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ANA1LYSIS OF HEART RATE VARIABILITY
DURING AcCUTE EXPOSURE TO
MOoDERATE ALTITUDE AND ROWING EXERCISE
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The present study investigated the effects of acute exposure to moderate altitude and rowing exercises on heart
rate variability (HRV). Eleven elite male rowers volunteered to participate in this study (age: 20.7 =

2.0 yrs; height: 177.5 = 3.5 cm; weight: 77.0 = 6.9 kg). Each subject completed one resting measurement in
the upright sitting position and two submaximal steady-state exercises (30% and 60 % maximal oxygen con-
sumption per minute, VO,,,) in random balanced order on a rowing ergometer before, during and seven days
after exposure to moderate altitude (2,200-2,600 m). Beat-to-beat HRV was measured continuously during the
tests, and the 10 minutes of HRV data were recorded for subsequent analysis. Time and frequency domain
analyses of HRV were performed to determine the effects of altitude and exercise. The results demonstrated
that the standard deviation of all RR intervals (SDNN) and the square root of the mean squared successive
differences between adjacent RR intervals (RMSSD) in sitting position at altitude were significantly lower than
before exposure to altitude. There were no significant differences on the time and frequency domain indices in
submaximal exercises between altitude and sea level. There were significant differences, however, on the time
and frequency domain indices between resting and two submaximal exercises. These results showed that the
time domain analysis of HRV could discriminate between the altitude effects on the modulation of the auto-
nomic nervous system, but only in the sitting position and particularly the SDNN and RMSSD indices. HRV
analysis could only distinguish the changes of cardiac autonomic modulation between sitting position and

exercise.
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Introduction

The cardiovascular system is mostly controlled by auto-
nomic regulation through the activity of sympathetic
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(SNS) and parasympathetic (PNS) pathways of the auto-
nomic nervous system. Analysis of heart rate variability
(HRV) permits insight into this control mechanism (Aubert
et al. 2003; Task Force of European Society of Cardiol-
ogy and North American Society of Pacing and Electro-
physiology 1996). Various methods for the analysis of
the electrocardiogram (ECG) tachogram have been ap-
plied since the late 1960s, as with the statistical, geo-
metric and power spectral density methods (Task Force
of European Society of Cardiology and North American
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Society of Pacing and Electrophysiology 1996). Ta-
chogram analysis can easily be determined from ECG
recordings, resulting in a time series or a time duration
between two consecutive R waves of the ECG (RR
intervals) that are usually analyzed in time and frequency
domains. As a first approach, it can be assumed that
power in different frequencies band to activity of SNS
and PNS nerves [low frequency (LF), 0.04-0.15 Hz; high
frequency (HF), 0.15-0.40 Hz, respectively] (Aubert et al.
2003).

Altitude conditions, particularly hypoxia, exert an
additional impact on the stress response to exercise.
During hypoxia, endurance exercise at a given workload
leads to a more pronounced increase of circulating stress
hormones when compared with normal conditions (Niess
et al. 2003). Sevre et al. (2001) found that a transient re-
duction in SNS and PNS activity (significantly decreased
LF and HF power) was demonstrated during stepwise ex-
posure to simulated high altitude (4,500 m) over three
days. Yamamoto et al. (1996) reported that acute expo-
sure to simulated altitude (> 2,500 m) affected the fre-
quency domain indices of HRV (increased SNS and
decreased PNS activity) during exercise. Liu et al. (2001)
suggested that HRV analyzed with both time domain and
frequency domain methods could predict the tolerance
to hypoxia, which was simulated by inhalation of low
oxygen gas mixture. Although the results of the simu-
lated altitude indicated that changes of HRV could re-
flect the modulation of the autonomic nervous system,
there were limited data to show whether the HRV indi-
ces would be affected by the real altitude environment.
The real altitude conditions include hypoxia, hypo-
thermia, hypoglycemia and hypohydration (Brooks et
al. 2000). Therefore, one purpose of this study was to
investigate if the time and frequency domain indices of
HRV would be altered in the real moderate altitude.

It has been shown that during dynamic exercise,
heart rate increases due to both a PNS withdrawal and
an augmented SNS activity (Aubert et al. 2003; Bernardi
& Piepoli 2001). Interestingly, Kamath et al. (1990) found
that steady-state exercise (50 % maximal oxygen con-
sumption per minute (VO,n,,) caused a significant
suppression of both LF and HF components. Perini et al.
(1990) performed power spectral analysis during
steady-state exercise at different intensities, and found
that 30% VO,..., represents a threshold in the cardio-
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vascular adjustment to exercise. However, there were
limited data to support the hypothesis that time domain
analysis of HRV could detect the changes during steady-
state exercise. Therefore, another purpose of this study
was to investigate the effects of dynamic exercises on
the time and frequency domain indices of HRV.

Methods

Subjects

Eleven elite male rowers with no smoking history from
the rowing team of the Taipei Physical Education College
participated in this study after providing their written,
informed consent. Each subject was medically screened
and one subject was excluded due to abnormal ECG
signals. All subjects were asked to refrain from taking
any drugs and from drinking beverages containing
alcohol or caffeine during the experimentation days.
Physical characteristics of the subjects are presented in
Table 1.

Table 1. Physical characteristics of subjects’ (n=10)

Age (yrs) 207« 2.0
Height (cm) 1775+ 35
Weight (kg) 77.0% 6.9
VOsmax (ml- kg™ - min™) 57.0% 3.6
HR.x (beats - min™) 187.8+ 6.3

*Values are mean = SD (standard deviation), VO, = maximum oxy-
gen consumption, HR,,, = maximum heart rate.

Experimental design

A Concept II Model C rowing ergometer (Concept II,
Morrisville, VT, USA) was used for all tests. Each subject
completed one resting measurement in the upright sit-
ting position and two submaximal steady-state exercises
(30% and 60% VO,.,), in random balanced order on
the rowing ergometer before, during and seven days af-
ter a sojourn at 2,200-2,600 m above sea level (ambient
temperature, 3 ~ 12° C; humidity, 50 ~ 70 %). Beat-to-beat
heart rate was measured continuously using a heart rate
monitor (Polar S810i™, Polar Electro Inc, Finland), and
the 10 minutes of heart rate data were recorded for the
subsequent analysis. Figure 1 shows the overall experi-
mental design and testing schedule.
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VO,par test

Participants performed a continuous incremental row-
ing test developed by Cosgrove et al. (1999) to volitional
exhaustion. The target duration of the test was eight to
14 minutes. The test began with each participant exer-
cising at a 500 meter split-time of two minutes 30
seconds. Thereafter, the split-time was decreased by five
seconds each minute, until the participant reached voli-
tional exhaustion. A warm-up of six minutes, at a 500
meter split-time of two minutes 30 seconds, was per-
formed by all participants before the VO, ,, test. During
the VO, test, respiratory and metabolic measures were
recorded every 10 seconds, using a semi-automated
open-circuit spirometry system (Sensormedics Vmax 29,
The CardioPulmonary Care Company™, USA). Maximal
effort was confirmed by attainment of at least three
criteria: a respiratory exchange ratio of greater than 1:2,
a heart rate of greater than 90% of age-predicted
maximum, or a plateau of VO, defined as no change (<
150 ml-min) in VO, from the previous test stage. The
highest VO, (averaged over 10 seconds) measured dur-
ing the test was recorded as VO,.,. The regression line
of the 500 m split time versus VO, relationship was used
to estimate the intensities set to elicit 30 % (mild) and
60% (moderate) of VO, ..

HRYV analysis
The following time domain indices of HRV were as-
sessed: RR mean, standard deviation of all RR intervals
(SDNN), the square root of the mean squared successive
differences between adjacent RR intervals (RMSSD),
and the standard deviation of the one minute mean RR
interval (SDANN). Power spectral density analysis of HRV
was also performed to classify the LF between 0.05 and
0.15 Hz, and the HF greater than 0.15 Hz to 0.40 Hz. The
ratio between the powers in LF and HF bands was
calculated.

Before processing, the heart rate signals were auto-
matically corrected by the Polar Precision Performance

Experimental test SL1 SL2

Environment | Sea level

SW 3.0 package software for ectopic and missed beats.
Non-stationary signals or periods with more than 15%
correction were excluded. One subject’s heart rate data
during 60% VO, rowing exercise were excluded for
ectopic beats of more than 15%. Thereafter, the heart
rate data were analyzed in the time domain using the
HRV analytic software (Nevrokard HRV analysis, version
6.4.0, Medistar, Ljubljana, Slovenia). The frequency do-
main analysis was also performed by Fast-Fourier Trans-
form using the HRV analytic software.

Statistical analysis

All data were expressed as means = SD (standard
deviation). The significance of the biologic data was tested
by repeated measurment of one-way analysis of variance
(ANOVA). In the presence of a significant F value, post
hoc comparisons of means were provided by Tukey’s
range test. Statistical significance was denoted by a p
value of less than 0.05.

Results

Effects of altitude on heart rate

Heart rates in either sitting position or submaximal row-
ing exercises at moderate altitude were significantly
higher than at sea level (Figure 2).

Effects of altitude on HRV

The means of RR intervals in the three different condi-
tions at altitude were also significantly lower than at sea
level (Table 2). The SDNN and RMSSD in sitting position
at altitude were significantly lower than before exposure
to altitude, and returned to sea level values by the sev-
enth day at altitude. However, there were no significant
differences on the SDNN, RMSSD and SDANN in
submaximal exercises between altitude and sea level. The
SDANN in sitting position at altitude was also not differ-
ent than at sea level. The changes of time domain indi-

ALl AL2 AL3 SL3

Altitude | Sea level |

Testing schedule

Day 1 Day3 Day 10 Day 12 Dayl6é Day22

Fig. 1 Experimental design and testing schedule: sea level (SL) heart rate variability (HRV) tests at sea level, altitude (AL) HRV tests

at altitude.
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Fig. 2 Heart rates in different situations at sea level (SL) and at altitude (AL): A, sitting position; B, 30 % VO, C, 60 % VOsmax;

*Significantly different from SL1 (p < 0.05), T Significantly different from
cantly different from AL1 (p < 0.05).

SL2 (p < 0.05), *Significantly different from SL3 (p < 0.05), § Signifi-

Table 2. Time duration between two consecutive R waves of the electrocardiogram (RR intervals) means in sitting position, or

submaximal exercises at sea level or altitude.

SL1 (ms) SL2 (ms) AL1 (ms) AL2 (ms) AL3 (ms) SL3 (ms)
Sitting 8579+ 57.8 869.8+ 50.9 781.0+ 69.2*™ 802.8+ 64.8*T  801.1x 62.2+%F 853.1+ 42.9
30% VOomax  543.0 = 30.1 5445+ 31.9 490.1 = 31.1*™  502.0x 43.9*" 5134+ 30.8*" 5449+ 246
60% VOsmax  456.5 = 24.67 4592 = 25.2% 4872 = 31.4 4972 = 437+ 5083+ 27.8*™ 5296+ 263

Values are mean = standard deviation. *Significantly different from SL1 (p < 0.05). fSignificantly different from SL2 (p < 0.05). fSignificantly

different from SL3 (p < 0.05).

AL = altitude, SL = sea level, VO,,,, = maximal oxygen consumption per minute.
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Fig. 3 The changes of time domain indices of heart rate variability (HRV) in the different exercising situations at sea level (SL) and
altitude (AL). O, sitting position; ®, 30% VOyma; A, 60% VO, RMSSD = square root of the mean squared successive differences
between adjacent RR intervals, RR = R waves intervals of the electrocardiogram, SDANN = standard deviation of the one minute

mean RR interval, SDNN = standard deviation of all RR intervals.

*Significant difference between AL1 and SL1 values in sitting position (p <
VO, may €XErcise (p < 0.05).

ces of HRV in the different exercising situations at sea
level or altitude are shown (Figure 3).

The LF power in sitting position measured in the fre-
quency domain was significantly lower in AL2 than SL1,
but there were no significant differences in the time
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0.05), tSignificant difference between AL2 and AL3 values during 60 %

course on the HF and LF : HF ratio during resting (Figures
4 and 5). During the mild and moderate exercises, in
addition to the LF : HF ratio in the third day after expo-
sure to altitude being significantly lower than the first
day at sea level, there were no changes in the LF and HF
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Fig. 4 Changes of frequency domain indices of heart rate variability (HRV) in the different exercising situations at sea level (SL) or
altitude (AL). A, sitting position; B, 30% VO,ma C, 60% VO, [, Low frequency (LF) power; m, High frequency (HF) power.

*Significant difference between AL2 and SL1 values in LF power.
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Fig. 5 The changes of LF : HF ratio in the different exercising
situations at sea level or altitude. [, sitting position; ®, 30%
VOZmax; A, 60% VOZmax-

*Significant difference between AL2 and SL1 values in 60% VO, .

powers and the LF : HF ratios after ascending to the mod-
erate altitude (Figures 4 and 5).

Effects of rowing exercise on HRV
The changes of HRV during mild and moderate rowing
exercise in the first day at sea level are illustrated in Table

Table 3. Changes of HRV during rowing exercises at sea level.

3. There were significant differences on heart rate and
RR mean among sitting and submaximal rowing
exercises. The SDNN and RMSSD at the intensities of 30 %
and 60 % VO,.., rowing exercises were significantly lower
than in sitting position. However, there were no signifi-
cant differences between mild and moderate rowing
exercises. The SDANN during the 30% VO,,.., exercise
was significantly lower than in sitting position and row-
ing at 60% VO,may-

Both the LF and HF powers during 30% and 60 %
VO,max €xercises were significantly lower than in sitting
position, but there were no differences in LF and HF pow-
ers between the two exercises; there also were no sig-
nificant differences on the LF : HF ratios among resting,
mild and moderate exercises (Table 3).

Discussion
The primary results of this study indicated that although

the elite rowers exposed to altitude would significantly
increase resting, mild and moderate exercising heart

HR (beats-min") RR Mean (ms)  SDNN (ms) RMSSD (ms) SDANN (ms) LF (ms?) HF (ms?) LF : HF
Sitting 703+ 48 8579=x 578  949=x 286 59.8=x 257 445 20.8 14834+ 1120.6 782.8+ 840.7 2.77+ 2.19
30%VOyms 110.8 2 59% 5430+ 30.1* 253+ 8.6* 129=x 13.0* 158+ 6.5% 19.4= 11.3*% 117+ 182% 4.88x 3.97
60% VO, 13132 6.8%" 4577+ 235%7 372+ 79% 114+ 54% 343+ 96" 9.0+ 11.2% 47+ 68* 351x 4.15

Values are mean += standard deviation.

*Significantly different from sitting (p < 0.05), *Significantly different from 30% VO, (p < 0.05).
HR = Heart Rate, HF = high frequency, LF = low frequency, RMSSD = square root of the mean squared successive differences between adjacent
RR intervals, RR = R waves intervals of the electrocardiogram, SDANN = standard deviation of the one minute mean RR interval, SDNN =

standard deviation of all RR intervals.
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rates, and would reduce the means of RR intervals, the
moderate altitude environment only observably affected
the SDNN and RMSSD in the sitting position. Further-
more, the frequency domain analysis may have been
insensitive to the effects of moderate altitude. Interest-
ingly, both time and frequency domain analysis in this
study could not distinguish the effects of mild and mod-
erate exercises on the cardiovascular adjustment. On
the other hand, there were significant differences on the
time and frequency domain indices of HRV between rest
in sitting position and the two submaximal exercises.
Several studies have demonstrated that the SNS is up-
regulated at rest and during exercise in response to acute
and chronic exposure to 4,300 m, as evidenced by in-
creases in plasma epinephrine and norepinephrine
(Mazzeo et al. 2001, 1998, 1994, 1991). A recent study
has shown similar increases in plasma epinephrine and
norepinephrine in male and female distance runners,
following a high-intensity interval session (10 x 1,000
m, 2-min recovery) done at moderate altitude (1,800 m),
as compared with the same workout at sea level (Niess
et al. 2003). The present study found that, in addition to
the SDNN and RMSSD in sitting position, there were no
significant differences on the time domain indices of HRV
during mild or moderate exercises between at-sea-level
and at-altitude. Liu et al. (2001) also found that the RMSSD
at rest decreased markedly during inhalation of low oxy-
gen gas mixture to simulate acute exposure to hypoxia.
Previous studies reported that the power spectral
analysis of HRV showed that altitude increased SNS and
reduced PNS indices in sitting or supine positions (Sevre
et al. 2001; Bernardi et al. 1998; Perini et al. 1996). Con-
trary to this, in addition to finding that the LF power in
sitting position in the third day and at altitude was sig-
nificantly lower than at sea level, we did not find any
differences in the sitting position, as HF and LF : HF ratio
values at altitude were close to those observed at sea level.
Yamamoto et al. (1996) found no effects on HRV at
rest when the subjects were in acute exposure to moder-
ate levels of simulated altitude. Perini et al. (1996) re-
ported that there were no effects on the LF and HF pow-
ers in sitting position during 35 days of acclimatization
at high altitude, but they did observe that the HF in
the supine position was significantly reduced and the
LF : HF ratio in the supine position was 2.5 times greater
than at sea level. The increase in heart rate found in the
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sitting position at altitude, therefore, was not associated
with modifications in spectrum components or indices
of autonomic nerve activities (Perini et al. 1996). It seems
that the time domain analysis of HRV discriminates with
the altitude effects on the modulation of the autonomic
nervous system, but only in the sitting position and par-
ticularly with the SDNN and RMSSD indices. The fre-
quency domain indices of HRV, however, failed to demon-
strate changes in autonomic regulation of the heart.

The results of this study also indicated that the lower
values of SDNN and RMSSD in the sitting position lasted
about seven days at altitude; the frequency domain indi-
ces of HRV at altitude, however, were not different than
those at sea level. Wilber (2004) reported that the hy-
poxia-induced increase in epinephrine was more acute
than for norepinephrine, occurring within the first hours
of altitude exposure but returning to sea level values by
the fifth day at altitude. It seems that the time domain
analysis of HRV in sitting position is more sensitive than
frequency domain analysis, and allowed us to distinguish
the effects of moderate altitude acclimatization on the
autonomic nervous system.

Sevre et al. (2001) demonstrated a transient reduc-
tion in LF and HF powers during stepwise exposure to
high altitude (4,500 m). Yamamoto et al. (1996) reported
that altitude (3,500 m) effects significantly increased
heart rate and SNS indicator, and decreased the PNS in-
dicator during 25% and 50% of the estimated maximal
work rate exercises. Our study found that both time and
frequency domain indices of HRV during mild and mod-
erate exercises were unchanged at moderate altitude
(2,247 m). These differences might be ascribed to fac-
tors such as the differences in levels of altitude, exercise
intensity, and the period of exposure (acute or 1-week).

During dynamic exercise, heart rate increases due to
both a parasympathetic withdrawal and an augmented
sympathetic activity (Aubert et al. 2003; Bernardi &
Piepoli 2001). Numerous studies have shown that LF and
HF powers during exercise do not reflect the modifica-
tions in vagal and sympathetic activities occurring as
loads are increased (Perini et al. 2000; Perini et al. 1990;
Arai et al. 1989). Perini et al. (1990) suggested that above
30% maximal oxygen uptake, additional mechanisms
were involved in cardiovascular adjustment. Tulppo et
al. (1996) showed that the vagal modulation of heart rate
is nonexistent at the ventilatory threshold level. Gonzalez-
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Camarena et al. (2000) reported that when cycling at 60 %
VO, there is a clear decline in relation with rest val-
ues on the SDNN and RMSSD indices. However, they also
found that the two time domain indices during 30 %
VO,max Cycling exercise tended to remain unchanged. The
results of this study indicated that the time and frequency
domain analysis of HRV could only evaluate the cardiac
autonomic modulation between resting and exercise;
however, there were no distinctions between 30% and
60% VO, EXErcises.

In conclusion, the time domain analysis of HRV could
discriminate between the altitude effects on the modu-
lation of autonomic nervous system, but only in the sit-
ting position. This is true particularly of the SDNN and
RMSSD indices, but the frequency domain indices of HRV
failed to demonstrate any changes in autonomic regula-
tion of the heart. The time and frequency domain analy-
ses of HRV could only distinguish cardiac autonomic
modulation when the exercise intensity was below 30 %
VOsmax-

Most previous studies have investigated the effects of
simulated altitude on the HRV—e.g. hypobaric hypoxic
chamber (Sevre et al. 2001; Yamamoto et al. 1996) and
inhalation of low oxygen gas (Liu et al. 2001)—but the
present study was the first to find that the time domain
indices of HRV might be more suitable for reflecting the
modulation of autonomic nervous system in a real alti-
tude environment. However, further studies must clarify
whether the Fast-Fourier Transformation or the other
analysis methods, such as autoregressive modeling
(Bartoli et al. 1985) or wavelet decomposition (Verlinde
et al. 2001), are appropriate for detecting the effects of
real altitude environment. In addition, past researchers
suggested that the analysis of HRV did not adequately
reflect the autonomic changes that occurred during ex-
ercise (Casadei et al. 1995; Kamath et al. 1991; Perini et
al. 1990). Finally, the analysis of HRV does seem to en-
able comparisons within the sympatho-vagal balance
among posture changes (Perini et al. 1996; Farinelli et
al. 1994).

The present study also suggests that the analysis of
HRV cannot distinguish cardiac autonomic modulation
during mild and moderate exercise. We note that more
studies are needed to investigate the application of the
analysis of HRV during submaximal exercise. In addition,
future studies which apply the analysis of HRV to reflect

J Exerc Sci Fit ® Vol 3 @ No 1 e 2005

the sympatho-vagal balance should focus on the effects
of posture changes at resting condition.
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