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Study Objectives: Children with obstructive sleep apnea syndrome (OSAS) often experience periods of hypercapnia during sleep, a potent stimulator of 
cerebral blood flow (CBF). Considering this hypercapnia exposure during sleep, it is possible that children with OSAS have abnormal CBF responses to 
hypercapnia even during wakefulness. Therefore, we hypothesized that children with OSAS have blunted CBF response to hypercapnia during wakefulness, 
compared to snorers and controls.
Methods: CBF changes during hypercapnic ventilatory response (HCVR) were tested in children with OSAS, snorers, and healthy controls using diffuse 
correlation spectroscopy (DCS). Peak CBF changes with respect to pre-hypercapnic baseline were measured for each group. The study was conducted at an 
academic pediatric sleep center.
Results: Twelve children with OSAS (aged 10.1 ± 2.5 [mean ± standard deviation] y, obstructive apnea hypopnea index [AHI] = 9.4 [5.1–15.4] [median, 
interquartile range] events/hour), eight snorers (11 ± 3 y, 0.5 [0–1.3] events/hour), and 10 controls (11.4 ± 2.6 y, 0.3 [0.2–0.4] events/hour) were studied. The 
fractional CBF change during hypercapnia, normalized to the change in end-tidal carbon dioxide, was significantly higher in controls (9 ± 1.8 %/mmHg) 
compared to OSAS (7.1 ± 1.5, P = 0.023) and snorers (6.7 ± 1.9, P = 0.025).
Conclusions: Children with OSAS and snorers have blunted CBF response to hypercapnia during wakefulness compared to controls. Noninvasive DCS 
blood flow measurements of hypercapnic reactivity offer insights into physiopathology of OSAS in children, which could lead to further understanding about 
the central nervous system complications of OSAS.
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INTRODUCTION
Increasingly, central nervous system (CNS) complications such 
as neurobehavioral deficits have been recognized in children 
with untreated obstructive sleep apnea syndrome (OSAS).1 
OSAS affects 2% to 3% of children and is characterized by ep-
isodes of repetitive upper airway collapse during sleep, which 
may result in intermittent hypercapnia, hypoxemia, and/or 
arousal from sleep.2 Hypercapnia, in particular, is a powerful 
stimulator of cerebral blood flow (CBF),3,4 and in light of their 
chronic exposure to hypercapnia during sleep, it is possible 
that children with OSAS have abnormal CBF responses to hy-
percapnia even during wakefulness. Indeed, although OSAS 
occurs during sleep, the pathophysiology behind CNS mani-
festations of OSAS during wakefulness in children is still un-
known and no polysomnographic measure has been shown to 
predict CNS outcomes.1 Therefore, it is desirable to investigate 
the utility of new noninvasive medical tools and new metrics 
for OSAS patients during wakefulness. Such methods could 
help to elucidate CNS complications of OSAS.

Near-infrared (650–950 nm) optical techniques such as 
diffuse optical and diffuse correlation spectroscopy (DOS 
and DCS) offer the potential to noninvasively probe cerebral 
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Significance
Children with obstructive sleep apnea syndrome are chronically exposed to hypercapnia during sleep. It is unknown, however, if their cerebral blood flow 
regulation during wakefulness is abnormal. This study provides evidence that suggests children with the obstructive sleep apnea syndrome and snorers 
have blunted cerebral blood flow response to hypercapnia during wakefulness.

oxygenation and cerebral blood flow. They both use the diffu-
sion approximation for light transport to relate detected light 
on the head surface to physiological properties of underlying 
cortical tissues. Specifically, in contrast to traditional contin-
uous-wave near infrared spectroscopy,5 frequency-modulated 
DOS accurately measures tissue scattering and absolute con-
centrations of tissue chromophores such as oxyhemoglobin 
and deoxyhemoglobin. DCS provides complementary mea-
surements of microvascular blood flow by introducing long 
coherence length (~20 m) light into tissue and monitoring tem-
poral intensity fluctuations of the interference (speckle) pat-
tern emerging from the tissue surface. As discussed in several 
recent reviews,5,6 the rate of intensity fluctuations is dependent 
on microvascular blood flow. When quantified by the temporal 
intensity correlation function, these fluctuations yield a tissue 
blood flow index (cm2/s). Changes in this blood flow index pro-
vide a metric of relative blood flow.5

Relative blood flow measurements with DCS have been ex-
tensively validated against Doppler ultrasound in the preterm 
infant brain,7 laser Doppler flowmetry in rat brain,8,9 fluores-
cent microspheres in piglet brains,10 xenon-computed tomog-
raphy in adult traumatic brain injury,11 and arterial spin-labeled 
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perfusion MRI in the healthy adult human brain12 and in in-
fants with congenital heart disease.13 Recently, Buckley et al.14 
showed in children (median age 2.8 y) that changes in DCS 
measured indices of tissue blood flow due to hypercapnia 
agreed with changes in CBF measured simultaneously with 
phase-encoded velocity mapping MRI. To the best of our 
knowledge, there are currently no reports of DCS measure-
ments in school-aged children in the literature. In addition 
to these cerebral measurements, DCS has also been used to 
measure relative blood flow in many organs including brain, 
muscle, and breast.15–19 The nonionizing radiation used in both 
DOS and DCS is considered safe for long-term monitoring.

To date, few researchers have applied diffuse optical tech-
niques in adult OSAS subjects, focusing on relative near-
infrared spectroscopy (NIRS) measurements of cerebral 
hemoglobin concentration and oxygenation.20–22 Other groups 
have used frequency-modulated DOS to study OSAS23–26 
and have suggested reduced autoregulation during breath 
holding,21 graded preservation of autoregulation in milder 
forms of OSAS,25 and alterations of low-frequency hemody-
namic oscillations during wakefulness and sleep.25 However, 
most of these studies focused on sleeping subjects and did not 
monitor the persistent effects of OSAS into waking periods. 
Moreover, these measurements of hemoglobin concentration 
and oxygenation do not fully capture oxygen delivery to tis-
sues, because they do not measure blood flow.

Hou et al.27 recently measured variations in cerebral hemo-
dynamics in adult OSAS subjects, during sleep, with combined 
DOS/DCS similar to the device described. This group compared 
changes in CBF during nonobstructive and obstructive breathing. 
Each subject was his or her own control. They found that ob-
structive breathing resulted in CBF increases that correlated 
with OSAS severity. Authors attributed these CBF increases to 
hypercapnia; however, hypercapnia was not measured. It is im-
portant to note that none of these studies focused on children, in 
whom the CNS is undergoing significant development and may 
be uniquely vulnerable. Further, awake response to hypercapnia 
was not studied. Therefore, the aim of this research was to iden-
tify signatures of obstructive sleep apnea in the awake pediatric 
brain using cutting-edge noninvasive optical techniques. We hy-
pothesized that children with OSAS have blunted CBF response 
to hypercapnia during wakefulness compared to nonsnoring 
and snoring age-matched controls.

METHODS

Study Group
Children aged 6–16 y were included. Participants with OSAS 
and snorers were recruited after a clinical polysomnogram; as-
ymptomatic, healthy nonsnoring controls were recruited from 
the community by means of advertisements. All subjects un-
derwent baseline polysomnography using standard pediatric 
techniques and scoring as previously described.28,29 Briefly, 
a respiratory event was scored as an obstructive hypopnea if 
there was a drop of the nasal pressure peak signal excursion 
of ≥ 30% of pre-event baseline, for at least the duration of two 
breaths, and associated with a 3% oxyhemoglobin desaturation 
from baseline and/or an arousal. In addition, snoring, increased 
inspiratory flattening of the nasal pressure signal compared 
to baseline breathing, or paradoxical inward rib cage mo-
tion during inspiration occurring during the event only, were 
present. The obstructive apnea-hypopnea index (AHI) was cal-
culated as the sum of obstructive apneas, mixed apneas, and 
obstructive hypopneas divided by the hours of sleep. OSAS 
was defined as having an AHI ≥ 3/h. This criterion was se-
lected to exclude children with very mild OSAS. Controls were 
included, if they were asymptomatic and had an AHI < 1.5/h. 
Snorers were included if their AHI was < 1.5/h.30 Exclusion 
criteria included craniofacial anomalies, genetic syndromes, 
history of adenotonsillectomy or upper airway surgery, con-
tinuous positive airway pressure use, persistent asthma, and 
positive Pediatric Sleep Questionnaire for controls only.31 The 
Institutional Review Board at the Children’s Hospital of Phila-
delphia approved the study. Informed consent was obtained 
from parents or legal guardians of the subjects, and assent 
from subjects older than 7 y.

Optical Methods
This study used quantitative frequency domain DOS, rather than 
the more typical trend-monitoring devices (e.g., near-infrared 
spectroscopy). The concentrations of oxygenated and deoxygen-
ated hemoglobin were extracted from tissue absorption at 688 
and 826 nm. Total hemoglobin concentration (THC = [HbO2] 
+ [Hb]) and tissue oxygen saturation (StO2 = [HbO2] / THC × 
100%) were subsequently derived. DCS analysis used these op-
tical properties to fit an effective Brownian diffusion coefficient 
(i.e., blood flow index) to the decay of the intensity autocorrela-
tion function of a single speckle.

Hypercapnia Methods
Hypercapnia was used to modulate CBF through a modified 
Read rebreathing technique32,33 (schematic in Figure 1). Hence, 
optical measurements were taken throughout this hypercapneic 
ventilatory response (HCVR) test. Participants were seated 
comfortably, breathing through a mouthpiece. End-tidal carbon 
dioxide was measured by infrared capnometry (Novametrix 
Medical System, Inc., Wallingford, CT, USA). Flow was mea-
sured using a heated pneumotachograph (Hans Rudolph, Inc., 
Shawnee, KS, USA) and transducer (ADInstruments, Colorado 
Springs, CO, USA). Minute ventilation (V E) was obtained 
by analog integration of the flow signal. All outputs were re-
corded on a PowerLab system (ADInstruments). Participants 

Figure 1—Schematic of hypercapnic ventilatory response apparatus. 
DCS, diffuse correlation spectroscopy.
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rebreathed from a bag filled with 70 mL/kg of a gas mixture 
with the initial composition of 95% oxygen and 5% carbon di-
oxide. Subjects breathed room air through the mouthpiece for 
several minutes to establish baseline values. The inhalation 
valve was then switched at the end of a normal expiration so that 
participants rebreathed the hypercapnic mixture. They were 
asked to take three deep breaths after the valve was switched, 
and then breathe normally. They were encouraged to continue 
until end-tidal carbon dioxide reached 65 mmHg. Ventilatory 
responses to hypercapnia were expressed as the slope of minute 
ventilation versus end-tidal carbon dioxide concentration.

Optical Measurements during HCVR
Optical measurements were performed during wakeful-
ness in a related circadian rhythm period. Participants had 
similar sleep/wake cycles. DCS data was acquired continu-
ously throughout the baseline, HCVR, and a post-HCVR 
recovery period (e.g., Figure 2). For the CBF baseline, we 
used data taken after insertion of the mouthpiece and while 
the children were breathing room air. We then computed 
blood flow changes relative to this baseline (time = 0, i.e., 
rCBF = CBF(t > 0) / CBF(t = 0) × 100%). A gaussian filter (width 

~18 s) was used to smooth the resulting curve in time. The 
maximum blood flow was defined as the peak of the smoothed 
curve and normalized to the prehypercapnic baseline mea-
surement; this parameter was then compared across groups. 
To account for differences in individual baseline and peak 
end-tidal carbon dioxide, we compared peak rCBF normal-
ized by the change in end-tidal carbon dioxide blood flow 
changes relative to a baseline breathing room air (time (t) = 0, 
i.e., rCBF = CBF(t > 0) / CBF(t = 0) × 100%) were computed. To 
account for differences in individual baseline and peak end-
tidal carbon dioxide, we compared peak rCBF normalized by 
the change in end-tidal carbon dioxide (ΔEtCO2).

Statistical Analysis
Statistical analysis was performed with Matlab (Mathworks, 
MA, USA) and R.34 The Kolmogorov-Smirnov test was used 

to test for normality. Data are presented as mean ± standard 
deviation if normally distributed, and as median (interquar-
tile range) otherwise. Categorical data were compared using 
the Fisher exact test. Analysis of variance or the Kruskal-
Wallis test was used for three-way comparisons. Due to 
the small sample size, only one covariate of interest was 
included in the multiple regression model at each time, in-
cluding age, sex, and body mass index (BMI). However, 
neither age nor sex was significantly associated with the 
outcome variable (rCBF% normalized by the change in 
end-tidal carbon dioxide) and therefore, none of them was 
included in the final regression model. A partial F-test in 
multiple linear regression was used to assess whether rCBF 
differed among groups adjusted for BMI z-score, and this 
model was compared to the one without adjusting for BMI 
z-score to confirm that obesity did not affect changes in 
rCBF. Pearson correlation was calculated between the poly-
somnographic measures and rCBF or rCBF/ΔETCO2, and 
between rCBF and ΔETCO2; a value of P < 0.05 was consid-
ered statistically significant.

RESULTS

Study Group
Fifteen children with OSAS, 13 snorers, and 15 controls were 
recruited. Nine subjects were excluded because they were un-
able to follow research procedures. Major challenges included 
motion during DOS/DCS data collection and carbon dioxide 
leaks due to insufficiently tight sealing around the mouthpiece. 
This level of compliance is expected for the young age group. 
Thus, the final data set included 12 children with OSAS, 8 
snorers, and 10 controls. Table 1 contains the demographics 
and polysomnography study results of included subjects. Chil-
dren with OSAS were more obese than the other groups. As 
expected, children with OSAS had a greater AHI and lower 
hemoglobin saturation nadir. OSAS participants exhibited a 
trend toward greater peak end-tidal carbon dioxide and per-
centage of sleep time with end-tidal carbon dioxide greater 

Figure 2—Relative cerebral blood flow (rCBF, normalized to baseline period) versus time during hypercapnic ventilatory response for a single control and 
obstructive sleep apnea syndrome subject. Baseline period is designated by the region and the end of hypercapnia by the vertical line. The control subject 
had a short baseline with the end tidal monitoring. The horizontal axes are time in seconds; the vertical axes rCBF in % or end-tidal carbon dioxide in 
mmHg. OSAS, obstructive sleep apnea syndrome.
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than 50 mmHg. OSAS participants had greater arousal index 
compared to snorers. Otherwise, sleep architecture was similar 
between the three groups.

Hypercapnic Ventilatory Response
Results are shown in Table 2. There were no differences in 
end-tidal carbon dioxide dynamics between groups. Similarly, 
the slope of minute ventilation versus end-tidal carbon dioxide 
was similar across groups.

Cerebral Hemodynamics
Results are shown in Table 3. No significant differences in 
cerebral blood oxygenation and tissue hemoglobin concentra-
tion were found between groups. However, the relative change 
in cerebral blood flow, normalized by the change in end-tidal 
carbon dioxide, was significantly greater in controls compared 
to children with OSAS and snorers (Figure 3). This result per-
sisted even after controlling for obesity (OSAS versus controls, 
P = 0.007; snorers versus controls, P = 0.007). Figure 4 shows 

Table 1—Study group demographics and polysomnography results.

OSAS Snorers Controls P 
n 12 8 10
Age, y 9.6 (7.7–12.8) 12.4 (8–12.8) 11.4 (9.4–13.2) 0.5
Males, n (%) 4 (33.3) 5 (62.5) 5 (50) 0.5
Body mass index z-score 1.6 ± 1.2 0.7 ± 0.2 0.7 ± 1 0.11
Obese, n (%) 5 (42) 1 (12.5) 0 (0) 0.046 a 
Apnea-hypopnea index, N/hour 9.4 (5.1–15.4) 0.5 (0–1.3) 0.3 (0.2–0.4) < 0.001 a 
SpO2 nadir, % 88 (85–93) 94 (91.2–96) 93.5 (91.7–95) < 0.011 a

Time with SpO2 < 90%, %TST 0.15 (0–2) 0 (0–0) 0 (0–0) 0.004 a

Peak EtCO2, mmHg 54.4 ± 3.7 53 ± 1.3 51.7 ± 3.2 0.14
Time with EtCO2 ≥ 50 mmHg, %TST 1.5 (0.02–2.9) 0.15 (0.02–0.4) 0.1 (0–0.4) 0.27
Sleep efficiency, % TST 77 (64.5–85.3) 85.1 (75.6–92.7) 85.5 (78.2–89.5) 0.19
Stage N1, % TST 6.1 ± 4 3.5 ± 2 4.2 ± 1.2 0.19
Stage N2, % TST 47 ± 11 46 ± 10 44.3 ± 6.8 0.81
Stage N3, % TST 29.1 ± 8.6 29.4 ± 8 28.7 ± 6.5 0.98
REM, % TST 17.9 ± 4.9 21.3 ± 5.7 22.8 ± 5.8 0.12
Arousal index, n/h 10.5 (9–17.3) 7.2 (6.1–9.5) 8.6 (6–10.8) 0.019 b

Data shown as mean ± standard deviation, median (interquartile range), or n (%). aOSAS was significantly different from both snorers and controls. bOSAS 
was significantly different from snorers only. OSAS and controls, and snorers and controls were similar. EtCO2, end-tidal carbon dioxide; OSAS, obstructive 
sleep apnea syndrome; REM, rapid eye movement; SpO2, oxyhemoglobin saturation as measured by pulse oximeter; TST, total sleep time.

Table 2—Hypercapnic ventilatory response results.

OSAS Snorers Controls P 
Baseline EtCO2 (mmHg) 43 (41.6–44) 43 (41.8–44.7) 42 (40–44) 0.52
Peak EtCO2 (mmHg) 67.4 (64.1–70) 68.2 (67.8–68.5) 67 (61.8–69.2) 0.86
ΔEtCO2 (mmHg) 24 (20–27.1) 25.1 (21.9–26.4) 24.6 (16.7–27.2) 0.98
Slope of V E vs. EtCO2 (L/min/mmHg) 1.09 (0.91–1.42) 1.78 (0.88–1.94) 1.28 (0.81–2.51) 0.87

Three subjects with poor quality slope data (2 OSAS, 1 snorer) were neglected from this analysis, but included in all others. EtCO2, end-tidal carbon dioxide; 
OSAS, obstructive sleep apnea syndrome; V E, minute ventilation.

Table 3—Optical measurements of cerebral physiological properties.

OSAS Snorers Controls P 
HbT (µM) 49.9 (46.7–62.7) 58.9 (52.6–69) 67.8 (60.8–73.8) 0.66
StO2 (%) 66 (64.7–66.6) 67 (63.6–69.4) 66.8 (63.4–68.3) 0.47
Peak rCBF (%) 163 (136–178) 158 (123–169) 198 (168–245) 0.024 a

rCBF/ΔEtCO2 (%/mmHg) 7.04 (5.92–8.06) 6.19 (5.22–8.71) 8.3 (8.08–10.2) 0.045 a

aOSAS and Snorers were both significantly different from controls in a three-way comparison. EtCO2, end-tidal carbon dioxide; HbT, tissue hemoglobin 
concentration; OSAS, obstructive sleep apnea syndrome; peak rCBF, relative cerebral blood flow during hypercapnia; StO2, tissue oxyhemoglobin 
saturation.
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the rCBF response to hypercapnia in all participants. Of note, 
rCBF/ΔEtCO2 did not correlate significantly with polysomno-
graphic measures such as AHI, peak end-tidal carbon dioxide, 
percentage of sleep time with end-tidal carbon dioxide greater 
than 50 mmHg, peripheral oxygen saturation (SpO2) nadir, 

percentage of sleep time with SpO2 < 90%, sleep efficiency, 
sleep stages, or arousal index when the 30 subjects were ana-
lyzed together (data not shown).

A subanalysis by diagnosis showed that children with OSAS 
had a significant correlation between the percentage of sleep 
time with SpO2 < 90% and rCBF/ΔEtCO2 (r = 0.65, P = 0.021). 
In contrast, controls exhibited a significant inverse correlation 
between sleep SpO2 nadir and rCBF/ΔEtCO2, and snorers did 
not have a significant correlation (Figure 5). No correlations 
between sleep architecture and rCBF/ΔEtCO2 were found in 
any group.

DISCUSSION
This study measured a blunted CBF response to hypercapnia 
in children with OSAS and snorers compared to healthy con-
trol subjects during wakefulness. This finding, which was 

Figure 3—Relative change in cerebral blood flow normalized by end-
tidal carbon dioxide change in response to hypercapnia in children 
with obstructive sleep apnea syndrome (OSAS), snorers, and controls. 
Relative change in cerebral blood flow (rCBF, vertical axis), normalized 
by end-tidal carbon dioxide change (ΔEtCO2, mmHg), in response to 
hypercapnia in children with OSAS, snorers, and controls (horizontal 
axis). Central line indicates median, the boxes define the area between 
the 25th and 75th percentiles, and the whiskers designate the most 
extreme points not considered outliers. rCBF/ΔEtCO2 was significantly 
different between the three groups. Specifically, controls had a greater 
response than OSAS (P = 0.028) and snorers (P = 0.025).

Figure 4—Relative change in cerebral blood flow versus delta end-tidal 
carbon dioxide (EtCO2) in children with OSAS, snorers, and controls. 
Regression lines per group are coded. Controls had a significant 
correlation between delta EtCO2 and relative changes in cerebral blood 
flow (r = 0.69, P = 0.027). OSAS and snorers did not have significant 
correlations.

Figure 5—Correlation between peripheral oxygen saturation (SpO2) nadir during sleep and relative change in cerebral blood flow/end-tidal carbon dioxide 
change (rCBF/ΔEtCO2) in children with OSAS, snorers, and controls. Horizontal axis is nadir of overnight SpO2 and vertical axis is relative cerebral blood 
flow normalized to change in end-tidal carbon dioxide. Participants with OSAS and controls had significant correlations. OSAS’ r was −0.77 with P = 0.0034 
and controls’ r was 0.69, P = 0.026. Snorers’ r was 0.21 with P = 0.62.
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independent of obesity, suggests that OSAS in children is as-
sociated with impaired cerebrovascular reactivity even during 
wakefulness. Snorers had a similar diminished response, 
which implies that even the milder range of sleep disordered 
breathing can be associated with diminished CBF. In addition, 
this study confirmed that children with OSAS have normal 
HCVR during wakefulness,35 and it provided new data on 
HCVR in snorers.

Cerebral Hemodynamics in OSAS
OSAS is associated with hypoxemia, hypercapnia, and sym-
pathetic activation that result in blood pressure surges.36 All 
of these can adversely affect CBF regulation and lead to brain 
dysfunction during wakefulness. Hence, nocturnal intermit-
tent hypoxemia, hypercapnia, and/or sleep fragmentation are 
potential pathogenic culprits for the neurocognitive and be-
havioral abnormalities seen in subjects with sleep disordered 
breathing. For example, a pathophysiologic link between noc-
turnal recurrent hypoxemia and brain damage has been sug-
gested in adults by studies showing abnormalities of CNS 
white matter and cortical impairment in patients with OSAS, 
even in those without associated vascular risk factors.37 Other 
studies in adults with OSAS, carried out using techniques such 
as transcranial Doppler ultrasound, NIRS, and single pho ton 
emission computed tomography, have shown significant altera-
tions in CNS blood flow during both wakefulness and sleep.38–40 
The most common finding of these studies is CBF reduction. 
Recently, a study in young adults using blood oxygen level-de-
pendent functional magnetic resonance imaging demonstrated 
decreased cerebrovascular reactivity during a breath-hold 
challenge in OSAS subjects, similar to our results.41 However, 
it is important to note that our subjects were young children 
with a shorter clinical course and a more plastic, rapidly devel-
oping CNS than those described in the aforementioned studies. 
Therefore, these results suggest potential mechanisms leading 
to CNS complications of OSAS in younger populations with a 
relatively short clinical course.

Considering we measured CBF percentage changes from 
baseline, it is possible that the blunted CBF response to hy-
percapnia observed in our subjects could be due to elevated 
baseline CBF, e.g., as a compensatory mechanism secondary 
to repetitive gas exchange abnormalities during sleep. If this is 
the case, children with OSAS would only be able to moderately 
increase their CBF compared to normal controls. Our data sup-
port this hypothesis. Importantly, rCBF/ΔEtCO2 showed a di-
rect correlation with percentage of sleep time with SpO2 below 
90% in OSAS. Similarly, rCBF/ΔEtCO2 showed an inverse 
correlation with SpO2 nadir during sleep in OSAS, whereas 
controls had a positive rCBF/ΔEtCO2 correlation with SpO2 
nadir during sleep. The contrast in response may be due to the 
fact that SpO2 measurements were within the normal range of 
oxygenation in controls.

To the best of our knowledge, baseline absolute CBF has not 
been measured in children with OSAS. However, a study per-
formed in children with mild sleep disordered breathing, defined 
as AHI ≤ 5 events per hour, showed increased middle cerebral 
artery blood flow velocity during wakefulness (measured by 
transcranial Doppler ultrasound) compared to controls.42 This 

technique is limited to measurements of blood velocity in large 
vessels and hence, measures macrovascular blood flow; by con-
trast, the DCS technique is sensitive to microvascular blood flow. 
Additionally, these subjects were lying quietly during measure-
ments and did not perform a hypercapneic challenge. Further 
research is warranted to elucidate the relationship between these 
macrovascular and microvascular responses.

Snorers in our study had a blunted cerebrovascular response. 
Cerebral hemodynamics in snoring children have not been well 
studied. In fact, snorers were grouped together with children 
with mild OSAS in the few studies analyzing cerebral hemo-
dynamics.42,43 Hence, it is not possible to draw snoring-specific 
conclusions from these publications. Studies in animals and 
adults have shown elevated inflammatory markers in snorers 
or induced in the laboratory by vibration.44,45 Snoring has also 
been associated with markers of endothelial dysfunction, such 
as reduced flow-mediated vasodilation of the brachial artery 
compared to nonsnoring healthy controls.46 The reasons for 
this are unknown as snorers typically have normal polysomno-
graphic findings, including gas exchange and arousal indices. 
However, it has been hypothesized that snoring is part of a con-
tinuum that can progress to OSAS.47 Therefore, it is possible 
that snoring subjects with lower CBF response to hypercapnia 
may be closer to progress to OSAS than those with greater re-
sponses. Longitudinal studies may be useful for elucidating 
this relationship.48

DOS/DCS and Obesity
As expected, children with OSAS were more obese than 
snorers and controls.49 The DOS/DCS technique used here re-
quires placement of the sources and detectors on the forehead 
over the scalp and skull. Hence, the detected light must travel 
through extracerebral tissues (skin, subcutaneous fat, scalp, 
and skull). It is possible that obese children had thicker layers 
of sub-cutaneous adipose tissue, which could potentially affect 
the DOS/DCS measurements. However, these factors are more 
likely to affect absolute rather than relative measurements such 
as rCBF. In addition, scalp fat deposition on the frontal area 
has not been demonstrated in children and a linear regression 
model controlling for obesity did not affect our results. There-
fore, it is unlikely that obesity affected the DOS/DCS measure-
ments in the study described here.

It is important to note that AHI has significant limitations 
as a diagnostic tool for OSAS. Specifically, the number of ap-
neas and hypopneas are counted without consideration of du-
ration and/or associated oxyhemoglobin desaturation, e.g., a 
10-sec hypopnea with 4% desaturation counts the same as a 
50-sec hypopnea with 15% desaturation. In addition, the AHI 
does not take into consideration the percentages of sleep time 
with SpO2 < 90% and end-tidal carbon dioxide greater than 50 
mmHg. Thus, the current study and other studies that probe 
the CNS repercussion of OSAS may lead to improved metrics.

Limitations
The research procedures described here are challenging for 
young children because they must sit still while measurements 
are performed. We discarded ~20% of our data, primarily 
due to motion artifacts. This motion could cause the subject’s 
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mouth to come off the mouthpiece, induce motion artifacts in 
the DCS data, and introduce leaks into the rebreathing appa-
ratus. As expected, hyperpnea and motion were more common 
in the period near peak end-tidal carbon dioxide. Participants 
were at different stages of puberty, which may have affected 
the results. Tanner staging and sex hormones were not part 
of this protocol. The control group was not matched for BMI, 
which could potentially affect our findings, as the OSAS group 
had a greater obesity rate. However, results were not changed 
after controlling for BMI. The DOS/DCS analysis used a 
semi-infinite model of light propagation in tissue. Although 
the majority of cerebral DOS/DCS analyses use this model, it 
does not account for cerebral anatomy. In future work, more 
sophisticated data collection will permit use of more advanced 
models of light propagation and very recently developed tech-
niques to reduce the effect of superficial blood flow on DCS 
measurements.50

CONCLUSION
DCS blood flow measurements show that awake children with 
OSAS and snorers have blunted CBF response to hypercapnia 
compared to healthy control subjects, independent of obesity. 
This finding suggests that even mild sleep disordered breathing 
is associated with deficits in cerebrovascular response. Ulti-
mately, these techniques could be used in conjunction with 
polysomnography to reveal the CNS complications of OSAS. 
We have demonstrated that optical measurements of cerebral 
hemodynamics are feasible in young children and provide in-
sight into the pathophysiology of pediatric OSAS.
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