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AROUSALS FROM SLEEP LEAD TO ACUTE CHANGES 
IN AUTONOMIC CONTROL, RESULTING IN TRANSIENT 
INCREASES IN BLOOD PRESSURE (BP) AND HEART 
rate (HR).1-3 In patients with obstructive sleep apnea (OSA) 
these events may contribute to chronic hypertension.4-6 In older 
people the frequency of arousals from sleep increases as a con-
sequence of increased sleep fragmentation and apneic events,7-9 
which may in turn lead to a greater cardiovascular burden. 
However, older adults with sleep apnea do not have a greater 
risk of hypertension compared to age matched adults without 
apnea10; nor do they have an increased risk of mortality.11 Thus 
we speculated that the reduced cardiovascular morbidity and 
mortality in older adults with sleep apnea results from a smaller 
acute cardiovascular response to arousal from sleep, compared 
to younger people. Age-related reductions in the HR response 
to arousal from sleep supports this notion.12

The association between hypertension and sleep apnea may 
be more prominent in males compared to females5,13; for ex-
ample it has been reported that male, but not female, OSA pa-

tients have a higher morning BP compared to evening BP.14 
These gender differences may be accounted for by a reduced 
cardiovascular insult following arousal at the termination of an 
apneic event in females compared to males. However, interest-
ingly the HR response to arousal from sleep has been reported 
to be greater in female OSA patients compared to males,15 al-
though the BP response to arousal has not been previously in-
vestigated.

The overall aim of this study was to investigate the influence 
of age and gender on the cardiovascular response to arousal 
from sleep. Specifically we have investigated the cardiovascu-
lar response during the acute activation phase of the arousal, 
and the recovery phase to prearousal baseline levels. We hy-
pothesized that the acute cardiovascular response to arousal 
from sleep would be smaller and delayed in older compared to 
young adults, and smaller and delayed in the females compared 
to males.

METHODS

Subjects

Twenty-five healthy young adults (≤ 40 years, n =15 males) 
and 20 healthy older adults (≥ 60 years, n =11 males) were 
studied. All were recruited from the general population and 
gave written informed consent. Subjects were medication free 
(including oral contraceptives or hormone replacement ther-
apy); had no history of cardiovascular or respiratory disease; 
had an AHI < 15 events/h, confirmed by overnight polysom-
nography; and did not suffer from excessive daytime somno-
lence (Epworth Sleepiness Score < 10). All subjects had an 
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office BP < 140/90 mm Hg; a BMI > 20 and < 35 kg/m2; nor-
mal lung function as determined by forced spirometry (ratio 
of forced expiratory volume in 1 s to forced vital capacity 
> 70%); and no hearing difficulties. All young females were 
studied during the earlier follicular phase of their menstrual 
cycle (days 4 to 10 following day 1 of their period) and all 
older females were postmenopausal. The study conformed 
to the standards set by the Declaration of Helsinki and was 
approved by The Brompton and Harefield Ethics Committee. 
Data from the 15 young male adults in the current study has 
been previously published as the control group16; both studies 
used the same methodology.

Protocol

Subjects were asked to arrive at the laboratory at 20:00, hav-
ing restricted their previous night sleep to 4 h and having ab-
stained from caffeine or alcohol intake during the day. Monitor-
ing equipment was attached and subjects went to bed between 
22:00 and 00:00; arousals were induced throughout the night 
until morning wake time (06:00).

Following at least 3 min of stable stage 2 sleep, subjects were 
aroused with frequency-modulated auditory tones (linear sweep 
from 500 Hz to 1000 Hz, 85 dB at subjects head, 1-s duration) 
sounded at the end of expiration. A minimum of 2 min stable 
stage 2 sleep was required before each subsequent induced 
arousal.

Measurements

Overnight polysomnography was performed. Physiological 
signals measured included electroencephalograms (EEG: C3/
A2 and O1/A2); electrooculgrams (EOG: right and left); elec-
tromyograms (EMG: submentalis and anterior tibialis); electro-
cardiogram (3-lead; Lifetrak, HME); arterial oxygen saturation 
(SpO2) via finger pulse oximetry (model N-200E, Nellcor Inc.); 
airflow using a pneumotachometer (model 4700A, Hans Ru-
dolf; flow range 0-160 L min-1) attached to a full face mask; 
and abdominal and thoracic respiratory effort via respiratory in-
ductance plethysmography (RIP, Respitrace). Continuous beat-
by-beat measurement of arterial BP was recorded via finger 
photoplethysmography (Finapres 2300, Ohmeda). BP record-
ing commenced once stable sleep had been established and was 
stopped for short periods throughout the night when auditory 
arousals were not being induced to minimize discomfort to the 
finger.

In a subset of subjects (14 young males, and 9 older males) 
esophageal pressure (Pes) was recorded from a pressure sen-
sor (model CTO-2, Gaeltec) connected to a pressure transducer 
(model S7b/2, Gaeltec). The pressure sensor was inserted na-
sally into the middle one-third of the esophagus, approximately 
40 cm from the nares, after topical anesthesia was applied to the 
nose and the throat (lignocaine hydrochloride gel 2%, Biorex 
Laboratories). Pes measurements were made to confirm that 
during arousal from sleep older adults had similar changes in 
total inspiratory pulmonary resistance (RL) compared to young-
er people. To ensure this older adults breathed via low levels of 
continuous positive airway pressure (CPAP) manually titrated 
in order to reverse any airflow limitation.

All analogue data were digitized using an A/D converter (Micro 
1401, Cambridge Electronic Design). The digitized signals were 
processed with Spike2 software (Cambridge Electronic Design).

Data Analysis

Sleep was scored from the EEG, EOG, and EMG using stan-
dard criteria.17 Arousals were categorized according to previ-
ously defined criteria3; only arousals with an abrupt shift in 
EEG activity for >10 s (including full awakenings) were ana-
lyzed; arousals during which body movements occurred were 
excluded. The scoring of sleep and arousals was performed by 
a researcher blinded to other physiological data.

For each induced arousal, beat-by-beat BP and RR interval 
responses were analyzed from 15 s before to 15 s after the audi-
tory tone. These data were resampled at 1-s intervals via linear 
interpolation to enable comparisons between subject groups. 
Ventilation (VI), tidal volume (VT), and RL were also analyzed 
over the 6 breaths before and after the tone

A continuous on-line measurement of RL was calculated dur-
ing the sleep study from the airflow and Pes signal. The con-
tinuous inspiratory resistance measurement for each breath 
was divided into 10 data points, the middle 8 of which were 
averaged to provide a single resistance measurement for each 
breath.16,18-20 CPAP was titrated in older adults using the online 
measurement RL, which was matched to values previously ob-
tained in the younger adult group. For the older adults in whom 
Pes was not measured (n=11), CPAP was titrated to eliminate 
any flow limitation and upper airways resistance which was in-
ferred from the shape of the inspiratory flow signal.21,22

The pre-tone average for BP and RR interval were calcu-
lated from the second-by-second data −15 s to −1 s pre-tone. 
Pre-tone averages for VI, VT, and RL were calculated from 
breath-by-breath data 6 breaths pre-tone. The magnitude of 
the responses for cardiovascular and respiratory variables were 
determined for each subject by subtracting the pre-tone mean 
values from the mean absolute values following the tone (sec-
ond-by-second, 0 s to 15 s; breath-by-breath,1 to 6 breaths re-
spectively). The time taken to initiate the EEG arousal, BP and 
RR interval response and the time taken to reach the maximum 
response following the tone were determined for each subject 
and group means were calculated. The response to arousal from 
sleep was then analyzed in 2 phases: the early and late response. 
For each variable the “early phase” was the time between tone 
onset and the peak response, and the “late phase” was the time 
between the peak response and 15 s post tone. The latency of 
the peak responses for each variable differed between subject 
groups, therefore the cut off time between the early and late 
response was defined by the subject group with the longest peak 
response. The early response for BP was from 0 s to 7 s post 
tone; for RR interval it was from 0 s to 5 s; and for VI, VT, and 
RL, it was breaths 1 to 2. The late response for BP was from 8 s 
to 15 s post tone; for RR interval it was from 6 s to 15 s; and for 
VI, VT, and RL, it was breaths 3 to 6.

Statistical Analysis

Demographic variables; pre-tone mean cardiovascular and 
respiratory data; arousal latency from tone onset; and the time 
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taken to initiate and reach the maximum BP and HR response 
following the tone were compared between groups using 2 
(young v older adults) by 2 (males v females) univariate ANO-
VAs.

To establish any differences between groups in the magni-
tude of the arousal response for each cardiovascular and respi-
ratory variable, the group mean data were compared using 2 
(young v older adults) by 2 (males v females) ANOVAs with 
repeated measures on a within group factor, i.e., “time” (mag-
nitude of cardiovascular response each second post tone during 
the early phase) or “breath” (magnitude of respiratory response 
each breath post tone during the early phase). As older subjects 
had higher BMIs, this variable was included as a covariate. Post 
hoc analyses (Mann Whitney U tests) were then conducted on 
the variables that showed a statistically significant difference 
for between group factors. This analysis was repeated to deter-
mine the influence of arousal from sleep on late cardiovascular 
and respiratory responses. Statistical significance was defined 
as P < 0.05 with a Bonferroni correction applied for post hoc 
analyses.

RESULTS

Demographic data are given in Table 1. Older subjects had 
a higher BMI (P = 0.03), office diastolic BP (P < 0.001), and 
systolic BP (P < 0.001) than young subjects. Males had higher 
office systolic BP than females (P = 0.006). There were no sig-

nificant age by gender interactions for any of the demographic 
variables.

The mean (range) number of arousals >10 s achieved in each 
group was: young males 7 (3–16); young females 13 (9–16); 
older males 9 (4–13) and older females 10 (5–16). The percent-
age of these arousals that were classified as full awakenings 
(>15 s) was similar for each group: young males 48% (48 of 
100), young females 50% (65 of 130), older males 62% (65 
of 104) and older females 60% (56 of 93). The arousal latency 
from the tone initiation to the start of the EEG arousal was simi-
lar between older and young adults (both 0.4 ± 0.02 s, P = 0.3) 
and was delayed in males compared with females (0.4 ± 0.02 s 
v 0.3 ± 0.02 s, P = 0.01). Original recordings of arousals from 
sleep in a young male, young female, older male, and older fe-
male are shown in Figure 1.

Baseline cardiorespiratory data prior to inducing arousal from 
sleep is presented in Table 2. Overall there were no differences 
between young and older adults. There was a significant main 
effect for gender for mean and systolic BPs (P < 0.001) due to 
a higher baseline measurement in males than females. There 
was also an unexpected trend for young males to have lower 
ventilation compared to young females, although the difference 
did not reach significance (P = 0.06). There were no significant 
age by gender interactions. Similar CPAP levels were delivered 
to older males and females (5 ± 0.4 cm H2O v 5 ± 0.3 cm H2O, 
respectively; P = 0.4) during the sleep studies.

Table 1—Subject Demographic Data

	 Young Males	 Young Females	 Older Males	 Older Females		  P value
					     Age	 Gender	 Age x Gender
N	 15	 10	 11	 9	 n/a	 n/a	 n/a
Age (years)	 25 ± 1.4	 23 ± 0.9	 66 ± 1.7	 65 ± 0.9	 n/a	 0.2	 0.5
BMI (kg/m2)	 23 ± 0.6	 23 ± 0.7	 26 ± 0.9	 25 ± 1.8	 0.03	 0.8	 0.6
Systolic BP (mm Hg)	 122 ± 2.3	 109 ± 3.2	 131 ± 2.0	 126 ± 4.3	 <0.001	 0.006	 0.2
Diastolic BP (mm Hg)	 65 ± 1.6	 66 ± 1.5	 82 ± 1.3	 77 ± 3.3	 <0.001	 0.3	 0.1
AHI	 0.7 ± 0.3	 0.9 ± 0.2	 5.2 ± 1.6	 3.6 ± 3.3	 0.001	 0.4	 0.4
ESS	 6 ± 0.6	 6 ± 1.0	 6 ± 0.9	 6 ± 0.7	 0.6	 0.9	 0.9
FEV1 (% predicted)	 96 ± 2.6	 98 ± 4.8	 94 ± 5.5	 99 ± 9.4	 0.9	 0.4	 0.8
FVC (% predicted)	 93 ± 2.7	 94 ± 4.5	 93 ± 5.4	 103 ± 4.5	 0.3	 0.3	 0.4

Values are mean ± SEM. BMI, body mass index; BP, blood pressure; ESS, Epworth Sleepiness Score; FEV1, force expiratory volume in 1 s; 
FVC, forced vital capacity.

Table 2—Baseline Cardiorespiratory Data Prior to Inducing Arousal from Sleep

	 Young Males	 Young Females	 Older Males	 Older Females		  P value
					     Age	 Gender	 Age x Gender
Mean BP (mm Hg)	 86 ± 2.8	 69 ± 2.1	 86 ± 3.6	 77 ± 2.4	 0.2	 < 0.001	 0.2
Diastolic BP (mm Hg)	 71 ± 2.4	 53 ± 2.1	 67 ± 3.6	 58 ± 2.2	 0.08	 0.08	 0.2
Systolic BP (mm Hg)	 120 ± 4.9	 107 ± 2.7	 122 ± 3.5	 120 ± 4.0	 0.9	 < 0.001	 0.2
RR Interval (s)	 1.1 ± 0.03	 1.1 ± 0.06	 1.1 ± 0.05	 1.0 ± 0.04	 0.5	 0.4	 0.6
Ventilation (Lmin-1)	 4.5 ± 0.3	 5.5 ± 0.4	 5.2 ± 0.4	 5.0 ± 0.6	 0.7	 0.3	 0.2
Tidal Volume (L)	 0.3 ± 0.02	 0.4 ± 0.02	 0.4 ± 0.02	 0.4 ± 0.04	 0.08	 0.4	 0.7
RL (cm H2O/l/s)	 11.9 ± 1.7	 -	 9.5 ± 1.7	 -	 0.4	 n/a	 n/a

Values are mean ± SEM. BP, blood pressure; RL, inspiratory pulmonary resistance. RL was measured in a subset of subjects: young males, n =14; 
older males, n =9.
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jects in whom RL was measured young males had a greater reduc-
tion in RL on arousal from sleep compared to older males (Table 
4. Early P = 0.005; late P = 0.03), however post hoc analysis 
revealed no significant differences between groups on a breath by 
breath basis when multiple comparisons were accounted for.

Influence of Gender on the Cardiovascular and Respiratory 
Responses to Arousal

Figure 2 (right panels) shows the cardiovascular response 
to arousal from sleep in male and females. Both groups had 
similar mean BP (early response, P = 0.1; late response, P = 
0.06) and diastolic BP (early response, P = 0.3; late response, 
P = 0.2) responses to arousal from sleep. There were also no 
gender differences for the early systolic BP response (P = 0.2). 
During the late response, systolic BP was larger in females than 
males (P = 0.03); however, post hoc analyses revealed that for 
any given time point there were no gender differences. Further-
more, there was no difference between males and females in 
the magnitude of the RR interval response (early response, P = 
0.2; late response, P = 0.8), the VI response (Early response, P = 
0.1; late response, P = 0.1 [Table 4]), or the VT response (early 
response, P = 0.2; late response, P = 0.5). The times taken to 
initiate and reach the peak cardiovascular responses following 

Influence of Age on the Cardiovascular and Respiratory 
Responses to Arousal

Figure 2 (left panels) shows the cardiovascular response to 
arousal from sleep in young and older adults. Older adults had 
a smaller early BP response to arousal from sleep compared to 
young adults (mean BP, P < 0.001; diastolic BP, P < 0.001; and 
systolic BP, P = 0.04). During the late response older adults’ BP 
fell below baseline prearousal levels and was lower than young 
adults, although this was only significant for diastolic BP (mean 
BP, P = 0.06; diastolic BP, P = 0.03; systolic BP, P = 0.3). In ad-
dition, older adults had a smaller early, but not late, RR interval 
response to arousal from sleep compared to young adults (early 
response P < 0.001; late response P = 0.09). Significant differ-
ences in the magnitude of the cardiovascular responses between 
young and older adults (post hoc analysis) are depicted by stars 
on Figure 2. The times taken to initiate these cardiovascular 
responses and reach the peak responses following the tone were 
significantly delayed in older compared to young adults (Table 
3).

Young and older adults had similar VI and VT responses to 
arousal from sleep (Table 4. Early response: VI P = 0.3, VT P = 
0.6; late response: VI P = 0.6, VT P = 0.6). In the subgroup of sub-

Table 3—Time Taken to Initiate and Reach Peak Cardiovascular Responses Following Tone Onset

		  Young Males	 Young Females	 Older Males	 Older Females		  P value
					     	 Age	 Gender	 Age x Gender
Time to initiate response (s)
	 Mean BP	 0.8 ± 0.1	 0.45 ± 0.1	 1.5 ± 0.1	 1.5 ± 0.2	 <0.001	 0.3	 0.2
	 RR Interval	 0.1 ± 0.09	 0.05 ± 0.05	 1.7 ± 0.7	 0.6 ± 0.2	 0.009	 0.1	 0.2
Time to reach peak response (s)
	 Mean BP	 4.5 ± 1.2	 5.1 ± 1.1	 5.6 ± 0.8	 5.8 ± 1.4	 0.02	 0.3	 0.6
	 RR Interval	 3.8 ± 1.5	 3.1 ± 1.1	 5.3 ± 1.4	 5.0 ± 1.5	 <0.001	 0.3	 0.6

Values are mean ± SEM. BP, blood pressure.

10s

Younger Female ToneYounger Female Tone

Older Female
Tone

10s

Older Female
Tone

10s

Younger Female ToneYounger Female Tone

Older Female
Tone

10s

Older Female
Tone

10s

Younger Female ToneYounger Female Tone

Older Female
Tone

10s

Older Female
Tone

10s

Younger Female ToneYounger Female Tone

Older Female
Tone

10s

Older Female
Tone

10s

D. Older Female

B. Young Female Tone
Younger Male

80

Airflow

Exp

BP
(mmHg)

160

50

ECG

EEG
O1/A2

EEG
C3/A2

Tone
Younger Male

80

Airflow

Exp

BP
(mmHg)

160

50

ECG

EEG
O1/A2

EEG
C3/A2

Older Male
Tone

Airflow

Insp

Exp

BP
(mmHg)

160

50

ECG

EEG
O1/A2

EEG
C3/A2

10s

Older Male
Tone

Airflow

Insp

Exp

BP
(mmHg)

160

50

ECG

EEG
O1/A2

EEG
C3/A2

10s

Tone
Younger Male

80

Airflow

Exp

BP
(mmHg)

160

50

ECG

EEG
O1/A2

EEG
C3/A2

Tone
Younger Male

80

Airflow

Exp

BP
(mmHg)

160

50

ECG

EEG
O1/A2

EEG
C3/A2

Older Male
Tone

Airflow

Insp

Exp

BP
(mmHg)

160

50

ECG

EEG
O1/A2

EEG
C3/A2

10s

Older Male
Tone

Airflow

Insp

Exp

BP
(mmHg)

160

50

ECG

EEG
O1/A2

EEG
C3/A2

10s

Tone
Younger Male

80

Airflow

Exp

BP
(mmHg)

160

50

ECG

EEG
O1/A2

EEG
C3/A2

Tone
Younger Male

80

Airflow

Exp

BP
(mmHg)

160

50

ECG

EEG
O1/A2

EEG
C3/A2

Older Male
Tone

Airflow

Insp

Exp

BP
(mmHg)

160

50

ECG

EEG
O1/A2

EEG
C3/A2

10s

Older Male
Tone

Airflow

Insp

Exp

BP
(mmHg)

160

50

ECG

EEG
O1/A2

EEG
C3/A2

10s

A. Young Male

C. Older Male

TONE  TONE 
    Insp 
    Exp 

165
  60 

               Insp 
             Exp 

165
60

Airflow
BP (mmHg)

ECG
EEG01/A2

EEGC3/A2

Airflow
BP(mmHg)

ECG
EEG01/A2

EEGC3/A2

Figure 1—Original traces of auditory induced arousals (>10 s) from NREM stage 2 sleep in a young male (A), young female (B), older male 
(C) and older female (D). Dashed vertical line = start of 1-s auditory tone.

Cardiovascular Response to Arousal from Sleep—Goff et al



SLEEP, Vol. 31, No. 7, 2008 1013

    * 

   

        * 

    * 

 

  * 
 

   * 

 

-6

-2

2

6

10

14

18

22

26

 
 

-6

-2

2

6

10

14

18

22

26

 
 

-6

-2

2

6

10

14

18

22

26

 
 

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

-2 0 2 4 6 8 10 12 14 B -2 0 2 4 6 8 10 12 14 B      
             TONE                 Time after tone (s)                               TONE                 Time after tone (s) 
 
 

 
C

ha
ng

e 
in

 s
ys

to
lic

 B
P 

(m
m

H
g) 

 
C

ha
ng

e 
in

 d
ia

st
ol

ic
 B

P 
(m

m
H

g) 
 

C
ha

ng
e 

in
 m

ea
n 

B
P

 (m
m

H
g) 

Young Adults v Older Adults Female Adults v Male Adults 

 * 

  * 

    * 

  * 

  * 

* 
 * 

   * 

 *    

    *    * 

 * 

A. 

B. 

C. 

 
C

ha
ng

e 
in

 R
R

 in
te

rv
al

 (s
) 

D. 

   

      * 

 

Older Adults 

 

Young Adults 
 
Male Adults 
Female Adults 

Figure 2—The group mean ± SEM mean blood pressure (BP) (A), diastolic BP (B), systolic BP (C) and RR interval (D) responses to auditory 
induced arousals from sleep are shown for young adults (filled circles) v older adults (open circles) (left) and female adults (open triangles) v 
males adults (closed triangles) (right). *P < 0.05 with Bonferroni correction for young adults v older adults. There were no significant differ-
ences in responses for female adults v male adults. Horizontal dashed line represents baseline (B) cardiovascular level. Vertical dashed line 
represents start of 1-s auditory tone (TONE).

Cardiovascular Response to Arousal from Sleep—Goff et al



SLEEP, Vol. 31, No. 7, 2008 1014

HR and BP arousal responses. Thus the poorer cardiovascular 
reactivity of older adults may, paradoxically, reduce the impact 
of arousals from sleep.

Previous evidence indicating that older adults had a small-
er HR response to arousal from sleep12 raised the possibility 
that baroreflex sensitivity may be lower in older adults which 
would produce larger surges in BP during arousal from sleep, 
compared to those in younger adults. The reduced BP response 
seen in our study is inconsistent with this suggestion. Further, in 
healthy young adults, arousal from sleep is not associated with 
a change in cardiac output and consequently transient surges 
in BP are considered to be a result of increased peripheral re-
sistance.24 Thus age related structural and functional changes 
to the vasculature26-29 contributing to decreased compliance and 
increased arterial stiffness28 may partly account for the smaller 
BP response to arousal from sleep in older adults. Consistent 
with this notion, the older adults in our study had a slightly 
widened pulse pressure prearousal compared with young adults 
(i.e., prearousal baseline systolic BP was higher and diastolic 
BP was lower in older adults) indicating subtle decreases in 
arterial compliance may have occurred in our older adults.30 
These data are in agreement with data from the Framingham 
Heart Study cohort.31

We investigated the early and late cardiovascular responses 
to arousal from sleep. By considering these two phases, we 
were able to examine immediate responses directly associated 
with arousal, as well as the return of cardiovascular regulation 
to baseline conditions. EEG arousal latency from tone initia-
tion was not different between young and older subjects, but 
the initiation of the immediate cardiovascular response and the 
time taken to reach the maximum cardiovascular response was 
delayed in older compared with young adults. Furthermore, 
all immediate cardiovascular responses were smaller in older 
adults. The late diastolic BP was significantly higher in young 
compared to older adults; young adults returned to levels close 
to prearousal baseline conditions, whereas older adults experi-
enced a drop in BP below baseline conditions. This may reflect 
age related changes in homeostatic mechanisms involved in re-
setting cardiovascular activity post sympathetic activation.32

Longer EEG arousals from sleep are associated with larger 

the tone were also similar for males and females (Table 3).
There were no significant age by gender interaction effects 

for any of the early and late cardiovascular or respiratory re-
sponses or for the time taken to initiate and reach the maximum 
cardiovascular response following the tone.

DISCUSSION

The aim of the present study was to investigate the effect of 
age and gender on the cardiovascular response to arousals from 
sleep. The key findings were that the acute increases in BP and 
HR associated with arousals were smaller and delayed in older 
compared to young adults; an effect that occurred in both males 
and females. The smaller cardiovascular response was indepen-
dent of changes in the respiratory responses to arousal. Gender 
had no influence on the cardiovascular or respiratory responses 
to arousal from sleep.

Influence of Age on the Cardiovascular Response to Arousal

Our data support the hypothesis that the acute cardiovascular 
response to arousal from sleep is smaller in older compared to 
younger adults. The age-related reduction in the HR response 
is consistent with a previous study carried out in older adults 
where HR was measured in response to spontaneous arousals12; 
in younger adults the magnitude of the response was also con-
sistent with that previously reported.2,12,23,24

The acute surges in BP and HR associated with arousal at 
the termination of an apneic event have been implicated in the 
increased prevalence of hypertension in patients with sleep 
apnea.5,6 In older adults (≥ 60 years) with sleep apnea, the 
risk of having hypertension is no greater than for older people 
without the disorder.10 This may be a consequence of a shift 
in characteristics of sleep apnea with age, such as a shift from 
compromised anatomy to impaired neuromuscular/respiratory 
control.25 Alternatively, it may be a survival bias with older 
sleep apnea patients who develop hypertension not surviving. 
While our study was not designed to investigate these factors, 
our data suggest the lack of association between sleep apnea and 
hypertension in older adults may be a consequence of reduced 

Table 4—Respiratory Responses to Arousal from Sleep

Respiratory Variable	 Group	 Breath Post Tone
	 	 1	 2	 3	 4	 5	 6
Change in VI (Lmin-1)	 Young Males	 0.02 ± 0.2	 2.3 ± 0.4	 2.2 ± 0.4	 1.5 ± 0.3	 1.0 ± 0.3	 0.8 ± 0.3
	 Young Females	 0.7 ± 0.5	 2.5 ± 0.3	 1.5 ± 0.3	 0.8 ± 0.2	 0.4 ± 0.2	 0.3 ± 0.2
	 Older Males	 −0.8 ± 0.5	 1.8 ± 0.7	 1.4 ± 0.5	 1.3 ± 0.5	 0.9 ± 0.3	 0.7 ± 0.3
	 Older Females	 0.5 ± 0.4	 2.0 ± 0.5	 1.4 ± 0.2	 0.8 ± 0.2	 0.4 ± 0.2	 0.3 ± 0.2
Change in VT (L)	 Young Males	 -0.03 ± 0.02	 0.1 ± 0.03	 0.1 ± 0.03	 0.1 ± 0.04	 0.07 ± 0.02	 0.06 ± 0.02
	 Young Females	 0.03 ± 0.03	 0.1 ± 0.02	 0.07 ± 0.02	 0.04 ± 0.01	 0.02 ± 0.02	 0.01 ± 0.01
	 Older Males	 −0.05 ± 0.07	 0.09 ± 0.05	 0.08 ± 0.03	 0.07 ± 0.03	 0.05 ± 0.02	 0.04 ± 0.03
	 Older Females	 0.03 ± 0.05	 0.2 ± 0.09	 0.1 ± 0.03	 0.09 ± 0.03	 0.06 ± 0.03	 0.05 ± 0.03
Change in RL *	 Young Males not 
(cm H2O.l-1s-1)	 on CPAP (n=14)	 −2.93 ± 1.05	 −3.61 ± 0.81	 −4.4 ± 1.42	 −3.91 ± 1.35	 −3.32 ± 0.99	 −3.63 ± 0.81
	 Older Males on 
	 CPAP (n=14)	 −0.77 ± 0.57	  −1.51 ± 0.89	 −1.85 ± 1.03	 −1.60 ± 0.90	 −1.81 ± 0.93	 −1.48 ± 0.80

Values are mean ± SEM. VI, minute ventilation; VT, tidal volume; RL, inspiratory pulmonary resistance. *Main effect for age P < 0.05.
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of gender in healthy adults, further investigation is required to 
establish the magnitude and cause of the cardiovascular risk as-
sociated with sleep apnea in males and females.

Methodological Considerations

Our protocol specified an AHI cut off of <15 events/h for 
all subjects. This was verified by an additional nocturnal poly-
somnography without CPAP. The relatively high threshold of 
15 events/h was chosen as “normal” to accommodate for the 
increased prevalence of sleep related respiratory events that of-
ten occurs in older adults without evidence of increased daytime 
sleepiness and hypertension.10,42-45 Indeed, the older adults in the 
present study did have greater AHIs compared to the young group 
but this is unlikely to have affected the cardiovascular responses 
to arousal as older adults breathed via low levels of CPAP and au-
ditory arousals were only induced after 2 minutes of stable stage 
2 with no respiratory disturbances. The baseline BP was higher in 
the older adults but all subjects had BP within normal limits.46

Use of CPAP increases thoracic pressure and is likely to de-
crease cardiac preload and afterload47; theoretically this could 
explain the dampened cardiovascular response observed in the 
older adults studied on CPAP compared to young adults not on 
CPAP. Indeed, a previous study has demonstrated that the HR 
response to arousal from sleep is smaller in subjects on optimal 
compared to suboptimal CPAP.15 However, this is unlikely to be 
the main explanation for the findings of the present study be-
cause at prearousal baseline, there were minimal differences in 
RL between young and older male adults, and following arous-
al the reduction in RL was not significantly different between 
groups for any specific breath post arousal. However, given the 
reduced sample size we can not rule out a type II error. We 
suggest that the inconsistency in the findings of our study, com-
pared to those of Jordan et al15 may be due to the fact that they 
reported upper airways resistance to be significantly higher in 
the suboptimal CPAP group, resulting in a significantly larger 
reduction in resistance in the suboptimal group on arousal from 
sleep. We attribute our findings to either an age-related increase 
in peripheral vascular stiffness or reduced cardiac output.

RL measurements were made during the initial phase of our 
experimental protocol to establish that we could abolish age 
related differences in RL using CPAP. When the protocol was 
widened to include female subjects (to investigate gender dif-
ferences), we found it difficult to recruit subjects who were 
willing to tolerate the esophageal pressure probe during sleep. 
Therefore gender differences in RL during arousal from sleep 
cannot be excluded from the interpretation of our data. How-
ever, the use of CPAP sufficient to eliminate visual evidence of 
airflow limitation is likely to have been adequate to reduce RL 
in older females to similar levels as young adults. Furthermore, 
it is unlikely differences in airways resistance between genders 
would affect the results of the present study, since it has been 
reported that the change in upper airways resistance from wake-
fulness to sleep, during stage 2 sleep, and on arousal from sleep 
is similar between males and females.33,48,49

In the present study we did not measure hormone levels, 
however we did study our young females in early follicular 
phase of their menstrual cycle. Accordingly reproductive hor-
mone levels are likely to have been at their lowest levels.

increases in cardiovascular activity.2 In the present study arous-
als lasting ≥ 10 s were analyzed in order to identify the larg-
est cardiovascular activation possible in all subjects. The older 
adults experienced a greater number of full awakenings (>15 
s) that may have been a consequence of increased arousability 
in this group due to aging per se or due to the effect of using 
CPAP. However, we do not believe that this would have influ-
enced the reduced cardiovascular response to arousal observed 
in the older adults; indeed it is likely that the longer arousals 
would have increased the response of this group.

Influence of Gender on the Cardiovascular Response to Arousal

Our data are inconsistent with the hypothesis that the acute 
cardiovascular response to arousal from sleep is reduced in fe-
male compared with age matched male adults; specifically we 
found no difference in the acute blood pressure, RR interval, 
or respiratory response between males and females. This find-
ing is unlikely to be the consequence of a type II error, as the 
peak change in RR interval associated with arousal from sleep in 
males was 0.14 ± 0.11 s compared with 0.18 ± 0.11 s in females; 
to detect a significant difference between genders in this study, 
it was calculated that a minimum of 130 subjects in each group 
would have been required (power, 0.8; rejection rule α = 0.05).

In contrast to the results of the present study, a previous inves-
tigation has shown males to have greater ventilatory responses on 
arousal from sleep compared to females in the follicular menstrual 
phase.33 We suggest that the inclusion of longer arousals (includ-
ing full awakenings) in the present study, and the use of a shorter 
analysis period, may account for the inconsistencies between the 
two studies. Longer arousals were chosen in the present study as 
we wanted to ensure that the maximum cardiovascular response 
possible was achieved in all subjects.2,34

Premenopausal females have a lower incidence of sleep ap-
nea compared to males.35,36 However, females of all ages do ex-
perience sleep apnea and it is important to determine whether 
the risks associated with the disorder are gender specific. Anal-
ysis of data from the Sleep Heart Health Cohort showed a stron-
ger association between sleep apnea and hypertension in males 
compared to females.5 Further evidence from an animal model 
exposing male and female rats to intermittent hypoxia, an event 
that occurs during an apnea, suggests males with sleep apnea 
have a greater risk of developing hypertension.37 Thus, females 
with sleep apnea may be protected from cardiovascular insult 
associated with acute sympathetic activation on arousal at the 
termination of an apnea. Indeed, it has been found that increas-
ing AHI in males, but not females, is associated with larger dif-
ferences in evening-morning BP.14

Contradictory to the above, investigations into the associa-
tion between sleep apnea and hypertension within the Wiscon-
sin Sleep Cohort reported no significant effect for gender,38 al-
though additional analysis of these data suggested that females 
with sleep apnea had a greater mortality risk than males of simi-
lar age and AHI.39 Furthermore, two clinical studies reported in-
creased prevalence of hypertension in female compared to male 
patients40,41; the females in these populations had a higher BMI 
and this was only accounted for in the later study.40 Considering 
these inconsistent reports, and given that the magnitude of the 
cardiovascular response does not appear to differ as a function 
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