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Abstract
Pediatric sleep disordered breathing (PSDB) is not only a very frequent condition affecting 2–4%
of all children, but is also associated with an increased risk for a variety of manifestations
underlying end-organ injury and dysfunction that impose both immediate and potentially long-
term morbidities and corresponding inherent elevations in healthcare costs. One of the major
problems with the creation of valid algorithms aiming to stratify diagnostic and treatment
prioritization lies in our current inability to predict and identify those children who are most at-risk
for PSDB-induced adverse consequences. Thus, improved our understanding of the mechanisms
governing phenotype variance in PSDB is essential. Here, we examine some of the potential
underpinnings of phenotypic variability in PSDB, and further propose a conceptual framework
aimed at facilitating the process of advancing knowledge in this frequent disorder.

1. Pediatric Sleep Disordered Breathing (PSDB)
Obstructive sleep apnea syndrome (OSA) is a common condition in children affecting up to
2–4% of all children with a peak incidence between 1 and 8 years of age (Kaditis, 2012)

Increased upper airway resistance or periodic obstructions of the upper airway during sleep
lead to increased intrathoracic inspiratory pressures, intermittent oxyhemoglobin
desaturations that are usually accompanied by PaCO2 elevations, and promote the disruption
of sleep integrity as manifested by EEG arousals, ultimately enhancing the risk for excessive
daytime sleepiness, as well as multiple other associated morbidities (see below)(Gozal,
2000; Gozal et al., 2010; Gozal and Kheirandish-Gozal, 2009).

2. Pathophysiological Mechanisms in PSDB
It is now clear that no single causative factor can be ascribed as solely responsible for the
occurrence of OSA. However, the interplay between 4 major factors may in fact account for
the vast majority, if not for the totality of the cases in otherwise healthy children. More
specifically, interactions between craniofacial and anatomical factors, lymphoid tissue
growth patterns, upper airway inflammation, and neuromuscular reflexes appear to underlie
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the emergence of OSA. Taken together, these elements lead to a pharyngeal airway of
reduced dimensions that also exhibits an increased collapsibility, particularly during sleep.
Indeed, awake children with OSA demonstrate the ability to compensate against the
collapsible forces, primarily through recruitment of upper airway dilator muscles that
maintain airway patency, and upper airway constrictors that enable increased upper airway
rigidity (Arens and Marcus 2004). Upon sleep onset, these compensatory mechanisms are
dampened, and the underlying upper airway collapsibility becomes manifest, leading to CO2
retention (resistive loading and obstructive alveolar hypoventilation), lowered PaO2, and
increasing respiratory effort, all of which are resolved upon the occurrence of cortical or
sub-cortical arousals, the latter promoting sleep fragmentation and non-restorative sleep.
Cephalometric surveys of children with OSA have overall suggested the presence of
selected alterations in the dimensions and vectors of several craniofacial skeletal structures
(Kawashima et al., 2002; Marino et al., 2009). For example, children with OSA are more
likely to display mandibular retrognathia, smaller maxillary dimensions, greater posterior
facial height, reduced maxillary protrusion and growth, and shorter and flattened dental
arches( Shintani et al., 1996). Kawashima et al. (2002) evaluated the dentofacial
morphology and the pharyngeal airway space in preschool children with OSA, and found
that children with OSA had mandibular retrognathia and narrower pharyngeal airway space,
while Marino and collaborators (2009) evaluated the craniofacial cephalometric features of
preschool children with OSA using measurements derived from lateral cephalometry, and
identified skeletal Class II patterns with retrognathic mandible and increased skeletal
divergency among children with OSA. In contrast, Arens and collaborators (2001) were
unable to replicate these findings, whereby the mandibular width, length, and volume were
not different from in children with OSA when compared to control subjects. In a subsequent
study that employed 3-dimensional reconstruction techniques, no significant differences in
mandibular size and shape were identified among 24 children with OSA and 24 matched
controls (Schiffman et al., 2004). Thus, substantial variance appears to exist as far as the
presence of altered maxillo-mandibular measures along with the growth patterns of other
craniofacial structures, and less than optimal understanding is currently present as to who
these elements interplay to contribute to upper airway growth and function.

Adenotonsillar hypertrophy has been considered as the most important driver of risk for the
occurrence of PSDB. However, the mechanistic pathways underlying normal and abnormal
follicular lymphoid tissue proliferation and hyperplasia remain hitherto unknown.
Furthermore, our understandings of the inflammatory processes within the upper airway that
contribute to OSA occurrence or result from the presence of PSDB are still extremely poorly
understood. In recent years, it has become apparent that an array of environmental or tissue-
derived stimuli may lead to accelerated proliferation of lymphadenoid tissues within the
upper airway, and that such processes trigger an inflammatory response, the latter being
most likely implicated in the pathophysiology of PSDB. Accordingly, alterations in local
(i.e., upper airway) and systemic inflammatory markers have been consistently reported in
children with OSA (Li et al., 2007; Gozal et al.,2008; Goldbart et al.,2006; Kaditis et al.,
2009; Shen et al., 2011), thereby suggesting that inflammation is an important precipitating
risk factor for OSA. For example, increased expression of cysteinyl leukotrienes and
changes in glucocorticoid receptor expression and activity have been reported by several
investigators in the adenoids and tonsils of children with OSA, and putatively assigned a
mechanistic role in the induction of hyperplasia and hypertrophy of these upper airway
tissues (Goldbart et al., 2004; Kaditis et al.,2008; Goldbart et al., 2005; Tsaoussoglou et al.,
2012).

In addition, initial epidemiologic evidence implicates respiratory viruses and airway
irritants, e.g., exposure to cigarette smoke, to increased propensity for development of
adenotonsillar hypertrophy (Goldbart et al., 2007; Snow et al., 2009; Castaneda et al., 2013).
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Furthermore, the co-existence of inflammatory processes in the context of airway disorders
such as rhinosinusitis, allergic rhinitis, or asthma is not only higher in PSDB as compared to
the prevalence in the general population, but appears to affect the severity of PSDB as well,
thereby, suggesting possible interactions between inflammatory mediators released in the
airway by these conditions and promotion of proliferation of lymphatic tissues (Ersu et al.,
2004; Kheirandish-Gozal et al., 2011; Malakasioti et al., 2011; Ross et al., 2012). Further
confirming the above mentioned assumptions, we have previously shown that T cell
lymphocytes are in a highly proliferative state in the tonsils of children with OSA, and
display increased production of pro-inflammatory cytokines, such as IL-1α, TNF-α, and
IL-6 (Kim et al., 2009). Taken together, it is very plausible that an array of environmental
factors, such as viruses or air pollution, may alter the typical milieu of the upper airway, and
lead to local inflammatory responses that then result in mucosal swelling, lymphadenoid
tissue proliferation, and culminate in upper airway obstructive events during sleep.
Application of unbiased bioinformatic approaches of the transcriptome to decipher potential
pathways associated with adenotonsillar proliferation in PSDB revealed that processes
underlying inflammatory signaling, immune regulation, and immune tissue growth and
remodeling are distinctly dysregulated in upper airway lymphoid tissues of children with
OSA (Khalyfa et al., 2010).

In addition to the robust evidence implicating anatomic abnormalities and inflammatory
processes in pediatric OSA, alterations in neuromuscular reflexes may also contribute and
promote the increased airway collapsibility that characterizes PSDB. As a corollary to such
assumption, we should point out that children with markedly enlarged tonsils and adenoids
may present a completely normal polysomnographic pattern, while the reverse, i.e.,
relatively small tonsils and adenoids may be accompanied by markedly severe OSA.
Furthermore, most children with OSA do not snore during wakefulness, and surgical
extirpation of adenotonsillar tissues is not always accompanied by complete resolution of
OSA (Bhattacharjee et al., 2010). Taken together, alterations in neuromuscular reflexes may
underlie an important component of the risk for OSA, and indeed pediatric patients with
OSA universally show altered active and passive properties of the upper airway during sleep
(Marcus et al., 2004; Gozal and Burnside, 2004). More recently, studies employing
computational fluid dynamic techniques interfaced with upper airway imaging suggest that
higher airflow resistance is consistently present in the upper airway of children with OSA
(Xu et al., 2006; Mihaescu et al., 2008).

In summary, the integrated interactive presence of varying degrees of nasal flow resistance,
craniofacial characteristics, altered tissue size or mechanical properties, and neuromuscular
deficits are critical components of the equation that will resolve the level of OSA risk for
any given child. A missing ingredient to this equation is the degree of genetic contribution to
the risk, and this area has only recently begun to be explored, particularly after family-based
studies revealed the clustering of OSA (Redline et al.,1992).

3. Morbid Consequences of OSA
It should not be surprising to anyone that the major impetus driving the investigation of any
given condition is the fact that such condition promotes the occurrence of adverse
complications. In the last 3 decades, an ever growing number of studies have revealed
significant associations between PSDB and multiple end-organ morbidities, primarily
affecting CNS, cardiovascular, and metabolic systems (Gozal and Kheirandish-Gozal,
2012). A cardinal observation pertaining to any of these associations is the irrefutable fact
that at any given level of PSDB severity, there is a fraction that manifests no evidence of
morbidity. Conversely even in the presence of extremely mild PSDB, there is a subset of
children that exhibits prominent morbidity. One putative explanation for the presence of
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such phenotypic variance may reside in the underlying presence of genetic variance, i.e., the
presence of single nucleotide polymorphisms in specific genes that may account for the
differential end-organ susceptibility in PSDB (Figure 1).

4. Genetic Determinants of Morbidity in PSDB
It is rather unfortunate that the field of genetic exploration of PSDB is really in its infancy.
Indeed, only a limited number of reports on the associations between specific gene
polymorphisms and PSDB-associated morbidity is currently available, but such preliminary
findings further buttress the validity and the need for large population-based genome-wide
association studies (GWAS) in this area.

4.1. Apolipoprotein E
Apolipoprotein E (ApoE) is a lipoprotein synthetized in the liver and brain that regulates
components of cellular cholesterol deposition and transport. Apolipoprotein E (ApoE) exists
as 3 alleles: ε2 (E2), ε3 (E3), and ε4 (E4), with the latter displaying reduced biological
activity. Consequently, excess of ApoE4 allele frequency has been described in
atherosclerosis, as well as in patients with memory disorders and late-onset familial and
sporadic Alzheimer’s disease (AD) (Corder et al., 1993; Saunders et al., 1993; Sleegers et
al., 2004; Baum et al., 2000).

The e4 allele is associated with reduced levels of ApoE, which alters cellular membrane
stability and enhances the susceptibility to neuronal injury [59–60]. Interestingly, expression
of the ε4 polymorphism was associated in some studies with increased prevalence of sleep-
disordered breathing in adults, particularly before age 65 years ( Kadotani et al., 2001; Foley
et al., 2001; Saarelainen et al., 1998; Larkin et al., 2006). Several years ago and then more
recently, we examined whether reduced ApoE activity elicited increased vulnerability to
some of the major constitutive elements that characterize OSA, namely intermittent hypoxia
during sleep and sleep fragmentation. To this effect, both ApoE null mice and transgenic
mice harboring the human ApoE-E4 allele demonstrated marked increases in the magnitude
of cognitive deficits (Kheirandish et al., 2005; Kaushal et al., 2012). As a corollary of these
animal model-based observations, an increased frequency of the ApoE4 allele emerged in
children with OSA, as well as in children with OSA who manifest reduction in
neurocognitive performance (Gozal et al., 2007; Kalra et al., 2008).

4.2. Uric Acid and OSAS in Different Populations
Several studies have suggested that significant differences exist in the frequency of
morbidities among US and Greek children with PSDB, or even in the frequency of elevated
markers of systemic inflammation (Gozal et al., 2012). To explore this issue further, Kaditis
and colleagues examined urinary uric acid concentration patterns in Greek and US children
suffering from OSA (Kaditis et al., 2010). In contrast with Greek children who exhibited
increased uric acid urinary concentrations with increasing OSA severity, US children with
OSA showed no association between OSA severity and uric acid. These studies further
suggest that both genetic and environmental factors are most likely operational as far as the
phenotypic manifestations of PSDB.

4.3. Sleepiness and TNF-α
TNF-α is one of the most important pro-inflammatory cytokines and has been strongly
implicated in the regulation of sleep (Kruger, 2008). Among the multiple cell types that
produce TNF-α, it can be synthesized and released in the brain by both neurons and glial
cells. Both TNF receptors (p55 or TNFR1 and p75 or TNFR2) are constitutively and
ubiquitously expressed in the nervous system (Pickering et al., 2005), and binding and
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downstream signaling of TNF-α underlie its biological effects in the CNS. TNF-α enhances
slow wave sleep (SWS), and inhibition of TNF-α reduces the amount of spontaneous sleep.
Exogenous injection of TNF-α induces sleepiness and elicits excess sleep in humans
(Kruger, 2008), while sleep deprivation increases expression and biological activity of TNF-
α in the brain. Excessive concentrations of TNF-α inhibit hippocampal long-term
potentiation and impair cognitive function (Tancredi et al., 1992; Tobinick, 2009; Gozal et
al., 2010). In adult patients with OSA, elevations in TNF-α serum concentrations are
present, and similar observations have been reported in children with OSA, particularly
when such children manifest excessive daytime sleepiness (EDS). Since at any level of OSA
severity, only a fraction of children present with EDS, we sought to examine whether single
nucleotide polymorphisms in the TNF gene may explain, at least in part, the dichotomy in
the presence of EDS. We found that the presence of the TNF-α-308G gene polymorphism
was closely associated with elevations in serum TNF-α levels, and that the presence of EDS
was more likely to occur among those children with a positive TNF-α-308G gene
polymorphism (Khalyfa et al., 2011). These findings have been recently substantiated by a
meta-analysis (Huang et al., 2012).

4.4 Nicotinamide Adenine Dinucleotide Phosphate (NADPH) Oxidase, and Cognitive
Function

Multiple lines of evidence primarily originating from animal models of OSA strongly
support a major causative role of oxidative stress in the pathophysiology of end-organ
injury. NADPH oxidase is a critically important enzyme that was initially discovered in
phagocytic cells, but has since been shown as being expressed and constitutively active in a
rather ubiquitous fashion (Jiang et al., 2011).

NADPH oxidase presents a pentameric structure with two membrane-bound subunits
(gp91phox and p22phox) and three cytosolic subunits, namely p47phox, p67phox, and Rac,
and these 5 sub-units form various functional heterodimers whose expression is
heterotopically distributed in various cell types. A large number of polymorphisms has been
identified for each of the genes involved in the NADPH oxidase complex, with some of
these variants, e.g., 242 C>T or rs4673 in the p22phox subunit, being associated with
hypertension, stroke, and ischemic heart disease (San José et al., 2008; Shimo-Nakanishi et
al., 2004; Xaplanteris et al., 2010; Zalba et al., 2005).

Based on the extensive evidence implicating NADPH oxidase in the neuronal cell loss
caused by intermittent hypoxia during sleep (Wang et al., 2010), a recent study revealed that
242 C>T polymorphism in the p22phox subunit explains a substantial proportion of the
differences in cognitive function phenotype among children with OSA (Gozal et al., 2012).

4.5 Gene Variants in PSDB-Associated Metabolic Dysfunction
Fatty acid binding proteins (FABP) are an extensive family of molecules that serve as
intracellular chaperones for lipids by coordinating cellular lipid responses, thereby emerging
as critical players in metabolic regulation and in the inflammatory response (Zimmerman
and Veerkamp, 2002). Adipocyte FABP, also termed FABP4, A-FABP, or aP2, was initially
detected in mature adipocytes (Furuhashi et al., 2008; Maeda et al., 2005), and has been
causally linked to a higher risk of metabolic disease. Indeed, circulating FABP4 levels
correlate with the degree of metabolic dysfunction in children (Xu et al., 2007; Reinehr et
al., 2007), and gene polymorphisms in the FABP4 gene have emerged as conferring a risk
modifier effect on systemic inflammatory markers or in the risk for developing diabetes
among obese children (Khalyfa et al., 2010). Since the FABP4 gene displays hypoxia
response elements in its promoter, we explored whether FABP4 gene variants, could
account for components of the variance in the frequency of metabolic dysfunction, in PSDB.
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Among the 11 FABP4 SNPs that were selected to cover the whole genomic sequence of
FABP4, only the rs1054135 polymorphism was significantly more prevalent in PDSB-
affected children, and manifested as increased FABP4 concentrations (Bhushan et al., 2011).

Other studies have examined metabolic variance in PSDB. In one of such studies, the insulin
I/I genotype showed significantly more elevated insulin levels if PSDB was present among
obese children (Carotenuto et al., 2009). The macrophage migration inhibitory factor gene
(MIF) is a pro-inflammatory cytokine that has emerged as a mediator in multiple
inflammatory disorders (Zernecke et al., 2008; Bernhagen et al., 2007). PSDB was not only
associated with higher plasma MIF levels, but the MIF gene SNP rs10433310 polymorphism
appeared to be significantly associated with cardiometabolic risk (Khalyfa et al., 2012).

In summary, the preliminary and relatively scarce evidence collected thus far supports the
concept that similar to many other disorders, the phenotypic variation on PSDB can be
explained in part by genotypic variance. There is no doubt that concerted efforts aiming at
establishing extensive, well-phenotyped cohorts of children with and without PSDB, along
with the concurrent availability of a biobank, will be critical to launch a valid GWAS
exploration, such as to identify clusters of gene variants that may contribute to the end-organ
morbidity of OSA.

5. PSDB Morbidity and the Epigenome
The compelling evidence presented thus far to illustrate the large variance in phenotypic
expression of PSDB raises the possibility that among the genetic factors that underlie such
variance, epigenetic modifications could be present among genes involved in inflammatory,
vascular, neurocognitive or metabolic functions. Such changes in the epigenome would alter
gene transcriptional activity, be potentially transmissible to subsequent generations, in the
absence of any changes within the primary DNA sequence. Among the ever expanding list
of molecular mechanisms involved in epigenetic alterations of DNA, DNA methylation,
histone acetylation, and non-coding small RNA have been extensively studied, and
constitute the major pathways (Delcuve et al., 2009). DNA methylation, primarily occurs at
CpG dinucleotides within the genome or within CpG islands in the promoter regions of
genes, and involves the enzymatic addition of a methyl group to the cytosine residue without
changing the primary DNA sequence. Such modifications can alter the transcriptional
activity of the gene, and result in altered gene expression, as well as affect the expression of
genes in downstream-related networks (Yang et al., 2011).

In the context of PSDB, epigenetic alterations could develop as the direct effect of OSA, or
could be merely representing pre-existing epigenetic changes that developed during
preceding generations, during gestation, or during early post-natal life. As an initial effort to
examine the hypothesis that changes in DNA methylation may be present in children with
PSDB but with divergent systemic inflammatory responses, DNA was extracted from
peripherally circulating monocytes of children with OSA who were matched for gender,
ethnicity, BMI, and AHI, but who markedly differed in their serum levels of C-reactive
proteins. Assessment of global DNA methylation levels among 24 major inflammatory-
related genes followed by pyrosequencing-based confirmation of candidate genes revealed
that the FOXP3 gene displayed significantly higher methylation levels in its promoter
among children with high C-reactive protein serum levels (Kim et al., 2012). Since FOXP3
regulates the expression and conversion of T regulatory lymphocytes, it would be plausible
to assume that reduced FOXP3 transcription would result in diminished T regulatory
lymphocyte populations that would in turn lead to a shift of the immune system towards a
preferential Th1 response. In corroboration of such hypothesis, T regulatory lymphocytes
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are indeed less abundant in a subset of children with PSDB, who also display a shift of their
Th1/Th2 ratios toward Th1 predominance (Tan et al., 2013).

Analogously, abnormal endothelial cell function when assessed by post-occlusive hyperemic
responses is only present in a subset of children with OSA (Bhattacharjee et al., 2012 ). It is
now well established that the post-occlusive hyperemic response constitutes an endothelial
nitric oxide synthase (eNOS)-dependent phenomenon. Furthermore, cell-specific expression
of the eNOS gene is a highly regulated process mediated by epigenetic mechanisms that
involve DNA methylation (Chan et al., 2004; Fish et al., 2005). Therefore, we recently
examined whether changes in eNOS gene methylation in monocytes may accurately reflect
divergent endothelial functional phenotypes in PSDB. Evidence for significant increases in
the methylation of specific CpG sites within the promoter region of the eNOS gene emerged
among those children with abnormal endothelial function (Kheirandish-Gozal et al., 2013).

Thus, the very preliminary and encouraging evidence available thus far appears to putatively
ascribe a role for epigenetic mechanisms in the manifestations of PSDB-associated
morbidities, and further justifies a much more expansive and deeper exploration of the
epigenome in this context.

6. Conclusions
The existence of phenotype-genotype interactions in the context of PSDB appears to be
irrefutable at this stage, in spite of the scarce cumulative evidence collected thus far in this
context. It is highly likely that more in-depth characterization of such interactions will
enable the formulation of a risk prediction signature panel for each of the morbidities
associated with pediatric OSA. Identification of “vulnerable patients” based on the presence
of specific gene variants, either in isolation or as panels, may allow for improved
stratification of diagnostic screening and interventional algorithms aiming at minimizing the
overall adverse consequences of pediatric OSA. The more recent evidence implicating
epigenetic alterations in the variability of phenotype expression further attests to the
complexity of this process, but concomitantly provides exciting prospects for improved
understanding of PSDB and its consequences, and enable more individualized approaches to
the diagnosis and treatment of children with OSA. For example, if indeed PSDB is the cause
of epigenetic changes in a “morbidity”-associated gene of interest, such change may or may
not reverse after conventional treatment of PSDB, and may require incremental therapies
specifically targeting the epigenetic modification, such as to prevent PSDB from inducing
organ morbidities many years after the disease resolved (i.e., preventing PSDB from being a
childhood antecedent of adult disease). In this context, the role of lifestyle changes
(exercise, diet) or specific medications (e.g., demethylating agents, histone modifiers) may
be explored in high-risk patients.
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Figure 1.
Schematic diagram illustrating the multiplicity of potential interactions between OSA and
various factors that ultimately promote the occurrence of a great variety of phenotypes.
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