
SLEEP, Vol. 32, No. 10, 2009 1265

OBSTRUCTIVE SLEEP APNEA (OSA) IN ADULTS IS AS-
SOCIATED WITH CENTRAL OBESITY,1 WHILE IN CHIL-
DREN AIRWAY OBSTRUCTION IS PREDOMINANTLY 
attributable to adenotonsillar hypertrophy.2 Although differ-
ent in pathophysiology, the prevalence of OSA in adults and 
children is similar at 2% to 4%3 and 1% to 3%,4 respectively. 
The association between adult OSA and cardiovascular com-
plications is well described.5 Likewise there is now emerging 
evidence that children with OSA are similarly affected, with 
increasing reports citing an association between pediatric OSA 
and the development of hypertension, increased blood pres-
sure (BP) variability and decreased nocturnal BP dipping.6-8 
Although a meta-analysis of pediatric studies published before 
2007, found no evidence that OSA in childhood increases the 
risk of elevated BP,9 recent large population-based studies have 
shown that BP is strongly associated with OSA,10 and this asso-
ciation is independent of obesity.11 OSA has also been shown to 
be associated with increased sympathetic nervous system activ-
ity as measured by pulse arterial tonometry during autonomic 

challenges,12 and by increased levels of urinary13 and plasma 
norepinephrine.14 Interestingly, OSA in children has also been 
shown to be associated with endothelial dysfunction, which 
was reversed after treatment with adenotonsillectomy.15

In adult patients with OSA, a number of factors have been 
implicated in the development of hypertension, including re-
setting of baroreceptors, endothelial dysfunction, and the re-
petitive surges in cardiovascular activity that occur during an 
obstructive apnea or hypopnea.5 In adults, it has been demon-
strated that both heart rate (HR) and BP initially decrease and 
then progressively increase during an obstructive event follow-
ing occlusion of the upper airway.16,17 Peripheral sympathetic 
activity increases during the obstructive event,18 most likely 
caused by the synergistic influence of hypoxia and hypercapnia. 
Upon resumption of ventilation, and coincident with arousal 
from sleep, there is a large surge in cardiovascular activity—
tachycardia and an increase in cardiac output19 superimposed 
upon hypoxia-induced peripheral vasoconstriction,16 resulting 
in a large increase in BP. Cardiovascular analyses during and 
post obstructive events in adults have reported acute increases 
in mean BP and HR of approximately 20 mm Hg20,21 and 15 
bpm,17,20,22 respectively.

In children with OSA, overall nocturnal pulse rate and pulse 
rate variability have been shown to decrease after adenotonsil-
lectomy.23 However, to date, the acute cardiovascular changes 
over the course of an obstructive event have not been explored 
in children. Despite the differing pathophysiology of OSA be-
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tween adults and children, the link between the condition and 
hypertension appears common to both. We reasoned then, that 
children would have equivalent changes in cardiovascular 
activity during obstructive events to adults. Given the recent 
evidence for an association between vascular changes during 
childhood and adult cardiovascular disease,24 cardiovascular 
perturbations of this magnitude may have significant long-term 
clinical implications. The aim of the present study was to de-
termine the magnitude of BP and HR augmentation during an 
obstructive event in children with sleep disordered breathing 
(SDB) and to compare these values to values for adult OSA 
patients that have been reported in the literature. To achieve 
this, we measured beat-by-beat BP and HR over the course of 
obstructive events during sleep in children during both NREM 
and REM sleep.

Methods

The Monash University and Southern Health Human Research 
Ethics Committees granted ethical approval for this project. Writ-
ten informed consent was obtained from parents and verbal as-
sent from the children prior to commencement of the study.

subjects

Fifty children (28M/22F) referred for investigation of SDB 
took part in this study. All children were aged between 7–12 y 
and were otherwise healthy and on no medication, apart from 9 
children diagnosed with asthma who were taking inhaled bron-
chodilators and/or inhaled steroid treatment.

Protocol

All children had office BP measured with a sphygmomanom-
eter on the upper arm using standard techniques.25 To account 
for the effects of age, gender, and height, systolic and diastolic 
measurements were converted to a z-score according to pub-
lished criteria.25 Height and weight were recorded, and body 
mass index (BMI) calculated. As with BP, BMI was converted 
to a z-score according to published criteria to account for the 
effects of age and gender.26

All children underwent routine overnight polysomnography 
(PSG) using a commercially available PSG system (Series S 
Sleep System, Compumedics, Melbourne, Australia). Elec-
troencephalograms (EEG: C4/A1, O2/A1), electroculograms 
(EOG: left and right outer canthus), an electromyogram (EMG: 
submentalis muscle), electrocardiogram (ECG), left and right 
leg EMG and body position were recorded. Oxygen saturation 
(SpO2) was measured by pulse oximetry (Biox 3700e, Ohm-
eda, Boulder, CO, USA) and thoracic and abdominal breathing 
movements recorded via uncalibrated respiratory inductance 
plethysmography (z-RIP belts, Pro-Tech Services Inc., Mukil-
teo, WA, USA). Both end-tidal and transcutaneous carbon di-
oxide (PetCO2: Capnocheck Plus, BCI Inc., Waukesha, WI, 
USA; TCO2: TCM3, Radiometer, Copenhagen, Denmark) were 
recorded, and airflow was measured via nasal pressure and oro-
nasal thermistor (Compumedics, Melbourne, Australia). In ad-
dition to standard PSG recordings, continuous BP recordings 
were made using finger photoplethysmography (Finometer, 

Finapres Medical Systems, Arnhem, The Netherlands). BP 
measured via finger photoplethysmography was matched with 
the sphygmomanometer measurement during quiet wakeful-
ness prior to sleep onset within ± 5mm Hg for both systolic and 
diastolic measurements. Following the PSG study, data were 
transferred via European data format to data analysis software 
(Chart 5, ADInstruments, Sydney, Australia) for detailed car-
diovascular analysis.

data Analysis

Sleep was scored in 30-s epochs according to standard crite-
ria.27 Arousals were scored as either subcortical activations (see 
below) or as by ASDA definition.28 Subcortical activations were 
scored when ≥ 2 of the following events occurred and met cri-
teria described by Mograss et al.29: an increase in EMG, an in-
crease in HR, or a body movement (i.e., autonomic arousals not 
meeting ASDA criteria). Respiratory events were scored when 
≥ 2 respiratory cycles in duration.30 Obstructive apneas, mixed 
apneas, and hypopneas were defined according to standard cri-
teria: obstructive apnea was defined as the cessation of airflow 
in the presence of respiratory effort; obstructive hypopnea was 
defined as ≥ 50% decrease in the amplitude of the airflow signal 
with paradoxical chest and abdominal movements and an asso-
ciated arousal and/or fall ≥ 3% in oxygen saturation.31

An obstructive apnea hypopnea index (OAHI) was calculated, 
defined as the total number of obstructive apneas, mixed apneas, 
and obstructive hypopneas per hour of total sleep time. Diag-
nostic criteria for the classification of OSA severity followed 
current clinical practice: children were categorized as having pri-
mary snoring (PS, OAHI < 1 event/h); mild OSA (OAHI of 1–5 
events/h); or moderate/severe OSA (OAHI > 5 events/h).

For cardiovascular analysis, only respiratory events ≥ 10 s in 
duration were examined in order to be comparable with adult 
data. Beat-by-beat BP and HR were analyzed and averaged for 
the following periods: pre-event (10 s immediately preceding 
the apnea/hypopnea), early-event (first half of apnea/hypo-
pnea), late-event (last half of apnea/hypopnea), and post-event 
(average of the 3 consecutive peak measurements within 15 s 
of event termination) as illustrated in Figure 1. An advantage of 
this method was that cardiovascular data during events of dif-
ferent durations could be grouped and compared.16

statistical Analysis

Statistical analysis was performed using Sigma Stat (Version 
3.0, SPSS Inc., Chicago, IL, USA) and Intercooled Stata (Ver-
sion 6, Stata Corp, Texas, USA). Demographic data and PSG 
variables were compared across SDB severity using 1-way 
ANOVA on ranks with Dunn’s post hoc testing. For cardiovas-
cular variables, within-subject values were averaged for each 
sleep state to ensure that each subject contributed once to the 
group mean. Sleep state by phase of events were assessed in 
2-way ANOVAs with Student-Newman-Keuls post hoc analy-
sis to assess the mean arterial BP (MAP) and HR changes across 
the obstructive event. The event type (apnea or hypopnea), and 
the SDB severity of the child were also assessed using 2-way 
ANOVAs but were dropped from the analysis due to lack of 
significance (see Results).
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Multivariate cluster-wise linear regression was used to deter-
mine associations between % change in cardiovascular activity 
(ΔMAP and ΔHR) from late-event to post-event and sleep state; 
arousal from sleep (none, subcortical activation, ASDA arous-
al); O2 desaturation; length of obstructive event; and severity 
of SDB (primary snoring [PS], OSA). Furthermore, interaction 
terms “sleep state × arousal (both subcortical and ASDA)” and 
“sleep state × O2 desaturation” were added to the model. For 
this part of the analysis, data were entered into the model as in-
dividual events and clustered by subject to account for repeated 
observations on individuals. Event related oxygen desaturation 
(%) and duration of obstructive events were compared between 
sleep states using Student’s t tests. The proportions of events 
terminated with arousal were compared between sleep states 
using χ2 analysis. Data are presented as mean ± SEM with sta-
tistical significance taken at the P < 0.05 level.

results

The 50 children (28M/22F) originally enrolled in the study 
and on whom PSG data were collected had a mean age of 9.2 ± 
0.2 y and a BMI of 19.9 ± 0.7 kg/m2. Following PSG, 28 chil-
dren were diagnosed with PS, 12 with mild OSA, and 10 with 
moderate/severe OSA. For cardiovascular analysis, obstructive 
events were excluded where the BP recordings at the time of 
the event could not be analyzed due to movement artifact or 
because the events occurred during a cycle of repetitive apneas/
hypopneas, and pre-event baselines for HR and BP could not 
be determined. Subsequently, 20 children (18 PS and 2 mild 
OSA) were excluded; 9 because none of their events could be 
analyzed (because of movement artifact or cyclical events), and 
11 because they had no obstructive events. There were no an-
thropometric differences between subjects who were retained 
or excluded from cardiovascular analysis.

Demographic and polysomnographic data of the 30 children 
(15M, 15F; 10 PS, 10 mild OSA, 10 moderate/severe OSA) in-
cluded in the cardiovascular analyses are presented in Table 1. 

Within this group, only 4 children were diagnosed with asthma 
(1 PS, 1 mild OSA, and 2 moderate/severe OSA). As expected, 
subjects with OSA had a significantly increased OAHI and a 
significantly lower SpO2 nadir than subjects with PS (P < 0.001 
and P = 0.008 respectively). Subjects with OSA also had signifi-
cantly increased time in stage 1 sleep compared with subjects 
with PS (P < 0.05); and subjects with moderate/severe OSA had 
significantly increased arousals/h compared with subjects with 
PS (P < 0.05). Systolic and diastolic office BPs were not differ-
ent between the 3 groups.

Cardiovascular analysis was performed on 614 obstructive 
events—29 obstructive apneas, 68 mixed apneas, and 517 hy-
popneas. No MAP or HR differences were found between the 
3 groups of children (PS, mild OSA, or moderate/severe OSA), 
nor between type of obstructive event (apnea or hypopnea) 
at any time point of the analysis (pre-event, early-event, late-
event, or post-event). Therefore, for subsequent cardiovascular 
analysis all subjects (regardless of severity of SDB) and all ob-
structive events (regardless of type) were combined.

changes in Blood Pressure and heart rate during obstructive 
events

MAP and HR changes during obstructive events in NREM 
and REM are presented in Table 2. Of the 30 children, 26 had 
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Figure 1—Original polysomnographic trace of an obstructive 
apnea in REM sleep, indicating the time periods used for cardio-
vascular analysis. (EEG, electroencephalogram; EMG, electro-
myogram; ECG, electrocardiogram; BP, blood pressure; PetCO2, 
end-tidal partial pressure of carbon dioxide; RIP, respiratory in-
ductance plethysmography; SpO2, oxygen saturation).
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Figure 2—Changes in A) MAP and B) HR during obstructive re-
spiratory events in NREM and REM sleep. *P < 0.05 NREM HR 
compared to REM HR.
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NREM sleep state, P < 0.001; Subcorti-
cal activation, P < 0.001; ASDA arous-
al, P < 0.001. HR: NREM sleep state, 
P = 0.02; Subcortical activation, P < 
0.001, ASDA arousal, P < 0.001). Oxy-
gen desaturation, length of respiratory 
event, and severity of SDB were not 
significant independent predictors of 
the cardiovascular change. There were 
significant interactions between sleep 
state and arousal (both subcortical ac-
tivation and ASDA arousal) for the 
larger % change in MAP (P = 0.01 for 
both); the negative coefficients indicat-
ing that the effect of arousal on MAP 
was stronger in REM sleep. There was 
also a significant interaction between 
the NREM sleep state and oxygen de-
saturation for the larger % change in 
HR from late-event to post-event (P = 
0.03); a similar trend was seen for the 
% change in MAP; however, this failed 
to reach statistical significance (P = 
0.09).

Overall, events in REM were asso-
ciated with significantly larger oxygen 
desaturations (NREM, 3.0% ± 0.2%; 

REM, 4.1% ± 0.3%; P = 0.01) and were longer in duration 
(NREM, 16.4 ± 0.3 s; REM, 19.5 ± 0.5 s; P < 0.001). However, 
a significantly larger proportion of events in NREM were ter-
minated with arousal—either subcortical activation or ASDA 
arousal (NREM: no arousal, 9.6%, subcortical activation, 
44.5%, ASDA arousal 45.9%. REM: no arousal, 39.1%, sub-
cortical activation 48.3%, ASDA arousal 12.7%. P < 0.001).

discussion

This study investigated the acute cardiovascular changes oc-
curring during obstructive events in children and reports two ma-
jor findings: firstly, that children with SDB experience marked 
perturbations in both BP and HR during and after obstructive 
events, similar in magnitude to levels reported in adults; and 
secondly, the surge in cardiovascular activity post-event was 
more pronounced during NREM sleep and with arousal from 
sleep.

Studies performed in adult OSA patients measuring BP and 
HR following an obstructive apnea have reported increases in 
MAP of approximately 20 mm Hg20,21 and increases in HR of 
approximately 15 bpm.17,20,22 Repetitive increases of this mag-
nitude seen in severe OSA are likely to adversely affect the 
cardiovascular system by resetting baroreceptors or causing 
endothelial damage and dysfunction within the microvascula-
ture. Consequently these surges have been implicated in the in-
creased prevalence of hypertension in adults with OSA.32

To explicitly compare our BP and HR data with that reported 
in adults, it is imperative to compare data collected at the end 
of an obstructive event to that collected post event in the hy-
perpnea phase. For BP, Garpestad et al.20 reported an increase 
in MAP of 20 mm Hg from late to post apnea in adults. Jelic et 

obstructive events in NREM and 23 had obstructive events in 
REM available for analysis. For events in NREM, MAP was 
significantly greater post-event compared to pre-event, early-
event, and late-event (P < 0.05 for all). In addition, HR sig-
nificantly decreased from pre-event to early and late-event and 
then significantly increased post-event (P < 0.05 for all). For 
obstructive events in REM, both MAP and HR were signifi-
cantly greater post-event than pre-event, early-event and late-
event (P < 0.05 for all).

There was no significant difference in MAP at any time point 
during obstructive events in NREM compared with events in 
REM (Figure 2A). However, HR was significantly different 
during obstructive events between sleep states (P < 0.05, Fig-
ure 2B). Post hoc analysis revealed that HR was significantly 
higher in NREM events than events in REM both pre-event (P < 
0.05) and post-event (P < 0.05).

When the changes in MAP and HR between late and post-
event were expressed as percentage change (Figure 3), both 
ΔMAP and ΔHR were significantly greater during obstructive 
events in NREM (ΔMAP: 26.5% ± 2.5%; ΔHR: 28.1% ± 2.4%) 
compared to REM (ΔMAP: 18.3% ± 2.4%; ΔHR 20.4% ± 3.0%, 
P < 0.05 for both).

determinants of the change in Blood Pressure and heart rate 
Post event

Multivariate regression analyses for the % change in MAP 
and HR from late-event to post-event are presented in Table 
3. The NREM sleep state and arousal from sleep (both sub-
cortical activation and ASDA arousal) were significant inde-
pendent predictors of both the larger % change in MAP and 
larger % change in HR from late-event to post-event (MAP: 
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Table 1—Subject Demographics and Polysomnographic Characteristics

  PS Mild OSA  Mod/Severe OSA  ANOVA P
n (males) 10 (5) 10 (6) 10 (4) ns
Age (y) 10.3 ± 0.5 8.6 ± 0.3* 9.5 ± 0.4 0.033
BMI (kg/m2) 21.9 ± 1.3 18.3 ± 1.4 23.1 ± 1.8 0.043
BMI z-score 1.3 ± 0.2 0.5 ± 0.4 1.4 ± 0.4 ns
Office BP:    
 Systolic (mm Hg) 105 ± 3 106 ± 2 103 ± 2 ns
 z-score 0.16 ± 0.28 0.26 ± 0.22 −0.02 ± 0.26 ns
 Diastolic (mm Hg) 65 ± 2 61 ± 2 61 ± 2 ns
 z-score 0.33 ± 0.22 0.10 ± 0.15 −0.01 ± 0.20 ns
OAHI (events/h) 0.6 ± 0.1 2.5 ± 0.3* 15.2 ± 4.4*†  < 0.001
SpO2 nadir (%) 91.9 ± 0.9 91.1 ± 0.9 85.1 ± 2.3*† 0.008
TST (h) 6.56 ± 0.29 6.44 ± 0.27 6.15 ± 0.35 ns
Sleep efficiency (%) 85.7 ± 3.3 80.7 ± 3.3 82.0 ± 3.3 ns
% time in stage 1 7.7 ± 0.7 13.0 ± 1.7* 15.3 ± 2.5* 0.01
% time in stage 2 47.0 ± 1.7 41.8 ± 1.8 42.5 ± 1.4 ns
% time in stage 3 5.6 ± 0.7 4.8 ± 0.5 4.8 ± 0.6 ns
% time in stage 4 20.5 ± 1.9 22.9 ± 1.7 21.9 ± 1.3 ns
% time in REM 19.2 ± 1.0 17.4 ± 1.2 15.5 ± 2.4  ns
Arousal index (events/h) 9.9 ± 1.0 14.4 ± 1.6 23.8 ± 3.9*  < 0.001

Values are mean ± SEM. *P < 0.05 compared to PS. †P < 0.05 compared to Mild OSA. PS: 
primary snoring, OSA: obstructive sleep apnea, BMI: body mass index, BP: blood pressure, 
OAHI: obstructive sleep apnea hypopnea index, TST: total sleep time. Arousal index = ASDA 
defined + subcortical activations.
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have been no reports of beat-by-beat BP and HR in children 
during sleep. A novel aspect of our study was measurement of 
the acute changes in BP and HR that occur over a short time pe-
riod during obstructive events in children with SDB. We dem-
onstrated that these children experienced large fluctuations in 
BP and HR during obstructive events that may account for the 
increased measurements and variability during sleep reported 
by other researchers.

In comparison to adult studies, we had a high proportion 
of obstructive hypopneas in our data set rather than full ob-
structive apneas. However, the cardiovascular changes during 
obstructive events were similar whether they were classified 
as apneas or hypopneas, and as such, were combined for the 
purposes of this study. As children with SDB often have more 
hypopneas rather than frank apneas,35 investigating the cardio-
vascular effects of any airway obstruction is important in this 
group. Previous studies have also combined these events for 
cardiovascular analysis as apneas and hypopneas induce simi-
lar physiological changes (hypercapnia, hypoxia, arousal).22,36 
Furthermore, OSA defined by OAHI has been correlated with 
cardiovascular disease manifestations in adults,37 highlighting 
the fact that hypopneas are as deleterious to the cardiovascular 
system as apneas. It is also worth noting that our sample of 
children differs from adults in definition of disease severity. It 
is widely considered that more than 1 apnea per hour is ab-
normal in children,38 while the threshold for OSA in adults is 
far higher.39 In addition, 10 children were diagnosed as primary 
snorers and so were not classified as having OSA. Interestingly 
however these symptomatic children referred for investigation 
had similar acute changes in BP and HR over the course of an 
obstructive event to those with OSA.

Our study has also shown that the surge in cardiovascular ac-
tivity post-event was associated with presence of arousal from 
sleep. It is well documented in adults that even spontaneous 
arousal causes significant cardiovascular changes that are be-
yond functional requirements.40 Arousal has also been found to 
be a strong determinant of cardiovascular changes at the termi-
nation of obstructive events in adults. Yoon et al.36 found that 
the change in BP post-event was associated with the degree of 
arousal (duration of EEG change). Similarly, Schneider et al.41 
studied a canine OSA model and found arousal to be a strong 
determinant of the change in BP and HR post-event. As it has 
been reported that obstructive events in children are less likely 
to be terminated by cortical (ASDA defined) arousal than in 

al.22 reported an increase in systolic BP from late to post apnea 
of 10 mm Hg in NREM and 14 mm Hg in REM. We found in 
children an increase in MAP of 19 mm Hg in NREM and 13 mm 
Hg in REM (Δ MAP 26% and 18%, respectively). Garpestad et 
al.20 reported an increase in HR of 11 bpm from late to post 
apnea in adults. Similarly, Jelic et al.22 reported an increase of 
15 bpm, while Stoohs et al.17 reported an increase of 18 bpm 
in NREM and 30 bpm in REM. In our patients, we found an 
increase of 21 bpm in NREM and 15 bpm in REM (Δ HR 28% 
and 20%, respectively). Although Stoohs et al.17 reported the 
peak HR response post event, Garpestad et al.20 and Jelic et al.22 
averaged BP and HR activity during the hyperpnea phase post 
event; thus the magnitude of the cardiovascular change may be 
underreported in these studies. Of note, Imadojemu16 analyzed 
BP and HR post event using a method similar method to that 
in the present study (average of 3 peak values) and reported 
increases in MAP of 18% and HR of 19% (actual values not 
reported). Thus, our study has now for the first time demon-
strated that children experience large acute perturbations in BP 
and HR during and after obstructive events that are similar in 
magnitude to adults.

These acute surges in cardiovascular activity form part of 
the increased HR and BP variability and decreased nocturnal 
BP dipping reported in children and may also play a part in the 
development of hypertension in this group.6-8,10,11,23 Koyhama et 
al.7 reported that BP was significantly correlated with degree of 
SDB. Similarly, Leung et al.8 reported higher nocturnal and di-
urnal BP in children with OSA (> 5 events/h). Amin et al.6 more 
recently demonstrated, in a large sample of children, that 24-h 
ambulatory BP and HR measured every 15 minutes was sig-
nificantly increased in children with OSA (> 5 events/h) com-
pared with healthy controls. Significantly, this increase in BP 
predicted cardiac remodeling. In addition, it has been reported 
that children with OSA have increased levels of brain natri-
uretic peptide (BNP),33,34 providing further evidence of acute 
cardiac strain. BNP is a neurohormone released from cardiac 
myocytes after cardiac wall distention from volume and pres-
sure overload, as induced by the negative intrathoracic pres-
sure swings and increased peripheral vascular resistance that 
accompany an obstructive apnea. Until now, however, there 
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Figure 3—Comparison of % change in MAP and HR at the termi-
nation of obstructive events (late-event to post-event) in NREM 
and REM sleep. *P < 0.05.

Table 2—Mean MAP and HR Values for Obstructive Respiratory 
Events During NREM (n = 26) and REM Sleep (n = 23)

  Pre- Early- Late- Post-
  Event Event Event Event
NREM
 MAP (mm Hg) 81 ± 3 79 ± 3 74 ± 3 93 ± 3*†‡

 HR (bpm) 84 ± 2 76 ± 2* 76 ± 2* 97 ± 2*†‡

REM
 MAP (mm Hg) 78 ± 3 76 ± 3 76 ± 3 89 ± 3*†‡

 HR (bpm) 79 ± 2 76 ± 2 76 ± 2 91 ± 2*†‡

Values are mean ± SEM. *P < 0.05 compared to pre-event. †P < 
0.05 compared to early-event. ‡P < 0.05 compared to late-event

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/32/10/1265/2454412 by guest on 20 August 2022



SLEEP, Vol. 32, No. 10, 2009 1270

In conclusion, this study has demon-
strated that children with SDB experi-
ence significant changes in HR and BP 
during obstructive events, similar in 
magnitude to changes reported in adults. 
In particular, the large increases in HR 
and BP at event termination may have 
important implications for cardiovas-
cular outcome in children with OSA as 
repetitive obstructive events and cardio-
vascular perturbations may contribute to 
the development of hypertension.
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