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Abstract

Objective: Arousal (AR) from sleep is associated with an autonomic reflex activation raising blood pressure and heart rate (HR). Recent
studies indicate that sleep deprivation may affect the autonomic system, contributing to high vascular risk. Since in sleep disorders a sleep
fragmentation and a partial sleep deprivation occurs, it could be suggested that the cardiovascular effects observed at AR from sleep might be
physiologically affected when associated with sleep deprivation. The aim of the study was to examine the effect of sleep deprivation on
cardiac arousal response in healthy subjects.

Methods: Seven healthy male subjects participated in a 64 h sleep deprivation protocol. Arousals were classified into four groups, i.e.
>3<6s,>6<10s,>10 < 15sand > 15 s, according to their duration. Pre-AR HR values were measured during 10 beats preceding the
AR onset, and the event-related HR fluctuations were calculated during the 20 beats following AR onset. As an index of cardiac activation,
the ratio of highest HR in the post-AR period over the lowest recorded before AR (HR ratio) was calculated.

Results: For AR lasting less than 10 s, the occurrence of AR induces typical HR oscillations in a bimodal pattern, tachycardia followed by
bradycardia. For AR lasting more than 10 s, i.e. awakenings, the pattern was unimodal with a more marked and sustained HR rise. The HR
response was consistently similar across nights, during NREM and REM sleep, without difference between conditions.

Conclusions: Overall, total sleep deprivation appeared to have no substantial effect on cardiac response to spontaneous arousals and
awakenings from sleep in healthy subjects. Further studies are needed to clarify the role of chronic sleep deprivation on cardiovascular risk in
patients with sleep disorders.

Significance: In healthy subjects acute prolonged sleep deprivation does not affect the cardiac response to arousal.
© 2004 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.
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1. Introduction et al., 1994) following homeostatic and circadian influences
(Burgess et al., 1997, 2001; Umali et al., 2000). Therefore,
Several studies estimating autonomic activity in the extended hours of wakefulness may have direct negative
different states of the wake—sleep cycle have produced effects on the cardiovascular system contributing to
findings suggesting reduced sympathetic activity and increased cardiovascular risk (Tofler et al., 1990).
increased vagal tone during sleep (Bonnet and Arand, The interaction between extended waking and variations
1997: Mancia, 1993: Somers et al., 1993: Umali et al., in autonomic and hormonal systems has been the subject of
2000). These changes induce a nocturnal decline in heart rate a numbe.r of studies (Chen, 1991; Ygontzgs etal., 1999), but
(HR) and blood pressure (Snyder et al., 1964; Van de Borne the cardiovascular changes occurring during both extended
wakefulness and subsequent recovery sleep has not been
* Corresponding author. Tel.: +41-22-305-5329; fax: +41-22-305-5343. fully documented. Previous investigations examining the
E-mail address: emilia.sforza@hcuge.ch (E. Sforza). daytime effects have shown controversial results, sleep
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deprivation inducing either an increase (Lusardi et al., 1999;
Ogawa et al., 2003), a decrease (Fiorica et al., 1968) or no
change (Kato et al., 2000) in blood pressure, HR and
sympathetic drive. Only a few studies have examined the
effect of partial or total sleep deprivation on the nocturnal
cardiovascular system. Delamont and coworkers (Delamont
et al., 1998) using a beat-to-beat index of cardiac
parasympathetic activity, found a rise in cardiac vagal
tone in the first 90 min of recovery sleep related to the
amount of sleep pressure, as indicated by electroencephalo-
graphic (EEG) slow wave activity. The rise in vagal tonus
was greater when sleep deprivation was prolonged by 30 h
and associated with a fall in sympathetic drive (Holmes
et al., 2002). These changes in autonomic activity during
both wakefulness and subsequent sleep could provide
protective and recuperative values (Holmes et al., 2002)
limiting, therefore, the negative effects of prolonged
wakefulness.

It is well documented that arousals from sleep, either
spontaneous (Sforza et al., 2000), associated with the cyclic
alternating pattern (Ferri et al., 2000) or induced by
environmental noise exposure (Carter et al., 2002; Davies
etal., 1993), are associated with a substantial cardiovascular
activation, similar to that described during obstructive sleep
apnoea (Shepard, 1989) and periodic leg movement (Sforza
et al., 1999, 2002). Since in such conditions a partial sleep
deprivation also occurs, it could be suggested that the
cardiovascular effects of arousal from sleep might be
affected by the associated partial sleep deprivation. The
effect of sleep deprivation on cardiac autonomic response to
arousal from sleep has not been previously investigated.
Therefore, the aim of the present study was to investigate to
what extent sleep deprivation influences the cardiac
response occurring during spontaneous arousal from sleep.
If a down regulation of cardiac autonomic activity is present
during extended hours of wakefulness and subsequent sleep,
sleep deprivation might directly dampen the arousal
response itself, resulting in changes in HR during and
after arousal with a pattern consistent with an increased
vagal tonus and a reduced sympathetic drive. Otherwise, if
cardiac activity is reduced only during recovery sleep, the
differences between wakefulness and sleep would be greater
and, therefore, the magnitude of the cardiac response to
arousals stronger. To identify such HR arousal-related
variations, 7 normal subjects who were totally sleep-
deprived and for whom two consecutive recovery nights
were available, were examined.

2. Methods
2.1. Subjects
Seven healthy male subjects, mean age 28.3 = 1.2 yr

(range 19-44) were analyzed. Prior to study, all subjects
were screened for any current or past medical, neurological,

cardiac, psychiatric and sleep history and were drug-free at
the time of the study. None of them was obese, a smoker or
had hypertension or cardiac disease. The laboratory
procedures were approved by the Human Ethics Committee
of the Defence and Civil Institute of Environmental
Medicine, Ontario (Canada), and all subjects gave written
consent before their participation.

2.2. Experimental design

As previously described (Pigeau et al., 1995), the study
was undertaken to examine the effects on mood, perform-
ance and body temperature of modafinil and d-amphetamine
compared to placebo. The subjects participated in a 6-day
study, with two baseline days and nights, followed by a 64 h
sleep deprivation ending with two recovery nights. Poly-
somnographic recordings were taken during baseline and
recovery nights and during the daytime period to assess the
sleep deprivation condition. During the 64 h of sustained
wakefulness, the subjects performed several 105 min
sessions of cognitive tasks. When not involved in testing
sessions, they were allowed to carry out usual activities such
as reading, writing, listening to music, and watching TV
under the supervision of at least one experimenter. They
were not allowed to consume alcohol or caffeine; lying
down and vigorous physical activity were not permitted.
During night-time, the subjects were allowed to sleep a
maximum of 13 h during the first recovery night, whereas
time in bed was scheduled between 2200 and 0600 h during
the two consecutive baseline recordings and the second
recovery night.

2.3. Nocturnal sleep recording

The subjects were fitted with electrophysiological
recording equipment (Oxford Medilog 9000 II recording
system) to measure four EEG leads (C3, C4, P3, P4 refereed
to linked ears), an electrooculogram (outer canthus), and an
electromyogram of chin muscle. An electrocardiogram
(ECG) was recorded from a standard D2 lead and higher
sampling rate (256 Hz) was achieved after in-laboratory
modification. During the first night, monitoring of breathing
and leg movements allowed exclusion of sleep-related
breathing disorders and periodic leg movement syndrome.
Sleep data of the second baseline night and the two recovery
nights without alerting substances (placebo condition) were
used in the analysis.

Sleep stages were visually scored according to the
criteria of Rechtschaffen and Kales (1968) modified for
epoch scoring of 20 s, and standard sleep parameters were
computed for total sleep.

Recordings were analysed with the PRANA software
package (Phitools®, Strasbourg, France) for polysomno-
graphy and quantitative analyses.
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2.4. Data analyses

2.4.1. Visual EEG scoring

Arousal (AR) was defined according to ASDA criteria
(ASDA, 1992) as an abrupt shift in EEG frequency,
irrespective of chin EMG changes during non-rapid-eye
movement (NREM) sleep but associated with a concurrent
EMG increase in rapid-eye movement (REM) sleep.
Awakening (AWA) was defined as a transition in fast
activities lasting more than 10 s. According to previously
described criteria (Trinder et al., 2003), AR and AWA were
classified into 4 types on the basis of their duration, i.e. more
than 3 s and less than 6 s (AR > 3 < 6), more than 6 s and
less than 10 s (AR > 6 < 10), more than 10 s and less than
I15s (AWA >10<15) and >15<30s (AWA > 15).
The point-of-onset of each AR and AWA was defined as the
first occurrence of alpha or fast EEG activity or K-complex,
and the termination as the onset of theta activity persisting
for at least 10 s indicating return to sleep. For the baseline
night and the two consecutive recovery nights, an AR and
AWA index was calculated by dividing the number of AR
and AWA by total sleep time. Their number and duration
were also calculated for NREM and REM sleep. All
arousals and awakenings were scored by two examiners
(ES and SL) blinded to experimental conditions.

2.4.2. Arousal-related heart rate analysis

To assess the HR changes during arousals and awaken-
ings, up to 10 heartbeats before and 20 heartbeats after the
event onset were analysed, with the number of heartbeats
included in the post-arousal period independent of when the
arousal or the awakening terminated. Only AR and AWA
separated for a minimum of 30 s were analysed according to
previous criteria (Blasi et al., 2003; Sforza et al., 2000,
2002) and events with obvious HR artefacts or body
movements interfering with analysis of the HR signal were
visually identified and discarded. After selection of arousals
separated by at least 30 s and rejection of the events
showing artefacts, the study was made in 70% of the scored
events throughout the 3 sleep studies.

Heartbeats were analysed by computer using algorithms
developed within the laboratory with visual verification on a
beat-to-beat basis. QRS peaks were firstly detected, and then
the HR was calculated directly from the R—R interval. Two
parameters of HR response were computed for each night.
The first variable was the HR pattern, calculated from
examining the HR fluctuations during AR and AWA.
Heartbeats were numbered backwards and forwards from
the point of event onset and averaged over AR and AWA
within each numbered position. Measurements of HR were
normalized by subtracting from each HR value before and
after the onset of the AR and AWA, the mean value
obtained over the ten beats immediately preceding the event
onset. Values were averaged within subjects for each
position with respect to the AR and AWA and then
averaged over subjects. As a second variable we calculated

the ratio of the highest HR of the twenty beats following the
onset of event over the lowest one recorded before onset
(HR ratio), used as a marker of the magnitude of cardiac
activation.

Since REM sleep is associated with a marked state-
specific increase in sympathetic drive (Berald et al., 1993;
Hornyak et al., 1991; Somers et al., 1993) to assess if sleep
stage effect may affect the HR response to arousal, the
analysis was conducted separately for NREM and REM
sleep. To check whether time of night might affect the
cardiac response to AR and/or AWA from sleep, the same
analysis was also performed, considering for the 3 nights a
similar sleep duration of about 7 h.

2.5. Statistical analysis

For overall AR and AWA index, as well as for the
number and the duration of the different types of events
occurring in NREM and REM sleep, a two-way repeated
ANOVA with ‘night’ (baseline, first recovery and second
recovery) and ‘sleep stage’ as factors was used. Comparison
of the mean values of HR ratio and HR fluctuations across
the 4 types of events and between nights was carried out by
use of analysis of variance (ANOVA) for repeated measures
with night and ‘time’ with respect to AR and AWA type as
the factors. The probability values presented are based on
Greenhouse-Geisser corrected degree of freedom. When-
ever significant main factors or interaction effects were
present, post-hoc Tukey’s HSD test was used to assess
significant differences. Statistical significance was deter-
mined as P < 0.05. All statistical analyses were performed
with the SPSS statistical software package (SPSS for
Windows, 10, SPSS Inc, Chicago). Data are reported as
means = SEM.

3. Results
3.1. Polygraphic data and EEG arousal scoring

Details of sleep parameters and visual AR and AWA
scoring are reported in Table 1. At baseline, all subjects
slept well with high sleep efficiency and a normal sleep
stage distribution. As expected, the first recovery night was
characterised by important modifications of sleep structure.
The major changes were the increase in total sleep time
(P = 0.001), the rise in slow wave sleep (SWS) (P = 0.001)
and REM sleep (P = 0.001), and a significant reduction in
stage 2 (P = 0.001). Comparison of the second recovery
night versus baseline showed decreases in total sleep time
and in stage 2, and an increase in SWS. The differences,
however, reached significance only for total sleep time
(P =0.01).

Of the total number of events, AR >3 <6 and
AR > 6 < 10 represented, respectively, 36.2 and 38.4%
of the total events in the baseline night. Another 15.1% of
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Table 1
Sleep measures and polygraphic characteristics of arousals and awakenings
during the three considered nights (mean(SEM))

Baseline First Second
recovery recovery

Total sleep time (min) 446.1 (1.4) 718.4 (2.6)*° 379.2 (2.9)

Stage 1 (%) 8.0 (0.6) 6.3 (0.7) 9.2 (0.8)
Stage 2 (%) 51.2(0.9) 46.1 (0.8)* 48.6 (0.8)
Stages 3—4 (%) 17.0 (1.0)  21.7 (0.8)*°  19.1 (0.9)
Stage REM (%) 23.8(0.6) 26.0 (0.7)*° 23.2(0.9)
Sleep efficiency (%) 95.3(0.5) 96.6 (0.6) 91.9 (1.4)
AR > 3 < 6's index (n/h) 7.8 (0.8) 4.1 (1.2)*° 7.7 (1.0)
AR > 6 < 10 s index (n/h) 8.2 (0.8) 4.9 (0.6)*° 6.8 (0.7)
AWA > 10 < 15 s index (n/h) 3.3 (0.6) 2.6 (0.4) 3.0 (0.5)
AWA > 15 index (n/h) 2.2 (0.3) 2.1(0.3) 2.4 (0.4)
AR > 3 < 6 s duration (s) 4.8 (0.2) 4.8 (0.2) 4.7 (0.2)
AR > 6 < 10 s duration (s) 7.6 (0.2) 7.7 (0.2) 7.6 (0.1)
AWA > 10 < 15 s duration (s)  12.4 (0.2) 12.4 (0.2) 12.2 (0.2)
AWA > 15 s duration (s) 19.7 (0.6) 17.9 (0.6) 18.3 (0.5)

AR, arousal; AWA, awakening.
 Significant difference from baseline.
® Significant difference from second recovery night.

events were defined as AWA > 10 < 15 and 10.3% as
AWA > 15. During the first recovery night, a significant
fall in AR lasting less than 10 s was found (P = 0.01) with
no significant difference across conditions for events lasting
more than 10s.

3.2. Cardiac response analysis

Tables 2 and 3 report the number and the duration of the
4 types of events considered for HR analysis throughout the
3 considered nights and during NREM and REM sleep.
Their duration was not different compared to overall values
and the number was not significantly different between
nights.

Table 2
Heart rate values of analysed arousals and awakenings in the baseline and
recovery nights during NREM sleep

Baseline First Second
recovery recovery
AR >3 <65 (n) 200 163 175
AR > 3 < 6 s duration (s) 4.82 (0.07) 4.95(0.06) 4.77 (0.09)
AR >3 < 6 s HR ratio 1.33 (0.01) 1.25(0.03) 1.24 (0.03)

AR > 6 < 10s (n) 218 209 145

AR > 6 < 10 duration (s) 7.76 (0.1) 7.63 (0.1) 7.80 (0.1)
AR > 6 < 10 s HR ratio 1.28 (0.04) 1.27 (0.02) 1.28 (0.03)
AWA > 10 < 155 (n) 95 110 76

AWA > 10 < 15 duration (s)  12.2 (0.2) 12.3 (0.4) 12.0 (0.3)
AWA > 10 < 15 s HR ratio 1.43 (0.06) 1.36 (0.04) 1.36 (0.03)
AWA > 155 (n) 76 85 50

AWA > 15 duration (s) 19.0 (0.9) 18.2 (0.6) 18.3 (0.7)
AWA > 15 s HR ratio 1.60 (0.09)  1.54 (0.05) 1.50 (0.05)

AR, arousal; AWA, awakening, HR ratio, ratio of the highest HR of the
20 beats following the onset of event over the lowest one recorded before
arousal and awakening onset.

Table 3
Heart rate values of analysed arousals and awakenings in the baseline and
recovery nights during REM sleep

Baseline First Second
recovery recovery
AR >3 <65 (n) 73 111 109
AR > 3 < 6's duration (s) 4.88 (0.13) 4.86(0.12) 4.99 (0.22)
AR > 3 < 6 s HR ratio 1.25(0.03)  1.21(0.03) 1.23 (0.04)

AR > 6 < 10s (n) 84 111 100

AR > 6 < 10 duration (s) 769 (0.1)  7.72(02)  7.12(0.1)
AR > 6 < 10's HR ratio 128 (0.03) 1.28(0.03)  1.23 (0.04)
AWA > 10 < 15 s (n) 35 42 40

AWA > 10 < 15 duration (s)  12.8 (0.5)  12.6(0.4)  11.9(0.3)
AWA > 10 < 15s HRratio 141 (0.08) 1.37 (0.04)  1.28 (0.05)
AWA > 155 () 24 34 20

AWA > 15 duration (s) 195(0.9) 183 (0.6)  17.6 (0.4)
AWA > 15 s HR ratio 173 (0.1)  1.46 (0.07) 149 (0.07)

AR, arousal; AWA, awakening, HR ratio, ratio of the highest HR of the
twenty beats following the onset of event over the lowest one recorded
before arousal and awakening onset.

Occurrence of AR or AWA induced a typical tachycardia
significantly greater for AWA > 10 < 15 and AWA > 15.
As reported in Table 2, during NREM sleep the HR ratio
rose from an average value of 1.33 = 0.07 and 1.28 = 0.04,
respectively, for AR > 3 < 6 and AR > 6 < 10 to a value
of 1.43 = 0.06 and 1.6 = 0.09 during AWA > 10 < 15 and
AWA > 15 (P = 0.03), with the significantly highest rise
during AWA > 15. A similar pattern was found in REM
sleep (Table 3).

In baseline night, both in NREM and REM sleep, the
analysis of temporal HR fluctuations during arousal showed
differences between arousals during the post-arousal period.
As shown in Fig. 1, in the baseline night during NREM
sleep, ANOVA for repeated measures, with time and event
type as the factors, revealed a significant time effect
(F = 33.8,df: 29, P < 0.0001) and a significant interaction
(F=17.1, df: 87, P < 0.0001), indicating that the magni-
tude and duration of HR activation were somewhat affected
by the event type with a tendency to larger and sustained HR
activation for AWA. Pre-arousal level of HR did not differ
between event types, all characterised by a small and
insignificant HR rise during the second and first beats
preceding the arousal onset. The pattern of HR response was
similar for the AR > 3 < 6 (F = 19.3, P < 0.0001) and the
AR > 6 < 10 (F = 9.8, P < 0.0001) with a significant rise
at the first beat after the arousal onset (P < 0.0001) and
persisting until the 4th beat (P < 0.001). Then, HR
progressively fell below baseline level reaching significance
after the 7th beat (P < 0.0001) for AR > 3 < 6 and after
the 9th beat for AR>6<10 (P <0.0001).
AWA > 10 < 15 (F = 31.1, P < 0.0001) and AWA > 15
(F =193, P <0.0001) were characterised by a different
pattern, consisting of a greater increase in HR starting two
beats before the visual onset, reaching a significant peak
between the second and 9th beats (P < 0.0001), and then
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Fig. 1. Temporal heart rate changes averaged across subjects for the 10 beats preceding (before) and the 20 beats following (after) the arousal onset during
NREM sleep. Data represent the HR fluctuations for each type of arousal and awakening during NREM sleep. The dashed line indicates the onset of the arousal
and awakening for each type. Two different patterns of HR response were found related to arousal duration consisting of a unimodal progressive and sustained
rise in HR for arousal lasting > 10 s and a bimodal pattern, i.e. tachycardia followed by bradycardia, for arousal lasting <10 s. The temporal evolution of HR
fluctuations throughout the three nights (black solid line: baseline; solid grey line: first recovery night; dashed grey line: second recovery night) was
consistently similar across conditions.
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persisting significantly higher (P < 0.0001) compared to
pre-arousal value.

To take into consideration the possible effect of sleep
stage on the dependent variables, we also analysed the data
of the 4 event types in REM sleep (Table 3). In REM sleep
(Fig. 2), ANOVA revealed a similar pattern of HR variation
as in NREM with a significant time effect (F = 25.7, df: 29,
P < 0.0001) and a significant interaction (F = 12.8,
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P < 0.0001). No differences in HR pattern for all event
types and for both pre-arousal and post-arousal periods were
seen between NREM and REM sleep (P = 0.34).
Comparison of HR response to arousal response in
baseline and recovery nights showed that during all event
types the cardiac response to arousal was consistently
similar over conditions (Table 4). Fig. 1 reveals for each
night a significant main effect of time for all event types, but
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Fig. 2. Temporal evolution of heart rate response to arousal during REM sleep. The unimodal and bimodal patterns of HR response according to arousal
duration paralleled the cardiac changes found in NREM sleep without any significant difference between nights.
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Table 4

Two-way rANOVA with the factors Time and Night for arousal types during NREM and REM sleep

E. Sforza et al. / Clinical Neurophysiology 115 (2004) 2442-2451

Variable Time Night Time X night

Fsg s-value P-value df Fsg s-value P-value df Fsg s-value P-value df
NREM sleep
AR>3<6 48.3 <0.0001 29 0.15 ns 2 0.35 ns 58
AR>6<10 32.5 <0.0001 29 0.75 ns 2 1.10 ns 58
AWA >10< 15 19.4 <0.0001 29 0.75 ns 2 0.56 ns 58
AWA > 15 163.6 <0.0001 29 0.50 ns 2 1.81 0.004 58
REM sleep
AR>3<6 48.6 <0.0001 29 0.35 ns 2 1.31 ns 58
AR>6<10 244 <0.0001 29 0.89 ns 2 0.84 ns 58
AWA >10< 15 19.2 <0.0001 29 0.91 ns 2 1.87 ns 58
AWA > 15 56.0 <0.0001 29 0.47 ns 2 1.47 ns 58

no interaction for events lasting less than 15 s, the pattern of
HR response being consistently similar in baseline and
recovery nights during NREM sleep. A tendency to reduced
lowering of HR values in the post-arousal period was noted
in the two recovery nights for the AR > 6 < 10, HR values
not falling below reference values. This difference,
however, did not reach significance (P = 0.07). For
AWA > 15 we noted a tendency to a greater rise in HR in
the post-arousal period in the recovery nights, with
difference reaching significance for the first recovery night
(P =0.004). As shown in Fig. 2, the experimental
conditions did not induce any significant difference in the
degree of arousal-related HR response also in REM sleep,
the overall HR over-time fluctuations being similar between
nights.

To check whether the lack of changes in HR response to
arousal was related to longer sleep time duration in the first
recovery night, the same ANOVA design was performed,
considering for the 3 nights a similar sleep duration of about
7h. As depicted in Fig. 3, the results of this ANOVA
completely paralleled those previously described. All event
types showed a significant time effect but no interaction
(AR < 3 < 6: time effect: F =42.6, P <0.0001, inter-
action: F =041, P=0.99; AR > 6 < 10: time effect:
F =300, P <0.0001, interaction: F =1.29, P=0.07;
AWA > 10 < 15: time effect: F =16.8, P < 0.0001,
interaction F = 0.51, P =0.99; AWA > 15: time effect:
F =60.0, P <0.0001, interaction: F = 0.78, P = 0.87).
Again for AR > 6 < 10, HR values did not fall below
reference values compared to baseline night, the difference,
however, not reaching significance (P = 0.08). A trend to
stronger HR rise after arousal onset was present for
AWA > 15 in the first recovery night without reaching
statistical significance (P = 0.07).

4. Discussion

The present study examined the cardiac activation during
arousal from sleep in the recovery nights in order to assess

whether sleep deprivation might affect the cardiac response
to arousals from sleep. The first important finding of this
study was that the time-course of HR arousal-related
response was substantially similar between conditions,
both the absolute values and the amplitude of the HR
response not differing significantly in the sleep deprivation
conditions. Second, the HR ratio, an indirect marker of
magnitude of cardiac activation, was not associated with
significant difference compared to baseline evaluation.
Therefore, despite the fact that an activation of parasympa-
thetic tonus and an inhibition of sympathetic tonus after
extended wakefulness has been proposed (Delamont et al.,
1998; Holmes et al., 2002), our results do not suggest that
acute sleep deprivation causes a significant interference on
the arousal-related cardiac activation.

In previous studies (Horner, 1996; Sforza et al., 2000;
Trinder et al., 2003) the HR variability around arousal has
been introduced as a non-invasive tool for the assessment of
autonomic control during arousal from sleep. In line with
the above studies, we found that arousal from sleep induces
a typical time course of HR response, related to duration
(Trinder et al., 2003) and intensity of the event (Sforza et al.,
2000), and similar in NREM and REM sleep, suggesting
that the ‘arousal state’ is a waking reflex condition,
neurophysiologically different from sustained wakefulness
(Horner et al., 1997; Trinder et al., 2001, 2003) and inducing
a different cardiac response. The increase in cardiac activity
during shorter arousal is mainly a reflex activation response
(Horner, 1996, 2000; Hornyak et al., 1991; Trinder et al.,
2001) implying a withdrawal of vagal tonus and a
sympathetic activation during the arousal period (Baust
and Bonhert 1969; Horner et al., 1995; Hornyak et al., 1991;
Morgan et al., 1996) and a rise in vagal tonus in the post-
arousal period related to return to sleep. On the contrary,
when arousal lasts longer, a wakefulness state is established,
inducing a persistent sympathetic hypertonus and, therefore,
a sustained and unimodal HR rise.

Assuming that sleep deprivation may affect the sym-
pathovagal balance, our initial expectation was that the
changes in HR during arousal and awakenings would
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Fig. 3. Time course of HR response to arousal during NREM sleep considering the first 7 h of sleep in the baseline, first recovery and second recovery nights. A
similar pattern of HR response during each arousal type without any difference across nights is apparent.

closely parallel the nocturnal changes in vagal and found that the time course of HR response and the HR
sympathetic activity, a potentiation or a dampening of the ratio did not differ between conditions and between sleep
HR arousal response occurring during arousals and stages, the pattern and the magnitude of cardiac response

awakenings. However, contrary to this prediction, we being substantially similar in baseline and recovery nights.
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To clarify whether circadian influences and time asleep
(Burgess et al., 1997) may affect our results, we further
performed a separate analysis (Fig. 3) considering only the
first 7 h of sleep in baseline and recovery nights. Again, the
analysis confirms the same pattern of HR variations for all
considered arousal types without differences between
conditions, suggesting that circadian influences are unlikely
to explain the lack of effect of sleep deprivation. Overall,
these data indicate that sleep deprivation has little impact on
cardiac response to arousal, confirming previous data
(Delamont et al., 1998; Kato et al., 2000; Ogawa et al.,
2003) that sleep deprivation may induce a resetting of the
cardiovascular system caused by peripheral mechanisms
such as activation of the renin-angiotensin system (Kato
et al., 2000) or by resetting of baroreflex sensitivity (Ogawa
et al., 2003).

In our subjects we found a trend to reduced bradycardia
for AR shorter than 10s and greater tachycardia for
awakening >15s in the first recovery night. Although
speculative, in the absence of direct measures of sympath-
etic and vagal drive, we can hypothesise that the lower fall
in HR in the post-arousal period may reflect a ‘ceiling
effect” of prolonged wakefulness on vagal drive not
allowing any further rise in vagal tonus when a transitory
sympathetic activation takes place (Hornyak et al., 1991). In
contrast, the greater HR rise occurring in the post-arousal
period for arousal lasting more than 10 s may be explained
as a consequence of the return to a wakefulness state in
which, due to the ‘stressful’ effects of sleep deprivation
(Bohus and Koolhaas, 1993; Holmes et al., 2002), a
hypersympathetic activity may take place (Lusardi et al.,
1999).

The lack of any significant difference in the arousal-
related HR response after sleep deprivation may be partially
explained by some methodological limitations. Firstly, the
limited number of subjects studied and their age and health
state may contribute to the failure to reach statistical
significance in some analyses. However, the close similarity
of the transient activation responses obtained in our subjects
with those previously described (Trinder et al., 2003) and
the analysis conducted in the second recovery night give
some confidence that these results are not influenced only by
these factors. Further studies considering a larger sample
and including older subjects and patients with sleep
disorders are needed to replicate our results. Finally, one
could question whether the use of quantitative spectral
analysis of HR variability would be a better technique to
assess more specifically the sympathetic and parasympa-
thetic influences on cardiac activity during sleep. Conven-
tional spectral analysis assumes stationarity in the signal
being analysed and requires that a preset amount of data be
collected over a fixed time, thus making it unsuitable for
processes such as arousals in which there is a significant
transient activity. New techniques such as wavelet analysis
(Pichot et al., 1999), time-varying spectral analysis (Blasi
et al., 2003) and fractal dimension (Togo and Yamamoto,

2000) have been introduced in sleep research to examine
HR variability during sleep. These methods, although
elegant, are based on a HR variability window length of
5—-15 min, thus not sensitive enough to detect autonomic
variation when shorter EEG changes occur. New methods
applying shorter time windows (Yang et al., 2002) may
circumvent this limitation, providing new insight on
sympathetic-vagal balance during arousals.

In summary, this is the first study examining the effect of
acute sleep deprivation on cardiac response to arousals from
sleep. The results indicate that, although arousal from sleep
is associated with a typical pattern of cardiac activation
influenced by intensity and duration of the arousal, a
prolonged sleep deprivation protocol seems to have no
significant effect on the pattern and degree of cardiac
response to arousal. Whether these findings have an impact
on patients with sleep disorders will require future extensive
investigation because chronic sleep fragmentation and sleep
deprivation may have different and disparate effects on
physiological systems.

Acknowledgements

We are grateful to Andrea Hawton, Angela Ricci, Alain
Roux, John Bowen, Tim Pointing and Patty Odell for
valuable technical assistance. We are indebted to Captain
Kirk Evoy who coordinated and arranged the selection of
Canadian Forces volunteers, and to Dr David Salisbury for
providing medical assistance.

References

American Sleep Disorders Association. EEG arousal: scoring rules and
examples. Sleep 1992;15:174—-84.

Baust W, Bohnert B. The regulation of heart rate during sleep. Exp Brain
Res 1969;7:169-80.

Berald I, Shlitner A, Ben-Haim S, Lavie P. Power spectrum analysis and
heart rate variability in stage 4 and REM sleep: evidence for state-
specific changes in autonomic dominance. J Sleep Res 1993;2:88—90.

Blasi A, Jo J, Valladares E, Morgan BJ, Skatrud JB, Khoo MCK.
Cardiovascular variability after arousal from sleep: time-varying
spectral analysis. J Appl Physiol 2003;95:1394-404.

Bohus B, Koolhaas JM. Stress and the cardiovascular system: central and
peripheral physiological mechanisms. In: Stanford SC, Salmon P,
editors. Stress: from synapse to syndrome. London: Academic Press;
1993. p. 75-117.

Bonnet MH, Arand DL. Heart rate variability: sleep stage, time of night and
arousal influences. Electroencephalogr Clin Neurophysiol 1997;102:
390-6.

Burgess HJ, Trinder J, Kim Y, Luke D. Sleep and circadian influences on
cardiac autonomic nervous system activity. Am J Physiol 1997;273:
H1761-8.

Burgess HJ, Holmes AL, Dawson D. The relationship between slow-wave
activity, body temperature and cardiac activity during nighttime sleep.
Sleep 2001;24:343-9.

Carter N, Henderson R, Lal S, Hart M, Booth S, Hunyor S. Cardiovascular
and autonomic response to environmental noise during sleep in night
shift workers. Sleep 2002;25:457—-64.



E. Sforza et al. / Clinical Neurophysiology 115 (2004) 2442-2451 2451

Chen HI. Effects of 30 h sleep loss on cardiorespiratory functions at rest and
in exercise. Med Sci Sports Exerc 1991;23:193-8.

Davies RJO, Belt PJ, Roberts SJ, Ali NJ, Stradling JR. Arterial blood
pressure responses to graded transient arousal from sleep in normal
humans. J Appl Physiol 1993;74:1123-30.

Delamont SR, Julu PO, Jamal GA. Sleep deprivation and its effect on an
index of cardiac parasympathetic activity in early NonREM sleep in
normal and epileptic subjects. Sleep 1998;21:493-8.

Ferri R, Parrino L, Smerieri A, Terzano MG, Elia M, Musumeci SA,
Pettinato C. Cyclic alternating pattern and spectral analysis of heart rate
variability during normal sleep. J Sleep Res 2000;9:13-18.

Fiorica V, Higgings EA, lampietro PF, Lategola MT, Davis AW.
Physiological responses of men during sleep deprivation. J Appl
Physiol 1968;24:167-76.

Holmes AL, Burgess HJ, Dawson D. Effects of sleep pressure on
endogenous cardiac autonomic activity and body temperature. J Appl
Physiol 2002;92:2578-84.

Horner RL. Autonomic consequences of arousal from sleep: mechanisms
and implications. Sleep 1996;19:S193-5.

Horner RL. Physiological effects of sleep on the cardiovascular system. In:
Bradley TD, Floras JS, editors. Sleep apnea. Implications in
cardiovascular and cerebrovascular disease. New York: Marcel Dekker;
2000. p. 113-33.

Horner RL, Brooks D, Kozar LF, Tse S, Phillipson EA. Immediate effects
of arousal from sleep on cardiac autonomic outflow in the absence of
breathing in dogs. J Appl Physiol 1995;79:151-62.

Horner RL, Sanford LD, Pack Al, Morrison AR. Activation of a distinct
arousal state immediately after spontaneous awakenings from sleep.
Brain Res 1997;778:127-34.

Hornyak M, Cejnar M, Elam M, Wallin BG. Muscle sympathetic activity
during sleep in man. Brain 1991;114:1281-95.

Kato M, Phillips BG, Sigurdsson G, Narkiewicz K, Pesek CA, Somers VK.
Effects of sleep deprivation on neural circulatory control. Hypertension
2000;35:1173-5.

Lusardi P, Zoppi A, Preti P, Pesce RM, Piazza E, Fogari R. Effects of
insufficient sleep on blood pressure in hypertensive patients. Am J
Hypertens 1999;12:63-8.

Mancia G. Autonomic modulation of the cardiovascular system during
sleep. N Engl J Med 1993;328:347-9.

Morgan BJ, Crabtree DC, Puleo DS, Badr MS, Toiber F, Skatrud JB.
Neurocirculatory consequences of abrupt changes in sleep state in
humans. J Appl Physiol 1996;80:1627-36.

Ogawa Y, Kanbayashi T, Saito Y, Takahashi Y, Kitajima T, Takahashi K,
Hishikawa Y, Shimizu T. Total sleep deprivation elevates blood
pressure through arterial baraoreflex resetting: a study with micro-
neurographic technique. Sleep 2003;26:986-9.

Pichot V, Gaspoz JM, Molliex S, Antoniadis A, Busso T, Roche F, Costes
F, Quintin L, Lacour JR, Barthelemy JC. Wavelet transform to quantify
heart rate variability and to assess its instantaneous changes. J Appl
Physiol 1999;86:1081-91.

Pigeau R, Naitoh P, Buguet A, McCann C, Baranski J, Taylor M,
Thompson M, Mack J. Modafinil, d-amphetamine and placebo during
64 h of sustained mental work. I. Effects on mood, fatigue, cognitive
performance and body temperature. J Sleep Res 1995;4:212-28.

Rechtschaffen A, Kales A. A manual of standardized terminology,
technique and scoring system for sleep stages of human sleep. Los
Angeles Brain Information Service. Brain Information Institute, UCLA;
1968.

Sforza E, Nicolas A, Lavigne G, Gosselin A, Petit D, Montplaisir J. EEG
and cardiac activation during periodic leg movements in sleep. Support
for a hierarchy of arousal responses. Neurology 1999;52:786-91.

Sforza E, Jouny C, Ibanez V. Cardiac activation during arousals in humans:
further evidence for hierarchy in the arousal response. Clin Neurophy-
siol 2000;111:1611-9.

Sforza E, Jouny C, Ibanez V. Time-dependent variation in cerebral and
autonomic activity during periodic leg movements in sleep: impli-
cations for arousal mechanisms. Clin Neurophysiol 2002;113:883-91.

Shepard JW. Cardiorespiratory changes in obstructive sleep apnea. In:
Kryger MH, Roth T, Dement WC, editors. Principles and practice of
sleep medicine. Philadelphia: Saunders; 1989. p. 537-51.

Snyder F, Hobson JA, Morrison DF, Goldfrank F. Changes in respiration,
heart rate and systolic blood pressure in human sleep. J Appl Physiol
1964;19:417-22.

Somers VK, Dyken ME, Mark AL, Arboud FM. Sympathetic nerve activity
during sleep in normal subjects. N Engl ] Med 1993;328:303-7.

Tofler GH, Stone PH, Maclure M, Edelman E, Davis VG, Robertson T,
Antman EM, Muller JE. Analysis of possible triggers of acute
myocardial infarction (The MILIS study). Am J Cardiol 1990;66:22—7.

Togo F, Yamamoto Y. Decreased fractal component of human heart rate
variability during non-REM sleep. Am J Physiol 2000;280:H17-H21.

Trinder J, Padula M, Berlowitz D, Kleiman J, Breen S, Rochford P,
Worssnop C, Thompson B, Pierce R. Cardiac and respiratory activity at
arousal from sleep under controlled ventilation conditions. J Appl
Physiol 2001;90:1455-63.

Trinder J, Allen N, Kleiman J, Kralevski V, Kleverlaan D, Anson K, Kim
Y. On the nature of cardiovascular activation at an arousal from sleep.
Sleep 2003;26:543-51.

Umali MU, Hilton MF, Kres SP, Czeisler CA, Wyatt JK, Shea SA.
Circadian and sleep stage influences on cardiac autonomic tone. Sleep
2000;23:A26-7.

Van de Borne P, Nguyen H, Biston P, Linkowski P, Degaute JP. Effects of
wake and sleep stages on the 24 h autonomic control of blood pressure
and heart rate in recumbent men. Am J Physiol 1994;266:H548-54.

Vgontzas AN, Mastorakos G, Bixler EO, Kales A, Gold PW, Chrousos GP.
Sleep deprivation effects on the activity of the hypothalamic-pituitary-
adrenal and growth axes: potential clinical implications. Clin
Endocrinol 1999;51:205-15.

Yang CCH, Lai CW, Lai HY, Kuo TBJ. Relationship between
electroencephalogram slow-wave magnitude and heart rate variability
during sleep in humans. Neuroscience Lett 2002;329:213-6.



	Heart rate activation during spontaneous arousals from sleep: effect of sleep deprivation
	Introduction
	Methods
	Subjects
	Experimental design
	Nocturnal sleep recording
	Data analyses
	Statistical analysis

	Results
	Polygraphic data and EEG arousal scoring
	Cardiac response analysis

	Discussion
	Acknowledgements
	References


