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Neurocognitive and Endothelial Dysfunction in
Children With Obstructive Sleep Apnea

WHAT’S KNOWN ON THIS SUBJECT: Obstructive sleep apnea
syndrome (OSAS) is associated with neuropsychological deficits
and cardiovascular morbidity. However, not all children are
affected, and it is unknown whether those children with 1 of
these morbidities are at risk for the other.

WHAT THIS STUDY ADDS: Results show that endothelial
dysfunction and neurocognitive deficits are frequent in children
and are also highly likely to coincide, suggesting that these
morbidities of OSAS may share similar pathophysiological
mechanisms. Furthermore, a simpler test such as measurement
of endothelial function may serve as a surrogate marker for
cognitive dysfunction in children with OSAS.

abstract
OBJECTIVE: Pediatric obstructive sleep apnea syndrome (OSAS) is as-
sociated with neurocognitive and endothelial dysfunction. However, it
is unclear whether these 2 frequent morbidities of OSAS in children
represent similar or different underlying pathophysiological processes,
because they have never been concurrently assessed in children.

METHODS: Consecutive children (ages 5–8 years) with polysomno-
graphically based OSAS underwent cognitive battery evaluation (Differ-
ential Ability Scales and the NeuroPsychological Assessment Battery)
and cuff-occlusion hyperemic tests for assessment of endothelial func-
tion. The presence of neurocognitive deficits (NC�) was defined on the
basis of the presence of�2 abnormal cognitive test results. Endothe-
lial dysfunction (ED�) was defined as a time to maximal postocclusive
hyperemic response of�45 seconds (Tmax).

RESULTS: Twenty-one control children and 87 children with OSAS com-
pleted both cognitive and endothelial tests. Of these children, 48 were
NC� and 50 had a Tmax of �45 seconds, and at least 80% of these
children were in both groups. Conversely, among children in whom
there was no presence of neurocognitive deficits (NC�), only 25.6%
were ED�, whereas among those without endothelial dysfunction
(ED�) only 21.6% were NC�. Furthermore, approximately one-third of
the children with OSAS was NC� and ED�. Thus, findings on hyperemic
vascular responses were highly predictive of neurocognitive status.

CONCLUSIONS: Endothelial dysfunction and neurocognitive deficits
are more likely to coexist than otherwise predicted from the frequency
of each of thesemorbidities alone in pediatric OSAS. Thus, both of these
morbid consequences may share similar pathogenetic mechanisms.
Furthermore, a simple test such as the postocclusive hyperemic vas-
cular responsemay help detect at-risk patients for neuropsychological
deficits. Pediatrics 2010;126:e1161–e1167

AUTHORS: David Gozal, MD,a,b Leila Kheirandish-Gozal,
MD,a,b Rakesh Bhattacharjee, MD,b and Karen Spruyt,
PhDa,b

aSection of Pediatric Sleep Medicine, Department of Pediatrics,
University of Chicago, Chicago, Illinois; and bDivision of Pediatric
Sleep Medicine, Department of Pediatrics, University of
Louisville, Louisville, Kentucky

KEY WORDS
sleep apnea, endothelial progenitor cells, endothelial function,
serum lipids, atherosclerosis

ABBREVIATIONS
OSAS—obstructive sleep apnea syndrome
PSG—overnight polysomnography
OAHI—obstructive apnea hypopnea index
DAS—Differential Ability Scales
NEPSY—NeuroPsychological Assessment Battery
Tmax—time to maximal postocclusive reperfusion
ED�—presence of endothelial dysfunction
ED�—without endothelial dysfunction
NC�—presence of�2 deficits in cognitive battery subtests
NC�—no presence of neurocognitive deficits

www.pediatrics.org/cgi/doi/10.1542/peds.2010-0688

doi:10.1542/peds.2010-0688

Accepted for publication Aug 3, 2010

Address correspondence to David Gozal, MD, Department of
Pediatrics, University of Chicago, 5721 S Maryland Ave, MC 8000,
Suite K-160, Chicago, IL 60637. E-mail: dgozal@uchicago.edu

PEDIATRICS (ISSN Numbers: Print, 0031-4005; Online, 1098-4275).

Copyright © 2010 by the American Academy of Pediatrics

FINANCIAL DISCLOSURE: The authors have indicated they have
no financial relationships relevant to this article to disclose.

Funded by the National Institutes of Health (NIH).

ARTICLES

PEDIATRICS Volume 126, Number 5, November 2010 e1161
 by guest on February 13, 2014pediatrics.aappublications.orgDownloaded from 

pediatrics.aappublications.org/
http://pediatrics.aappublications.org/
http://pediatrics.aappublications.org/


Obstructive sleep apnea syndrome
(OSAS) in children is a prevalent condi-
tion in which intermittent collapse of
the upper airway during sleep leads to
recurrent hypoxic events, intermit-
tently elevated carbon dioxide levels,
sleep fragmentation, and reduced
sleep efficiency.1 Results of substantial
work from multiple laboratories have
clearly shown that OSAS independently
elevates the risk for neurocognitive
deficits and reduced school academic
performance,2–4 alters lipid homeosta-
sis,5 and promotes the occurrence of
cardiovascular morbidities such as
systemic hypertension and endothelial
dysfunction.6–8 However, it is notewor-
thy that not all children with OSAS will
develop evidence of either cognitive
dysfunction9 or endothelial dysfunc-
tion,10 thereby leading to the concept
that that multiple factors could be
playing a role in the morbidity-
associated phenotype in the context of
pediatric OSAS.11–16 Among such fac-
tors, the severity of OSAS, the magni-
tude of the inflammatory and oxidant
stress responses, individual and ge-
netic susceptibility factors,11,17–21 as
well as environmental modifiers22 are
all likely to either exacerbate or miti-
gate the degree of end-organ injury
elicited by the presence of OSAS in chil-
dren. In the context of cognitive deficits
in pediatric OSAS, changes in brain
metabolic function and systemic in-
flammatory responses have been iden-
tified as determinants of such adverse
outcomes.9,23 However, the magnitude
of middle cerebral artery velocity,
which provides an indicator of cere-
bral autoregulatory vasomotor activ-
ity, has also recently emerged as an
important correlate of cognitive out-
come in pediatric OSAS, which sug-
gests that abnormal vascular function
could underlie cognitive outcomes.24

Taken together, it is tempting to spec-
ulate that the presence of cognitive
deficits and endothelial dysfunction
may not represent 2 distinct and non-

overlapping features of OSAS-induced
morbidity but, rather, could reflect a
shared array of pathogenetic mecha-
nisms leading to this phenotype. In
other words, abnormal postocclusive
hyperemic responses of the microcir-
culation and neurocognitive deficits
would be highly likely to coexist in chil-
dren with OSAS when any 1 of such
morbidities is present. Conversely, the
absence of any 1 of these 2morbidities
wouldmarkedly reduce the probability
of detecting the presence of the other
in the same child with OSAS. This as-
sumption is all the more probable
when considering the fact that both
neurocognitive deficits and endothe-
lial dysfunction share the presence of
increased inflammatory activity as a
determinant for their occurrence.8,9,25

Thus, we hypothesized that endothelial
dysfunction and neurocognitive defi-
cits would be more likely to be con-
comitantly present than otherwise
randomly predicted in children with
OSAS.

METHODS

Consecutive, otherwise-healthy, habit-
ually snoring prepubertal children
(ages 5–8 years) who were participat-
ing in a study on neurocognitive func-
tion and sleep in children at the Univer-
sity of Louisville Pediatric Sleep
Medicine Centerwere also recruited to
participate in assessment of endothe-
lial function in the context of OSAS. All
methods outlined in this study were
approved by the University of Louisville
Human Research Committee. Subjects
were recruited from September 2007
until October 2008. All participants un-
derwent baseline overnight polysom-
nography (PSG) and a fasting blood
draw in the morning for glycemic as-
sessments. In addition, 21 age- and
gender-matched nonsnoring control
subjects were recruited from the com-
munity. The rationale for assessing
control children was twofold: (1) to es-
tablish a normative range of time to

maximal postocclusive reperfusion
(Tmax) for age- and gender-matched
children originating from the same
community and using the same mea-
suring device; and (2) to ascertain that
the absence or presence of neurocog-
nitive deficits in OSAS children was in-
deed present and not just the result of
an artificial categorical allocation of
the test findings based on established
norms for these batteries in other
populations.

Anthropometry

Children were weighed by using a cal-
ibrated scale, and their weight was re-
corded to the nearest 0.1 kg. Height (to
0.1 cm) was measured by using a sta-
diometer (Holtain, Crymych, United
Kingdom). BMI was calculated and
BMI z scorewas computed by using Cen-
ters for Disease Control and Prevention
2000 growth charts (www.cdc.gov/
growthcharts) and online software
(www.cdc.gov/epiinfo). A BMI z score of
�1.65 (�95th percentile) was consid-
ered to fulfill obesity criteria.

Sphygmomanometry

Arterial blood pressure wasmeasured
noninvasively in all children by using
an automated mercury sphygmoma-
nometer (Welch Allyn, Skaneateles
Falls, NY) at the brachial artery using a
guidelines-defined appropriate cuff
size on the nondominant arm.26 Blood
pressure measurements were made
in the evening before commencement of
the PSG and in the morning immediately
after awakening. Children with a mean
systolic or diastolic blood pressure at
�95th percentile for age, height, and
gender (www.nhlbi.nih.gov/guidelines/
hypertension/child_tbl.htm) were con-
sidered to be hypertensive and were
excluded.

Overnight Polysomnography

PSG was conducted and scored as pre-
viously reported.27–31 The diagnosis of
children with OSAS was defined by the
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presence of an obstructive apnea in-
dex of�1 per hour of total sleep time
and an obstructive apnea–hypopnea
index (OAHI) of �5 per hour of total
sleep time, respectively, and a nadir
oxyhemoglobin saturation of �92%.29

Control children had an OAHI of�1 per
hour of total sleep time and no oxygen-
desaturation events during sleep.

Neurocognitive Assessments

The cognitive tests administered the
morning after polysomnographic as-
sessment consisted of the Differential
Ability Scales (DAS)32 and the Neuro-
Psychological Assessment Battery
(NEPSY).33 The DAS32 is a battery of cog-
nitive tests designed to measure rea-
soning and conceptual ability in chil-
dren aged 2 to 17 years. This measure
was designed to provide specific infor-
mation about an individual’s strengths
and weaknesses across a wide range
of intellectual activities. Children were
administered either the preschool
(aged 5 years) or the school-age (aged
�6 years) form of the DAS. The pre-
school form is divided into a verbal
cluster (including 2 subtests) and a
nonverbal cluster (including 2 spatial
subtests and 1 nonverbal reasoning
subtest) and yields a global composite
score that is commensurate with an IQ.
The school-age form yields a spatial
cluster score in addition to the verbal,
nonverbal, and global composite
scores. The test was designed so that
the global composite scores could be
examined across forms and through-
out the age range. Individual DAS
subtests are designed tomeasure sep-
arate and distinct areas of cognitive
functioning and, thus, have high speci-
ficity. The ability score for a subtest is
expressed as a T score with a mean of
50 and an SD of 10. The sum of the core
subtest T scores is converted to a total
standard score, the general concep-
tual ability score, with a mean of 100
and an SD of 15.

The NEPSY33 is a relatively new neu-
robehavioral test battery designed to
assess neurobiological development
in 5 functional domains. These do-
mains include attention/executive
functions, language, sensorimotor
functions, visuospatial processing,
andmemory and learning, with amean
score of 100 and an SD of 15. All these
subtests have good to excellent reli-
ability (r � 0.77–0.91). Subjects were
considered to be being affected if they
scored 1 SD below the mean for at
least 2 composite clusters or domains
on either the DAS or NEPSY batteries.

Endothelial Function

Endothelial function was assessed by
using a modified hyperemic test after
cuff-induced occlusion of the radial
and ulnar arteries by placing the cuff
over the wrist as previously report-
ed.8,10,34 All tests were performed at
awakening to ensure that children
were in a fasted state. A laser Doppler
sensor (Periflux 5000 system inte-
grated with the PF 5050 Pressure Unit
[Perimed, Järfälla, Sweden]) was ap-
plied over the volar aspect of the hand
at the first finger distal metacarpal
surface, and the hand was gently im-
mobilized. This site was chosen as an
area to minimize the effects of motion
artifact and was also found to have a
density of skin capillary blood flow that
was of appropriate magnitude for de-
tection. Again, children lay supine with
the head of the bed elevated 45°. Once
cutaneous blood flow over the area be-
came stable, the pressure within an in-
flatable cuff placed at the forearm and
connected to a computer-controlled
manometer was raised to 200 mm Hg
for 60 seconds, during which blood
flow was reduced to undetectable lev-
els. An occlusion time of 60 seconds
was chosen tominimize discomfort for
the child. Using a computer-controlled
pressure release to allow for consis-
tent deflation times, the cuff was rap-
idly deflated and the hyperemic re-

sponses were measured by the laser
Doppler device. The maneuver was
performed twice within 10 minutes,
and at least 2 minutes separated both
trials to ensure a return to baseline
perfusion. The average of both maneu-
vers was then computed for subse-
quent analyses. Laser Doppler deter-
mines the magnitude of perfusion at
rest, at occlusion, and after occlusion.
Although detection of microvascular
perfusion varies by child according to
factors such as density of capillary
blood vessels and thickness of skin, all
measurements were extrapolated to
baseline perfusion before cuff occlu-
sion, and analysis of reperfusion kinet-
ics was based on time measurements.
Commercially available software (Per-
imed) allowed for unbiased estimates of
the time to peak regional blood flow re-
sponse after the occlusion release,
which is considered representative of
the postocclusion hyperemic response,
an index of endothelial function.35

Exclusion Criteria

All children who were hypertensive or
using antihypertensive therapies were
excluded (n � 7). Furthermore, chil-
dren with diabetes (fasting serum
glucose level of �120 mg/dL; n � 4);
children with a craniofacial, neuro-
muscular, or defined genetic syn-
drome, children on chronic anti-
inflammatory therapy (n � 3), and
children with any known acute or
chronic illness were excluded. In addi-
tion, children placed on sympathomi-
metic agents such as psychostimu-
lants were not tested (n� 9).

Data Analysis

Results are presented as means� SD,
unless stated otherwise. All numerical
data were subjected to statistical anal-
ysis using �2 tests, independent Stu-
dent’s t tests, or analysis of variance,
followed by posthoc tests as appropri-
ate using Statistica 8.0 (StatSoft, Inc,
Tulsa, OK [available at www.statsoft.
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com). As an additional measure of con-
cordance, the Cohen’s � coefficient
was calculated by using MedCalc
(Mariakerke, Belgium) software. No
variance-stabilizing transformations
were undertaken. A 2-tailed P value of
�.05 was considered to define statis-
tical significance.

RESULTS

In total, 167 children who fit the initial
inclusion criteria were recruited onto
the study. Of these children, 91 fulfilled
criteria for OSAS. In addition, 21 chil-
dren who were age-, gender-, and
ethnicity-matched nonsnoring control
subjects were also included to better
define the validity of the cutoff values
for endothelial function and to ascer-
tain that normative cognitive perfor-
mance was indeed present in the cur-
rent population compared with
published standards. Although chil-
dren with mild sleep-disordered
breathing exhibit a higher risk of neu-
rocognitive dysfunction compared
with control children,36 we aimed to
identify the degree of concordance be-
tween vascular and neurocognitive
function; therefore, the remaining 76
children with primary snoring but
without OSAS were not included. In ad-
dition, 4 of 91 children with OSAS did
not complete all the phases of the pro-
tocol and were also excluded.

The demographic characteristics of 87
children with OSAS and 21 controls are
listed in Table 1. As expected from the
selection process, the mean obstruc-
tive OAHI and respiratory arousal index
were significantly higher, and the na-
dir arterial oxygen saturation was sig-
nificantly lower in the OSAS group (Ta-
bles 2 and 3). Among 21 control
children, there were no abnormalities
in cognitive function (no single child
exhibited a score that was 1 SD below
the mean), and the Tmax was 29.7� 3.5
seconds; no child exhibited a Tmax of

�45 seconds (�3 SDs beyond the
mean).

Of 87 children with OSAS, 48 exhibited
evidence of cognitive deficits (NC�)
(55.1%). Of these children, 14 had ab-

normal performances in 5 cognitive
DAS and NEPSY clusters or domains, 19
had reduced performances in 4 clus-
ters/domains, 12 children were ad-
versely affected in 3 clusters/domains,

TABLE 1 Demographic and Blood Pressure Characteristics in 87 Children With Polysomnographic
Evidence of OSAS and 21 Matched Control Subjects

OSAS
(N� 87)

Control Subjects
(N� 21)

P

Age, mean� SD, y 7.24� 0.96 7.21� 1.1 NS
Gender (male), n 51 11 NS
Race, n
Non-Hispanic white 52 13 NS
Black 29 6
Hispanic 3 1
Biracial 2 1
Other 1 0
Family history of premature cardiovascular disease, n 19 5 NS
BMI z score, mean� SD 0.82� 0.27 0.66� 0.29 �.044
Mean systolic blood pressure, mean� SD, mm Hg 117.1� 7.3 98.1� 6.7 �.01
Mean diastolic blood pressure, mean� SD, mm Hg 68.1� 5.2 62.1� 5.5 NS

NS indicates not significant.

TABLE 2 Polysomnographic Findings in 87 Children With OSAS and 21 Matched Control Subjects

OSAS
(N� 87)

Control Subjects
(N� 21)

P

TST, min 474.8� 43.9 469.8� 44.9 NS
Sleep efficiency, % 85.3� 11.2 90.2� 10.4 NS
Sleep-onset latency, min 26.8� 22.7 30.1� 27.2 NS
REM-onset latency, min 141.6� 61.0 152.1� 64.6 NS
Awakenings, n 16.1� 6.5 12.6� 5.6 �.04
WASO, % TST 4.1� 5.4 4.6� 4.4 NS
Stage 1, % TST 6.0� 3.3 4.8� 3.9 NS
Stage 2, % TST 48.2� 7.5 40.5� 7.3 �.05
Stage 3, % TST 7.4� 7.1 11.7� 7.7 �.05
Stage 4, % TST 17.9� 7.5 23.2� 8.8 �.05
Stage REM, % TST 15.1� 5.7 17.7� 7.7 NS
SAI, per h TST 7.9� 6.5 13.2� 7.8 �.05
RAI, per h TST 5.9� 2.7 0.1� 0.4 �.01
PLMI, per h TST 6.2� 9.1 4.9� 4.4 NS
PLMAI, per h TST 0.2� 0.9 0.1� 0.7 NS
OAHI, per h TST 14.8� 6.8 0.3� 0.2 �.0001
Oxygen saturation nadir, % 85.7� 6.1 94.1� 1.9 �.0001
Mean ETCO2, mm Hg 45.7� 5.2 41.3� 6.9 NS
Peak ETCO2, mm Hg 56.3� 6.8 47.8� 4.5 �.01

TST indicates total sleep time; NS, not significant; REM, rapid eye movement; WASO, wake after sleep onset; SAI, spontaneous
arousal index; RAI, respiratory arousal index; PLMI, periodic leg movement index; PLMAI, periodic leg movement arousal
index; ETCO2, end-tidal carbon dioxide. Data are means� SD.

TABLE 3 Polysomnographic Findings in 87 Children with OSAS and 21 Matched Control Subjects
According to Presence or Absence of Neurocognitive Deficits and Endothelial Dysfunction

OSAS (N� 87) Control
Subjects
(N� 21)

P

NC�, ED�

(n� 8)
NC�, ED�

(n� 40)
NC�, ED�

(n� 29)
NC�, ED�

(n� 10)

RAI, per h TST 6.2� 4.1 5.9� 3.1 6.1� 3.2 5.7� 3.5 0.1� 0.4 �.01
OAHI, per h TST 13.9� 7.8 15.7� 6.9 15.1� 7.6 14.3� 8.3 0.3� 0.2 �.0001
Oxygen saturation nadir, % 83.4� 8.1 86.1� 6.0 84.8� 8.1 85.4� 8.1 94.1� 1.9 �.0001

RAI indicates respiratory arousal index.
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and 3 children had reduced scores in
only 2 clusters/domains. The most fre-
quently affected functional categories
in younger children were verbal, work-
ing memory, and object recall, and a
similar pattern emerged among the
older childrenwith verbal andworking
memory also being most frequently
affected.

Fifty of 87 children with OSAS had Tmax
values of�45 seconds (ED�) (57.5%).
Among 48 NC� children, 40 were also
ED� (83.3%). Conversely, among 50
children who were defined as being
ED�, 40 were NC� (80.0%), thereby in-
dicating a high degree of overlap be-
tween ED� and NC�. Of 39 children
who were NC�, only 10 (25.6%) were
ED�, whereas among 37 children who
were ED�, only 8 were NC� (21.6%).
Thus, there was a subset of 29 children
who, despite having OSAS of similar se-
verity, showed no evidence of end-
organ morbidity (ie, NC� and ED�),
thereby accounting for approximately
one-third of the cohort. The various
permutations on endothelial and cog-
nitive functional status are shown in
Table 4. In total, the degree of concor-
dance between endothelial function
and the presence of cognitive deficits
was 79.3% andwas significantly higher
than would be predicted from random
agreement between the 2 phenotypes
(�2: 29.3; P� .00001). In other words, if
endothelial measurements were con-
ducted in children with OSAS, the find-
ings on this test would have a sensitiv-
ity of 83.3%, a specificity of 74.4%, a
positive predictive value of 80%, and a
negative predictive value of 78.4% in

correctly detecting the corresponding
neurocognitive functional status.

DISCUSSION

Our results show that in otherwise
healthy children, polysomnographic
evidence of OSAS was associated with
the presence of endothelial dysfunc-
tion and neurocognitive deficits in a
significant proportion of these chil-
dren. However, despite disease of sim-
ilar severity, not all children are af-
fected, and in fact only slightly more
than half of them exhibited 1 of these 2
dysfunctional phenotypes. It should be
noted that the significantly higher de-
gree of coexistence between the 2mor-
bidities, as might be predicted from
random association alone, would sug-
gest that endothelial and cognitive dys-
function may share similar pathophys-
iological mechanisms or, alternatively,
that the presence of endothelial dys-
function may lead to neurocognitive
deficits. Independent from such con-
siderations, our findings suggest that
implementation of an endothelial test-
ing protocol that requires 30 minutes
at most may provide a reasonable pre-
diction on the presence or absence of
underlying OSAS-induced neurocogni-
tive deficits, which at the moment can
only be detected through extensive
neuropsychological testing that is
both labor intensive and time consum-
ing (�3 hours) and, as such, cannot be
routinely implemented in the clinical
evaluation process of children at risk
for sleep-disordered breathing.

Our results corroborate previous find-
ings from our laboratory showing that
OSAS is indeed associated with alter-
ations in the microvasculature and
that substantial variability is present
regarding the status of the microvas-
cular phenotype.8,10 The variance in
vascular function among children with
OSAS seems to be, at least in part, re-
lated to systemic inflammatory pro-
cesses elicited by the disease, and, as

such, a strong association between
Tmax and high-sensitivity C-reactive
protein (hsCRP) plasma levels was de-
tected.10 These results are reminiscent
of the strong association between
hsCRP and neurocognitive dysfunc-
tion,9 whereby the presence of deficits
was associated with markedly higher
hsCRP levels in children with OSAS
than in children with OSAS of similar
severity who did not exhibit altered
cognitive function. Taken together, it
would seem that on the basis of the
high degree of concordance identified
herein between vascular and cognitive
phenotypes, it would be possible that
these 3 components, namely inflam-
mation, microvascular damage, and
neurocognitive deficits, could all be ac-
counted for in a single unifying model
(Fig 1). In this hypothetical framework,
end products and mediators resulting
form activation of increased inflamma-
tory responses, and of both systemic
and oxidative stress pathways induced
by OSAS,37–39 would then either directly
or via their adverse effects on endothe-
lium integrity, promote its deleterious
effects on cognition. In this context, the
modulatory influences of intrinsic sus-
ceptibility (ie, genomic variance within
genes that play mechanistic roles in
end-organ injury in OSAS) and extrin-
sic susceptibility dictated by lifestyle
differences and other factors (eg, obe-
sity, literacy, dietary habits, physical
activity, pollution, etc) would add fur-
ther layers of complexity to the

TABLE 4 Distribution of Cognitive and
Endothelial Functional Status Among
87 Children With OSAS

NC

� �

ED � 40 10 50
� 8 29 37
Total 48 39 87

Cohen � coefficient: 0.58 (SE 0.088 [95% CI: 0.407–0.752]).

OSAS

Oxidative stress  
and 

inflammation 

Cognitive dysfunction

Endothelial dysfunction 

FIGURE 1
Putative pathways that lead to neuropsychological
and endothelial dysfunction in children with OSAS.
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strength of these relationships when
attempting to predict a specific
morbidity-associated phenotype.34,40,41

We should also be aware of the possi-
bility that task-evoked changes in
brain activity may differ in children
with OSAS even before measurable
deficits become detectable.42,43 Indeed,
expanded regions of brain activation
emerge in children with even mild
sleep-disordered breathing during at-
tention or memory tasks, which re-
flects the need to recruit larger neural
resources such as to maintain perfor-
mance.42,43 These observations are re-
markably similar those from to studies
of adult patients with OSAS who
showed 1 of 2 main brain activity pat-
terns, namely hyperactivation and
wider recruitment of brain tissue dur-
ing task performance to achieve simi-
lar performances to normal subjects,
or reduced brain activity while on task
along with reduced task perfor-
mance.44–46 Because functional MRI
strategies rely on microvascular re-
sponses to neural activation, it be-
comes apparent that the presence of

alterations in brain microvascular re-
sponses could reflect the underlying
cognitive pathology or, alternatively,
lead to recruitment of larger brain re-
gions as a compensatory mechanism
aiming to maintain neural perfor-
mance. Future studies aiming to as-
sess correlates of regional brain dys-
function by using vascular recruitment
patterns and bioenergetics in children
will be critical for improved under-
standing of the nature of the relation-
ships between endothelial and neural
morbidities in pediatric OSAS. In fur-
ther support of this potential associa-
tion, results of work by Hogan et al24,47

have shown that raised cerebral blood
flow velocities on transcranial Doppler,
which are compatible with vascular nar-
rowing, were associated with neuropsy-
chological deficits in children with OSAS
and that treatment of OSAS was accom-
panied by reduced flow velocities in
these children, concomitant with im-
provements in cognitive function.

CONCLUSIONS

We have shown that children with
OSAS are not only at high risk for de-

veloping both neuropsychological
deficits and endothelial microvascu-
lar dysfunction but that when any of
these 2 morbidities is detectable, it
is highly likely that the other morbid-
ity will also be present. As such, it is
possible that the simpler measure-
ment of microvascular postischemic
reperfusion responses may not only
serve as an accurate correlate to the
presence of neurocognitive deficits
but may also provide valuable in-
sights into the vascular pathophysio-
logical mechanisms that are poten-
tially involved in the memory and
learning problems and reduced aca-
demic performances frequently ob-
served in children with OSAS.

ACKNOWLEDGMENTS
Dr Gozal is supported by National In-
stitutes of Health grant HL65270, and
Dr Kheirandish-Gozal is the recipient
of an investigator-initiated grant on
montelukast in treatment of pediat-
ric sleep apnea by Merck and of
National Institutes of Health K12
HL090003.

REFERENCES

1. Lumeng JC, Chervin RD. Epidemiology of pe-
diatric obstructive sleep apnea. Proc Am
Thorac Soc. 2008;5(2):242–252

2. Gozal D. Sleep-disordered breathing and
school performance in children. Pediatrics.
1998;102(3 pt 1):616–620

3. O’Brien LM, Mervis CB, Holbrook CR, et al.
Neurobehavioral correlates of sleep disor-
dered breathing in children. J Sleep Res.
2004;13(2):165–172

4. Montgomery-Downs HE, Crabtree VM, Gozal
D. Cognition sleep and respiration in at-risk
children treated for obstructive sleep ap-
nea. Eur Respir J. 2005;25(2):336–342

5. Gozal D, Capdevila OS, Kheirandish-Gozal L.
Metabolic alterations and systemic inflam-
mation in obstructive sleep apnea among
nonobese and obese prepubertal children.
Am J Respir Crit Care Med. 2008;177(10):
1142–1149

6. Amin R, Somers VK, McConnell K, et al.
Activity-adjusted 24-hour ambulatory blood
pressure and cardiac remodeling in chil-

dren with sleep disordered breathing.
Hypertension. 2008;51(1):84–91

7. McConnell K, Somers VK, Kimball T, et al.
Baroreflex gain in children with obstructive
sleep apnea. Am J Respir Crit Care Med.
2009;180(1):42–48

8. Gozal D, Kheirandish-Gozal L, Serpero LD,
Sans Capdevila O, Dayyat E. Obstructive
sleep apnea and endothelial function in
school-aged non-obese children: effect of
adenotonsillectomy. Circulation. 2007;
116(20):2307–2314

9. Gozal D, McLaughlin Crabtree V, Sans Cap-
devila O, Witcher LA, Kheirandish-Gozal L. C
reactive protein, obstructive sleep apnea,
and cognitive dysfunction in school-aged
children. Am J Respir Crit Care Med. 2007;
176(2):188–193

10. Kheirandish-Gozal L, Bhattacharjee R, Kim J,
Clair HB, Gozal D. Endothelial progenitor
cells and vascular dysfunction in pediatric
OSA. AmJRespir Crit CareMed. 2010;182(1):
92–97

11. Kheirandish L, Gozal D. Neurocognitive dys-
function in children with sleep disorders.
Dev Sci. 2006;9(4):388–399

12. Somers VK, White DP, Amin R, et al. Sleep
apnea and cardiovascular disease: an
American Heart Association/American Col-
lege of Cardiology Foundation Scientific
Statement from the American Heart Associ-
ation Council for High Blood Pressure Re-
search Professional Education Committee,
Council on Clinical Cardiology, Stroke Coun-
cil, and Council on Cardiovascular Nursing.
Circulation. 2008;118(10):1080–1111

13. Bhattacharjee R, Kheirandish-Gozal L, Pillar
G, Gozal D. Cardiovascular complications of
obstructive sleep apnea syndrome: evi-
dence from children. Prog Cardiovasc Dis.
2009;51(5):416–433

14. Gozal D, Kheirandish-Gozal L. Cardiovascu-
lar morbidity in obstructive sleep apnea:
oxidative stress, inflammation, and much
more. Am J Respir Crit Care Med. 2008;
177(4):369–375

15. Kheirandish-Gozal, Bhattacharjee R, Gozal

e1166 GOZAL et al
 by guest on February 13, 2014pediatrics.aappublications.orgDownloaded from 

http://pediatrics.aappublications.org/
http://pediatrics.aappublications.org/


D. Autonomic alterations and endothelial
dysfunction in pediatric obstructive sleep
apnea. Sleep Med. 2010;11(7):714–720

16. Gozal D, Kheirandish-Gozal L. The multiple
challenges of obstructive sleep apnea in
children: morbidity and treatment. Curr
Opin Pediatr. 2008;20(6):654–658

17. Gozal D, Sans Capdevila O, Kheirandish-
Gozal L, McLaughlin Crabtree V. Apolipopro-
tein E �4 allele, neurocognitive dysfunction,
and obstructive sleep apnea in school-aged
children. Neurology. 2007;69(3):243–249

18. Gozal D, Sans Capdevila O, McLaughlin
Crabtree V, Serpero LD, Witcher LA,
Kheirandish-Gozal L. Plasma insulin growth
factor 1 levels and cognitive dysfunction in
school-aged children with obstructive sleep
apnea. Sleep Med. 2009;10(2):167–173

19. Montgomery-Downs HE, Krishna J, Roberts
LJ 2nd, Gozal D. Urinary F2-isoprostane me-
tabolite levels in children with sleep-
disordered breathing. Sleep Breath. 2006;
10(4):211–215

20. Verhulst SL, Van Hoeck K, Schrauwen N, et
al. Sleep-disordered breathing and uric
acid in overweight and obese children and
adolescents. Chest. 2007;132(1):76–80

21. Kaditis A, Gozal D, Snow AB, et al. Uric acid
excretion in North American and Southeast
European children with obstructive sleep
apnea. Sleep Med. 2010;11(5):489–493

22. Sans Capdevila O, Kheirandish-Gozal L,
Dayyat E, Gozal D. Pediatric obstructive
sleep apnea: complications, management,
and long-term outcomes. Proc Am Thorac
Soc. 2008;5(2):274–282

23. Halbower AC, Degaonkar M, Barker PB, et al.
Childhood obstructive sleep apnea associates
with neuropsychological deficits and neuro-
nal brain injury. PLoS Med. 2006;3(8):e301

24. Hogan AM, Hill CM, Harrison D, Kirkham FJ.
Cerebral blood flow velocity and cognition
in children before and after adenotonsillec-
tomy [published correction appears in Pe-
diatrics. 2008;122(3):689–90]. Pediatrics.
2008;122(1):75–82

25. Kim J, Bhattacharjee R, Snow AB, Sans Cap-
devila O, Kheirandish-Gozal L, Gozal D. My-
eloid related protein 8/14 levels in children
with obstructive sleep apnea. Eur Respir J.
2010;35(4):843–850

26. National High Blood Pressure Education

Program Working Group on High Blood
Pressure in Children and Adolescents. The
fourth report on the diagnosis, evaluation,
and treatment of high blood pressure in
children and adolescents. Pediatrics. 2004;
114(2 suppl 4th report):555–576

27. Rechstschaffen A, Kales A. A Manual of Stan-
dardized Terminology, Techniques and
Scoring System for Sleep Stages of Human
Subjects. Los Angeles, CA: Brain Information
Services/Brain Research Institute, Univer-
sity of California; 1968

28. Standards and indications for cardiopulmo-
nary sleep studies in children: American
Thoracic Society. Am J Respir Crit CareMed.
1996;153(2):866–878

29. Montgomery-Downs HE, O’Brien LM, Gulliver
TE, GozalD. Polysomnographic characteristics
in normal preschool and early school-aged
children. Pediatrics. 2006;117(3):741–753

30. Iber C, Ancoli-Israel S, Chesson Jr AL, Quan
SF. The AASM Manual for the Scoring of
Sleep and Associated Events. Darien, IL:
American Academy of Sleep Medicine; 2007

31. Sleep Disorders Atlas Task Force of the
American Sleep Disorders Association. EEG
arousals: scoring rules and examples: a
preliminary report from the Sleep Disor-
ders Atlas Task Force of the American Sleep
Disorders Association. Sleep. 1992;15(2):
173–184

32. Elliott CD. Differential Ability Scales: Hand-
book. San Antonio, TX: Psychological
Corporation; 1990

33. Korkman M, Kirk U, Kemp S. NEPSY: A Devel-
opmental Neuropsychological Assessment
Manual. San Antonio, TX: Psychological
Corporation; 1998

34. Bhattacharjee R, Alotaibi WH, Kheirandish-
Gozal L, Capdevila OS, Gozal D. Endothelial
dysfunction in obese non-hypertensive chil-
dren without evidence of sleep disordered
breathing. BMC Pediatr. 2010;10:8

35. Wahlberg E, Olofsson P, Swendenborg J,
Fagrell B. Changes in postocclusive reactive
hyperaemic values as measured with laser
Doppler fluxmetry after infrainguinal arte-
rial reconstructions. Eur J Vasc Endovasc
Surg. 1995;9(2):197–203

36. O’Brien LM, Mervis CB, Holbrook CR, et al.
Neurobehavioral implications of habitual
snoring in children. Pediatrics. 2004;114(1):
44–49

37. Khalyfa A, Capdevila OS, Buazza MO, Serpero
LD, Kheirandish-Gozal L, Gozal D. Genome-
wide gene expression profiling in children
with non-obese obstructive sleep apnea.
Sleep Med. 2009;10(1):75–86

38. Snow AB, Khalyfa A, Serpero LD, et al. Cate-
cholamine alterations in pediatric obstruc-
tive sleep apnea: effect of obesity. Pediatr
Pulmonol. 2009;44(6):559–567

39. Kaditis AG, Alexopoulos EI, Damani E, et al.
Urine levels of catecholamines in Greek
children with obstructive sleep-disordered
breathing. Pediatr Pulmonol. 2009;44(1):
38–45

40. Gozal D. Sleep, sleep disorders and inflam-
mation in children. Sleep Med. 2009;
10(suppl 1):S12–S16

41. Khalyfa A, Bhushan B, Hegazi M, et al. Fatty-
acid binding protein 4 gene variants and
childhood obesity: potential implications
for insulin sensitivity and CRP levels. Lipids
Health Dis. 2010;9:18

42. Key AP, Molfese DL, O’Brien L, Gozal D. Sleep-
disordered breathing affects auditory pro-
cessing in 5–7-year-old children: evidence
from brain recordings. Dev Neuropsychol.
2009;34(5):615–628

43. BarnesME, Huss EA, Garrod KN, et al. Impair-
ments in attention in occasionally snoring
children: an event-related potential study.
Dev Neuropsychol. 2009;34(5):629–649

44. Yaouhi K, Bertran F, Clochon P, et al. A com-
bined neuropsychological and brain imag-
ing study of obstructive sleep apnea. J
Sleep Res. 2009;18(1):36–48

45. Ayalon L, Ancoli-Israel S, Aka AA, McKenna
BS, Drummond SP. Relationship between
obstructive sleep apnea severity and brain
activation during a sustained attention
task. Sleep. 2009;32(3):373–381

46. Castronovo V, Canessa N, Strambi LF, et al.
Brain activation changes before and after
PAP treatment in obstructive sleep apnea.
Sleep. 2009;32(9):1161–1172

47. Hill CM, Hogan AM, Onugha N, et al. In-
creased cerebral blood flow velocity in chil-
dren with mild sleep-disordered breathing:
a possible association with abnormal neu-
ropsychological function. Pediatrics. 2006;
118(4). Available at: www.pediatrics.org/
cgi/content/full/118/4/e1100

ARTICLES

PEDIATRICS Volume 126, Number 5, November 2010 e1167
 by guest on February 13, 2014pediatrics.aappublications.orgDownloaded from 

www.pediatrics.org/cgi/content/full/118/4/e1100
www.pediatrics.org/cgi/content/full/118/4/e1100
pediatrics.aappublications.org/
http://pediatrics.aappublications.org/
http://pediatrics.aappublications.org/


DOI: 10.1542/peds.2010-0688
; originally published online October 18, 2010; 2010;126;e1161Pediatrics

David Gozal, Leila Kheirandish-Gozal, Rakesh Bhattacharjee and Karen Spruyt
Apnea

Neurocognitive and Endothelial Dysfunction in Children With Obstructive Sleep
 
 

 Services
Updated Information &

 html
http://pediatrics.aappublications.org/content/126/5/e1161.full.
including high resolution figures, can be found at:

References

 html#ref-list-1
http://pediatrics.aappublications.org/content/126/5/e1161.full.
at:
This article cites 42 articles, 10 of which can be accessed free

Citations

 html#related-urls
http://pediatrics.aappublications.org/content/126/5/e1161.full.
This article has been cited by 2 HighWire-hosted articles:

Subspecialty Collections

 ral_health_sub
http://pediatrics.aappublications.org/cgi/collection/dentistry:o
Dentistry/Oral Health
the following collection(s):
This article, along with others on similar topics, appears in

Permissions & Licensing

 ml
http://pediatrics.aappublications.org/site/misc/Permissions.xht
tables) or in its entirety can be found online at: 
Information about reproducing this article in parts (figures,

 Reprints
 http://pediatrics.aappublications.org/site/misc/reprints.xhtml

Information about ordering reprints can be found online:

rights reserved. Print ISSN: 0031-4005. Online ISSN: 1098-4275.
Grove Village, Illinois, 60007. Copyright © 2010 by the American Academy of Pediatrics. All 
and trademarked by the American Academy of Pediatrics, 141 Northwest Point Boulevard, Elk
publication, it has been published continuously since 1948. PEDIATRICS is owned, published, 
PEDIATRICS is the official journal of the American Academy of Pediatrics. A monthly

 by guest on February 13, 2014pediatrics.aappublications.orgDownloaded from 

http://pediatrics.aappublications.org/content/126/5/e1161.full.html
http://pediatrics.aappublications.org/content/126/5/e1161.full.html
http://pediatrics.aappublications.org/content/126/5/e1161.full.html
http://pediatrics.aappublications.org/content/126/5/e1161.full.html#ref-list-1
http://pediatrics.aappublications.org/content/126/5/e1161.full.html#ref-list-1
http://pediatrics.aappublications.org/content/126/5/e1161.full.html#ref-list-1
http://pediatrics.aappublications.org/content/126/5/e1161.full.html#related-urls
http://pediatrics.aappublications.org/content/126/5/e1161.full.html#related-urls
http://pediatrics.aappublications.org/content/126/5/e1161.full.html#related-urls
http://pediatrics.aappublications.org/cgi/collection/dentistry:oral_health_sub
http://pediatrics.aappublications.org/cgi/collection/dentistry:oral_health_sub
http://pediatrics.aappublications.org/cgi/collection/dentistry:oral_health_sub
http://pediatrics.aappublications.org/site/misc/Permissions.xhtml
http://pediatrics.aappublications.org/site/misc/Permissions.xhtml
http://pediatrics.aappublications.org/site/misc/Permissions.xhtml
http://pediatrics.aappublications.org/site/misc/reprints.xhtml
http://pediatrics.aappublications.org/site/misc/reprints.xhtml
http://pediatrics.aappublications.org/
http://pediatrics.aappublications.org/

	Neurocognitive and Endothelial Dysfunction in Children With Obstructive Sleep Apnea
	METHODS
	Anthropometry
	Sphygmomanometry
	Overnight Polysomnography
	Neurocognitive Assessments
	Endothelial Function
	Exclusion Criteria
	Data Analysis

	RESULTS
	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES


