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Abstract C-reactive protein (CRP) and interleukin-6 (IL-6)
are pro-inflammatory proteins and important risk factors for
atherosclerosis. Plasma CRP levels in snoring children may
or may not be elevated. Since obesity is prevalent among
snoring children and is associated with elevated CRP
levels, we aimed to investigate the relative contributions
of sleep-disordered breathing (SDB) and obesity to the
inflammatory processes in snoring children in this prospec-
tive study. Two hundred forty-four children (mean age 8.9+
3.4 years) underwent polysomnographic evaluation. CRP
was measured the following morning, and plasma IL-6
levels from 111 randomly selected children were also
examined. Plasma CRP and IL-6 levels were elevated in
children with SDB. Log plasma CRP levels were higher in
the moderate-severe SDB group (apnea’hypopnea index,
AHI>5) compared to the mild SDB group (AHI>1 and
<5; p<0.0001) or the control group (AHI<I1; p=0.0001).
Log plasma CRP levels correlated with AHI, arousal index,
relative BMI, and SpO, nadir (=0.30, »p<0.0001; »=0.21,
p=0.002; »=0.39, p<0.0001, r=—0.36, p<0.0001, respec-
tively). Log plasma CRP levels were lower in children with
SpO, nadir >90 (p<0.0001). Sub-analysis of the 116 non-
obese children in the cohort revealed similar findings. Log
plasma IL-6 levels were increased in children with
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moderate—severe SDB compared to controls (p=0.03) and
correlated with AHI (»=0.28, p=0.003) and SpO, nadir
(r=-0.24, p=0.02). Children with SDB display significant
severity-dependent increases in plasma CRP and IL-6 levels
independent of obesity.
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Introduction

Sleep-disordered breathing (SDB) is a highly prevalent
condition in children, affecting 2—3% of all children [1, 2].
In recent years, pediatric SDB has been associated with a
higher risk for cardiovascular morbidity. Indeed, increased
prevalence of hypertension [3], alterations in blood pressure
regulation [4], and changes in cardiac geometry [5] have
been reported in children with SDB and have been ascribed
to the presence of sustained sympathetic activation [6], and
to induction of endothelial dysfunction [7]. This induction
of endothelial dysfunction is most likely resulting from
initiation and propagation of inflammatory responses within
the microvasculature.

C-reactive protein (CRP), an important circulating
marker of inflammation, is one of the best predictors for
future cardiovascular morbidity [8] and directly participates
in atheromatous lesion formation [9]. In a previous study,
we have shown that plasma CRP levels are increased in
children with SDB compared to controls and are correlated
with the severity of the disease, i.e., the degree of
hypoxemia and of sleep fragmentation, independently from
the degree of obesity [10]. In support of our findings,
Larkin et al. [11] further reported elevated plasma CRP
levels in adolescents with SDB and free of known
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cardiovascular disease, suggesting that SDB in children
may confer additional risk for cardiovascular morbidity
beyond that of obesity. However, in contrast to both studies,
normal levels of plasma CRP were reported in Greek
children with SDB [12]. One of the suggested explanations
for these discrepant findings between these studies could
involve different prevalence of obesity between the cohorts
[13]. Interleukin-6 (IL-6) is a pro-inflammatory cytokine
that largely controls the synthesis of CRP and is also an
important risk factor for atherosclerosis and cardiovascular
morbidity [14, 15]. IL-6 is also released by adipose tissue,
such that IL-6 plasma levels may also reflect the degree of
adiposity [16, 17]. Increased levels of IL-6 have been found
in the plasma of adults with SDB and in obese adults
without SDB [18, 19].

Therefore, to better understand the relative contributions
of obesity and SDB severity to the inflammatory processes
ultimately leading to increased cardiovascular risk, we
examined the plasma levels of both CRP and IL-6 in a
large cohort of snoring children.

Materials and methods

Consecutive snoring children being evaluated for the
presence of SDB were enrolled in the study. Exclusion
criteria were the presence of genetic disorders, cerebral
palsy, neuromuscular diseases, or any underlying systemic
diseases or acute infectious processes. In addition, we
included 48 control children who were age-, sex-, and
ethnicity-matched, who had no history of snoring, and in
addition had normal polysomnographic findings (see
below). Blood was drawn between 7:00 to 8:00 a.m., the
morning after the child underwent a standard polysomno-
graphic evaluation in the sleep laboratory at the Kosair
Children’s Hospital. A standard complete blood count was
performed by the hospital laboratory, and both the total
white blood cell (WBC) count and platelet count were
recorded. Plasma CRP was measured within 2-3 h after
collection using the Flex reagent Cartridge (Date Behring,
Newark, DE), which is based on a particle-enhanced
turbidimetric immunoassay technique. This method has a
detection level of 0.05 mg/dl and exhibits linear behavior up
to 255 mg/dl, with intra-assay and inter-assay coefficients of
variability of 9% and 18%, respectively. Plasma was obtained
from the blood sample and was stored at —80°C until assayed.
Plasma IL-6 levels from 111 randomly selected samples were
examined using commercial ELISA kit (R&D systems,
Minneapolis, MN). This method has a minimum detection
level of 0.039 pg/ml with intra-assay and inter-assay
coefficients of variability of 7.4 and 7.8, respectively.

A standard overnight multichannel polysomnographic
evaluation was performed in the sleep laboratory. Children
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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. 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 ECG, air flow was
monitored with a sidestream end-tidal capnograph, which
also provided breath-by-breath assessment of end-tidal
carbon dioxide levels (PETCO,; BCI SC-300, Menomonee
Falls, WI), nasal pressure catheter, and an oronasal
thermistor. Arterial oxygen saturation (SpO,) was assessed
by pulse oximetry (Nellcor N 100; Nellcor, Hayward, CA),
with simultaneous recording of the pulse waveform. The
bilateral electrooculogram, eight channels of electroencepha-
logram, chin and anterior tibial electromyograms, and analog
output from a body position sensor (Bracbon Medical, NY)
were also monitored. All measures were digitized using a
commercially available polysomnography system (Rembrandt,
MedCare Diagnostics, Amsterdam). Tracheal sound was
monitored with a microphone sensor (Sleepmate, VA) and a
digital time-synchronized video recording was performed.

Sleep architecture was assessed by standard techniques
[20]. The proportion of time spent in each sleep stage was
expressed as percentage of total sleep time (%TST).
Central, obstructive, and mixed apneic events were
counted. Obstructive apnea was defined as the absence of
airflow with continued chest wall and abdominal movement
for a duration of at least two breaths [21, 22]. Hypopneas
were defined as a decrease in oronasal flow of >50% on
either the thermistor or nasal pressure transducer signal
with a corresponding decrease in SpO, of >4% and/or
arousal [22]. The obstructive apnea/hypopnea index (AHI)
was defined as the number of apnea and hypopneas per
hour of TST. Children with an AHI>1 but <5 per hour of
TST were considered to have mild SDB, while children
with AHI>5 per hour TST were considered to have
moderate—severe SDB. Control children (CO) were defined
as non-snoring children with AHI<1 per hour of TST.

The mean oxygen saturation, as measured by pulse
oximetry (SpO,) in the presence of a pulse waveform signal
void of motion artifact, and the nadir SpO, were recorded.
To further examine the role of hypoxemia, children were
divided according to their SpO, nadir into four groups:
children with SpO, nadir >90% (group A), children with
SpO, nadir of 80-89% (group B), children with SpO, nadir
of 70-79% (group C), and children with SpO, nadir <70%
(group D). Since criteria for arousals have not yet been
developed for children, arousals were defined as recom-
mended by the American Sleep Disorders Association Task
Force report [23] using the 3-s rule and/or the presence of
movement arousal [24].

Height and weight were obtained from each child. Body
mass index (BMI) was calculated and also expressed as
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relative BMI (relBMI), using the following formula: (BMI/
BMI of the 50th percentile for age and gender)x100, based
on standardized percentile curves [25]. Obesity was defined
as BMI greater than the 95th percentile for gender and age.
The study was approved by the institutional human
study review committee, and parental consent, as well as
child assent for children >7 years of age, was obtained.

Data analysis

Data are presented as means+SD unless otherwise indicat-
ed. All analyses were conducted using SPSS software
(version 11.5; SPPS, Chicago, I1l.). Since plasma CRP and
IL-6 levels were not normally distributed, logarithmic
transformation was applied. Comparisons of demographics
according to group assignment were made with indepen-
dent ¢ tests or analysis of variance followed by post hoc
comparisons, with p values adjusted for unequal variances
when appropriate (Levene’s test for equality of variances),
or chi square (x?) analyses with Fisher’s Exact Test
(dichotomous outcomes). Correlations of log CRP levels
and log IL-6 with arousal index, AHI, SpO, nadir, and
reIBMI were performed using linear regression, followed
by calculation of Pearson correlation coefficients. All p
values reported are two-tailed with statistical significance
set at <0.05.

Results
Two hundred and forty-four children (59% boys), ages 3—

17 years (mean 8.9+3.4 years), participated in the study. Of
these, 96 children (56 boys) were found to have moderate—

severe SDB, 100 children (58 boys) had mild SDB, and 48
children (30 boys) were in the CO group. Subject
characteristics are shown in Table 1. There were no
significant differences in age and gender among the three
groups. However, a significantly higher proportion of obese
children was found in the moderate—severe SDB group
compared to the control group. As expected, significant
differences were found among the three groups in AHI,
arousal index, and SpO, nadir.

Since plasma CRP levels were not normally distributed,
logarithmic transformation was applied. Log plasma CRP
levels were significantly higher in the moderate—severe
SDB group compared to mild SDB and CO (»p<0.0001 and
p=0.0001 respectively; Fig la). Log plasma CRP levels
were significantly lower among children in group A (SpO,
nadir >90) compared to the other three hypoxia-severity
groups (p=0.0016 group A vs group B, p=0.0004 group A
vs group C, p=0.007 group A vs group D, Fig 1b), with a
clear trend of elevation in log CRP levels with parallel
decrease in SpO, nadir (p<0.0001, Fig. 1b). Log plasma
CRP levels were also found to be significantly higher in
the obese children compared to the non-obese children
(»<0.0001; Fig. lc).

Significant correlations were found between log CRP
levels and AHI for the whole group (»=0.30, p<0.0001), as
well as between log CRP levels and arousal index (#=0.21,
p=0.002). In contrast, a significant negative correlation was
found between SpO, nadir and log CRP levels (r=—0.36,
»<0.0001). These correlations did not improve significantly
when we examined only subjects with AHI greater than 5.
Significant correlation was found between log CRP and
relBMI (r=0.39, p<0.0001). However, the correlation
with AHI, arousal index, and SpO, nadir persisted after

Table 1 Demographic and polysomnographic characteristics of 244 children with AHI<1 (Co), AHI>1 and <5 (mild SDB), and AHI>5 (SDB)

Controls (n=48; AHI<1)

Mild SDB (n=100; 1>AHI<S)

Moderate—severe SDB (n=96; AHI>5)

Age (years) 9.3+3.2 (4-16) 8.7£3.3 (3-17) 8.8+£3.5 (3-17)
Sex (male %) 62 58 58

relBMI (%) 133.84+41.0 (90.6-224.8) 141.8+50.9 (81.9-260.7) 157.6+53.5" (82.7-266.1)
Obesity (%) 35 46 57%

AHI 0.42+0.29 23+1.0° 15.9+14.3%¢
SpO, nadir (%) 89.7+£3.9 88.0£5.5 81.1£9.7%¢
EtCO,(mmHg) 47.3+9.8 43.5+7.0° 46.3+8.3¢
Arousal index 6.8+2.8 8.5+3.5 17.5+16.4*¢
TST 439.9+61.6 448.0+54.1 437.1+53.8
Sleep efficiency (%) 88.4+9.4 89.0+7.6 87.7+£9.4
Stage 1 (%) 7.6+5.0 8.9+6.5 11.7+8.4%
Stage 2 (%) 42.1£11.3 44.8+11.2 40.5+11.8
Slow wave sleep (%) 27.5+11.1 24.4+10.3 24.2+10.5
REM sleep (%) 14.6+4.7 14.6+4.6 15.1£6.0

#Moderate-severe SDB vs Co, p<0.05
" Mild SDB vs Co, p<0.05
¢ Moderate—severe SDB vs mild SDB, p<0.05
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Fig. 1 a Mean£SD of log CRP levels in 244 children with AHI<1
(CO), AHI>1, and <5 (mild SDB), and AHI>5 (moderate—severe
SDB). Log CRP levels in the moderate—severe SDB group differed
from mild SDB and CO (p=0.001 and p<0.0001 respectively).
b Mean+SD of log CRP levels in 244 children with SpO, nadir
>90% (Gr A), SpO, nadir of 80-89% (Gr B), SpO, nadir of 70-79%

controlling for reIBMI using partial correlation (r=0.21,
p<0.007 for AHI; »=0.18, p=0.02 for arousal index; and
r=-0.34, p<0.0001 for SpO, nadir).

To further investigate and better control the contribution
of relBMI on plasma CRP levels, we performed a sub-
analysis of 116 non-obese children in the cohort. Log CRP
levels correlated significantly with AHI, SpO, nadir, and
arousal index in the non-obese children (#=0.20, p=0.04;
r=-0.32, p=0.001; and r=0.29, p=0.005 respectively).

Correlations of log CRP with relBMI, AHI, SpO, nadir,
and arousal index are summarized for the entire cohort,
non-obese subjects, and obese subjects in Table 2.
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(Gr C), and SpO, nadir <70 (Gr D). Log CRP levels were
significantly lower in children in Group A compared to the other
three groups (p=0.0016 group A vs group B, p=0.0004 group A vs
group C, p=0.007 group A vs group D). ¢ Mean+SD of log CRP
levels in obese children compared to non-obese children (p<0.0001)

Furthermore, when multiple linear regression was per-
formed for the prediction of log CRP levels using age, sex,
relBMI, AHI, SpO, nadir, and arousal index as covariates,
only relBMI and SpO, nadir were retained in the model.
RelBMI accounted for 19% of the variance with SpO, nadir
provided an additional 11% of the variance (adjusted R
square, p<0.0001). When we examined only the non-obese
subjects, SpO, nadir was the only covariate included in the
model and accounted for 12% of the variance (adjusted R
square, p<0.0001).

Plasma IL-6 levels were measured in 111 subjects (56%
male) out of the entire cohort. The mean age was 8.2+
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Table 2 Correlations between log CRP levels and reIBMI, AHI, SpO, nadir, and arousal index in the entire study population, and in non-obese

and obese subjects

Entire cohort (n=244)

Non-obese subjects (n=116)

Obese subjects (n=128)

r values p values r values p values r values p values
relBMI 0.39 0.0001 N/A N/A 0.35 0.0001
AHI 0.3 0.0001 0.2 0.04 0.32 0.0001
SpO, nadir —0.36 0.0001 -0.32 0.001 -0.32 0.0001
Arousal Index 0.21 0.002 0.29 0.005 N/A N/A

2.8 years (range, 3—17 years). Thirty-eight children (34%)
had moderate—severe SDB, 40 (36%) had mild SDB, and
33 (30%) were controls. Subject characteristics and plasma
CRP levels are presented in Table 3. Significant correlation
was found between log plasma CRP levels and log plasma
IL-6 levels (#=0.56, p<0.0001). This correlation remained
significant both among the obese group (r=0.44, p=0.04)
and the non-obese group (r=0.60, p=0.003).

Log plasma IL-6 levels were significantly increased in
children with moderate—severe SDB compared to controls
(»p=0.03, Fig 2). No significant differences in log plasma
IL-6 levels were found between obese and non-obese
children. Significant correlation was found between log
plasma IL-6 levels and AHI (r=0.28, p=0.003), while a
significant negative correlation was found between log
plasma IL-6 levels and SpO, nadir (r=—0.24, p=0.02).
When we examined these correlations only among the non-
obese subjects (n=68), only the latter correlation remained
significant (r=0.29, p=0.03). No correlation was found
between log IL-6 levels and relBMI.

In the multiple linear regression for the prediction of log
IL-6 levels using age, sex, relBMI, AHI, SpO, nadir,
arousal index, and log CRP as covariates, log CRP was the
only covariate included in the model, which accounted for
33% of the variance (adjusted R square, p<0.0001).

Of note, since acute infection could be theoretically
present in some of the children studied (even though none
of such children was symptomatic), we analyzed their WBC
and platelet counts. None of the subjects participating in our
study had elevated WBC counts. Moreover, no significant
differences in WBC counts were found between subjects
with “high” CRP levels (CRP>0.3 mg/dl) compared to
“low” CRP levels (CRP<0.3 mg/dl; 6,876+1,870/mm’ vs
6,717+1,785/mm”, respectively; p not significant). Similar-
ly, platelet counts, a sensitive acute phase reactant marker,
failed to reveal any significant differences between subjects
with high CRP levels compared to low CRP levels (323.6+
66.6x10°/mm?> vs 317.6+75.9x10°/mm?>, respectively; p not
significant).

Table 3 Demographic, polysomnographic characteristics, and plasma CRP levels of 111 children with concomitant IL-6 measurements

Controls (n=33; AHI<1)

Mild SDB (n=40; 1=AHI<5)

Moderate—severe SDB (n=38; AHI>5)

Age (years) 7.5+1.9 (6-14) 8.7+3.1 (3-17) 8.2+3.0 (3-16)
Sex (male %) 52 56 56

rel BMI (%) 114.4+22.4 (82.9-168.9) 136.4+54.5 (81.9-260.7) 142.0+43.1* (81.8-253.0)
Obesity (%) 33 40 53?

AHI 0.19+0.25 24+1.1° 17.3£11.4%¢
SpO, nadir (%) 92.9+9.0 88.90+4.0° 80.5+12.4*¢
EtCO2(mmHg) 47.3+7.5 47.7+£5.2 51.4x17.7
Arousal Index 7.8+3.2 10.7+5.1 18.4+15.1*¢
CRP (mg/dl) 0.18+0.25 0.15+0.13 0.39+0.49*¢
Median 0.14 0.11 0.19
Interquartile range 0.09-0.20 0.05-0.22 0.10-0.50

IL-6 (pg/ml) 1.12+0.70 1.63+1.67 2.26+2.7°
Median 0.94 1.0 1.39
Interquartile range (0.67-1.36) (0.69-1.87) (0.97-2.47)

# Moderate-severe SDB vs. Co, p<0.05
®Mild SDB vs. Co, p<0.05
¢ Moderate—severe SDB vs. mild SDB, p<0.05
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Fig. 2 Mean=SD of log IL-6 levels in 111 children with AHI<I
(CO), AHI>1, and <5 (mild SDB), and AHI>5 (moderate—severe
SDB). Log CRP levels in the moderate—severe SDB group differed
from CO (p=0.03)

controls

Discussion

This study, conducted in a large cohort of snoring children,
confirms our previous report that children with moderate—
severe SDB have elevated plasma CRP levels compared to
children with mild SDB and controls, and that plasma CRP
levels correlate significantly with SDB severity indepen-
dently of obesity. Moreover, we now show in this study that
children with moderate—severe SDB have elevated plasma
IL-6 levels, another marker of inflammation that modulates
CRP synthesis, and that IL-6 concentrations correlate only
with disease severity and not with the degree of adiposity.
Thus, SDB, primarily through hypoxemia, imposes an
independent effect (in addition to obesity) on subclinical
inflammatory processes, suggesting a role for SDB in
modifying the risk for cardiovascular morbidity in early
life.

SDB in adults is now widely recognized as an important
and independent risk factor for cardiovascular morbidity,
including hypertension, ischemic heart disease, and cere-
brovascular accidents [26, 27]. One of the potential
mechanisms linking the strong association between SDB
and cardiovascular morbidity postulates that SDB-induced
hypoxic stress modulates the expression of circulating
inflammatory mediators and may lead to accelerated
atherogenesis. Compared to adults, children may be a more
suitable population to examine the role of SDB in
cardiovascular outcomes, especially when using biological
markers. Indeed, children are less likely to suffer from
preexisting cardiovascular conditions and/or other con-
founders. However, obesity, one of the major confounders
in investigating cardiovascular outcomes, has reached
global epidemic proportions especially in the US [28].
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Obesity in childhood is a strong predictor for the
development of cardiovascular consequences in adulthood
and is associated with earlier emergence of insulin
resistance, hypertension, and dyslipidemia, all of which
constitute potential risks for the development of cardiovas-
cular morbidity [29, 30]. Using a large pediatric population
with a wide range of SDB severity and BMI clearly
improved our ability to identify the relative contributions of
each potential risk factor to CRP and IL-6, and thus
permitted a more thorough and reliable assessment of the
potential role played by SDB in cardiovascular outcomes.
Indeed, while a considerable proportion of our total sample
would be considered obese (52%), we were able to conduct
an adequately powered sub-analysis in non-obese children.
This sub-analysis confirmed our findings for the entire
cohort and showed that plasma CRP levels are increased in
children with SDB and correlate with several parameters of
disease severity, namely AHI, the degree of hypoxemia,
and the degree of sleep disruption. These results concur
with our previous report and with a recent report by Larkin
et al. [10, 11] showing a dose-response relationship
between SDB and CRP. However, these findings are in
contrast to the report by Kaditis et al. [12], who described
normal CRP levels in a cohort of Greek children with SDB.
While obesity could have been a reason for the discrepancy
between these different studies, the current study negates
such possibility. However, both genetic factors (e.g., black
race, apolipoprotein E subtypes) [31, 32] and environmen-
tal differences (i.e., reduced physical activity, high fat diet),
rather than the degree of adiposity per se, could underlie the
differences in the findings of these studies [33].

An important issue pertaining to this and other studies on
CRP in SDB deserves a comment. Overall, plasma CRP
levels were within the normal range, i.e., the range
considered as not indicative of an acute infection or
inflammatory process (normative range for our laboratory
0.05-0.49 mg/dl). However, in contrast to customary
clinical practice reference values, plasma CRP levels
>0.3 mg/dl should be viewed as bearing an increased risk
for cardiovascular morbidity [30].

In a separate study from our laboratory, we found that
children with SDB, similar to adults with SDB [34], have
elevated plasma levels of adhesion molecules [7] and that
such elevations correlate with the degree of hypoxemia and
of sleep disruption and/or fragmentation, providing addi-
tional support to the notion that inflammatory processes
associated with atherogenesis are elicited by SDB in
children and may ultimately accelerate the atherosclerosis
process in this population.

The role of the intermittent hypoxemia associated with
SDB in the activation of inflammatory cascades and
modulation of circulating CRP levels was further consoli-
dated in the present study. Indeed, as shown in Fig. 1b, we
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found a dose-response relationship between hypoxemia
and CRP levels, as well as a significant correlation between
plasma IL-6 levels and SpO, nadir. The intermittent
hypoxemia and reoxygenation typically seen in SDB may
trigger oxidative stress pathways and the release of
inflammatory cytokines [35]. Such elevations in inflamma-
tory cytokines including tumor necrosis factor alpha and
IL-6 have been reported in adults with SDB [36]. Since
plasma IL-6 levels in our cohort showed correlation only
with SDB severity, primarily with hypoxemia, and not
with the degree of adiposity, it is possible that the
inflammatory pathways elicited by hypoxemia and involv-
ing IL-6 and CRP are distinct from the inflammatory
pathways elicited by obesity, which ultimately contribute
to CRP elevation.

The absence of an association between relBMI and
plasma IL-6 levels was surprising considering previous
reports [16, 17, 37]. While we cannot adequately explain
such discrepancy, we can surmise that the two populations
studied being different, i.e., normal children and snoring
children, the relationship between ponderal index and
inflammation in snoring children may be overcome by the
stronger effect of snoring on IL-6. Indeed, we have also
noticed such effect in the context of quality of life in
snoring children and obese children, whereby snoring
appears to supersede any effect of obesity on quality of
life scales [38].

Sleep fragmentation is another potential mechanism that
may mediate the association between SDB and cardiovas-
cular morbidity. Recent data has shown that sleep
deprivation is associated with changes in several biolog-
ical markers including IL-6 and CRP [39, 40]. In the
current study and in our previous report, we show the
contribution, albeit modest, of sleep fragmentation to
plasma CRP levels.

Although a major strength of our study lies in the large
sample size and the wide range of age, BMI, and SDB
disease severity, the possible effects of genetic determinants
and of environmental factors such as exercise and diet on
the cardiovascular morbidity in snoring children has not
been studied and deserves further investigation.

In summary, children with SDB display significant
severity-dependent increases in plasma CRP and IL-6
levels, which are independent from obesity. Such findings
support the hypothesis that SDB in childhood imposes an
independent risk for development of subclinical inflamma-
tion, which in turn may promote the onset and progression
rate of atherosclerosis, particularly in risk-prone populations.
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