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Study Objectives: In adults and older children, snoring and obstructive sleep apnea (OSA) are associated with elevated blood pressure (BP).
However, BP has not been assessed in preschool children, the age of highest OSA prevalence. We aimed to assess overnight BP in preschool
children with snoring and OSA using pulse transit time (PTT), an inverse continuous indicator of BP changes.

Design: Overnight polysomnography including PTT. Children were grouped according to their obstructive apnea-hypopnea index (OAHI); control
(no snoring, with OAHI of one event or less per hour), primary snoring (OAHI one event or less per hour), mild OSA (OAHI greater than one event
to five events per hour) and moderate-severe OSA (OAHI more than five events per hour).

Setting: Pediatric sleep laboratory.

Patients: There were 128 clinically referred children (aged 3-5 years) and 35 nonsnoring community control children.

Measurement and Results: PTT was averaged for each 30-sec epoch of rapid eye movement (REM) or nonrapid eye movement (NREM) sleep
and normalized to each child's mean wake PTT. PTT during NREM was significantly higher than during REM sleep in all groups (P < 0.001 for all).
During REM sleep, the moderate-severe OSA group had significantly lower PTT than the mild and primary snoring groups (P < 0.05 for both). This
difference persisted after removal of event-related PTT changes.

Conclusions: Moderate-severe OSA in preschool children has a significant effect on pulse transit time during REM sleep, indicating that these
young children have a higher baseline BP during this state. We propose that the REM-related elevation in BP may be the first step toward develop-
ment of daytime BP abnormalities. Given that increased BP during childhood predicts hypertension in adulthood, longitudinal studies are needed

to determine the effect of resolution of snoring and/or OSA at this age.
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INTRODUCTION

Obstructive sleep apnea (OSA) occurs in 1-4% of children'
and is characterized by snoring, repetitive airway obstructions,
and gas exchange abnormalities and/or arousals. Snoring with-
out gas exchange abnormalities or sleep disturbance defines
primary snoring (PS). Snoring is commonly reported to occur
in 3-15% of children,' with the peak prevalence in the preschool
years, when the size of the lymphoid tissue of the upper airway
is at its largest in relation to the size of the facial skeleton.?

In adults, OSA is independently associated with hyperten-
sion and cardiovascular disease.’ Similar findings have been
reported from pediatric studies, with a recent study by our
group using continuous blood pressure (BP) measurement
(Finometer™, FMS, The Netherlands) demonstrating ele-
vated overnight BP in elementary school-aged children with
both PS and OSA when compared with nonsnoring control
children,* findings that support a previous study.’ Despite the
high prevalence of snoring and OSA in the preschool years,
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BP across the night has not been studied. Because the Finom-
eter™ used previously* has no appropriately sized cuff for
preschool children, another continuous measurement of BP
changes was required.

An alternative method of continuous BP measurement is
pulse transit time (PTT). A derivative of pulse wave velocity,
PTT is inversely related to BP. PTT is defined as the time taken
for the arterial pulse pressure wave to travel from the left ven-
tricle to a predetermined peripheral site.® The pulse pressure
wave propagation is principally determined by the degree of
arterial wall stiffness, which is governed by instantaneous BP.#
Arterial stiffness increases concomitantly with increased BP,
leading to a faster movement of the pulse wave and therefore
a shorter PTT. Conversely, a decrease in BP is associated with
decreased arterial stiffness and slower pulse wave propagation,
and therefore increased PTT."#

Given that increased BP during childhood predicts hyperten-
sion in adulthood,” we aimed to compare PTT measurements
between children with PS and varying severities of OSA to
non snoring control children. We hypothesized that preschool
children with PS and OSA would exhibit decreased PTT com-
pared with nonsnoring children, similar to the BP pattern seen
in older children.

METHODS
Ethical approval for this project was granted by the South-
ern Health and Monash University Human Research Eth-
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ics Committees and procedures followed were in accordance
with institutional guidelines. Written informed consent was
obtained from participants’ parents and verbal assent from the
children. No monetary incentive was given for participation.
The current study formed part of a larger project investigating
the effects of PS and OSA on cardiovascular function, sleep
quality, behavior, and cognition, of which neurobehavioral
outcomes,'® electroencephalogram slow wave activity," and
sleep disturbance measures'? have been published.

Study Protocol

Preschool children aged 3-5 years, referred to the Melbourne
Children’s Sleep Centre for assessment of suspected OSA be-
tween July 2008 and May 2011, were recruited. Control children
of the same age with no history of snoring were recruited from
the community. All children underwent a medical examination
prior to overnight polysomnography (PSG). Children with con-
ditions or taking medications known to affect sleep, breathing
(not including asthma), BP, or neurocognitive function were not
recruited. Bronchodilator medication was not taken within 24
hours of the PSG study and all children were otherwise healthy
at the time of the study.

On the night of the study, participant arm length, measured
from index fingertip of the outstretched arm to the sternal notch,
was recorded. Height and weight were measured and converted
to a body mass index (BMI) z-score to adjust for sex and age."
Office BP was taken in triplicate during restful wakefulness,
sitting upright, using an electronic BP monitor (Dinamap V100,
CARESCAPE™, Freiburg, Germany) and an appropriately
sized cuff. Systolic and diastolic BP measurements were con-
verted to z-scores relative to age, sex, and height.'

Full details of PSG methods have been published previ-
ously.!? Briefly, all children underwent 1 night of full PSG
with electroencephalograms (Cz, C4-Al, C3-A2, 02-Al, Ol-
A2), submental and leg electromyograms, electrooculograms,
electrocardiogram (ECG), respiratory movements, oxygen
saturation, and airflow measurements (nasal pressure and
thermistor). PSG sleep staging and scoring were performed in
accordance with clinical practice and international standards
at the time of study.'>'® The obstructive apnea-hypopnea in-
dex (OAHI) was used to define severity groups: PS was de-
fined as an OAHI of one event or less per hour; mild OSA as
an OAHI of greater than one event to five events per hour;
and moderate/severe (MS) OSA as an OAHI of greater than
five events per hour. Control children had an OAHI of one or
fewer events per hour and no snoring during PSG or reported
by parents.

A photoplethysmographic pulse oximeter (PPG) (Adult Flex
Sensor 3M, Nonin Medical Inc., Plymouth, MN, USA) was
used to record the pulse waveform necessary for PTT analysis
and was sampled at 512 Hz. PSG recording began before lights
out and included wake before sleep onset for a minimum of 10-
min in all patients. All PSG data were transferred via European
Data Format to specialized data analysis software (LabChart
7.2, ADInstruments, Sydney, Australia). Epochs containing
wake after sleep onset were excluded, together with epochs
containing manually identified movement artifact (gross body
movement affecting all PSG channels or artifact isolated to
ECG or PPG signals).

SLEEP, Vol. 36, No. 8, 2013

Data Analysis

PTT was calculated for each beat in LabChart, whereby
peak detection was used to identify the peak of the ECG R-
wave. The 50% point of the pulse wave height on the corre-
sponding PPG signal was similarly determined, as this point
is most resistant to artifact,' and PTT was calculated beat-by-
beat as the time delay between these two points. An average
PTT was then calculated for each 30-sec epoch. Individual dif-
ferences are inherent to PTT measurement, precluding com-
parison of raw PTT values between patients.'” Thus, the PTT
value for each epoch was normalized to that child’s mean PTT
during restful wake before sleep onset by dividing the epoch
PTT by the mean wake PTT. Normalized PTT and heart rate
(HR) were first averaged for the entire night of sleep for each
child. Subsequently, the effects of sleep stage (wake; rapid eye
movement [REM]; and two divisions of nonrapid eye move-
ment [NREM] sleep, NREM1/2 and NREM3/4) were exam-
ined using normalized PTT and HR averaged for each sleep
stage in each child. To examine changes in BP across the night,
PTT was compared in each sleep stage in thirds (first, second,
and final) of the total sleep period. The effect of group was
determined in each sleep stage. A separate analysis of ‘stable’
REM sleep was performed to remove the acute effects of re-
spiratory events, which predominantly occur in REM sleep in
young children,'>?*?' by excluding epochs containing respira-
tory events, arousals, and/or movement.

Statistical Analyses

Statistical analyses were conducted using SPSS® (IBM®
Statistics version 19, Chicago, IL, USA). Sample size was
calculated based on published data of continuous BP and HR in
children, as suitable PTT data were unavailable. With o power
of 0.8 and significance of 0.05 to show a clinically significant
BP difference of 5 mm Hg and HR of 10 beats per min, 32
children are required in each group. Data were first tested for
normality and equal variance. HR was normalized using recip-
rocal transformation. Demographic and PSG variables togeth-
er with the effects of group on HR and PTT during each sleep
stage and ‘stable’ REM sleep were compared using one-way
analysis of variance (ANOVA) with Student-Newman-Keuls
post hoc testing, and Kruskal-Wallis ANOVA on ranks with
Mann-Whitney U test when not normally distributed. One-
way repeated measures ANOVA was performed to assess the
effect of sleep stage on HR and PTT within each group. Gen-
eral linear model repeated measures were used to assess group
changes in HR and PTT between wake and sleep, and thirds
of the total sleep period within each sleep stage. Pearson cor-
relations were conducted to explore the relationship between
sleep PTT and HR with BMI z-score and arm length. Data are
presented as mean (standard error), with significance taken at
the P < 0.05 level.

RESULTS

A total of 192 preschool children (151 cases, 41 control pa-
tients) were recruited. Children were excluded if they had <4 h
of sleep, < 10 epochs (5-min) of artifact-free PTT during wake
prior to sleep onset, or if the PPG signal contained excessive
movement artifact, leaving 163 patients in the following groups
for analysis: 35 control, 66 PS, 34 mild OSA, and 28 MS OSA.
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Control (n = 35)

Sex, male, n 18

Age, years 44(0.1)
BMI z-score 0.5(0.2)
Arm length, cm 51.5(0.7)
SBP z-score 0.6 (0.2)
DBP z-score 0.6 (0.1)
TST, min 459.7 (5.5)
Sleep efficiency, % 88.8 (0.9)
OAHI, h TST 0.1(0.0)
RDI,h TST 1.0 (0.1)
AlLhTST 12.2(0.7)
SpO, nadir 92.7 (0.5)
3%0DI 0.6 (0.1)

Table 1—Demographic and polysomnographic characteristics according to group

PS (n = 66) Mild OSA (n = 34) MS OSA (n = 28)
37 2 17
4.3(0.1) 4.6(0.1) 43(0.2)
0.7 (0.1) 12 (0.2)0¢ 0.4(0.2)
515 (0.4) 52.8 (0.6) 515 (0.8)
0.5 (0.9) 0.8(0.2) 0.4(0.2)
0.4 (0.1) 0.6 (0.1) 0.5(0.2)
434.8 (5.4) 438.1(8.3) 434.1(8.7)
87.3(0.9) 88.2 (1.1) 88.2 (1.4)
0.3 (0.0)° 2.8 (0.2) 13.5 (1.5)0¢
2.2(0.37 49 (0.4 16.4 (1.6)2>
12.6 (0.6) 143 (0.7) 25.6 (1.6)0
92.0 (0.6) 91.4(0.8) 88.7 (5.8)20¢
15 (0.3 2.2(0.4) 7.0 (1.2

3P < 0.05 versus control. °P < 0.05 versus PS. °P < 0.05 versus mild OSA. ¢P < 0.05 versus MS OSA. Al, arousal index; BMI, body mass index; DBP, diastolic
blood pressure; MS, moderate-severe; OAHI, obstructive apnea hypopnea index; 3%0ODI, oxygen desaturation index; OSA, obstructive sleep apnea; PS,
primary snoring; RDI, respiratory disturbance index; SBP, systolic blood pressure; SpO,, oxygen saturation; TST, total sleep time.

Demographic and PSG Characteristics

Demographic and PSG characteristics are presented in
Table 1. There were no group differences for sex, age, arm
length, or office BP z-scores. BMI z-score was significantly
higher in the group with mild OSA than in all other groups
(P < 0.05 for all). Total sleep time and sleep efficiency did
not differ between groups. Due to study design, the OAHI
and other measures of OSA severity were significantly high-
er in the MS OSA group compared with the other groups
(P <0.01 for all).

Effect of Sleep on PTT and HR

Comparing wake to sleep, PTT significantly increased and
HR significantly decreased in all groups (P < 0.001 for all), as
shown in Table 2. Sleep PTT and wake and sleep HR did not
differ between groups. Sleep PTT and HR were not significant-
ly correlated with BMI z-score or arm length.

Effect of Sleep Stage on PTT and HR

The effects of sleep stage on PTT and HR are shown in
Figure 1. In all groups, a significant effect of sleep stage was
seen for both PTT and HR (P < 0.001, for all), with PTT during
NREM1/2 being similar to that during NREM3/4 sleep and both
being significantly higher than in REM and wake (P < 0.001
for all). Similarly, HR during NREM1/2 and NREM3/4 sleep
were not different, and both were significantly lower than dur-
ing REM and wake (P < 0.001 for all).

Trajectory of PTT across the Total Sleep Period, within Each
Sleep Stage

The trajectory of PTT across the night was only conducted
in the subsample of children who had at least 10 analyzable
epochs per sleep stage and third of the night (NREM1/2, n =
160; NREM3/4, n = 102; REM, n = 102). During NREM1/2
and NREM3/4 sleep there was a significant effect of period of
the night on PTT (P < 0.001 for both), with PTT being signifi-
cantly lower in the first third of the night (Figures 2A and 2B);
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Table 2—HR and PTT during wake and sleep according to group

Control PS MildOSA  MSOSA
HR
Wake  98(2) 101 (1) 100 (2) 102 (2)
Sleep  85(2F 86 (1)° 85 (2)° 88 (1)°
PTT
Wake 1(0) 1(0) 1(0) 1(0)
Sleep  1.07 (0.004) 1.08 (0.004)" 1.08 (0.005)* 1.07 (0.007)°

3P < 0.001 versus wake. PTT during sleep was normalized to wake PTT.
Wake denotes wake before sleep onset. HR, heart rate; MS, moderate-
severe; OSA, obstructive sleep apnea; PS, primary snoring; PTT, pulse
transit time.

however, there was no effect of group, nor interaction of group
and period. In contrast, there was no overall effect of period of
the night or group on PTT during REM sleep (Figure 2C). Al-
though the interaction between period and group did not reach
significance (P = 0.09), PTT was lowest in the MS OSA group
during the second and final third of the night, whereas all other
groups maintained a stable and relatively higher PTT in REM
sleep across the night.

Effect of Group on PTT and HR

The effect of group on PTT and HR is shown in Figure 3.
There was no effect of group on PTT during either NREM1/2
or NREM3/4 sleep. However, in REM sleep, PTT was signifi-
cantly lower in the MS OSA group than the PS (P < 0.05) and
mild OSA groups (P < 0.05), with no significant differences
between the control, PS and mild OSA groups. There was no
effect of group on HR during wake or any sleep stage.

Effect of Group on PTT during ‘Stable’ REM Sleep
PTT during ‘stable’ REM sleep was significantly differ-
ent between groups (P < 0.05), with the MS OSA group hav-
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Figure 1—The effect of sleep stage on pulse transit time (PTT) and heart rate (HR) in control (A), primary snoring (B), mild obstructive sleep apnea (C), and
moderate-severe obstructive sleep apnea (D) groups. PTT during sleep was normalized to wake PTT. Wake denotes wake before sleep onset. PTT depicted
in solid line; HR, broken line. Stages within each parameter that do not have a letter in common are significantly different (P < 0.001). bpm, beats per minute;

ing lower PTT than the PS (P < 0.05) and mild OSA groups
(P <0.05; Figure 4). HR was not different between groups.

DISCUSSION

This is the first study to use PTT to track BP changes across
the entire night with the purpose of investigating the effect of
snoring and OSA severity in preschool children. We observed
that the sleep related changes in PTT both over the entire night
and when individual sleep stages were assessed mimicked the
expected changes in BP, thereby supporting the use of PTT as
an indicative measure of BP changes in young children. Im-
portantly, we identified that PTT was lower during REM sleep
in the MS OSA group compared with both the mild OSA and
PS groups. This suggests that these young children with more
severe OSA have an elevated level of BP in this sleep state.

PTT significantly increased from wake to sleep in all chil-
dren, indicating a decrease in BP as has been reported in the
literature for both adults?® and children.**?* Our findings of
the sleep state effects on PTT are similar to those reported in
older children using direct continuous measurements of BP.* In
that study we showed that BP was lower during NREM1/2 and
NREM3/4 sleep than during wake in elementary school chil-
dren* consistent with our finding of a higher PTT during these
stages in preschool children. In addition, BP during REM sleep
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was higher than during NREM,* again in keeping with our cur-
rent results of lower PTT during REM. Furthermore, HR was
lower during NREM1/2, NREM3/4, and REM sleep than dur-
ing wake in elementary school children, but with no significant
differences between sleep stages*; a finding similar to this study
in preschool children.

The trajectory of BP across the night has not previously been
reported in preschool children. In adults, BP decreases abruptly
at sleep onset but then remains constant within each stage of
sleep over the night.> Our study has shown a lower PTT in
NREM1/2 and NREM3/4 sleep in the first third of the night
compared to later in the night, suggesting that the decrease in
BP at sleep onset is not so abrupt in preschool children. Al-
though this finding was not statistically significant, having MS
OSA appeared to alter the trajectory of PTT during REM sleep
across the sleep period in these children; PTT in the MS OSA
group progressively decreased while remaining relatively sta-
ble in the other groups. This finding is consistent with the char-
acteristic pattern in children of worsening obstructive events as
the night progresses.”

Previous pediatric studies using ambulatory BP either have
not compared the effect of OSA severity on BP in the separate
sleep states,>?%?7 or have found no difference in BP indices mea-
sured in NREM compared with REM sleep.?3° Discrepancies
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with our current findings may be due to differing sample sizes,
patient age ranges, and the limitations of ambulatory monitor-
ing. Being intermittent in nature, the low sampling rate in previ-
ous studies requires that sleep BP recordings be pooled; thus,
any effect on BP is generalized to the entire night.>**?7 Alterna-
tively, the small number of measurements may have precluded
the finding of a real difference between sleep states.”*** Con-
tinuous measurement of BP is preferable, as used by Horne and
colleagues,* who did find a difference between sleep states in
older children. This study used PTT as an alternative method of
continuous measurement, thereby allowing BP changes in each
sleep state, and the effect of OSA, to be distinguished.

We had hypothesized that children with all severities of OSA
and PS would have decreased PTT compared with nonsnoring
children, similar to the increased BP observed in older children
with snoring and/or OSA.***2 We found wake office BP and
PTT during NREM sleep to be similar in all severity groups;
however, during REM sleep, children with MS OSA had signifi-
cantly reduced PTT compared with children with PS and mild
OSA, indicating elevated BP. We did not find a graded response
of decreasing PTT with increasing severity as we had hypoth-
esized; however, PTT values in children with PS and mild OSA
were not different in control children during REM sleep. OSA
is typically a REM-related condition in young children,??' and
we recently reported a significantly higher index of obstructive
respiratory events during REM sleep compared with NREM in
this cohort." A significant elevation in mean arterial pressure
occurs at the termination of obstructive events in children®' and
therefore, it is possible that in preschool children, elevated BP
first becomes apparent during REM sleep, concurrent with the
increased number of respiratory events in this sleep state. Ko-
hyama and colleagues® similarly found a significant elevation in
BP indices in REM, but not in NREM sleep, in their severe OSA
group aged 4-11 years. Our findings support their suggestion
that the event-related surges in BP during REM sleep might be
the first step toward the development of daytime BP elevation.

The surges in HR and BP that occur with respiratory event
termination, and that are augmented by concomitant arousal
or subcortical activations, are not solely responsible for our
results during REM sleep, as our ‘stable’ sleep analysis iden-
tified group differences virtually identical to analyses con-
ducted with events and arousals included. We cannot discount
the possibility of unscored events such as microarousals
being present during our ‘stable’ sleep analysis. Nonetheless,
our results reflect changes in BP that are temporally distinct
from the changes associated with clinically scored events.
Furthermore, previous publications reporting ‘stable’ or event-
free sleep did not examine for nor exclude microarousals; thus,
we adopted consistent methodology**? and similarly found
BP elevation to occur with and without events.* PTT has been
used as a sensitive method of detecting microarousals and
respiratory effort in children due to the BP changes associated
with these phenomena.**-*¢ A study in children aged 6-15 years
reported a significantly higher number of nonrespiratory-related
‘autonomic activations’ (scored through PTT visualization)
than cortical arousals (scored conventionally) per hour of
REM sleep.** The authors conceded that false scoring of
microarousals can occur with fluctuations in PTT, even though
they might correspond to spontaneous surges in BP occurring
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physiologically during REM sleep.* Relative to NREM sleep,
REM sleep is characterized by higher sympathetic activity’
and is likely to be more sensitive to changes in sympathetic
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tone. Therefore, irrespective of the presence or absence of
microarousals, we suggest that the higher baseline BP seen in
REM sleep in our MS OSA group is a function of increased
sympathetic activity, which may or may not be coupled with
increased parasympathetic withdrawal. Perturbations in cardiac
autonomic control have been reported in older children with
OSA*? and research is needed to investigate autonomic control
in preschool children with OSA. As increased BP during child-
hood strongly predicts hypertension in young adults,” follow-up
studies are needed to determine the effect of resolution of snor-
ing and/or OSA in this age group.

Through the use of PTT we were able to study changes
in BP in a continuous and noninvasive manner in a young
population, which was not possible with any other method.
A limitation of PTT, however, is the inability to calculate the
BP difference between groups or sleep stages in our study in
absolute terms (mm Hg). Despite this, PTT is a useful clinical
tool when prolonged hemodynamic monitoring is required. In
an intensive care setting, mean values of BP calculated from
PTT did not differ from BP measured intra-arterially in adults.*®
Devices that estimate systolic BP from PTT using intermittent
cuff-based calibration have been highly correlated with arterial
catheter®” and cuff-based systolic BP.** Furthermore, a 34% rise
in systolic BP paralleled a 26% decrease in PTT in a device that
fulfilled the accuracy requirements of the British Hypertension
Society 5 weeks after calibration.*’ Although PTT has not
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been validated against invasive BP measurement in children,
it has proven sensitive to physiologic changes in BP in this
population,*-3¢ and correlations between PTT and clinically
used cuff-based BP measurements have been reported in both
normotensive®* and hypertensive children.®

We acknowledge that there are some limitations to the
current study. First, the study was not scored using the current
American Academy of Sleep Medicine (AASM) guidelines,
but was scored using clinical criteria at the time of our study.
Our review of the effect of this change within our own clinical
unit following recent implementation of the 2007 AASM rules
has shown that the new rules typically result in a lower OAHI,
as the cutoff for reduction in airflow that defines a hypopnea
is lower. Thus, the groupings presented in this article would
tend to weight the results toward the more severe end of the
spectrum. Therefore, our finding of a difference for the MS
OSA group at least holds, and may in fact have extended to less
severe groups had we used the newer scoring system. Second,
PTT calculation uses the R-wave as the calculation start point;
therefore, part of the pre-ejection period of the cardiac cycle
is included in the measured time. Due to possible differences
in pre-ejection period, vascular tone, and arm length, absolute
PTT values cannot be compared between individuals.' How-
ever, the process of normalization can be adopted to permit
interpatient comparison. Rather than subtract mean group
baseline activity PTT values from subsequent individual PTT
results as previously suggested,® the current study chose nor-
malization of each individual’s data as a function of their own
wake values. We propose that this ratio better reflects individu-
al changes in BP. Our 5-min minimum duration of artifact-free
baseline was both representative of wakefulness and feasible
for collection.

In conclusion, this study used PTT to continuously and non-
invasively track BP changes across the entire night in preschool
children. We found that MS OSA in preschool children had a
significant effect on PTT during REM sleep, which persisted
after removal of the acute changes associated with respiratory
events. This indicates that young children with more severe
OSA have an ongoing higher baseline BP during REM sleep.
We propose that the REM-related elevation in BP may be the
first step toward development of the daytime BP abnormalities
that have been documented in older populations with OSA.
Given that increased BP during childhood predicts hyperten-
sion in adulthood,’ longitudinal studies are needed to determine
the effect of resolution of snoring and/or OSA in this age group.
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