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been informal consensus that children who habitually snore 
during sleep but who exhibit an obstructive apnea-hypopnea 
index < 1-2/h of total sleep time in the absence of oxyhemo-
globin desaturations and sleep fragmentation have a condi-
tion termed “primary snoring” (PS). PS has been traditionally 
perceived as being a benign condition and consequently not 
requiring treatment.

The previously held view on the benignity of PS has been re-
cently challenged.8 In a number of studies assessing behavioral 
and cognitive functioning in school-aged children, the pres-
ence of PS was associated with an increased risk for altered 
behavior and reduced cognitive performance in a subset these 
children, suggesting the presence of individual susceptibility 
differences across the spectrum of pediatric sleep disordered 
breathing.9,10 Similarly, children with PS have been shown 
to have elevated systemic blood pressures as well as abnor-
malities in arterial wall rigidity, albeit not consistently, across 
various international cohorts.11-14 Furthermore, increased fre-
quency of enuresis and somatic growth alterations have also 
been reported among habitually snoring children as defined by 
questionnaire or PSG-based definition of obstructive apnea-
hypopnea index < 2 per hour.15-17

Transcriptional profiling is a well-established approach to 
comprehensively assess changes in expression occurring across 
the whole genome.18 In a recent study, we showed that a sub-
stantial number of genes were differentially expressed in pe-

OVERNIGHT POLYSOMNOGRAPHY (PSG) OBJECTIVE-
LY ASSESSES MOST OF THE ABNORMALITIES RELAT-
ED TO INTERMITTENT UPPER AIRWAY OBSTRUCTION 
during sleep including hypoxia, hypercapnia, apnea, and 
arousals. In recent years, the pediatric community has under-
taken efforts to establish normative reference values for PSGs 
in order to delineate the spectrum of sleep measures in healthy 
children.1-5 However, we are unaware of any consensus guide-
lines whereby specific polysomnographic criteria have been 
recommended to reliably identify children requiring treat-
ment, i.e., children suffering from the obstructive sleep apnea 
syndrome (OSAS), while also identifying children in whom 
treatment is either not indicated or can be postponed.6,7 In the 
absence of such guidelines, there is substantial variability in 
current practice among sleep physicians. However, there has 
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2 central leads), chin and anterior tibial electromyograms, and 
analog output from a body position sensor (Braebon Medi-
cal Corporation, New York, NY) were also monitored. All 
measures were digitized using a commercially available poly-
somnography system (Stellate Systems, Montreal, Canada, or 
Medcare, Buffalo, NY). Tracheal sound was monitored with a 
microphone sensor (Sleepmate, Midlothian, VA), and a digital 
time-synchronized video recording was performed. The sleep 
technician followed patient behavior and confirmed sleep po-
sition by the infrared camera inside the room. Sleep architec-
ture was assessed by standard techniques.1,21 The proportion 
of time spent in each sleep stage was expressed as a percent-
age of total sleep time (TST).

Obstructive apnea was defined as the absence of airflow with 
continued chest wall and abdominal movement for ≥ 2 breaths.22 
Hypopnea was defined as a decrease in airflow ≥ 50% (based on 
nasal pressure transducer, or in case of poor transducer signal 
quality, the oronasal thermistor) with a corresponding decrease 
in SpO2 ≥ 3% and/or arousal. The obstructive apnea hypopnea 
index (OAHI) was defined as the number of obstructive apneas 
and hypopneas per hour of TST. Arousals were defined as recom-
mended and included respiratory related (occurring immediately 
after an apnea, hypopnea, or snore) and spontaneous arousals—
although inclusion of arousals following snore did not meet the 
current AASM scoring guidelines.21 Arousals were expressed as 
the total number of arousals per hour of sleep time. PS was de-
fined by an OAHI ≤ 2/h TST in the presence of a positive history 
of snoring and documented snoring during the PSG, while con-
trols had similar PSG criteria, but absence of documented snor-
ing during PSG in addition to a negative history of snoring.

Assessment of Metabolic Parameters
Blood samples were drawn by venipuncture in the morn-

ing after the sleep study after an overnight fast. Blood sam-
ples were immediately centrifuged and plasma was frozen at 
–80oC. Plasma insulin levels were measured using a commer-
cially available radioimmunoassay kit (Coat-A-Count Insulin, 
Cambridge Diagnostic Products, Inc, Fort Lauderdale, FL). 
Plasma glucose levels were measured using a commercial kit 
based on the hexokinase-glucose-6-phosphate dehydrogenase 
method (Flex Reagent Cartridges, Dade Behring, Newark, 
DE). Serum lipids, including total cholesterol, high-density li-
poprotein (HDL) cholesterol, calculated low-density lipopro-
tein (LDL) cholesterol, and triglycerides were also assessed, 
as well as high sensitivity C-reactive protein (CRP) (Flex Re-
agent Cartridges, Dade Behring, Newark, DE). For the second 
cohort, insulin resistance was also assessed using the homeo-
stasis model assessment (HOMA) equation (fasting insulin × 
fasting glucose ÷ 405).23

Body Mass Index
Height and weight were obtained using standard tech-

niques from each child. BMI was then calculated (body mass/
height2) and was expressed as BMI z-score using an online 
BMI z-score calculator (http://www.cdc.gov/epiinfo/). Chil-
dren with BMI z-score values > 1.20 were classified as fulfill-
ing the criteria for overweight/obesity.24 Children with BMI 
z-score values > 1.65 were considered obese and excluded 
from our analysis.

ripheral blood leukocytes of non-obese children with OSA, and 
that inflammatory pathways were particularly over-represented, 
suggesting that OSA activates widespread pro-inflammatory 
networks that may play a role in the end-organ morbidity as-
sociated with this condition.19 Considering the uniquely high 
sensitivity of this approach, we hypothesized that genome-wide 
expression profiling may provide additional clues as to whether 
primary snorers fall closer to healthy non-snoring children or, 
have transcriptional responses that place them within the spec-
trum of sleep disordered breathing.

MATERIALS AND METHODS

Subjects
The study was approved by the University of Louisville 

Human Research Committee and the Jefferson County Public 
Schools Board. Parental informed consent and child assent, in 
the presence of a parent, were obtained. Pediatric population 
was voluntarily recruited from the public school system of 
Louisville Jefferson County Public School System. Parents of 
all children who enrolled were invited to complete sleep ques-
tionnaire, in which the main question of interest for the present 
study revolved around snoring.10,20 Responses were graded as 
“never,” “rarely” (once per week), “occasionally” (twice per 
week), “frequently” (3-4 times per week), “almost always” (4 
times per week), and “always” (every night). Children with 
answers in the “frequently” to “always” range were invited to 
undergo an overnight sleep study and based upon the results of 
such study were defined as having primary snoring (PS; see be-
low). Similarly, control subjects were recruited, were initially 
screened, and invited to participate if they had no history of 
snoring and no symptoms of sleep disordered breathing, and 
if their overnight PSG was within normal limits (see below). 
Children were excluded if they had any chronic medical con-
dition, receiving medications, and if they had any genetic or 
craniofacial syndromes. The control children were matched 
for age, gender, ethnicity, and BMI z-score to those defined as 
having PS.

Overnight Polysomnography Evaluation
A standard overnight multichannel PSG evaluation was 

performed at the University of Louisville Pediatric Sleep 
Medicine Center. Children were studied for up to 12 h in a 
quiet, darkened room with an ambient temperature of 24°C 
in the company of one of their parents or guardian. All chil-
dren were in bed with lights out between 21:00 and 21:30 and 
were awakened at 07:00 unless they awoke earlier. No drugs 
were used to induce sleep. The following parameters were 
measured: chest and abdominal wall movement by respiratory 
impedance or inductance plethysmography, heart rate by elec-
trocardiogram, and air flow with a nasal pressure transducer 
and oronasal thermistor, a side-stream end-tidal capnograph, 
which also provided breath-by-breath assessment of end-tidal 
carbon dioxide levels (BCI SC-300, Menomonee Falls, WI) 
and an oronasal thermistor. Arterial oxygen saturation (SpO2) 
was assessed by pulse oximetry (Nellcor N 100; Nellcor Inc, 
Hayward, CA), with simultaneous recording of the pulse 
waveform. The bilateral electro-oculogram, 8 channels of 
electroencephalogram (2 frontal, 2 occipital, 2 temporal, and 
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discovery rate (FDR) analysis,26 and (2) a well-known nonpara-
metric method, significance analysis of microarrays (SAM).27 
An FDR cutoff < 0.05 was deemed significant for either statisti-
cal test. Multidimensional scaling using principal components 
was performed based on the covariance matrix of normalized 
gene expression values across all 55 subjects.28

Identification of Enriched Pathways
Enriched pathways in peripheral blood leukocytes of chil-

dren with and without primary snoring were identified using 
gene set enrichment analysis (GSEA).29 Approximately 1890 
curated and 1450 Gene Ontology gene sets were computation-
ally assessed. A random permutation analysis (n = 2000) of 
gene sets was applied to determine enrichment of biological 
pathways in each group using an FDR cutoff < 0.05.

Gene Interaction Network Analysis
Genes mapping to gene sets enriched in the PBL of children 

with and without primary snoring and involved in insulin sig-
naling, obesity and adipocyte differentiation pathways were 
combined. A network connecting these gene products was cre-
ated based on previously published direct and indirect interac-
tions using Ingenuity’s knowledge base30 and several publicly 
available databases. The interaction network, or interactome, 
was built around genes with the highest connectivity using an 

Statistical Analysis
For demographic and sleep measures, data are presented as 

mean ± SD unless otherwise indicated. All analyses were con-
ducted using SPSS software (version 17.0; SPPS, Inc., Chicago, 
IL). Comparisons of demographics, sleep measures, and meta-
bolic parameters were performed using independent t-tests or by 
analysis of the variance (ANOVA) followed by post hoc com-
parisons, with P-values adjusted for unequal variances when ap-
propriate (Levene test for equality of variances). All P-values 
reported are 2-tailed with statistical significance set at < 0.05.

RNA Isolation
Following the sleep study, fasting peripheral blood samples 

were drawn from all children within the first hour after awak-
ening and collected in PAXgene Blood RNA tubes (Becton 
Dickinson, UK). Total RNA was isolated using a PAXgene 
Blood RNA Kit and treated with DNase I (QIAGEN, CA), ac-
cording to the manufacturer’s protocol. The RNA quantity and 
integrity were determined using a Nanodrop Spectrophotom-
eter and Agilent 2100 Bioanalyzer Nano 6000 LabChip assay 
(Agilent Technologies).

Microarray Experiments
Total RNA from 30 children with primary snoring and 30 con-

trol children was used for complementary DNA (cDNA) synthe-
sis. Equal quantities of total RNA were labeled using Agilent’s 
low RNA input fluorescent linear amplification kit, and hybrid-
ized to 60 independent microarrays. Briefly, total RNA (500 ng) 
was reverse transcribed into cDNA using Moloney murine leu-
kemia virus reverse transcriptase with oligo (dT) primer. Fluores-
cent cRNAs were synthesized by in vitro transcription using T7 
RNA polymerase and labeled with cyanine 3-dCTP (Cy3-dCTP; 
Perkin Elmer, Boston, MA, USA). Labeled cRNAs were further 
purified using RNeasy mini spin columns (Qiagen) to remove 
unlabeled products. Fifteen picomoles of the fluorescently la-
beled cRNA was used for each microarray hybridization.

Hybridizations were performed using In Situ Hybridization 
Kit Plus (Agilent) according to the manufacturer’s protocols. 
Each subject’s cRNA was hybridized to a human Agilent array 
60-mer (G4112A) containing 44,000 human probe sequences. 
Following hybridization, the arrays were scanned immediately 
using the Agilent Microarray Scanner. The scanned microar-
ray images were processed with Feature Extraction software v. 
9.3.5 (Agilent), and captured images were analyzed and filtered 
by GeneSpring v. 10.0 Software (Agilent).

Five microarray experiments (4 control and 1 PS) were ex-
cluded from analysis because of poor hybridization quality that 
did not pass our rigorous image analysis filtering criteria. The 
resulting 55 experiments (26 control and 29 PS) underwent fur-
ther analysis. The gene expression intensities of all 55 microar-
rays were normalized using the quantile method.25

Gene Expression Analysis
The presence of differential gene expression between PS 

and control children was assessed using: (1) a Bayesian im-
plementation of the parametric t-test that uses a probabilistic 
framework with Gaussian independent modeling to obtain 
point estimates for parameters based on the empirical and local 
background variances of neighboring gene coupled with false 

Table 1—Demographic and polysomnographic characteristics of the 
initial cohort

PS (n = 30) Controls (n = 30)
Age (years) 6.9 ± 0.6 7.0 ± 0.5
Male (n) 16 15
African American (n) 10 10
BMI (z-score) 0.63 ± 0.22 0.47 ± 0.25
Sleep latency (min) 23.8 ± 15.4 23.4 ± 14.2
REM latency (min) 145.5 ± 43.2 146.2 ± 44.4
Total sleep time (h) 8.0 ± 0.3 8.1 ± 0.4
Sleep Efficiency (%) 94.7 ± 3.1 94.6 ± 3.9
Stage 1 (%) 5.7 ± 3.7 5.6 ± 4.2
Stage 2 (%) 42.3 ± 6.5 42.0 ± 6.6
Stage 3 (%) 6.5 ± 3.2 5.6 ± 3.4
Stage 4 (%) 23.7 ± 6.1 24.9 ± 5.9
REM sleep (%) 21.8 ± 5.1 21.9 ± 6.0
Total arousal index (/h TST) 6.9 ± 2.3 6.8 ± 2.4
PLM index with arousal (/h TST) 0.2 ± 0.5 0.2 ± 0.6
PLM index in sleep (/h TST) 1.1 ± 1.6 0.7 ± 1.4
OAI (/h TST) 0.2 ± 0.5 0.1 ± 0.3
OAHI (/h TST) 0.6 ± 0.3 0.3 ± 0.2
Mean SpO2 (%) 97.9 ± 0.6 98.6 ± 0.4
SpO2 nadir (%) 91.3 ± 1.4 93.0 ± 0.8
Peak PETCO2 (mm Hg) 51.5 ± 1.6* 48.4 ± 1.5
Mean PETCO2 (mm Hg) 47.6 ± 0.7* 43.8 ± 2.0

Data shown as mean ± SD; Level of significance: *P < 0.05; SpO2, 
Arterial oxygen saturation measured by pulse oximetry; TST, total sleep 
time; PLM, periodic leg movement; OAI, obstructive apnea index; OAHI, 
obstructive apnea hypopnea index; PETCO2, end-tidal carbon dioxide 
tension measured by capnography; BMI, body mass index.
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PS had a small, albeit statistically significant elevation in 
their PETCO2 (Table 1).

Metabolic Parameters
Table 2 summarizes the results from 18 children with PS and 

24 controls in whom we had performed microarray experiments 
and obtained metabolic parameters. No significant differences 
in glucose, insulin, total cholesterol, LDL, HDL, triglyceride, 
or CRP levels were observed between the groups.

Transcriptional Profiles of PBL
Genome-wide expression analysis on PBL of only 55 sub-

jects with and without primary snoring was performed using 
2 different statistical methods—one parametric and the other 
nonparametric. The other 5 samples (1 PS and 4 controls) did 
not pass array high stringency quality controls. No differential-
ly expressed gene meeting our pre-designated FDR cutoff value 
of < 0.05 was identified using either one of the two statistical 
approaches. Principal components analysis of whole-genome 
transcriptional profiles across all subjects also failed to segre-
gate the children with PS from matched controls (Figure 1). 
When this analysis was applied separately to children stratified 
by race (European and African ancestry), we again did not ob-
serve any segregation between the phenotypes (supplementary 
Figure S1). These results imply that habitual snoring in chil-
dren without PSG evidence of respiratory disturbances exceed-
ing the defined normative cut-off values does not elicit distinct 
global transcriptional perturbations in their PBL.

Pathway-Focused Network Analysis
Although standard statistical methods did not detect a signif-

icant difference in PBL gene expression between children with 
PS and controls, these analyses were based on gene-by-gene 
comparisons. However, biological processes are often orches-
trated by co-regulated changes in the expression of multiple 
genes mapping to coherent functional modules.31 We therefore 
performed pathway-oriented exploratory analyses, also known 
as gene set enrichment analysis (GSEA),29 in which over-repre-
sentation of curated pathways instead of individual genes is as-
sessed between phenotypes. Using a pre-designated FDR cutoff 
value of < 0.05, we identified 35 gene sets that were enriched 
between the 2 groups (supplementary Table S1). The enrich-

iterative algorithm that systematically connected additional 
nodes to the initial seed.

RESULTS

Subject Characteristics and Polysomnographic Parameters
A total of 60 children were recruited for the initial study: 

30 children with PS and 30 matched controls. As shown in 
Table 1, these children were of similar age, gender, ethnicity, 
and BMI. The subjects had similar sleep latency and dura-
tion, sleep architecture, mean SpO2, and periodic leg move-
ment index. Children with PS had a trend towards a slightly 
higher mean obstructive AHI (P-value = 0.1). Children with 

Table 2—Metabolic parameters of the initial cohort of children with PS 
and matched controls

PS (n = 18) Control (n = 24) P-value
Glucose mg/dL 86.4 ± 4.3 86.0 ± 6.0 NS 
Insulin µIU/mL 7.9 ± 3.6 6.2 ± 2.5 NS
Triglycerides mg/dL 79.3 ± 64.5 49.6 ± 20.1 NS
Cholesterol mg/dL 151.9 ± 30.0 148.3 ± 23.1 NS
HDL mg/dL 44.9 ± 11.4 50.3 ± 8.6 NS
LDL mg/dL 91.1 ± 23.1 88.1 ± 23.0 NS
hsCRP mg/L 2.8 ± 2.5 3.2 ± 2.8 NS

Data shown as mean ± SD; NS, not significant; HDL, high density lipid 
cholesterol; LDL, low density lipid cholesterol; hsCRP,  high sensitivity 
C-reactive protein.

Figure 1—Principal component analysis of peripheral blood leukocyte 
gene expression from 55 children with primary snoring (n = 29, cyan) and 
matched controls (n = 26, magenta). The absence of phenotype-specific 
clusters implies the lack of a significant global transcriptional perturbation.

Figure 2—Gene expression heatmap of “leading edge” members 
of enriched gene sets in PBL of children with PS vs. controls. One-
dimensional hierarchical clustering of expression values has been 
performed to better depict distinct transcriptional patterns between the 
phenotypes.

Decreased Expression Increased Expression
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ment of each gene set was primarily due to a subset of genes 
known as the “leading edge.” Figure 2 is a heatmap depiction of 
expression profiles of the leading edge gene set members across 
all 55 subjects, demonstrating distinct transcriptional patterns 
between the groups. Since there were overlaps between the 
35 enriched gene sets, we summarized our findings by group-
ing them into 6 broadly distinct categories. The functional 
categories included among these gene sets included a module 
involved in adipocyte differentiation/obesity and insulin signal-
ing (Figure 3). To gain a more detailed understanding of this 
metabolism-associated module in the setting of PS, we per-
formed a network analysis based on known interactions among 
its gene products. This interactome was comprised of 64 nodes 
(Figure 4), with colors indicating whether a gene was upregu-
lated in PS (cyan) or in control children (magenta), whereas the 
more intense shades of each color identify the nodes that were 
members of the leading edge. The resulting network highlights 
the complex relationships between gene products involved in 
insulin growth factor signaling and pathways associated with 
adipogenesis and obesity.

Perturbation of Glycemic Homeostasis in 
Children with PS	

Given the subtle changes in metabolic path-
ways and insulin signaling identified by our 
bioinformatics approach, we hypothesized that 
the absence of any differences in serum levels 
of metabolic biomarkers in PS children might 
be due to statistical underpowering of our sam-
ple size. Thus, we assessed whether metabolic 
alterations were present in a large, independent 
cohort of children with PSG-defined PS and 
matched controls. A total of 98 subjects (64 PS, 
and 34 controls) were studied (Table 3). Since 
there is disagreement on normative OAHI cut-
off values in children, we stratified the PS sub-
jects into 3 groups based on their OAHI: (1) 
PS1 (OAHI < 1), (2) PS2 (OAHI < 1.5), and 
(3) PS3 (OAHI < 2). Children with PS in all 
3 groups had statistically significant elevations 
in their fasting glucose, fasting insulin levels, 
and insulin resistance (HOMA-IR) compared 
to controls (Figure 5). There were statistical 
differences between the OAHI of PS2 and PS3 
children relative to the non-snoring controls, 
but importantly, the alterations in glycemic 
control persisted even in subjects with OAHI 
< 1 (PS1), suggesting that metabolic perturba-
tions are present in habitually snoring children 
with normal PSG findings. No significant dif-
ferences were seen in the lipid profiles of chil-
dren with and without PS (Table 3).

DISCUSSION
Habitually snoring children who do not meet 

current guidelines for the diagnosis of obstruc-
tive sleep apnea comprise a large segment of 
the pediatric population. Current guidelines 
for clinical management of these children do 

Figure 3—A wiring diagram depiction of the functional categories 
enriched between children with PS and controls. The intermodular 
connections reflect the fact that some genes map to multiple modules, 
while the line thickness is proportional to the number of shared genes.

Figure 4—Gene product interaction network constructed from gene members mapping to 
the insulin signaling, adipocyte differentiation and obesity module (see Figure 3). Nodes up-
regulated in PS are shown in cyan, and those up-regulated in controls are colored in magenta. 
Members of the leading edge are highlighted in darker shades. Among the complex interactions, 
note the relational links between leptin, IGF1R, and IRS1 as discussed in the text. A complete 
list of gene members is provided in the supplementary Table S2.
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children with snoring during sleep whose 
PSG measures remain within the normative 
range fail to exhibit biologically relevant 
transcriptional patterns in their peripheral 
blood leukocytes. Furthermore, PS was not 
associated with significant alterations in met-
abolic parameters or markers of inflamma-
tion in the initial cohort of children studied 
herein (Table 2), although the size this cohort 
was clearly underpowered, as subsequently 
shown in a larger follow-up group.

The unbiased, genome-wide interroga-
tion of PBL gene expression on a relatively 
large group of subjects provided opportuni-
ties for exploratory data mining. Since many 
biological processes, particularly those in-
volved in metabolism,32,33 are characterized 
by modest yet coordinated changes in gene 
expression, we employed computational 
methods that take advantage of this property 
and systematically identified enriched gene 
sets and networks in circulating leukocytes. 
Our results indicate that despite the lack of 
a profound global transcriptional response in 
PBL of children with PS, a pathway-focused 

approach can highlight the significant activation of a number of 
coherent biological processes, including those involved in insu-
lin signaling, obesity, and adipocyte differentiation (Figures 3 
and 4). Of note, selective activation and recruitment of circu-
lating leukocytes to peripheral depots such as adipose tissue is 
being increasingly recognized as a key event in pathogenesis of 
obesity and metabolic syndrome.34-36

Several members of the gene interaction network encom-
passing these pathways have established roles in regulating the 
activity of peripheral blood leukocytes. For example, leptin 
has well-known immunomodulatory effects on peripheral 
blood mononuclear cells (PBMC)37,38 and leptin deficient mice 
(ob/ob) display immune dysfunction with reduced levels of pe-

not advocate the need for treatment implementation, possibly 
reflecting the fact that the health impact of PS is not well un-
derstood and the role of therapeutic interventions remains unex-
plored. In this study, we investigated the transcriptional effects 
of PS in peripheral blood leukocytes using a large, community-
based cohort of children without polysomnographic evidence 
of obstructive sleep apnea. Our main finding was that PS is not 
associated with a distinct transcriptional signature in circulat-
ing leukocytes. This observation is in contrast to our previous 
report demonstrating the up-regulation of pro-inflammatory 
pathways in the PBL of children with OSA.19 Therefore, cur-
rent PSG-based normative guidelines for pediatric sleep apnea 
appear to serve as a reasonable demarcation cut-off, such that 

Figure 5—Assessment of glycemic homeostasis in an independent follow-up cohort comprised of 64 children with PS and 34 matched Controls. Habitually 
snoring children were stratified into three groups based on their PSG-derived OAHI (PS1: OAHI < 1/h TST, PS2: OAHI < 1.5/h TST, and PS3: OAHI < /h 
TST). Note that PS1 and PS2 are subsets of PS3, and PS1 is a subset of PS2. There are persistent alterations in fasting glucose, fasting insulin, and HOMA 
insulin resistance in children with PS compared to Controls, even in habitual snorers with OAHI < 1 /h TST (PS1). Data presented as mean ± SD, P-values 
are based on 2-tailed Student t-test with unequal variances.
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Table 3—Polysomnographic and metabolic characteristics of the follow-up cohort

PS1 (n = 25) PS2 (n = 55) PS3 (n = 64) Control (n = 34)
Glucose (mg/dL) 88.1 ± 10.2* 85.2 ± 12.8* 85.0 ± 13.6* 74.6 ± 17.7 
Insulin (µIU/mL) 9.4 ± 7.8* 7.9 ± 8.3** 7.7 ± 8.1** 3.5 ± 2.8
HOMA-IR 2.1 ± 1.8** 1.8 ± 2.0** 1.8 ± 2.0** 0.7 ± 0.6
Triglycerides (mg/dL) 71.6 ± 26.9 74.5 ± 34.9 75.2 ± 33.8 71.3 ± 45.6
Cholesterol (mg/dL) 159.1 ± 23.7 160.6 ± 25.0 164.9 ± 26.2 161.8 ± 25.1
HDL (mg/dL) 53.6 ± 13.9 53.2 ± 13.5 54.1 ± 12.9 54.8 ± 9.6
LDL (mg/dL) 84.7 ± 28.7 89.6 ± 24.1 93.3 ± 24.7 92.4 ± 22.6
hsCRP (mg/L) 0.2 ± 0.1* 0.2 ± 0.2* 0.3 ± 0.3* 1.1 ± 2.4
SpO2 nadir (%) 91.8 ± 4.7 90.4 ± 7.0 90.2 ± 6.7* 92.4 ± 2.4
Mean SpO2 (%) 97.4 ± 1.7 97.5 ± 1.3 97.4 ± 1.2 97.5 ± 0.6
Total arousal index (/h TST) 7.9 ± 3.8* 9.5 ± 4.9* 10.2 ± 5.4 12.1 ± 6.4
OAHI (/h TST) 0.5 ± 0.3 0.9 ± 0.5** 1.0 ± 0.5** 0.5 ± 0.2
BMI z-score 0.2 ± 1.7 0.1 ± 1.5 0.1 ± 1.4 0.3 ± 1.0
Age (years) 6.5 ± 1.7 6.7 ± 1.6 6.8 ± 1.6 7.0 ± 1.1

Data shown as mean ± SD; *P < 0.05 compared to Control; **P < 0.001 compared to Control; PS1, 
primary snorers with OAHI < 1/h TST; PS2, primary snorers with OAHI < 1.5/h TST; PS3, primary 
snorers with OAHI < 2/h TST; HDL, high density lipid cholesterol; LDL, low density lipid cholesterol; 
hsCRP, high sensitivity C-reactive protein; SpO2, Arterial oxygen saturation measured by pulse 
oximetry; OAHI, obstructive apnea hypopnea index; BMI, body mass index.
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underwent meticulous demographic and polysomnographic 
evaluation before providing blood samples for comprehensive 
metabolic profiling. Third, the gene expression experiments 
were subjected to pathway-focused network analysis, yielding 
potentially novel insights into activated transcriptional pro-
grams in circulating white blood cells of children with primary 
snoring. Furthermore, we followed up on the relevance of the 
computationally identified pathways using a large independent 
cohort of children with PS.

Taken together, this study demonstrates that habitually snor-
ing children without polysomnographic evidence of OSA do not 
have marked perturbations in their peripheral blood leukocyte 
transcriptome, lipid profiles, or markers of inflammation. How-
ever, there is selective enrichment of a number of metabolic 
pathways that are associated with subtle alterations in glucose 
metabolism and insulin resistance. Therefore, children with PS 
appear to fall closer to healthy non-snorers based on their tran-
scriptional patterns, and yet also display evocative findings of 
mild dysregulation in glycemic homeostasis.
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Figure S1—Principal components analysis (PCA) on the global expression profiles of children with and without primary snoring after 
stratification by race (only European and African ancestry shown). Consistent with our initial PCA findings that was based on all the subjects 
(manuscript Figure 1) no discernable expression pattern separated the primary snoring groups from the controls in each race.
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Gene Set Enriched Phenotype Gene Set Size P-value FDR Enrichment Score
HSA03010_RIBOSOME PS 69 0.0000 0.0000 -2.51
STRUCTURAL_CONSTITUENT_OF_RIBOSOME PS 67 0.0000 0.0000 -2.48
RIBOSOMAL_PROTEINS PS 75 0.0000 0.0005 -2.29
REGULATION_OF_SMALL_GTPASE_MEDIATED_SIGNAL Control 22 0.0000 0.0021 2.40
REGULATION_OF_RAS_PROTEIN_SIGNAL_TRANSDUCTION Control 18 0.0000 0.0052 2.33
GOLUB_ALL_VS_AML_DN Control 14 0.0000 0.0112 2.27
KNUDSEN_PMNS_DN Control 200 0.0000 0.0113 2.28
GNATENKO_PLATELET_UP Control 40 0.0000 0.0134 2.34
GNATENKO_PLATELET Control 40 0.0000 0.0154 2.30
NADLER_OBESITY_UP Control 50 0.0000 0.0164 2.21
MOREAUX_TACI_HI_VS_LOW_DN PS 146 0.0000 0.0230 -1.99
HDACI_COLON_SUL12HRS_DN PS 26 0.0000 0.0243 -2.02
STEMCELL_COMMON_UP PS 164 0.0000 0.0248 -1.99
ADIPOCYTE DIFFERENTIATION PS 38 0.0000 0.0264 -2.00
BCRABL_HL60_CDNA_DN Control 26 0.0000 0.0286 2.14
ET743_SARCOMA_DN PS 234 0.0000 0.0287 -2.02
TGFBETA_EARLY_UP Control 45 0.0000 0.0308 2.09
IGF1RPATHWAY Control 15 0.0026 0.0311 2.12
GRANDVAUX_IFN_NOT_IRF3_UP Control 13 0.0000 0.0325 2.09
AGED_MOUSE_HYPOTH_DN Control 36 0.0000 0.0327 2.11
PASSERINI_ADHESION Control 36 0.0000 0.0328 2.10
SANA_IFNG_ENDOTHELIAL_UP Control 62 0.0000 0.0330 2.08
ET743_SARCOMA_48HRS_DN PS 165 0.0000 0.0347 -2.03
HBX_HCC_DN Control 21 0.0026 0.0354 2.06
IL5PATHWAY Control 10 0.0012 0.0378 2.05
BRENTANI_CYTOSKELETON Control 19 0.0000 0.0382 2.04
ET743_SARCOMA_24HRS_DN PS 97 0.0000 0.0401 -1.94
RHO_PROTEIN_SIGNAL_TRANSDUCTION Control 36 0.0000 0.0402 2.16
ECMPATHWAY Control 21 0.0027 0.0403 2.04
P21_MIDDLE_DN PS 14 0.0000 0.0438 -1.93
PLATELET_EXPRESSED Control 30 0.0014 0.0460 2.01
TGFBETA_ALL_UP Control 78 0.0000 0.0471 2.00
HOHENKIRK_MONOCYTE_DEND_DN Control 111 0.0000 0.0471 2.01
INOS_ALL_DN Control 74 0.0000 0.0474 2.00
RAY_P210_DIFF Control 51 0.0015 0.0476 1.99

Table S1
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Table S2

Gene Symbol Gene Name Location Entrez Gene ID
AKT1 v-akt murine thymoma viral oncogene homolog 1 Cytoplasm 207

ALOX5AP arachidonate 5-lipoxygenase-activating protein Plasma Membrane 241

ATF2 activating transcription factor 2 Nucleus 1386

BAD BCL2-associated agonist of cell death Cytoplasm 572

BASP1 brain abundant, membrane attached signal protein 1 Plasma Membrane 10409

C1QB complement component 1, q subcomponent, B chain Extracellular Space 713

CAPG capping protein (actin filament), gelsolin-like Nucleus 822

CFL1 cofilin 1 (non-muscle) Nucleus 1072

COL1A1 collagen, type I, alpha 1 Extracellular Space 1277

COL3A1 collagen, type III, alpha 1 Extracellular Space 1281

CRYAB crystallin, alpha B Nucleus 1410

CSF1R colony stimulating factor 1 receptor Plasma Membrane 1436

CSTB cystatin B (stefin B) Cytoplasm 1476

CTSB cathepsin B Cytoplasm 1508

CTSD cathepsin D Cytoplasm 1509

CTSS cathepsin S Cytoplasm 1520

CTSZ cathepsin Z Cytoplasm 1522

DAD1 defender against cell death 1 Cytoplasm 1603

DDIT3 DNA-damage-inducible transcript 3 Nucleus 1649

DUSP1 dual specificity phosphatase 1 Nucleus 1843

EPHB3 EPH receptor B3 Plasma Membrane 2049

FCER1G Fc fragment of IgE, high affinity I, receptor for; gamma polypeptide Plasma Membrane 2207

FCGR3A Fc fragment of IgG, low affinity IIIa, receptor (CD16a) Plasma Membrane 2214

FLNA filamin A, alpha Cytoplasm 2316

FXYD5 FXYD domain containing ion transport regulator 5 Plasma Membrane 53827

GAS1 growth arrest-specific 1 Plasma Membrane 2619

GRB2 growth factor receptor-bound protein 2 Cytoplasm 2885

GRN granulin Extracellular Space 2896

HCLS1 hematopoietic cell-specific Lyn substrate 1 Nucleus 3059

HRAS v-Ha-ras Harvey rat sarcoma viral oncogene homolog Plasma Membrane 3265

IGF1R insulin-like growth factor 1 receptor Plasma Membrane 3480

IRF1 interferon regulatory factor 1 Nucleus 3659

IRS1 insulin receptor substrate 1 Cytoplasm 3667

KIF5B kinesin family member 5B Cytoplasm 3799

LEP leptin Extracellular Space 3952

LGALS3 lectin, galactoside-binding, soluble, 3 Extracellular Space 3958

LMO7 LIM domain 7 Cytoplasm 4008

LRP1 low density lipoprotein-related protein 1 (alpha-2-macroglobulin receptor) Plasma Membrane 4035

MAP2K1 mitogen-activated protein kinase kinase 1 Cytoplasm 5604

MAPK1 mitogen-activated protein kinase 1 Cytoplasm 5594

MAPK3 mitogen-activated protein kinase 3 Cytoplasm 5595

NEDD8 neural precursor cell expressed, developmentally down-regulated 8 Nucleus 4738

NR3C1 nuclear receptor subfamily 3, group C, member 1 (glucocorticoid receptor) Nucleus 2908

PABPC1 poly(A) binding protein, cytoplasmic 1 Cytoplasm 26986

PAWR PRKC, apoptosis, WT1, regulator Nucleus 5074

PEA15 phosphoprotein enriched in astrocytes 15 Cytoplasm 8682

PFN1 profilin 1 Cytoplasm 5216

PIK3CA phosphoinositide-3-kinase, catalytic, alpha polypeptide Cytoplasm 5290

PIK3R1 phosphoinositide-3-kinase, regulatory subunit 1 (alpha) Cytoplasm 5295

PLIN2 perilipin 2 Plasma Membrane 123

PSAP prosaposin Extracellular Space 5660

RAF1 v-raf-1 murine leukemia viral oncogene homolog 1 Cytoplasm 5894

RASA1 RAS p21 protein activator (GTPase activating protein) 1 Cytoplasm 5921

SERPINF1 serpin peptidase inhibitor, clade F, member 1 Extracellular Space 5176

SHC1 SHC (Src homology 2 domain containing) transforming protein 1 Cytoplasm 6464

SHOX2 short stature homeobox 2 Nucleus 6474

SMARCA2 SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a, member 2 Nucleus 6595

SNAI2 snail homolog 2 (Drosophila) Nucleus 6591

SOS1 son of sevenless homolog 1 (Drosophila) Cytoplasm 6654

TLN1 talin 1 Plasma Membrane 7094

TOP2B topoisomerase (DNA) II beta 180kDa Nucleus 7155

TPM4 tropomyosin 4 Cytoplasm 7171

UCP2 uncoupling protein 2 (mitochondrial, proton carrier) Cytoplasm 7351

YWHAH tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, eta polypeptide Cytoplasm 7533


