using the Kolmogorov—Smirnov test.
Data is presented as mean + standard deviation or median

(interquartile range). Non-parametric data were log trans-
formed. Analysis was performed using repeated measures
ANOVA with Bonferroni post hoc correction for time, sex
and time—sex interaction. A p value of less than 0.05 was
considered statistically significant. Sample size calculation
for sex differences was based on the data by Fiirholz et al.
(2013) with a minimum sample size of 15 per group.

Results

Thirty-five athletes were included in the final analy-
sis, 16 were male (VO,,,: 743 £ 6.3 ml kg~! min~",
age: 244 £+ 4.2 years, height: 180 = 0.05 cm, body
weight: 725 £ 53 kg) and 19 female (VO,,,.:
62.0 & 4.6 ml kg~! min~!, age: 25.8 & 4.3 years, height:
171 £ 0.07 cm, body weight: 62.5 &+ 6.5 kg) athletes. Par-
ticipants were from Norway (n = 16), Russia (n = 6) and
Switzerland (n = 13). Two world champions and seven ath-
letes who qualified for the Sotchi Olympics participated in
the present study.

An average of 40.5 £ 8.4 (84 % of maximal number
of measurements) HRV measurements was recorded per
person, whereof 10.0 £ 4.8 (77 %) in PP1, 14.6 £ 2.2
(97 %) in PP2 and 15.9 £+ 6.1 (80 %) in CP. Training
data was recorded for all trainings by all athletes (100 %
compliance).

Training load, monotony and strain were compara-
ble between female and male athletes (all p > 0.05) and
changed over time (Table 1).

Significant sex differences were present for Ln(LF/
HFstand) (Fig. 1) while no sex differences were found for
HFsupine.

MeanRR was the only parameter that changed over time
in both, supine position and after orthostatic challenge
(Table 2).

Adjustment of heart rate dependent HRV parameters
with MeanRR as suggested by Sacha et al. (2014) did not
change the results.

Discussion

The main findings of this study were the absence of sex
differences in HFsupine and the persistently higher LF/
HFstand in all TPs for male compared to female athletes.
Of all markers of the ANS, the significant differences in
training load between the three TPs were only reflected by
significant changes in MeanRR. For the first time we have
shown that for a comparable amount of training in both
sexes, male elite athletes showed constantly higher markers
of sympathetic activation in the orthostatic challenge but
not in supine position.

@ Springer



2110

Eur J Appl Physiol (2015) 115:2107-2114

Table 1 Training characteristics

PP1 PP2 CP p value time X sex p value time p value sex
Load 3498 £ 1186° 3294 £ 1070° 2885 + 776*° 0.103 0.000 0.395
Males 3846 £+ 1320 3387 £ 1191 2896 + 914
Females 3223 £+ 1021 3220 £ 991 2876 + 674
Monotony 1.60 £ 0.41°¢ 1.67 £ 0.43°¢ 1.45 4 0.392° 0.499 0.003 0.501
Males 1.53 £0.35 1.60 £+ 0.39 1.45 £0.31
Females 1.66 £ 0.45 1.72 £ 0.46 1.45 £ 0.45
Strain 5830 £ 2349°¢ 5848 +2625° 4607 + 1801*° 0.620 0.000 0.539
Males 6201 £ 2771 6165 £ 3350 4658 £+ 2125
Females 5538 £+ 1985 5597 £ 1936 4567 £+ 1559
Session intensity 395+ 1.09 414 £ 1.14 4.16 £ 1.03 0.057 0.113 0.866
Males 4.05+1.11 4.11+£1.19 4.00 +1.11
Females 388 £ 1.11 4.16 +1.14 4.30 £ 0.96

Values are given as mean =+ standard deviation. The training load was calculated by multiplying the rate of perceived exertion on a scale from 1
to 10 with session duration. Training monotony was determined by dividing average weekly training load through the standard deviation of the
average weekly training load for each athlete. Weekly strain was calculated by multiplying average weekly training load with training monotony

(Foster et al. 2001). Significance level was set at p < 0.05

PP1 preparation period 1; PP2 preparation period 2; CP competition period

# Value is significantly different from PP1
® Value is significantly different from PP2
¢ Value is significantly different from CP
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Fig.1 Sex and time differences in heart rate variability. Sex differ-
ences were absent for high-frequency power in supine position (left
panel) but LF/HF power ratios after sympathetic provocation maneu-
ver using an orthostatic challenge test were significantly higher in
male compared to female athletes during PP1 (p = 0.013) and CP

Other studies assessing sex differences at rest reported
higher markers of sympathetic tone in male compared
to female normal healthy participants (Carter et al. 2003;
Ramaekers et al. 1998) recreational athletes (Fiirholz
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(p = 0.016) and by trend in PP2 (p = 0.055) (right panel). PP1 prep-
aration period 1; PP2 preparation period 2; CP competition period;
open circle symbolizes scores greater than the upper quartile plus 1.5
times the interquartile range, open triangle symbolizes scores greater
than the upper quartile plus 3 times the interquartile range

et al. 2013) and adolescent cross-country skiers (Hedelin
et al. 2000). Contrary to these studies and our hypothesis,
we did not find sex differences in HRV at rest. Endurance
training is generally accepted to increase HRV markers of
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Table 2 Changes over time, time x sex interactions and sex differences of heart rate variability parameters in supine position and after an ortho-

static challenge

PP1 PP2 CP p value p value time  p value sex
time X sex

Supine

MeanRR 1236.7 £ 171.6 1250.5 + 165.1°¢ 1222.6 + 150.4° 0.461 0.033 0.311
Males 1274.7 £ 151.5 1275.3 £ 156.4 1250.2 + 149.2
Females 1204.8 + 184.8 1229.6 + 173.5 11994 + 151.5

SDNN 72.68 £ 28.46 75.28 £ 30.17 7497 £ 31.25 0.484 0.326 0.948
Males 74.04 £ 35.70 75.92 £ 37.20 74.04 £+ 38.29
Females 71.53 £21.56 74.74 £ 23.78 75.74 £ 24.92

RMSSD 98.27 £ 46.37 101.03 4+ 47.25 99.58 £ 49.65 0.514 0.471 0.999
Males 99.53 £+ 56.82 101.22 4+ 58.82 98.15 + 61.60
Females 97.20 £+ 36.99 100.86 + 36.52 100.79 + 38.61

InHF 7.82 £0.91 7.84 +£0.87 7.80 £1.03 0.111 0.876 0.413
Males 7.74 £ 1.07 7.74 £ 0.99 7.61 £1.23
Females 7.89 £0.77 7.93 +0.76 7.99 + 0.80

InLF 7.37£0.70 7.49 £ 0.80 7.47 £0.87 0.230 0.278 0.728
Males 7.42 £0.86 7.56 £ 091 7.45 £ 1.01
Females 7.32 £0.54 7.40 £ 0.69 7.50 £0.73

InLF/HF -0.27 £ 0.716 -0.20 + 0.63 -0.13 £ 0.75 0.468 0.144 0.316
Males -0.20 £ 0.713 -0.03 £ 0.55 -0.01 £0.71
Females -0.35 +£0.732 -0.36 £+ 0.67 -0.24 +0.80

Standing

MeanRR 848.1 £ 139.2 838.9 £ 135.0 8179 £119.3 0.856 0.028 0.461
Males 829.0 £75.9 819.3 £ 107.1 804.4 £+ 84.7
Females 864.2 £ 176.7 855.4 £ 155.7 829.4 £+ 143.6

SDNN 54.35 £16.33 55.41 £ 17.06 54.28 +£16.29 0.785 0.760 0.409
Males 56.35 £ 17.95 57.52 £ 18.91 5741 £+ 18.34
Females 52.66 £ 15.12 53.64 £ 15.63 51.63 £ 14.31

RMSSD 36.69 £ 15.14 37.19 £ 17.39 35.61 £+ 14.39 0.412 0.592 0.726
Males 34.51 £15.32 37.36 £22.84 3471 £ 17.77
Females 38.52 £ 15.16 37.05 £ 11.67 36.36 £ 11.25

InHF 5.68 £1.03 5.76 £ 1.06 5.71 £0.90 0.111 0.876 0.413
Males 547 £0.94 5.64 £1.23 5.61 £1.03
Females 5.88 £1.10 5.88 £0.89 5.81 £0.77

InLF 7.66 £ 0.67 7.75 £ 0.67 7.69 £0.74 0.508 0.573 0.060
Males 7.85 £ 0.67 7.89 £ 0.57 7.93 £ 0.60
Females 7.48 £0.63 7.63 £0.74 745 £ 0.81*

InLF/HF 2.31+£0.71 2.36 £ 0.70 233 £0.71 0.619 0.794 0.015
Males 2.63 £ 0.61 2.61 + 0.80 2.64 £0.71
Females 2.11 £ 0.71* 2.15+0.58 2.08 £ 0.63*

Values are given as mean =+ standard deviation. Significance level was set at p < 0.05

PP1 preparation period 1; PP2 preparation period 2; CP competition period; MeanRR mean of the RR intervals; SDNN standard deviation of all
RR intervals; RMSSD square root of the mean of the sum of the squares of differences between adjacent RR intervals; [nLF natural logarithm
from low-frequency power; [nHF natural logarithm from high-frequency power

* Values are significantly different from males (p < 0.05)

# Value is significantly different from PP1

® Value is significantly different from PP2 (p < 0.05)
¢ Value is significantly different from CP (p < 0.05)
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parasympathetic activity (Camm 1996; Carter et al. 2003).
The training history with a large cumulative training load
in the present elite athletes may explain the high values of
markers of parasympathetic activity in the present study
compared to other studies. It can be speculated that our
athletes reached their maximal potential to increase HRV
markers of vagal activity. Such a potential saturation of
vagal receptors (Kiviniemi et al. 2004) may also explain
the absence of differences in HRV markers in the various
training periods despite significant changes in training load
and strain. Such a hypothesis has also been put forward
for other physiological parameters such as VO, .., which
cannot be improved substantially with increased training
intensity or volume in elite endurance athletes once a cer-
tain training level has been reached (Losnegard et al. 2013;
Lucia et al. 2000).

Orthostatic challenge inhibits cardiac parasympathetic
activity and augments sympathetic outflow, both result-
ing in gradual rise in heart rate (Hilz and Dutsch 2006).
It is currently highly debated whether any HRV param-
eter reflects cardiac sympathetic activity. It is generally
accepted that LF fluctuations of HRV at rest are not related
to muscle sympathetic nerve activity (Carter et al. 2003).
However, when measured in an orthostatic challenge, it
has been shown that LF/HF power ratio and muscle sym-
pathetic nerve activation change in parallel (Furlan et al.
2000; Montano et al. 1994), suggesting that this HRV ratio
may reflect enhanced adrenergic activity as response to
provoked stress. Sex differences in the response to orthos-
tatic challenge have previously been reported for LFn.u. in
adolescent cross-country skiers using the tilt test (Hedelin
et al. 2000) but have not been studied in adult elite athletes.
Since LFn.u. corresponds to LF/HF (Burr 2007), this result
is in agreement with our finding. The higher LF/HFstand in
male athletes may be an expression of a higher sympathetic
reaction compared to female athletes.

The absence of changes in HRV parameters between
periods with different training loads is in contrast to the
only previous study comparing HRV measurements in
cross-country skiers during different TPs (Hedelin et al.
2000). Hedelin et al. (2000) showed increased total vari-
ability at rest and reduced LF power in the tilted position
in adolescent cross-country skiers before compared to
after the competition period. We suggest that this differ-
ence may be due to the shorter training history in the ado-
lescent athletes of the Hedelin et al. study where athletes
were likely to increase HRV from year to year while this
was absent in our athletes because they most probably had
reached a saturation level. Controversial results with regard
to HRV changes between different TPs were also found
in other studies (Iellamo et al. 2002; Manzi et al. 2009;
Mazon et al. 2013; Oliveira et al. 2013). We suggest that
besides different study populations further reasons for the
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different findings may have been different training volume
and intensity distribution, the different training periodiza-
tion, the different training history and performance level,
the sport mode itself or different measurement methods and
study designs to assess HRV.

Individual variances in HRV parameters are quite large
while MeanRR has been shown to have the smallest indi-
vidual variance (Pinna et al. 2007). This may explain why
in our study significant changes between TPs were only
observed in MeanRR and not in the other HRV parameters.
However, the clinical relevance is questionable due to the
small change (1 heart beat/min for supine and 2 heart beats/
min for standing position when comparing the training
period with the shortest and longest MeanRR).

Strengths of our study were the unique longitudinal
design, the large sample size in terms of number of elite
athletes, number of measurements per athlete, and the
international high level of athletes. Further strengths were
the averaging of several HRV measurements within one
TPs, which reduced the effect of individual confounders on
HRY, such as the menstrual cycle in female athletes. Limi-
tations were the usage of HRV measurements as an indirect
method to assess the autonomic innervation of the heart
and the measurement of sympathetic provocation in the
orthostatic test instead of during exercise. HRV measure-
ments in postural changes are thought to be more reliable
than during exercise (Buchheit 2014) and were more appro-
priate for the design of this longitudinal study.

Our results are of special interest in the context of SCD
in young athletes, which occur with a striking male pre-
dominance and mainly in situations where sympathetic
activity is elevated (Kim et al. 2012). Elite athletes have
been shown to have the highest risk for sports-related SCD
(Harmon et al. 2011). Sex differences after orthostatic
challenge but not in supine position in the present study
may therefore support the general view that the risk pre-
diction power of ANS tests increases when quantifying
autonomic responses to specific provocations rather than
studying unprovoked baseline ANS function (Wellens
et al. 2014). Up until now, the prognostic significance
of the LF/HF power ratio after orthostatic challenge is
unknown. Further, the physiological background of LF
power is not completely clear. At present, the theory of
reflection of “baroreflex resonance” in the LF power pre-
vails. Women were shown to have a lesser baroreflex sen-
sitivity (Yang et al. 2012), possibly contributing to their
lower LF/HF power ratio. However, when measured in
an orthostatic challenge, it has been shown that the LF/
HF power ratio and muscle sympathetic nerve activation
change in parallel (Furlan et al. 2000). Importantly, it can
only be hypothesized that a lower LF/HF power ratio in
female athletes after orthostatic challenge may be cardio
protective. Their lower incidence of SCD may also be
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related to sex differences in cholesterol profile, blood pres-
sure, incidences of underlying cardio-vascular diseases, or
different exercise intensities during competitions. How-
ever, the assumption that a lower sympathetic activity pro-
tects from life-threatening ventricular arrhythmias is plau-
sible and supported by other authors (Iellamo et al. 2002;
Ramaekers et al. 1998).

Conclusion

For a comparable amount of training, male athletes showed
constantly higher markers of sympathetic activation after
an orthostatic challenge. These results contribute further
evidence to the role of the sympathetic predominance as
higher risk for SCD in male compared to female athletes
(Maron et al. 2009; Verrier and Kwaku 2004; Zhou et al.
2008). Further, the fact that no differences were found in
HRYV parameters between different training periods despite
different training strains indicates that the usage of HRV
for training monitoring and steering may be independent of
TP in our population of highly trained endurance athletes.
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