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Abstract Acute physical exercise may affect cardiac
autonomic modulation hours or even days during the recov-
ery phase. Although sleep is an essential recovery period,
the information on nocturnal autonomic modulation indi-
cated by heart rate variability (HRV) after different exer-
cises is mostly lacking. Therefore, this study investigated
the effects of exercise intensity and duration on nocturnal
HR, HRV, HR, and HRV-based relaxation, as well as on
actigraphic and subjective sleep quality. Fourteen healthy
male subjects (age 36 + 4 years, maximal oxygen uptake
49 + 4 ml/kg/min) performed five different running exer-
cises on separate occasions starting at 6 p.m. with HR guid-
ance at home. The effect of intensity was studied with
30 min of exercises at intensities corresponding to HR level
at 45% (easy), 60% (moderate) and 75% (vigorous) of their
maximal oxygen uptake. The effect of duration was studied
with 30, 60, and 90 min of moderate exercises. Increased
exercise intensity elevated nocturnal HR compared to con-
trol day (p <0.001), but it did not affect nocturnal HRV.
Nocturnal HR was greater after the day with 90- than 30- or
60-min exercises (p <0.01) or control day (p <0.001).
Nocturnal HRV was lower after the 90-min exercise day
compared to control day (p < 0.01). Neither exercise inten-
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sity nor duration had any impact on actigraphic or subjec-
tive sleep quality. The results suggest that increased
exercise intensity and/or duration cause delayed recovery
of nocturnal cardiac autonomic modulation, although long
exercise duration was needed to induce changes in noctur-
nal HRV. Increased exercise intensity or duration does not
seem to disrupt sleep quality.

Keywords Exercise - Recovery - Heart rate variability -
Actigraphy - Subjective sleep quality

Introduction

Heart rate variability (HRV) which is a non-invasive
method to study autonomic nervous system (ANS) activity
has increasingly been used to examine training load, distur-
bance of body’s homeostasis, and recovery state after train-
ing (e.g., Pichot et al. 2000; Buchheit et al. 2004; Hynynen
et al. 2010; James 2002; Kaikkonen et al. 2007, 2008; Mar-
tinméki and Rusko 2008; Seiler et al. 2007). As far as exer-
cise training is concerned, it is associated with better
aerobic fitness, overall health (e.g., Haskell et al. 2007), and
enhanced ANS function reflected by increased vagal modu-
lation of the heart indicated by greater HRV (e.g., Sander-
cock et al. 2005; Hautala et al. 2009; Thayer et al. 2010).
However, recovery of cardiac autonomic activity during
sleep after different acute exercise sessions has not been
well investigated despite that sleep is a crucial recovery
period. Instead, the studies have mostly focused on the
acute effects within a narrow time frame after exercise.
These studies have reported that HRV diminishes during
exercise, and acute recovery of HRV seems to be associated
with type, intensity, and duration of exercise (Kaikkonen
etal. 2007, 2008; Martinmidki and Rusko 2008; James
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2002) as well as training background (Seiler et al. 2007). In
addition, it has been found that full recovery of autonomic
activity may take several hours or even days after an exer-
cise (Furlan et al. 1993; Mourot et al. 2004; Seiler et al.
2007).

According to general sleep hygiene recommendations,
exercising is suggested for adequate sleep, but not late in
the evening due to possible arousing effects (e.g., American
Academy of Sleep Medicine 2001). These arousing effects
may cause disturbed sleep, which has been associated with
similar physiological reactions that are found during the
stress response, e.g., increased cardiovascular activation or
cortisol secretion (Akerstedt 2006). Previous studies on
autonomic modulation during sleep after exercise have
found increased nocturnal HR and decreased HRV after
moderate intensity exercise or marathon run at daytime
(Hynynen et al. 2010). However, also negligible effects on
nocturnal HRV after extremely long cross-country skiing
race (Hautala et al. 2001) or vigorous late-night exercise
have been reported (Myllymaéki et al. 2011).

Therefore, the purpose of the present study was to exam-
ine experimentally the effects of exercise intensity and
duration on nocturnal cardiac autonomic activity, acti-
graphic sleep quality, and subjective sleep quality. Based
on the previous literature, it was hypothesized that
increased exercise intensity and duration would result in
greater disturbance to nocturnal autonomic modulation and
sleep variables. To our knowledge, this is the first study
exploring systematically the effects of different exercise
protocols on nocturnal autonomic modulation and sleep.

Methods
Subjects

Fourteen healthy moderately physically active male sub-
jects aged 35.9 £ 4.3 years (mean = SD) and with body
mass index 24.2 4 1.7 kg/m* participated in the study.
Eleven subjects reported that they performed vigorous
intensity physical activity at least once a week (on average
three times a week), and three subjects performed moderate
intensity physical activity two to three times a week. In
popularity order, their activities were cycling, walking,
strength training, and running. The physical demands of
their occupations were easy. The study design was carefully
explained to the subjects, and a written informed consent
was obtained before the measurements. The study design
followed the declaration of Helsinki and was approved by
the local ethical committee. The subjects did not use any
medication during the measurements and had a normal
sleeping profile based on the Basic Nordic Sleep Question-
naire (Partinen and Gislason 1995).
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Study design and measurements

Before the experimental exercises, a maximal dynamic
exercise test was performed in a laboratory to measure the
subjects’ maximal oxygen uptake (VO,,,..) and HR for set-
ting submaximal exercise levels to be utilized during the
home exercises. Thereafter, a control sleep was measured
after a day without exercise. The 5 days with different exer-
cise sessions at home were separated by at least 48 h from
each other, and sleep variables were measured after each
exercise session. The subjects were allowed to decide the
order of exercises freely. The subjects were not allowed to
do any other exercises or drink alcohol within 24 h before
any measurement. All exercise sessions started at 6 p.m.
and were followed by the measurements during the suc-
ceeding night’s sleep.

Maximal exercise test

A maximal dynamic exercise test was performed on a
treadmill. During the test, the subjects” HR was measured
continuously with an HR monitor (Suunto t6, Suunto Oy,
Vantaa, Finland) and gas exchange with a gas analyzer
(Sensor Medics V,, 229, Sensor Medics Corp., Yorba
Linda, California, USA). The test started at the speed of
6 km/h, each stage lasted for 3 min including a brief stop
for blood lactate (BLa) measurement from fingertips, and
the speed was increased 1 km/h after each stage. At the end
of each stage, rating of perceived exertion (RPE) using the
Borg’s scale (6-20) was obtained. The subjects were
encouraged to continue running until voluntary exhaustion
or inability to maintain the required speed. BLa was later
analyzed using BIOSEN C_line enzymatic-amperometric
device (EKF-diagnostics GmbH, Barleben/Magdeburg,
Germany). Maximal oxygen uptake (VO,,..) was deter-
mined as the highest 60-s value reached during the test.

Exercise sessions

The five running exercise sessions at home followed the
updated recommendations for physical activity of the adults
(Haskell et al. 2007). The effect of intensity was studied
using 30 min of constant steady-state exercises at HR level
corresponding individually to 45% (easy), 60% (moderate)
or 75% (vigorous) of VO, ... The effect of duration was
studied using 30, 60, and 90 min of moderate intensity
exercise sessions. The subjects were instructed to perform
each exercise session using individual HR range (e.g., 140-
150 bpm) to achieve the planned training effect, and thus an
HR monitor was used to control the subjects’ HR level
when exercising. In addition, the subjects were asked to
evaluate RPE immediately after finishing each exercise
using a questionnaire.
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Sleep measurements

The subjects were instructed to measure ECG R-peak to
R-peak intervals (RRI) and actigraphic sleep quality during
sleep after each exercise day. RRI data was measured using
Alive Heart Monitor (Alive Technologies Pty Ltd, Austra-
lia) that detects the R-peaks of ECG with an accuracy of
3 ms. The movements of the non-dominant wrist were
recorded with an Actiwatch activity monitoring system®
(Cambridge Neurotechnology Ltd, Cambridge, UK), which
measures activity by means of a piezo-electric accelerome-
ter. Actiwatch records the amount, intensity, and duration
of movement in all directions, and the data are stored in the
memory as activity counts. The sampling frequency was
32 Hz and the sampling epoch of activity counts was set to
0.25 min (155s). All movements greater than 0.05g were
measured, and values outside the range of 3—11 Hz were
filtered to eliminate gravitational artefacts. The subjects
were also instructed to evaluate their subjective sleep qual-
ity in the morning after awakening using a question “How
did you sleep last night?”” using 100 mm visual analog acale
(0-100) with verbal instructions extremely badly (0) and
extremely well (100).

Data analysis
Cardiac autonomic activity

The RRI data were analyzed with Firstbeat HEALTH
(version 3.0.1.0, Firstbeat Technologies Ltd, Jyvéskyla, Fin-
land) computer software application. The software includes
an automatic artifact detection filter and a short-time Fou-
rier transform method and neural network modeling of the
data in the analysis (Saalasti 2003). If a measurement
included more than 5% of erroneous RRIs, the data were
excluded from our analysis. Therefore, 9 out of 84 mea-
surements were excluded from the analysis.

The software computes traditional HRV variables. In
addition to HR, the analyzed variables in the present study
included root mean square of differences of successive
RRIs (RMSSD), high frequency power (HFP, 0.15-
0.40 Hz), low frequency power (LFP 0.04-0.15 Hz), and
total power (TP, 0.04-0.40 Hz), which are generally
accepted as indices of cardiac autonomic activity. Although
the heart has its own intrinsic rhythm and it is also affected
by hormonal factors and reflexes, the regulation of HR is
mostly achieved by the balance between the sympathetic
and parasympathetic branch of ANS, the latter dominating
usually at rest (e.g., Carter et al. 2003). All HRV, particu-
larly RMSSD and HFP, seems to be mostly under parasym-
pathetic control (Taylor etal. 1998; Martinmiki et al.
2006).

The software computes also variables describing physio-
logical states (e.g., stress, relaxation, and exercise) using
neural network modeling based on the information on HR,
HRYV, and respiration rate calculated from the peak fre-
quency of HFP (Saalasti 2003). The new variable included
in the present study was relaxation percentage i.e., the dura-
tion of relaxation state during sleep. During the relaxation
state, vagal activity dominates, HR is close to individual
resting HR (not greater than 10-20% from HR reserve) and
HRV is individually great (i.e., close to individual resting
level) and regular. As neural network modeling is used by
the software, no exact formula for calculating these vari-
ables from HR and HRV can be given. However, the pres-
ent methods have also previously been utilized to study the
recovery of ANS function during sleep after exercise
(Myllymaiki et al. 2011).

Variables of cardiac autonomic activity were analyzed
for the 4-h period of sleep starting 30 min after reported
bedtime. The 4-h period was used to have a constant time
period for each night and subject, and to minimize the
effects of different time required to fall asleep. Moreover,
especially the early phase of sleep provides an optimal
measurement condition for HRV as it is a quiet sleep period
containing mostly slow wave sleep, and it is thus minimally
affected by external factors or body movements (Branden-
berger et al. 2005). The 4-h period has also been used in the
previous studies concerning nocturnal cardiac autonomic
activity (Pichot et al. 2000; Hautala et al. 2001; Hynynen
et al. 2010; Myllymiki et al. 2011).

Sleep quality

Actigraphic sleep quality was analyzed with Actiwatch
Activity and Sleep Analysis 5 software (version 5.32, Cam-
bridge Neurotechnology Ltd, Cambridge, UK). Four acti-
graphic variables were used in the analyses: fragmentation
index (an indicator of restlessness), actual sleep time (the
amount of sleep), sleep efficiency (percentage of time spent
asleep), and total activity score (the number of activity
counts). Actigraphy has been shown to be a reliable method
to objectively measure sleep quality, i.e., amount of sleep
and movements during sleep in normal sleepers and its
results are highly correlated with polysomnography
(Ancoli-Israel 2003). However, also subjective measures
are needed to obtain information on perceived sleep quality
and sleep satisfaction (Akerstedt et al. 1994; Kushida et al.
2001). The subjective sleep quality was analyzed from the
subjects’ responses in a visual analog scale. Visual analog
scales are commonly used in sleep studies (e.g., Zisapel and
Nir 2003), as they are sensitive to treatment effects and
allow usage of parametric testing. In addition, it was possi-
ble to analyze sleep quality for a specific night instead of
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more often assessed general sleep quality over a longer
time period.

Statistical analysis

The R software for statistical computing (version 2.12.2)
was used for statistical analysis. To assess the effects of
exercise intensity, variables after the days with different
intensity exercises and after a control day were compared.
To investigate the effects of exercise duration, variables
after the days of moderate exercises with different duration,
and after control day without exercise were used. The num-
ber of subjects varied between 11 and 14 in different exer-
cise sessions due to missing data after strict excluding
criteria. Due to missing values, the data were analyzed
using mixed models’ variance component model with the
subject as the random factor. The analysis method takes
into account the dependence of the subject’s measurements
and can utilize data maximally even if some missing values
exist. If significant main effect was found, pairwise compar-
isons were made using Tukey’s HSD method with adjusted
p values. Data transformation methods were used when
needed to get the data normally distributed. In the text,
tables and figures, all data are expressed as mean £ SD.
The level for statistical significance was set to p < 0.05.

Results
Load of different exercise sessions

The subjects” VO,, .. during the maximal exercise test
performed before the home exercises was 49.4 + 3.8
ml/kg/min. Significant main effect for HR and RPE
(p <0.001 for both) was found between different inten-
sity exercises, and both variables (p <0.001) differed
between each 30 min of home exercises with varying
intensity (see Table 1). There was a significant main
effect for RPE (p < 0.001), but not for HR after exercises
with different duration. HR was at the same level during
each moderate intensity exercises with varying duration
(see Table 2). RPE was greater in the context of 90-min
exercise than 30- or 60-min exercises (p <0.001 for
both), but there was no difference in RPE between the
30- and 60-min exercises. The 30-min easy exercise was
perceived as easy, both 30- and 60-min moderate exer-
cises as somewhat difficult, 90-min moderate exercise as
difficult, and vigorous intensity 30-min exercise as very
difficult. Thus, HR level during different exercises
showed that an appropriate exercise load was induced,
which was confirmed also by the subjects’ perceived
exertion.

Table 1 Summary of exercise
and sleep variables during the

days with different intensity

exercises and during a control
day

*** p <0.001 compared to
control
i

exercise

" p < 0.001 compared to
moderate exercise

*** p<0.001 compared to
vigorous exercise
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p <0.001 compared to easy

30 min easy Moderate Vigorous Control day
Exercise variables
HR (bpm) during exercise 113+9 139 4 7+ 159 4 g == -
RPE at the end of exercise 10 &2 13 & 2H## 17 & P -
Sleep variables
Bedtime 23:13 £0:54 23:24 £ 1:02 23:28 £ 0:59 23:24 £ 0:57
Awakening time 6:50 & 0:59 6:49 £+ 1:09 7:04 £ 1:18 6:59 %+ 1:09
Time in bed 7:38 £ 0:51 7:26 £+ 1:04 7:35 £ 1:05 7:38 £ 0:46
Actigraphic sleep quality
Actual sleep time (h:min) 7:04 £ 0:50 6:52 + 1:02 7:06 + 1:04 7:03 £ 0:45
Sleep efficiency (%) 92.6 £3.5 925+2.1 92.8+23 924 +£3.0
Activity score (N of counts) 5007 £ 2444 5621 £ 2246 5553 £ 1970 5257 £ 2447
Fragmentation index 227+11.4 262 +7.6 236 £95 220+6.9
Subjective sleep quality
Subjective estimate (0—100) 57+ 15 63 £ 23 54 £22 60 £ 22
Cardiac autonomic activity
HR (bpm) S3£5 54 £ SF** 56 £ 4HH* 52+£5
RMSSD (ms) 72 + 29 71 £ 38 66 £+ 37 75 £33
HFP (In[ms?]) 81+038 78+ 1.1 78 £1.0 8.0+£09
LFP (In[ms?]) 8.4 +£0.6 82+0.7 8.1+0.8 83+06
LF/HF-ratio 1.6 £ 0.6 1.9+1.0 1.6 £0.7 1.6 0.8
TP (In[ms?]) 9.0+ 0.7 8.8 +£09 8.7+09 8.9+0.7
Relaxation percentage (%) 79 + 20 72 + 29 66 £ 26 *** 90 £+ 10




Eur J Appl Physiol (2012) 112:801-809 805
Table 2 Sun}mary of exereise 30 min 60 min 90 min Control day
and sleep variables during the
days with different exercise Exercise variables
duration and during a . .
control day HR (bpm) during exercise 139+ 7 141+ 7 143+ 9 -
RPE at the end of exercise 132416 13.8+0.8 15.4 & 1.5%# = -
Sleep variables
Bedtime 22:59 £1:05  23:204+0:56  23:12 £ 0:59 23:24 £ 0:57
Awakening time 6:49 £+ 1:09 6:59 £+ 1:02 6:53 £ 1:12 6:59 %+ 1:09
Time in bed 7:26 £ 1:04 7:32 £ 0:43 7:42 £ 1:01 7:38 £ 0:46
Actigraphic sleep quality
Actual sleep time (h:min) 6:52 + 1:02 7:01 £ 0:42 7:06 £ 1:04 7:03 £ 0:45
Sleep efficiency (%) 92.5+2.1 932420 922+3.0 92.4+3.0
Activity score (N of counts) 5621 £ 2246 5186 £ 2095 5906 £ 2348 5257 £ 2447
Fragmentation index 262+175 23.0+ 8.0 27.0+11.2 220+6.9
Subjective sleep quality
Subjective estimate (0—100) 63 £ 23 67 £ 18 60 £+ 18 60 £ 22
Cardiac autonomic activity
HR (bpm) 54 £ 5% 54 £ 6% 59 + Sk #W 52+£5
RMSSD (ms) 71 + 38 65 + 27 56 £ 25%* 75 £33
2 5
* p < 0.05 compared to control, LFP (In[ms?]) 82+£07 82+£06 8.0+ 0.6 83+0.6
" p<0.001 and ™ p < 0.01 LF/HF-ratio 19+ 1.0 1.8+ 1.0 2.0 4 1% 16+0.8
compared to 30-min exercise, 2
= 0.001, and ™ p < 0.01 TP (In[ms~]) 8.8+0.9 8.7+0.6 8.6 0.7 89+07
Relaxation percentage (%) 72 + 29% 72 £ 21%* 48 o 27wk HE I 90 £+ 10

compared to 60-min exercise

Effects of exercise intensity (30-min easy, moderate
and vigorous)

Significant main effects for HR (p < 0.001) and relaxation
percentage (p <0.01) after different intensity exercises
were found. Nocturnal HR was higher after the moderate
and vigorous exercises than after the control day (p < 0.001
for both) (Fig. 1a). No differences in HRV variables were
observed between the exercise days or between the exercise
days and the control day (Fig. 1b). Relaxation percentage
was lower after the vigorous exercise day than after the
control day (p < 0.001) (Fig. 1¢). No significant differences
were observed in any variables of actigraphic or subjective
sleep quality between the days with different intensity
exercises.

Effects of exercise duration (30, 60, and 90 min moderate)

Significant main effect for HR and relaxation percentage
(p <0.001 for both), as well as RMSSD and HFP (p < 0.05
for both) was found between different exercise durations.
Nocturnal HR was higher after each day with different exer-
cise duration than after the control day (p < 0.001-0.05)
(Fig. 2a). Nocturnal RMSSD and HFP were lower (p < 0.01
and p < 0.05, respectively) after the day with 90-min exer-
cise than after the control day (Fig. 2b). In addition, noctur-

nal relaxation percentage was lower after each exercise day
than after the control day (p < 0.001-0.05) (Fig. 2¢). It was
also lower after the day with 90- than 60-min or 30-min
exercise (p < 0.01 for both). Nocturnal HR was higher after
the day with 90-min exercise than with 60- or 30-min exer-
cise (p <0.01). No differences were found in nocturnal
HRV between the days with different exercise duration.
Actigraphic and subjective sleep quality remained
unchanged also between the days with different exercise
duration, and between the aforementioned days and the
control day.

Discussion

The present study investigated the effects of exercise inten-
sity and duration on nocturnal cardiac autonomic modula-
tion, actigraphic sleep quality, and subjective sleep quality.
All methods were non-invasive and allowed to study the
recovery process and sleep after exercise at home. The sub-
jects were moderately active and healthy males, who per-
formed five different running exercise sessions with HR
guidance. The exercise protocol followed physical activity
guidelines for the adults, and the exercise sessions were
similar to that are routinely performed by individuals in
endurance training programs. The results showed that both
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a Heart rate
bpm
65 . LR
- 1
60|
551
S50F
0
easy moderate vigorous control
b RMSSD
ms
120
100
80 |
60
a
easy moderate vigorous control
C Relaxation percentage
%
100
80
60
40
0
moderate vigorous control

Fig.1 Nocturnal heart rate (a), RMSSD (b) and relaxation percentage
(c) after the days including 30-min exercise sessions with different inten-
sity and after a control day. ***p < 0.001, **p < 0.01, and *p < 0.05

increased exercise intensity and duration affected cardiac
autonomic modulation during sleep after exercise, whereas
sleep quality assessed by actigraphy or subjective evalua-
tions was not affected by intensity or duration of exercise.

Effects of exercise intensity and duration on nocturnal
cardiac autonomic activity

Increased exercise intensity elevated nocturnal HR and
decreased relaxation percentage. However, increased exer-
cise intensity did not affect HRV during sleep (see Fig. la—
c; Table 1). The findings of the present study are mostly in
line with previous studies showing continued physiological
activation, i.e., increased HR during sleep after exercise
(Hauri 1968; Bunnell etal. 1983, 1985; Roussel and
Buquet 1982). Similarly, results showing increased HR,
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Fig. 2 Nocturnal heart rate (a), RMSSD (b) and relaxation percentage
(c) after the days including moderate intensity exercise sessions with
different duration and after a control day. ***p <0.001, **p < 0.01,
and *p < 0.05

decreased relaxation percentage, and unaffected HRV have
been reported after a vigorous 30-min late-night exercise
when sleeping in a sleep laboratory (Myllymiki et al.
2011). Another study reported increased HR and decreased
HRYV during sleep after a 50-min moderate exercise (Hyny-
nen et al. 2010). In addition, a study that investigated noc-
turnal blood pressure, actigraphic sleep quality, and HR,
but not HRV, reported that intensity of exercise sessions
(40 or 70% of VO, performed in the morning did not
affect nocturnal HR or sleep variables although it caused
significantly reduced nocturnal ambulatory blood pressure
(Jones et al. 2009).
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Studies on short-term recovery have reported that
increasing exercise intensity causes slower recovery of
vagally mediated HFP during the 30-min phase immediately
after exercise (Kaikkonen et al. 2007). The impact of exer-
cise intensity on short-term HRV recovery has also been
reported by other studies (Kaikkonen et al. 2008; Martin-
miki and Rusko 2008). Recently, short-term HRV recovery
was found to be exercise intensity dependent, but surpris-
ingly, significant autonomic disturbance was limited only to
a very short (15 min) period even in unfit inactive young
subjects after vigorous exercise (Gladwell et al. 2010).

The present result also showed that the longest exercise
duration (90 min) with moderate intensity had greater effects
on nocturnal HR, HRV, and relaxation percentage than the
shorter exercise sessions (30 or 60 min) at the same intensity
(see Fig. 2a—c). Previously, greater HR and lower HRV dur-
ing sleep after both 50-min moderate exercise and 3.5-h
marathon run at daytime compared to control sleep have
been reported (Hynynen et al. 2010). Moreover, a 75-km
cross-country skiing race lasting 4.5 h starting in the morn-
ing affected daytime HR and HRV, but not nocturnal HRV
in absolute values (Hautala etal. 2001). It should be
reminded that extremely long and difficult competitive exer-
cises (such as marathon run or 75-km skiing) are not very
common in daily life, and this type of events are often asso-
ciated with nervous anticipation that may affect results. In
addition, it is difficult to compare different exercise protocols
performed at different times of the day. In studies of short-
term HRYV recovery, one study reported that exercise dura-
tion had no effect on HRV recovery (Kaikkonen et al. 2007),
but in another study increased exercise duration decreased
immediate HRV recovery (Kaikkonen et al. 2010).

The disturbed autonomic modulation, i.e., increased HR
and decreased HRYV, reflects parasympathetic withdrawal
and/or sympathetic predominance (Goldberger 1999; Tha-
yer et al. 2010). This may be caused by increased whole
body metabolism, and circulating metabolites or catechola-
mines leading to elevated sympathetic outflow and/or
reduced parasympathetic reactivation after exercise (Parekh
and Lee 2005; Mourot et al. 2004). In addition, reduced
blood pressure after exercise followed by stimulated arte-
rial baroreflex to increase sympathetic activity, as well as
changes in plasma volume due to exercise have been pre-
sented to possibly play a role (e.g., Mourot et al. 2004).
These changes may reflect the effectiveness of exercise
training, and some level of disturbance of homeostasis is
surely needed to obtain the training effect. On the other
hand, chronically disturbed ANS function may be associ-
ated with impaired health and possibly to a higher risk for
cardiac events such as sudden death (Thayer et al. 2010).

When summarized, the results of the present study seem
to support the previous findings that increased exercise
intensity or duration affect nocturnal autonomic modulation

in a dose—response manner, although long exercise duration
was needed to see significant changes in nocturnal HRV.
Previously, it has been reported that HRV was more sensi-
tive than HR in assessing disturbance of homeostasis after
exercise (Hynynen et al. 2010; Pichot et al. 2000). In the
present study, HR seemed to be more consistently associ-
ated with the preceding activity than HRV, the latter being
affected only after the longest exercise. Therefore, by com-
bining information on both HR and HRV (e.g., by analyz-
ing when HR is close to individual resting HR and when
HRV is individually high as in relaxation percentage), more
detailed indication on good recovery state may be obtained.
Based on the present results, it also seems that exercise may
affect cardiac autonomic activity several hours after exer-
cise, as the sleep measurement occurred during a period
from about 5 to 9 h after the cessation of exercise.

Effects of exercise intensity and duration on sleep quality

Sleep quality after different exercise sessions was assessed
in the present study with non-invasive actigraphs and sub-
jective evaluations. Although measurements of cardiac
autonomic modulation during sleep showed continued
physiological activation after intensive or long exercise ses-
sions, no differences were observed in actigraphic or sub-
jective sleep quality between the days with varying exercise
intensity or duration. The present findings are in line with a
study showing unaffected actigraphic or subjective sleep
quality after vigorous 30-min late-night exercise (Myllymaéki
et al. 2011) or a study reporting unaffected actigraphic sleep
quality after exercises with different intensities performed
in the morning (Jones et al. 2009). Moreover, a study with
highly fit cyclists reported that a long 180-min cycling
exercise at 70% of maximal capacity ending 30 min before
bedtime did not disturb actigraphic or subjective sleep
quality (Youngstedt et al. 1999). Similar results were also
reported with 60-min exercise at either moderate (60%
of maximal capacity) or low intensity at late evening
(O’Connor et al. 1998).

Previously, polysomnographic studies have reported
improved sleep, i.e., increased total sleep time and slow
wave sleep, and delayed and reduced REM-sleep, espe-
cially after acute exercise sessions at moderate to high
intensity and with sufficient duration (Driver and Taylor
2000). The most consistent results have been obtained with
exercise durations of 1 h or more (Driver and Taylor 2000),
although half an hour seems to be enough for fit population
according to some studies (Horne 1981). Despite that previ-
ous studies have reported positive effects of acute exercise
on sleep, there also seem to be a threshold level for duration
and intensity beyond which sleep is disrupted (Driver and
Taylor 2000). It seems that the subjects in the present study
did not reach that threshold of sleep disturbance even with
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the most difficult exercises of the protocol, and therefore
the sleep-promoting effects of exercise may have overcome
the possible sleep-disturbing arousing effects of strenuous
exercising. Thus, the present results confirm previous find-
ings and suggest that aerobic exercise sessions performed
in the early evening following the physical activity guide-
lines for healthy adults do not disturb actigraphic or subjec-
tive sleep quality.

Limitations

This study has some limitations to be taken into account
when interpreting the results. The number of subjects was
relatively small, which may have affected our findings.
Polysomnographic measurements were not used in the
present study, and therefore the effects of exercise on sleep
stages cannot be discussed. This study was performed in a
home environment and therefore several methods that can
be easily used to monitor sleep and recovery at home were
utilized. However, this can be considered also as an advan-
tage as all the methods were non-invasive and the results
were not affected by a laboratory environment. The subjects
were responsible for controlling exercise intensity and
duration themselves, which may have had some effects on
the results. However, based on the measured RPE and HR-
values in the context of exercise, the different exercise ses-
sions seemed to be as strenuous for the subjects as
expected. As the exercise sessions were performed in a
home environment, it was not possible to measure the vol-
ume of exercise, which thus was not taken into account in
the statistical analysis. Moreover, the subjects followed
their normal sleep—wake cycle during the study. Therefore,
as it was impossible to design bed and awakening times
beforehand for the subjects, the protocol was designed so
that all exercise sessions started at a constant time (6 p.m.).
The results showed that the realized bed and awakening
times were practically constant, and therefore the time from
the cessation of exercise to sleep measurement varied
approximately an hour (as exercises lasted for 30-90 min).
However, the analyzed 4-h period for nocturnal cardiac
autonomic activity occurred from about 5-9 h after the
exercise sessions and therefore we believe that this is a
minor limitation, which did not have notable effect on the
results. Finally, the order of exercise sessions was evenly
distributed and can thus be assumed to have no systematic
effect on the results.

Conclusions and implications

The results of the present study showed that increased exer-
cise intensity elevated nocturnal HR, but it did not affect

@ Springer

nocturnal HRV, which was decreased only after the longest
exercise in the present study. Although increased exercise
intensity and duration caused some disturbance of cardiac
autonomic modulation, sleep quality assessed by actigraphs
and subjective estimations remained unaffected. Thus,
acute exercise sessions performed according to physical
activity guidelines during the early evening should not have
much sleep disruptive effects among moderately active
men. In practice, it seems that 30-min exercise sessions
with a wide intensity range can be recommended for mod-
erately active adults when it comes to enhancing health and
improving fitness without disturbing sleep. Long exercise
sessions may disturb more cardiac autonomic modulation
and thus also the possibility of sleep disturbance is greater
if the subjects are unaccustomed to that kind of physical
activity. Thus, it is advisable to perform long exercise ses-
sions earlier during the day, use slightly lower exercise
intensity for improving the body’s metabolism and long-
term endurance, and/or take care of good sleep the next
night for ensuring good recovery.
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