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AN EXTENSIVE LITERATURE DEMONSTRATES THAT 
SLEEP INDUCES CHANGES IN BLOOD PRESSURE (BP) 
AND HEART RATE (HR) ACTIVITY. THESE CHANGES 
occur rapidly at sleep onset (SO)1-3 with a decrease in both BP 
and HR. The sleep related drop in BP is termed dipping, defined 
as a proportional day/night BP difference of >10%, whereas a 
diminished fall in BP is referred to as non-dipping.4 A non-dip-
ping BP profile is often observed in individuals with obstructive 
sleep apnea (OSA).5-7

Non-dipping in OSA may be a consequence of repetitive 
arousals from sleep. Arousals dramatically increase BP and 
HR and are associated with sympathetically mediated periph-
eral vasoconstriction.5,8,9 The cardiovascular response may be 
exacerbated in individuals with OSA because of the added con-
sequences of episodes of hypoxemia and excessive negative 
intrathoracic pressure that characterize the disorder. However 
the hypothesis that repetitive arousals from sleep cause a non-
dipping BP profile is difficult to test in OSA patients because 
of the difficulty isolating arousals from the other physiologic 
changes involved in the disorder. Therefore we induced experi-
mental arousals from sleep in normal individuals.

We have previously shown in healthy young adults that spon-
taneous arousals delay the fall in BP over SO.10 This suggests 
that sleep stability is an important factor for the development 
of the BP dip that is typical of NREM sleep in normal sleepers. 

It further suggests that experimental arousals extending into 
NREM sleep may continue to delay the fall in BP. The first 
experiment of this paper evaluated the frequency of experimen-
tal arousals necessary to inhibit the fall in BP and produce a 
non-dipping effect. The second study investigated whether age 
influences the ability to create a non-dipping BP profile. Ad-
ditionally in these studies, we evaluated the effect of repetitive 
arousals from sleep on the underlying sleep levels of BP and 
HR during periods of sleep between arousals.

EXPERIMENT ONE

METHODS

Participants

There were 5 male and 5 female participants with an aver-
age age of 20 ± 2 years (range 18–25 years) and a median body 
mass index (BMI) of 23 kg/m2 with an interquartile range (IQR) 
of 22-25 kg/m2. Participants were screened via questionnaire at 
an intake interview and were excluded from participating for 
a personal or familial history of a sleep, cardiovascular, or re-
spiratory disorder; smoking; intense regular physical exercise 
(> 10 h/wk); excessive alcohol (> 5 standard drinks/wk) or caf-
feine (> 350 mg/day, ~ 2 medium-sized coffees) intake; regular 
daytime napping; and abnormal sleep/wake schedules (includ-
ing shiftwork) or transmeridian travel in the previous 3 months. 
During the study, thoracic and abdominal effort measures were 
recorded, and participants’ sleep records were subsequently 
scrutinized for evidence of a sleep disorder or sleep disordered 
breathing. Participants were not taking any medication other 
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than birth control pills and did not have any physical illness or 
hearing limitations, as established by verbal reports. As the in-
tensity of auditory stimulation was adjusted to achieve arousal 
from sleep, undetected hearing loss would not have been an is-
sue. Menstrual phase was not controlled for. Informed consent 
to participate was given, and participants were reimbursed for 
their time commitment to the study. The project was approved 
by the Human Research Ethics Committee of The University 
of Melbourne.

Design

The study consisted of a repeated measures design with 3 
experimental and one control condition. In all conditions 2 
nights of data were collected, with the order of nights counter-
balanced across participants. Two consecutive nights were con-
ducted, provided that the first was a control night. Participants 
were aroused by auditory stimuli following each; a) 2 min, b) 
1 min or c) 30 sec of sleep. This protocol of sleep fragmenta-
tion approximated levels of sleep disturbance seen in patients 
with OSA. The duration of the intervention lasted 90 min fol-
lowing the first indication of sleep (10 sec of continuous theta 
activity) or until REM sleep occurred. In the control condition, 
participants engaged in their usual sleep routines and slept un-
disturbed until the first NREM sleep cycle was completed, al-
though only the first 20 min of stable sleep was subsequently 
analyzed. The dependent variables were systolic blood pressure 
(BPsys), diastolic blood pressure (BPdia), and HR.

The decision to study sleep onset (SO) and the first 20 min 
of stable sleep was based on 2 considerations. First, the current 
studies follow from an earlier experiment in which spontaneous 
arousals during SO were found to delay the sleep related fall 
in cardiovascular activity10; that is, the specific interest was the 
onset of sleep. Second, whole night effects would have con-
founded the specific effects of arousal from sleep with the con-
sequences of extended sleep fragmentation, the latter being a 
question of interest, but not the aim of the current studies.

The transition from wakefulness to sleep follows a variable 
time course over nights within individuals and between indi-
viduals. In order to average data over nights and subjects and to 
compare between conditions, we have developed a method by 
which the SO transition is divided into 5 consecutive phases us-
ing procedural and electrophysiological factors identified from 
the sleep recordings (Figure 1).10

Only phases 1 (30 min pre-sleep wakefulness) and 5 (20 min 
stable sleep for the control condition and 20 min experimen-
tal arousal from sleep for the experimental conditions) were 
of a constant length for all participants’ nights. Within these 2 
phases, the data were averaged into 15 (phase 1) or 10 (phase 
5) consecutive 2-min epochs. In phase 5 for the control condi-
tion, periods where the subject aroused from sleep were dis-
carded until the participant had returned to stable sleep for 1 
min. With the exception of one night, all subjects entered SWS 
on each control night during the 20 min of phase 5. In phase 5 
for the experimental conditions, data including extended peri-
ods of α activity were discarded until the participant went back 
to sleep and the arousal procedure resumed. This was to ensure 
that periods of stable sleep in the control condition were being 
compared to periods of fragmented sleep in the experimental 

conditions. Phases 2, 3, and 4 did not have constant lengths 
across nights or across participants. Therefore, these data were 
averaged within proportions of the total time spent in the phase, 
such that each phase was divided into 10 equal segments, with 
one epoch representing 10% of the total phase length.

Procedure

Participants were requested to maintain their regular sleep/
wake routine in the week prior to, and on nights in between the 
test nights, and were asked to eliminate alcohol and caffeine in-
take in the 24 h before each session. On each night, participants 
went to bed at least 45 min before their usual SO time in order 
to collect baseline wakefulness data. During this time they were 
permitted to read or watch television/video while their record-
ings were monitored to ensure they did not go to sleep. Both 
ambient light and room temperature were kept constant at ap-
proximately 50 lux and 22–24ºC, respectively. The lights were 
then turned off at participants’ normal time of SO, and they 
were instructed to go to sleep. Participants remained supine 
throughout the recording period.

On experimental nights, to avoid startle responses to the 
arousing stimuli, the intensity of the auditory stimuli was ma-
nipulated to be just sufficient to produce an arousal from sleep. 
The procedure for presenting auditory stimuli was adapted 
from Philip et al.11 Initially, a 70-dB tone was presented for 5 
sec, and an immediate judgment by the experimenter was made 
on whether an ASDA arousal response occurred.12 The decision 
was based primarily on the electroencephalogram (EEG), but 
other channels, particularly the electromyogram (EMG), could 
be used for assistance. If no EEG arousal occurred, a 70-dB 
tone was presented for 10 sec. Thereafter if no response was 
observed, stimulus intensities were progressively increased by 
increments of 10 dB, lasting 10 sec, to a maximum of 100 dB, 
until an arousal from sleep was achieved. If no EEG arousal 
was produced, the time between subsequent arousal attempts 
was < 2 sec from the offset of the previous tone. Occasionally, 
presentation of the maximal intensity stimulus was unsuccess-
ful in producing an arousal from sleep, and the investigator en-
tered the bedroom to physically awaken the participant. After a 
short period of repetitive sleep fragmentation, an intensity that 
typically elicited an arousal from a particular individual was 
reached, so that arousals could be induced near to the specified 
time intervals, thus minimizing consecutive tone presentations. 
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Figure 1—Five phases of SO based on procedural events and 
electrophysiological factors for sleep staging in the control and 
experimental conditions.
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Following an arousal, participants returned to sleep for 2 min, 1 
min, or 30 sec, depending on the experimental condition, before 
applying the next stimulus.

Equipment and Materials

Auditory stimuli were delivered by 2 Media Theater speak-
ers (Boston Acoustics Inc, Peabody, MA, USA) positioned 70 
cm apart and 70 cm above participants’ heads. The tones were 
digitally generated by a 16-bit sound blaster (Vibra 16 CT4180) 
audio card (Creative Technology Ltd, Singapore) and Pentium 
IV PC with a continuous 1000-Hz frequency.

In accordance with standardized sleep recordings and 
procedures,13 participants’ sleep/wake state was assessed by a 
central (C3-A2) and occipital (O1-A2) EEG, a submental EMG, 
and an electrooculogram (EOG) (left and right outer canthi off-
set from horizontal).

Continuous noninvasive measurement of BP was via a Por-
tapres Model-2 device (TNO-TPD Biomedical Instrumenta-
tion, Amsterdam, The Netherlands) that utilized the arterial 
volume-clamp method of BP assessment.14 Inflatable cuffs that 
alternated every 15 min were firmly placed around the index 
and middle fingers of the right hand. By regularly alternating 
measurements between 2 fingers, ischemic discomfort associ-
ated with continuous cuff inflation was reduced, and the ap-
paratus was deemed minimally intrusive. With the exception 
of a small number of participants who read prior to the lights 
being turned off, the cuffed fingers were maintained at heart 
level throughout the recording procedure; however, this was not 
considered critical because of the automated height adjustment 
feature of the equipment.

The BP data were inspected for inappropriate cuff application 
(that can cause baseline differences in BP values between the 2 
cuffs) and for body movement artefact that may have shifted the 
cuffs, thus preventing BP from being measured accurately. BP 
values were not retained in these instances, but there were few 
events of this type, and a full-night recording was never lost. 
Additionally, because temperature affects peripheral arterial 
tone of the finger, the laboratory temperature was maintained 
at 22-24ºC, although obviously body temperature per se could 
not be controlled.

Three Meditrace Ag/AgCl spot electrodes (Graphic Con-
trols Corp., Buffalo, NY, USA) were used to assess HR with an 
electrocardiogram (ECG). Electrodes were placed on the lower 
left and lower right rib cage (ground) and another on the right 
clavicular notch. The left rib cage and clavicular notch elec-
trodes served as recording sites.

Respiratory effort was assessed via thoracic and abdominal 
bands using a Respitrace Ambulatory Interface Model 10, 4200 
(Research Instrumentation Associates, Inc. Beachwood, OH, 
USA) attached to elastic belts with piezoelectric sensors. During 
the initial pre-sleep wakefulness period (before the 30 min of 
baseline wakefulness), the thoracic and abdominal bands were 
calibrated against ventilation, as measured by a pneumotacho-
graph. The airflow system was calibrated prior to each testing 
session using a Shorate, Model 1355 flow generator and flow 
meter (Brook Instruments, Hatfield, PA, USA). While respira-
tory measurements were not formally analyzed for this paper, 
these data have been published,15 and in this study, the respira-

tory signals were scrutinized in participants’ sleep records for 
evidence of any sleep disordered breathing.

The data were collected using a 12-channel Grass Model 7D 
pen-chart recorder (Grass Instrument Co., West Warwick, RI, 
USA). The signals were amplified, filtered with a 50-Hz notch 
filter, and displayed on paper chart. The bandwidth of the respi-
ratory bands was within 0.1 Hz–0.1 kHz. The ECG bandwidth 
was within 0.03 Hz–75 Hz. The high-frequency filter for BP 
was set at 75 Hz. The ECG, BP, and respiratory band measures 
were also recorded on a Pentium IV PC, via a 12-bit A/D con-
verter using an acquisition program developed within the labo-
ratory. The rate of digitization was 1000 Hz for ECG and 100 
Hz for both BP and the respiratory bands.

Data Reduction and Statistical Analyses

Following the elimination of any suspect data in the BP or 
ECG waveforms, detection of the maximum and minimum BP 
points and the R-wave of each cardiac cycle was made via an 
automated computer algorithm; automated results were visually 
checked and corrected where necessary. BPsys and BPdia were 
identified by the program from the maximum and minimum 
points (respectively) for each cardiac cycle, and HR was cal-
culated from the time interval between consecutive R-waves. A 
subset of these data have also been subjected to mathematical 
modeling and published separately.15

Two main aspects of the data were evaluated. The first was 
the effect of frequent arousal from sleep on BP and HR over 
the recording period. This investigation used all data, including 
the activation response to transient arousals as well as the in-
tervening sleep data. In the second assessment, the underlying 
sleep levels of BP and HR between arousals from sleep dur-
ing phase 5 were assessed and compared to the overall phase 
average. In this analysis, only the intervening periods of sleep 
data were used; activation responses to transient arousals were 
disregarded. The sleep values were generated from the mean 
of the pre-arousal beats within each condition (90 beats, 2-min 
condition; 45 beats, 1-min condition; 20 beats, 30-sec condi-
tion). This method of analyzing pre-arousal beats was deemed 
to be the best measure of the “sleep” level of activity.

For both forms of analysis, BP and HR were standardized 
within a night’s recording by normalizing to the nightly mean 
and representing values as percentage change scores from the 
nightly mean. This was necessary because the internal calibra-
tion mechanism of the Portapres BP device causes differences 
in finger cuff attachment/placement and inter-individual dif-
ferences in cardiovascular control mechanisms, which result 
in absolute values of BP being relatively unreliable, producing 
random variability between nights. In contrast, change values 
within a recording session are considered highly reliable.16

Graphically, the change in BP and HR over the development 
of sleep was represented by 55 data points (15 values for phase 
1 and 10 each for phases 2 through 5). For statistical analyses, 
the data were averaged for each participant within phases and 
then over nights within conditions resulting in a 5 (phases) by 4 
(conditions) analysis of variance (ANOVA) with repeated mea-
sures on each factor. The interaction between phase and condi-
tion gave an indication of the effect of sleep fragmentation on the 
change in cardiovascular activity over time between conditions. 
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condition, indicating that tone-induced arousals in the experi-
mental conditions produced larger responses than spontaneous 
arousals in the control condition. Second, there was a general 
trend for larger responses for less frequently induced arous-
als during phases 3 and 4 for BPsys (22.37, 20.02, 17.17, 13.20 
mm Hg for the 2 min, 1 min, 30 sec, and spontaneous arous-
als, respectively), for BPdia (24.57, 19.88, 15.16, 14.44 mm Hg, 
respectively), and for HR (19.30, 12.43, 10.88, 15.78 bpm, re-
spectively). This likely reflected subjects progressing further 
into sleep in the less frequent arousal condition. The duration 
of arousals did not differ between spontaneous and experimen-
tally induced arousals (19 v 16 sec respectively; F3,27 = 0.60, P > 
0.05), or between the arousal durations of the 3 experimentally 
induced arousal frequencies (16, 17, 15 sec for 2 min, 1 min, 
and 30 sec, respectively; F2,18 = 0.32, P > 0.05), or as a function 
of phase (F4,36 = 0.07, P > 0.05).

The Influence of Arousals on the Fall in BP and HR in the Initial 
Sleep Period

Figure 2 illustrates that from phase 1 to phase 5, there were 
marked reductions across all conditions in BPsys and BPdia of ap-
proximately 8 and 5 mm Hg, respectively. A repeated-measures 
ANOVA indicated that the interaction effect over the 5 phases 
was not significant, although it did approach significance for 
BPsys; the direction of the effect suggested, as predicted, that 
there was a larger fall for BPsys in the control condition than 
the experimental conditions (BPsys: F12,108 = 1.83, P = 0.052; 
BPdia: F12,108 = 1.47, P > 0.05). The fall in BP was significant 
across phases (BPsys: F4,36 = 5.95, P < 0.01; BPdia: F4,36 = 11.86, 
P < 0.001). As seen in Table 1, pairwise comparisons between 
phase averages confirmed the pattern apparent in Figure 2; the 
major fall in BP occurred during the period following LO but 
before the onset of sleep (and before the beginning of the ex-
perimental manipulation).

Figure 3 indicates that during phase 5, once spontaneous 
arousals had ceased in the control condition, the magnitude of 
reductions in BP were greater in this condition than following 
the accumulated effect of experimental arousal from sleep in 
the experimental conditions. For BPsys, the main effect was not 
significant (F3,27 = 1.47, P > 0.05) but the interaction effect was 
(F27,243 = 1.81, P < 0.05). Figure 3 shows that for BPsys, there 
was a larger fall across time in phase 5 in the control condi-
tion than the experimental conditions. Further, the overall fall 
in BPsys was significant across epochs in phase 5 (BPsys: F9,81 = 

However, the critical phase in which the effects of experimental 
manipulation were likely to become apparent was phase 5, after 
participants in the control condition ceased to have spontaneous 
arousals and differences between the conditions were complete. 
Thus, the accumulated effect of experimentally induced arousal 
from sleep on BP and HR was further assessed during phase 5 
in a 4 (conditions) by 10 (2-min epochs) ANOVA with repeated 
measures on each factor.

To determine the influence of arousals from sleep on the un-
derlying sleep levels, pre-arousal values during phase 5 were 
compared with the phase 5 (overall) average data. In the con-
trol condition, in which spontaneous arousals did not occur 
and participants were continuously in stable NREM sleep, the 
mean phase value was also used to represent the underlying 
sleep value. Statistically, the pre-arousal levels in each of the 
4 conditions were initially compared in a 1-way ANOVA. The 
effect of frequent arousals on the underlying sleep levels were 
then assessed in the experimental conditions via a 3-condition 
(2 min, 1 min, 30 sec) by 2-sleep level (phase average v pre-
arousal) repeated measures ANOVA. The statistical outcomes 
of interest were the main effect of sleep level and the interaction 
effect between condition and sleep level.

RESULTS

Following lights out (LO), the time to the onset of phase 3 
(stage 1, SO latency) was similar in all conditions (11.4, 10.4, 
10.9, and 11.9 min for the control, 2 min, 1 min, and 30 sec, 
respectively). The intervention with tone-induced arousals es-
sentially doubled the delay to the onset of phase 4 (the first oc-
currence of a spindle or K-complex) in the experimental condi-
tions compared with the control condition (7.7, 14.0, 11.5, and 
15.1 min for the control, 2 min, 1 min, and 30 sec, respectively). 
Despite these differences, the effect of the arousals on the de-
velopment of sleep was highly variable, and a 2 (phases) by 
4 (conditions) ANOVA indicated that there was no significant 
interaction effect (F3,27 = 2.59, P > 0.05).

Preliminary analyses were conducted to establish that audi-
tory arousals elicited cardiovascular activation. There were 2 
statistically significant findings. First, there was a main effect of 
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Table 1—F-Ratios for All Pair-Wise Comparisons Between Phase 
Means

Comparison	 BPsys	 BPdia	 HR
Phase 1 v 2	 3.97	 0.97	 0.49
Phase 1 v 3	 6.78 *	 8.69*	 16.84**
Phase 1 v 4	 3.56	 10.85**	 62.33***
Phase 1 v 5	 9.17*	 13.63**	 64.97***
Phase 2 v 3	 11.93**	 65.75***	 36.10***
Phase 2 v 4	 1.62	 36.98***	 72.72***
Phase 2 v 5	 12.75**	 42.14***	 40.27***
Phase 3 v 4	 0.90	 0.23	 52.39***
Phase 3 v 5	 2.30	 4.98	 18.50**
Phase 4 v 5	 14.10**	 4.38	 1.24

BPsys, systolic blood pressure; BPdia, diastolic blood pressure; HR, 
heart rate. df (1,9) for all variables. *P < 0.05; **P < 0.01; 
***P < 0.001. See Figure 1 for description of each Phase.

Table 2—F-Ratios for All Pair-Wise Comparisons Between Con-
dition Means During Phase 5

Comparison	 BPsys	 BPdia	 HR
Control v 2.0 min	 1.14	 2.15	 10.04*
Control v 1.0 min	 3.60	 4.96	 1.70
Control v 30 sec	 2.26	 8.32*	 3.44
2.0 min v 1.0 min	 1.46	 0.18	 6.16*
2.0 min v 30 sec	 0.44	 1.89	 1.59
1.0 min v 30 sec	 0.01	 2.30	 1.63

BPsys, systolic blood pressure; BPdia, diastolic blood pressure; HR, 
heart rate. df (1,9) for all variables. *P < 0.05.
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fulness to stable sleep, following an abrupt, transient increase 
at LO. The interaction between phase and condition was not 
significant for HR, indicating that there was not a differential 
fall in HR over the conditions (F12,108 = 1.41, P > 0.05). The fall 
in HR was significant across phases of SO (F4,36 = 36.21, P < 
0.001). Unlike BP, HR continued to fall across phases 3 and 4, 
whereas the fall in BP was suspended during this time. HR did 
not significantly decrease from phase 1 to 2 and phase 4 to 5; 
however, all other pairwise comparisons between phase aver-
ages were significant (Table 1).

During phase 5, Figure 3 shows that the cessation of spon-
taneous arousals in the control condition was associated with a 
greater reduction in HR than the accumulated effect of experi-
mental arousal from sleep in the experimental conditions. There 
was a significant difference in HR between conditions (HR: 

4.76, P < 0.001). For BPdia, the trend was reflected in a signifi-
cant difference between conditions (BPdia: F3,27 = 3.04, P < 0.05) 
but not a significant interaction effect (BPdia: F27,243 = 0.90, P > 
0.05). Pairwise comparisons of the phase 5 means confirmed 
that BPdia in the control condition was lower than in the 30-
sec experimental condition, albeit the difference was relatively 
small (4.5%). Finally, there were no other significant pairwise 
differences in BPdia in phase 5 (Table 2), and the overall fall in 
BPdia was not significant across epochs in phase 5 (F9,81 = 0.38, 
P > 0.05).

For HR, Figure 2 shows that in all conditions, HR signifi-
cantly decreased by an average of 8 bpm from pre-sleep wake-
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the % changes from phase 1 to phase 5 for each condition (N=10). 
Standard error bars indicate within-subject variability (variance in 
the change within subjects over time).
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nightly mean values with a more negative value indicating a 
greater fall. Comparisons between the pre-arousal levels for the 
control and experimental conditions did not show any signifi-
cant differences (BPsys: F3,27 = 0.65, P > 0.05; BPdia: F3,27 = 1.52, 
P > 0.05; HR: F3,27 = 1.61, P > 0.05). However, the average 
levels in the experimental conditions for both BPsys and HR, 
but not BPdia were significantly higher than pre-arousal values, 
as identified from the main effect of sleep level in a 2-way re-
peated-measures ANOVA (BPsys: F1,9 = 278.91, P < 0.001; BPdia: 
F1,9 = 2.88, P > 0.05; HR: F1,9 = 7.29, P < 0.05). There were 
no significant main effects of condition for any variable (BPsys: 
F2,18 = 0.14, P > 0.05; BPdia: F2,18 = 1.42, P > 0.05; HR: F2,18 
= 2.95, P > 0.05), nor were there any significant condition by 
sleep level interaction effects (BPsys: F2,18 = 1.93, P > 0.05; BPdia: 
F2,18 = 0.37, P > 0.05; HR: F2,18 = 1.93, P > 0.05). Therefore in 
this study, there was no convincing evidence that experimental 
arousal from sleep retarded the underlying sleep related fall in 
BP and HR.

DISCUSSION

A small effect of sleep fragmentation on the fall in BP and HR 
over SO and the initial sleep period was tentatively identified. 
During phase 5, when sleep was stable in the control group, the 
data indicated significant differences between conditions for all 
3 variables. BPdia and HR were lower in the control condition 
than in the experimental conditions, and there was a significant 
interaction effect for BPsys. Results from sleep periods between 
arousals indicated that phase 5 pre-arousal levels for BPsys and 
HR were lower than the phase averages, although there were 
not significant differences as a function of the frequency of 
arousals. This suggests that experimental arousal from sleep did 
not have a strong effect on the underlying sleep related fall in 
BP and HR, and that average values were higher because of the 
inclusion of transient activation at each arousal in the average.

While the effects were small in magnitude, they suggest that 
sleep fragmentation may retard the sleep-induced falls in car-
diovascular activity. This result is consistent with a previous 
study showing that the fall in BP during SO is retarded by spon-
taneous arousals during SO.10

There was some suggestion that more frequent sleep disrup-
tion caused a greater effect on the degree of fall in BP, par-
ticularly BPsys, which was affected in approximately a dose-
response manner. There were significantly greater differences 
between the 2 most divergent conditions, that is, between the 
control condition and arousals occurring every 30 sec, but not 
between intermediate conditions characterized by less frequent 
arousals (occurring every 1 min or 2 min). For reasons that were 
not anticipated, certain features of the design appear to have 
worked against each other. In the 30-sec condition, arousals 
were induced at a higher frequency but with a smaller cardio-
vascular activation response, whereas in the 2 min condition, 
arousals were produced less frequently but had a greater activa-
tion response. Thus, owing to the trade-off between frequency 
of arousals and the magnitude of the cardiovascular arousal 
activation response, there may not have been as big a differ-
ence between the 3 experimental conditions as one may have 
anticipated, giving rise to small condition effects.

F3,27 = 4.35, P < 0.05), although the interaction effect was not 
significant (HR: F27,243 = 0.77, P > 0.05). HR in the control con-
dition was lower than the 2-min experimental condition, while 
the latter condition was also different from the 1-min experi-
mental condition (Table 2). As seen in Figure 3 and confirmed 
by ANOVA, the overall fall in HR was not significant across 
epochs in phase 5 (HR: F9,81 = 0.61, P > 0.05).

The Influence of Arousals on Underlying Sleep Levels of BP and 
HR

Figure 4 illustrates the phase 5 average values in contrast to 
the phase 5 pre-arousal values (i.e. the underlying sleep-spe-
cific levels,). The values represent the percentage change from 
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Procedure

The same laboratory conditions and general testing proce-
dures as in Experiment 1 were implemented for MA on control 
and experimental nights. The presentation procedure of audi-
tory stimuli for MA in the 30-sec experimental condition was 
unchanged from Experiment 1, as were the arousal identifica-
tion protocols. The MA entered SWS during phase 5 on 16 of 
20 nights, a frequency not significantly different from the 20 of 
21 nights for the YA.

Equipment and Materials

The auditory stimuli equipment, assessment of thoracoab-
dominal efforts, measurement of sleep/wake state and assess-
ment of the dependent variables were identical to Experiment 
1. Similarly, the same digital recording and data acquisition set-
tings were used, and the same sleep scoring and data editing 
procedures were followed.

Data Reduction and Statistical Analyses

The initial analysis of the data determined whether there 
were any age differences in the effect of experimental arous-
als from sleep on the fall in BP and HR over SO. Statistically, 
the pattern of BPsys, BPdia, and HR was assessed by comparing 
age differences in the phase averages in a 5 phases by 2 con-
ditions (control and experimental) by 2 groups (YA and MA) 
ANOVA incorporating 2 within-subjects factors (phases and 
condition) and one between-subjects factor (age group). As in 
Experiment 1, the relevant information was contained in the 
change in cardiovascular activity over time, and the statistical 
outcomes of interest in this study were the interactions be-
tween phase, condition, and age group, as these indicated the 
effect of sleep fragmentation over SO in the different condi-
tions and as a function of age. A second analysis compared 
2-min epochs across time in phase 5 in each condition and 
age group, as the data during this period reflected both the 
accumulated effect of experimentally induced arousal from 
sleep in the experimental condition and the end of spontane-
ous arousals in the control condition. Thus, BPsys, BPdia, and 
HR were analyzed in a 10 epochs by 2 conditions (control and 
experimental) by 2 age groups (YA and MA) ANOVA incor-
porating 2 within-subjects factors (epochs and condition) and 
one between-subjects factor (age group).

Lastly, age effects in the difference in BP and HR between 
phase 5 means and the pre-arousal levels were examined in each 
condition. Statistically, the pre-arousal values used to represent 
the underlying sleep level in each condition were initially com-
pared between age group in a 2 conditions (control and experi-
mental) by 2 groups (YA and MA) ANOVA. The phase 5 pre-
arousal levels of BP and HR were then compared to the phase 
average for each age group in the experimental condition via a 2 
sleep levels (phase average v pre-arousal) by 2 age groups (YA 
and MA) ANOVA with one within-subjects factor (sleep level) 
and one between-subjects factor (age group). The statistical 
outcomes of interest in these analyses were the effect of sleep 
level and the age group by sleep level interaction effect.

EXPERIMENT TWO

There was preliminary evidence from Experiment 1 and Car-
rington et al.10 that in healthy young adults, repetitive arousals 
from sleep over the SO period retard the fall in BP and HR, al-
though the magnitude of the effects was small. However, there 
was reason to suspect that the effects would be stronger in older 
individuals. First, there is a greater prevalence of OSA17 and 
hypertension,18 and an associated non-dipping BP profile in old-
er individuals. Second, overall sleep structure and quality is di-
minished by the fragility of sleep with advancing age.19-22 Third, 
autonomic nervous system (ANS) function deteriorates in older 
individuals.23-28 However, in contrast to these arguments, the 
arousal response is weaker with advancing age.29-32 Neverthe-
less, considering all findings, it was expected from the first 3 
points that average cardiac activity would be more susceptible 
to arousals from sleep in older adults, particularly because it 
was not necessarily the case that a small HR arousal response 
would be associated with small fluctuations in BP.

The aim of Experiment 2 was to experimentally manipulate 
arousals from sleep in order to retard the fall in BP and HR dur-
ing the SO period in middle-aged adults (MA), and to compare 
these individuals to the sample of young adults from Experi-
ment 1. It was hypothesized that frequent arousals from sleep 
would retard the sleep related fall in BP and HR more in MA 
than young adults (YA). It was also hypothesized that in con-
trast to YA, the retardation of the fall in BP and HR would be 
due to an effect on the underlying sleep levels of BP and HR.

METHODS

Participants

The study consisted of 2 groups, 10 young adults (YA) from 
Experiment 1 and 10 middle-aged (MA) adults. There were 
equal numbers of males and females in each group. The mean 
age of YA was 20 ± 2 years (range 18–25 years) and the average 
age of MA was 47 ± 6 years (range 38–55 years). YA had a me-
dian BMI of 23 kg/m2 with an IQR of 22–25 kg/m2, while the 
median BMI of MA was 24 kg/m2 with an IQR of 23–26 kg/m2. 
MA were screened in the same way as YA in Experiment 1. Ad-
ditionally, female MA did not report being on hormone replace-
ment therapy. The laboratory procedures were approved by The 
University of Melbourne Human Research Ethics Committee. 
All participants gave informed consent to undertake the project 
and were reimbursed for their time commitment to the study.

Design

Experiment 2 assessed differences in cardiovascular activ-
ity among 2 age groups in a repeated-measures design with 2 
conditions. Using the YA data from Experiment 1, the MA were 
compared to YA for 2 nights each in the control and 30-sec ex-
perimental conditions, since this was the frequency at which the 
greatest effect was obtained in YA. Thus, MA adults were not 
administered the 2-min and 1-min experimental conditions. The 
dependent variables were identical to Experiment 1, and the 
equivalent phase structure and manipulation of the data within 
the phases were employed (refer Figure 1).
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significant (F1,18 = 7.81, P < 0.05), while the condition by time 
interaction effect was not (F9,162 = 1.28, P > 0.05). Further, the 
overall fall in BPsys but not BPdia was significant across epochs 
in phase 5 (BPsys: F9,162 = 15.48, P < 0.001; BPdia: F9,162 = 0.54, 
P > 0.05).

There were no significant age group main effects (BPsys: F1,18 
= 0.001, P > 0.05; BPdia: F1,18 = 0.43, P > 0.05), nor were there 
any significant 2-way interaction effects between age group and 
condition (BPsys: F1,18 = 0.002, P > 0.05; BPdia: F1,18 = 0.93, P > 
0.05) or age group and time (BPsys: F9,162 = 1.64, P > 0.05; BPdia: 
F9,162 = 0.31, P > 0.05). Lastly, the 3-way condition by age group 

RESULTS

The latency to the onset of theta (phase 3) was shorter for 
MA than YA in both conditions (MA: 8.6, 5.8 min; YA: 11.4, 
11.9 min for the control and 30-sec conditions, respectively). 
Experimental arousals from sleep in MA did not delay the onset 
of stage 2 sleep (phase 4) but almost doubled the phase 3 dura-
tion in YA (MA: 10.2, 10.9 min; YA: 7.7, 15.1 min). Despite 
the magnitude of these differences, a 3-way group by condition 
by phase ANOVA was not significant (F1,18 = 0.36, P > 0.05), 
nor were the phase by group (F1,18 = 0.48, P > 0.05) or phase by 
condition (F1,18 = 3.40, P > 0.05) interaction effects.

Preliminary analyses to assess that auditory arousals elic-
ited cardiovascular activation showed that arousals from sleep 
caused transient increases in BP and HR that were independent 
of age. Aside from the finding that experimentally induced 
arousals produced greater cardiovascular activation responses 
for BPsys than spontaneous arousals (spontaneous arousals: 
13.20 and 14.95 mm Hg; auditory arousals: 17.17 and 18.03 
mm Hg for YA and MA, respectively), there were no other sig-
nificant magnitude effects for any variable. There were signifi-
cant differences in arousal durations depending on arousal type 
and age; for YA, spontaneous arousal durations were on average 
7 sec shorter in phase 4 (15 sec) than phase 3 (22 sec), while for 
MA, they were 6 sec longer (22 v 16 sec, respectively). Also, 
tone-induced arousals were approximately 10 sec shorter in 
phase 4 than phase 3 for both age groups (13 v 23 sec).

Age Effects on the Influence of Arousal From Sleep on the Fall 
in BP & HR Over the Initial Sleep Period

Figure 5 illustrates that BP decreased during both conditions 
in MA and YA. Overall, the falls in BPsys and BPdia from phase 
1 to phase 5 were 7 and 4 mm Hg, respectively. The fall in BP, 
independent of condition and age group, was significant across 
phases (BPsys: F4,72 = 5.38, P < 0.01; BPdia: F4,72 = 15.63, P < 
0.001). Figure 5 indicates a greater fall in the control conditions 
than in the experimental conditions. Consistent with this, the 
statistical analysis indicated that the interaction between con-
dition and phase was significant (BPsys: F4,72 = 2.65, P < 0.05; 
BPdia: F4,72 = 3.30, P < 0.05). The greater fall in BP in the con-
trol condition compared to the experimental condition occurred 
similarly in MA and YA, as indicated by a non-significant 3-way 
interaction effect between condition, group, and phase (BPsys: 
F4,72 = 0.91, P > 0.05; BPdia: F4,72 = 1.15, P > 0.05). However, the 
phase by age group interaction effect was borderline significant 
for BPdia, showing a tendency for BPdia to decrease more in YA 
than MA, although this effect was not significant for BPsys (BP-
sys: F4,72 = 1.18, P > 0.05; BPdia: F4,72 = 2.50, P = 0.05).

As highlighted in Figure 6, during phase 5 (stable sleep in the 
control condition), BP was lower in the control condition com-
pared to the experimental condition. Although a 3-way ANOVA 
(10 epochs by 2 conditions by 2 age groups) indicated a non-
significant main effect of conditions for BPsys, it approached 
significance (F1,18 = 4.30, P = 0.053), and the interaction effect 
between condition and time was significant (F9,162 = 4.37, P < 
0.001). As seen in Figure 6, for BPsys, there was a larger fall 
across time in phase 5 in the control conditions than in the ex-
perimental conditions. For BPdia the condition main effect was 
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MA and YA, as indicated by a non-significant 3-way condition 
by age group by phase interaction effect (F4,72 = 1.69, P > 0.05). 
Figure 5 also shows that the fall in HR was suspended by spon-
taneous arousals during phase 4 in MA, then decreased in phase 
5. Unlike BPdia, there was no suggestion of a phase by age group 
interaction effect (F4,72 = 1.56, P > 0.05).

As indicated in Figure 6, HR was not significantly lower in 
the control condition compared to the experimental condition 
during phase 5 of SO (F1,18 = 3.49, P > 0.05). Further, the condi-
tion by time interaction effect was not significant (F9,162 = 0.86, 
P > 0.05). Also as shown in Figure 6, the overall fall in HR was 
not significant across epochs in phase 5 (F9,162 = 1.07, P > 0.05). 
There were no significant age group main effects (F1,18 = 0.47, 
P > 0.05), nor were there significant 2-way interaction effects 
between age group and condition (F1,18 = 0.33, P > 0.05) or age 
group and time (F9,162 = 1.00, P > 0.05). Finally, the 3-way con-
dition by age group by time interaction effect was not signifi-
cant for HR (F9,162 = 0.67, P > 0.05).

Age Effects on the Influence of Arousals on Underlying Sleep 
Levels of BP and HR

The pre-arousal levels in each condition were initially com-
pared in a 2-way condition by age group ANOVA. This analysis 
confirmed that the pre-arousal values in phase 5 were not sig-
nificantly different between the control and experimental con-
ditions for any variable (BPsys: F1,18 = 3.91, P > 0.05; BPdia: F1,18 
= 1.40, P > 0.05; HR: F1,18 = 1.00, P > 0.05). Further, the 2-way 
interaction effect between condition and age group was not sig-
nificant for any variable (BPsys: F1,18 = 0.23, P > 0.05; BPdia: F1,18 
= 2.02, P > 0.05; HR: F1,18 = 0.28, P > 0.05).

Subsequently, the phase 5 pre-arousal level was compared to 
the phase average level for each age group in the experimental 
condition. The pre-arousal levels were significantly lower for 
all variables, as indicated by the main effect of sleep level in 
the 2-way ANOVA (BPsys: F1,18 = 145.11, P < 0.001; BPdia: F1,18 = 
16.69, P < 0.01; HR: F1,18 = 18.37, P < 0.001). The age group by 
sleep level interaction effect was not significant for any variable 
(BPsys: F1,18 = 1.82, P > 0.05; BPdia: F1,18 = 1.49, P > 0.05; HR: 
F1,18 = 2.85, P > 0.05), and there were no significant main effects 
of age group for any variable (BPsys: F1,18 = 0.12, P > 0.05; BPdia: 
F1,18 = 0.15, P > 0.05; HR: F1,18 = 0.82, P > 0.05). Thus, arousals 
from sleep affected average values but not the underlying sleep 
level between arousals. There was therefore no evidence to sug-
gest that experimental arousal from sleep retarded the underly-
ing sleep related fall in BP or HR in MA.

DISCUSSION

In summary, the results of Experiment 2 identified significant 
interaction effects between phase and condition for all variables 
but not a significant age group by condition by phase interac-
tion effect for any variable. Subsequent analyses specifically 
within phase 5 supported the overall analysis for BP but not for 
HR, suggesting that the overall HR effect was influenced by 
earlier changes, particularly an increase in the control condition 
in phase 4. In addition, there was a tendency for BPdia to show 
a greater fall in YA, although statistically this was only border-
line significant. Finally, the pre-arousal levels of both BP and 

by time interaction effect was not significant for BP (BPsys: F9,162 
= 1.64, P > 0.05; BPdia: F9,162 = 1.56, P > 0.05).

As illustrated in Figure 5, HR decreased from pre-sleep wake-
fulness to stable sleep in both conditions and in MA and YA. 
It can also be seen that the transient increase at LO and more 
progressive fall in HR than BP over phase 3 and 4 was present 
in all conditions of the study. The total fall in HR across the 5 
phases of SO approximated 7 bpm (F4,72 = 71.13, P < 0.001). 
There was a significant condition by phase interaction effect for 
HR (F4,72 = 3.97, P < 0.01) although as indicated in Figure 5, it 
is unclear whether this reflected differences within phase 4 or 
phase 5. As with BP, the greater fall in HR in the control condi-
tion compared to the experimental condition occurred in both 
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Figure 6—% change from nightly mean values in BPsys, BPdia, 
and HR in MA and YA during the control and 30-sec experimental 
condition during phase 5
Legend: BPsys, systolic blood pressure; BPdia, diastolic blood pres-
sure; HR, heart rate. N=10 per age group. Standard error bars 
indicate within-subject variability (variance in the change within 
subjects over time).
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arousals from sleep was a determinant of the extent to which 
cardiovascular activity fell over SO. There was some sugges-
tion in the present experiments that more frequent sleep disrup-
tion caused a greater effect, although this was offset by less 
frequent arousals being associated with larger cardiovascular 
responses. This work is the first to demonstrate that repetitive 
arousals from sleep produce cardiovascular activation that de-
lays the fall in BP in normal healthy individuals.

In both experiments, HR continued to fall across SO and 
was not affected by arousals from sleep to the same degree 
that arousals influenced BP. The absence of this effect may be 
caused by the HR arousal response being more transient than 
the BP arousal response.33-37 The return to baseline for HR oc-
curs within 10 beats of arousal onset, while for BP, the return to 
baseline occurs after about 15 beats post arousal onset. The sus-
tained fall in HR over SO may also be interpreted as being due 
to circadian factors, especially as circadian influences on HR 
are particularly influential at the time of an individual’s normal 
SO.1 However, it is recognized that the potential influence of 
circadian factors on HR in these studies cannot be determined 
from the data from these experiments alone.

There was little evidence to suggest that the sleep related 
levels of BPsys were affected by continuous sleep fragmenta-
tion. Indeed, if anything, BPsys fell slightly more during the 
brief sleep periods in the experimental conditions than in the 
sustained sleep of the control conditions, although this was not 
significant. Further, the difference between the average BPsys 
and the sleep related levels in the experimental conditions dur-
ing phase 5 was highly significant. There was a tendency for the 
fall in BPdia sleep levels to be held up in the YA group, although 
this was not significant and was not apparent in the MA group. 
The data for HR were less relevant on this point, as the effect of 
arousals from sleep on average HR was weak at best. Thus, the 
data from these experiments suggest that retarding nighttime 
reductions in BP is primarily attributable to transiently height-
ened cardiovascular activation at arousals contributing to and 
augmenting BP averages, rather than representing a disturbing 
influence of arousals from sleep on underlying sleep values. 
If so, these data would suggest that once arousals from sleep 
cease, BP would decrease and the tendency for non-dipping 
would disappear, as indeed occurred with spontaneous arousals 
in the control condition. A decrease in underlying BP suggests 
that a sleep related mechanism affects BP, driving it down dur-
ing the brief sleep periods.

While there were no major age differences, there were sub-
tle variations which were tentatively attributed to the effect of 
normal ageing on ANS control and arterial baroreceptor reflex 
(BR) function in MA. Firstly, BP increased transiently at LO in 
this group, but not in YA. It is speculated that this was due to a 
weaker BR mechanism in MA compared to YA adults. This is 
in accord with an inverse relationship between age and BR re-
sponsiveness during sleep.38 Secondly, there was a tendency for 
the fall in BPdia across SO to be reduced in MA, although statis-
tically this was borderline significant. This may be explained by 
a reduction in the influence of sleep on BP in MA. It is specu-
lated that with age, sleep drive is less powerful resulting in a re-
duced impact on BP. A second explanation may be a deteriora-
tion of ANS function with age, particularly in view of previous 
studies identifying a decrease in HR variability, especially at 

HR, which represented the underlying sleep level, did not differ 
as a function of age or condition, indicating that experimental 
arousal from sleep did not retard the underlying sleep related 
fall in BP and HR in either age group.

GENERAL DISCUSSION

The 2 studies demonstrated that experimental sleep fragmen-
tation retards the progressive falls in BP, and to a lesser extent 
HR, over SO in normal healthy individuals, and that the effect 
occurs to a similar degree in YA and MA. The observed effects 
were small in magnitude and did not become apparent until sta-
ble sleep had been achieved in the control condition. Therefore, 
consistent with an earlier study,10 the absence or presence of 
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Figure 7—Comparison of phase average values with pre-arousal 
values in BPsys, BPdia and HR in MA and YA during the control and 
30-sec experimental condition in phase 5 of SO
Legend: BPsys, systolic blood pressure; BPdia, diastolic blood pres-
sure; HR, heart rate; MA, middle-aged; YA, young adults. N=10 
per age group. Error bars indicate standard errors.
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night25,26,28,39,40 that may occur as a consequence of impaired BR 
sensitivity.23-28 Thirdly, the fall in HR was suspended by sponta-
neous arousals during phase 4 in MA. This was likely the result 
of spontaneous arousals being longer in phase 4 in MA, or it 
reflects a general agitation effect and apprehension about get-
ting undisturbed sleep in the control condition given that spon-
taneous arousals produced a smaller cardiovascular activation 
response than experimentally induced arousals. Overall, while 
these data tentatively suggest that cardiovascular activity was 
beginning to be compromised in MA, this did not influence the 
effect of arousals from sleep on changes in BP or HR over SO.

It was not anticipated that there would be gender differences 
in the effect of sleep fragmentation and, as a consequence, both 
male and female subjects were run in the study. Analyses of 
gender differences using subjects from both groups confirmed 
the absence of gender effects.

In these 2 experiments, the frequency of arousals was manipu-
lated in healthy individuals in an attempt to simulate varying de-
grees of OSA. However, it may be argued as to whether arousals 
produced by auditory stimulation provide a valid model of OSA. 
The intervention itself was somewhat minimal as it was only con-
ducted for one sleep cycle and did not simulate the intensity of 
cardiovascular responses that are produced with the substantial 
build-up of endogenous stimuli as seen in OSA (e.g., hypoxia, 
hypercapnia, negative intrathoracic pressure). Further, the dura-
tion of arousals from sleep were longer than is typically observed 
in OSA patients. It was likely that this was due to the manipula-
tions being conducted primarily during SO and to the absence of 
the excessive sleepiness that characterizes OSA patients.

Nevertheless, the finding that repetitive arousals from sleep 
over a single sleep cycle resulted in a small reduction in the 
sleep related fall in BP in normal young individuals lends sup-
port to the interpretation that in OSA patients, the repetitive 
arousals associated with apnea termination may independently 
contribute to elevations in BP at night. However, the specula-
tion that frequent arousal is the primary cause of non-dipping 
in OSA should be treated cautiously, particularly as there are 
chronic changes in cardiovascular activity in OSA patients.
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