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Obstructive sleep apnea in children is associated with severity-dependent
deterioration in overnight endothelial function
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a b s t r a c t

Background: Restorative sleep is expected to promote improved endothelial function (EF) in the morning
compared to the evening. However, in adults with obstructive sleep apnea (OSA) EF is not only adversely
affected, but it worsens during the night. Data in pediatric OSA are scarce, and overnight changes have
not been explored. Therefore, we sought to examine potential associations between pediatric OSA and
overnight changes in EF.
Methods: 59 habitually snoring children with various degrees of sleep-disordered breathing (age range,
4–16 years) underwent EF assessment (reactive hyperemia test by EndoPAT, Itamar Medical, Israel) in
the evening before and the morning after an overnight polysomnography (PSG). Two brachial occlusion
periods (1 min and 5 min) also were tested. Potential associations between evening-to-morning changes
in EF and polysomnographic parameters were explored.
Results: Evening-to-morning changes in children with OSA displayed severity-dependent deterioration of
EF, and occlusions lasting 1 or 5 min during the reactive hyperemia test yielded similar findings.
Conclusions: In children deterioration in EF during the night significantly correlated with the severity of
OSA. Furthermore, the reactive hyperemia test can be reliably performed with only 60 seconds of arterial
flow occlusion in children. These findings support our hypothesis that similarly to adults, sleep apnea in
children results in endothelial dysfunction (ED). We speculate that pediatric OSA is less commonly asso-
ciated with cardiovascular complications possibly due to the shorter duration of the syndrome.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Obstructive sleep apnea (OSA) is a highly prevalent condition in
children that is independently associated with an increased risk for
systemic hypertension and cardiovascular disease [1]; OSA also
alters lipid and metabolic homeostasis [2]. The intermittent in-
creases in upper airway resistance during sleep lead to recurrent
oxyhemoglobin desaturations, elevated carbon dioxide levels,
sleep fragmentation, sympathetic activation, recurrent intratho-
racic pressure swings, and reduced sleep efficiency [3–6].

Endothelial dysfunction (ED), an early risk marker for cardio-
vascular disease, frequently is present in adult and pediatric pa-
tients with OSA [7–11]. Indeed, work from our laboratory has
illustrated that ED, as assessed by a modified hyperemic test after

cuff-induced occlusion of the brachial artery, is more likely to be
present among nonobese children ages 6 to 9 years who were diag-
nosed with OSA syndrome when compared to matched controls
[11]. Additionally, the presence of obesity and OSA contribute to
the magnitude of ED lending support to the concept that both con-
ditions may adversely impose incremental long-term cardiovascu-
lar risk [12–14]. In addition, some of the variance in endothelial
function (EF) has been ascribed to circulating endothelial progeni-
tor cells [15], and abnormalities in postocclusive reperfusion re-
sponses are reversed when adequate and effective treatment of
the underlying OSA syndrome is administered [11,16].

In recent years, a novel approach based on peripheral arterial
tonometry (PAT) has been advanced as providing an automated,
reproducible, and reliable method for assessment of EF and future
cardiovascular risk in adults [17–21]. In children more severe
morning EF is observed utilizing this technology in patients with
diabetes mellitus type 1 with suboptimal control of their glycemic
levels [22]. This technology has two important advantages over
other technologies: (1) automatic software-driven analyses
(no intra- and inter-observer variability) and more importantly
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(2) controlling for systemic autonomic changes during the study by
measuring PAT changes during the test in both the occluded and
the nonoccluded arms. In addition PAT has potential advantages
relative to the ease of testing and as such, in the implementation
of routine assessment of EF in children. However, occasionally
the 5-min occlusion causes arm pain is intolerable in children.
Thus, we aimed at testing reactive hyperemia following either
5 min or 1 min of brachial arterial occlusion and to test if these
two different brachial occlusion times would differentially modify
our findings on the hyperemic response. We hypothesized that
children with OSA would display severity-dependent alterations
in evening-to-morning EF changes as assessed by the reactive
hyperemia test.

2. Methods

Consecutive otherwise healthy, habitually snoring children ages
4–16 years were referred for evaluation for suspected OSA and
were recruited to investigate EF in two pediatric sleep centers,
namely Comer Children’s Hospital in Chicago, IL, USA and Rambam
Medical Center, in Haifa, Israel. All methods outlined in our study
were approved by the University of Chicago Human Research Com-
mittee and by the Institutional Review boards of Rambam Medical
Center. Inclusion criteria consisted of any child suspected of OSA
ages 4 to 17 years and the absence of any of the exclusion criteria
delineated below. All participants underwent baseline overnight
polysomnography (PSG), and their EF was assessed both in the
evening and in the morning following the sleep study in the
laboratory.

2.1. Exclusion criteria

All children who were found to be hypertensive (with either a
systolic or diastolic blood pressure index >1) or those who were
using antihypertensive therapies, were excluded. Furthermore,
children with diabetes mellitus (fasting serum glucose,
P120 mg/dL), with a craniofacial, neuromuscular, or defined ge-
netic syndrome as well as children on long-term anti-inflamma-
tory therapy or with any known acute or chronic illness, were
excluded. In addition, children placed on sympathomimetic agents
such as psychostimulants were not tested.

2.2. Measurements and testing

2.2.1. Anthropometry
Children were weighed on a calibrated scale and their weights

were recorded to nearest 0.1 kg. Height (to 0.1 cm) was measured
with a stadiometer (Holtain, Crymych, UK). Body mass index (BMI)
was calculated and BMI z score was computed using Centers for
Disease Control and Prevention 2000 growth standards
(www.cdc.gov/growthcharts) and online software (www.cdc.gov/
epiinfo). A BMI z score of >1.65 (>95th percentile) was considered
as fulfilling obese criteria.

2.2.2. Sphygmomanometry
Arterial blood pressure was noninvasively measured in all chil-

dren using an automated mercury sphygmomanometer (Welch Al-
lyn, NY) at the brachial artery with a guidelines-defined
appropriate cuff size on the nondominant arm [23]. Blood pressure
measurements were made in the evening prior to commencement
of nocturnal PSG and in the morning immediately after awakening.
Systolic and diastolic blood pressure indices were calculated by
dividing the average systolic and diastolic pressure by the respec-
tive 95th percentile for blood pressure (www.nhlbi.nih.gov/guide-
lines/hypertension/child_tbl.htm) computed for age, gender, and

height. Hypertension was defined by a systolic or a diastolic blood
pressure index exceeding one and led to exclusion from the study.

2.2.3. Overnight PSG
PSG was conducted and scored as previously reported [24–27].

The diagnosis of children with OSA was defined by the presence of
an obstructive apnea (P1/h) of total sleep time (TST) and an
obstructive apnea–hypopnea index (AHI) P5 per hour of TST,
respectively, and a nadir oxyhemoglobin saturation <92% [26].
Children with AHI <1 per hour of TST and no oxygen desaturations
events during sleep were considered as controls. OSA was further
subdivided into mild (1 < AHI; <5/h of TST), and moderate to severe
(1 < AHI; >5/h TST).

2.2.4. Endothelial function
EF was assessed using two different approaches based on a

modified hyperemic test induced by either 1- or 5-min cuff-in-
duced occlusion of the radial and ulnar arteries by placing the cuff
over the wrist. Children were in the sitting position throughout
testing, and resting baseline PAT signals were acquired. Finger
pulse wave amplitude was recorded with the EndoPAT (Itamar
Medical Ltd., Caesarea, Israel). EndoPAT is a noninvasive technol-
ogy that captures a beat-to-beat plethysmographic recording of
the finger arterial pulse wave amplitude with pneumatic probes
[28]. The PAT finger probe consists of a thimble-shaped sensor
cap that imparts a uniform pressure field and exhibits a clamplike
effect on the entire surface of the distal phalanx and measures pul-
satile volume changes. PAT applies a significant counterpressure
(60 mmHg) on the digit and avoids distal venous distention, there-
by inhibiting venous pooling and blood stasis which could other-
wise induce a venoarteriolar reflex vasoconstrictor response. The
pressure field applied to the finger also may protect against local
venous distension related to elevated venous pressure in the upper
arm during the cuff inflation portion of reactive hyperemia testing
[28]. PAT is therefore configured to unload arterial wall tension and
increase the range of arterial wall motion without inducing poten-
tially confounding vasomotor changes. The finger probe is con-
nected by flexible tubing to isolated volume reservoirs that
buffer pressure changes within the probes. The pressure change
signals are then filtered, amplified, displayed, and stored for fur-
ther analysis.

PAT probes were placed on one finger of each hand (occluded
and control arms) for continuous recording of the PAT signal. After
a 5- to 8-min equilibration period, which was used as baseline, the
blood pressure cuff was inflated to suprasystolic pressures
(P200 mmHg) for 1 or 5 min. The cuff was then abruptly deflated,
while PAT recording continued for 5 min. The main outcome mea-
sure, the reactive hyperemia index, was calculated as (1) the ratio
of the digital pulse volume during reactive hyperemia over a 1-min
time interval starting 1 min after cuff deflation to that at baseline
for 5-min occlusion periods [28] and (2) as the changes in reactive
hyperemia index over the initial 30 s after deflation for occlusions
lasting for 1 min to mimic the endothelial capillary responses pre-
viously determined using laser-Doppler flowmetry [13,14]. Of note
the occlusion time of 60 s was chosen in the Chicago population
based on the previous validation steps conducted in children with
laser-Doppler technology and to minimize discomfort for the child
[11,29]. Conversely, the 300-s occlusion was selected (in the Haifa
population) to mimic the usual and optimized procedure per-
formed in adult and adolescent participants [8,22,30].

2.3. Data analysis

Results are presented as mean ± standard deviation, unless
otherwise stated. All numerical data were subjected to statistical
analysis using independent Student t tests or analysis of variance
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