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Abstract: Treatment options may be limited for infants with obstructive sleep apnea when there is
no surgically correctable upper airway lesion. We therefore evaluated, retrospectively, the efficacy
of low-flow oxygen as a therapeutic option for infant obstructive sleep apnea. We reviewed the
medical charts of 23 infants who had undergone a therapeutic trial of low-flow oxygen during
polysomnography. Split-night polysomnography was used in 21/23 subjects while 2/23 had
undergone two separate, full-night polysomnography sleep architecture and respiratory findings
on the baseline polysomnogram segment that was obtained in room air were compared with the
segment on low-flow oxygen (0.25–1 L/min). Wilcoxon signed rank or McNemar’s test were used as
indicated for comparing apnea hypopnea index and measures of sleep architecture at baseline and
with oxygen therapy. The mean (±SD) age of subjects was 4.8 (±2.7) months, with 52% being males.
The median apnea hypopnea index fell from a baseline of 18 (range 7–43) to 3 (range 1–19; p = 0.001)
on oxygen. The baseline median obstructive/mixed apnea index decreased from 2 (range 1–16) to 1
during oxygen therapy (range 0–1; p = 0.003). Additionally, a significant decrease in central apnea
index (median interquartile range (IQR) 1 (0–2) vs. 0 (0–1), p = 0.002) was noted. Sleep efficiency
remained unaffected, while O2 saturation (SaO2) average and SaO2 nadir improved on oxygen. We
were able to confirm the utility of low-flow oxygen in reducing central, obstructive, and mixed apneas
and improving average oxygen saturation in infants with obstructive sleep apnea (OSA).
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1. Introduction

Obstructive sleep apnea (OSA) seen during infancy is often related to gastro-esophageal
reflux, laryngotracheomalacia, craniofacial anomalies, or neuromuscular disorders [1,2]. Significant
adenotonsillar hypertrophy, a common etiology in older children, is encountered less often, hence
adenotonsillectomy is generally a less frequent treatment option. Even when adenotonsillectomy is
performed for relief of obstructive sleep apnea in infancy, it seems to benefit more those patients who
lack comorbidities [3]. Positive airway pressure (PAP) is utilized in older children and adults, but
these devices are not approved by the Food and Drug Administration for use in those weighing less
than 13 kg. Oxygen therapy is used empirically to treat OSA in this age group. Supplemental oxygen
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use has been reported for improving cardiorespiratory stability in asymptomatic preterm infants [4].
Given the paucity of evidence supporting the efficacy of oxygen in treating infant OSA, we report on
our experience in this regard, with an emphasis on changes in sleep-related respiratory variables.

2. Materials and Methods

A retrospective medical chart review was conducted at a tertiary referral sleep center that
was accredited by the American Academy of Sleep Medicine. The study protocol was approved
by the Institutional Review Board (IRB) of Mayo Clinic, Rochester, MN, USA on 1 July 2011
(No. 10-007218). The medical charts were reviewed of all infants who had undergone a therapeutic
trial of low-flow supplemental oxygen during attended nocturnal polysomnography in our sleep
laboratory. The subjects had been initially referred to our pediatric otolaryngology service for
assessment of potential surgically correctable lesions underlying OSA. The study period was 2004
to 2010. The diagnosis of OSA was made on the basis of presence of one or more obstructive
apneas/hypopneas per hour of sleep on room air in infants [5]. Consecutive infants who also had
been evaluated by the otolaryngology service and were deemed to not be candidates for surgical
treatment of OSA (determined not to have an anatomic, surgically correctable upper airway lesion)
were included. Infants with congenital heart disease were excluded. They were provided low-flow
supplemental oxygen trial during nocturnal polysomnography if there was significant recurrent
apnea (obstructive, mixed, or central) and oxygen desaturation. Underlying medical diagnoses
on these patients are listed in Table 1. These infants underwent either two successive nocturnal
polysomnograms (one night on room air and the second night on supplemental oxygen) or a single
night polysomnogram that was split into two halves—baseline segment without supplemental oxygen,
and a low-flow supplemental oxygen therapeutic trial segment. A criterion for split night study
was the capture of both non-rapid eye moment (NREM) and rapid eye moment (REM) sleep in the
baseline, diagnostic segment. The diagnostic segment (without oxygen) was always the first segment.
The oxygen therapy segment was always in the second half of the night. Since REM sleep is generally
more abundant in the second half of the night and since OSA is frequently worse in REM than in
NREM sleep, we anticipated the beneficial effect of oxygen therapy is this half. Supplemental low-flow
oxygen consisted of 0.25 to 1 L/min. It was provided during attended polysomnography using a
nasal cannula.

Table 1. Patient demographics and underlying medical diagnoses.

Patient No.
Gender

(Male = 0,
Female = 1)

Age at
Polysomnography

(Months)
Underlying Medical Diagnosis

1 1 6 Trisomy 2 Mosaicism, Gastro-Esophageal Reflux
2 0 2 Trisomy 21, Cleft Palate, Laryngomalacia
3 1 3 Trisomy 21, Gastro-Esophageal Reflux
4 0 7 Gastro-Esophageal Reflux, Laryngomalacia
5 1 3 Gastro-Esophageal Reflux, Cranio-Facial Anomaly
6 0 7 Achondroplasia
7 0 2 Prematurity, Apparent Life Threating Episodes (ALTE)
8 0 3 Prader–Willi Syndrome
9 1 0.25 Prader–Willi Syndrome

10 0 7 Gastro-Esophageal Reflux, Tracheomalacia
11 1 5 Laryngomalacia
12 0 2 Gastro-Esophageal Reflux
13 0 7 Cranio-Facial Anomaly, Laryngomalacia
14 0 4 Cornelia De Lange Syndrome
15 1 5 Trisomy 21
16 1 10 Prematurity, Bilateral Cerebral Infarct, Gastro-Esophageal Reflux
17 0 6 Laryngomalacia
18 1 4 Neural Tube Defects, Chiari type II Malformation
19 0 7 Prematurity, Tracheomalacia, Bronchopulmonary Dysplasia
20 0 3 Chromosomal 4q Microdeletion, Central Sleep Apnea
21 1 11 Prematurity, Central Sleep Apnea
22 1 2 Microcephaly, Gastro-Esophageal Reflux
23 1 4 Pierre Robin Sequence
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Primary outcomes of interest were number of apneas (obstructive/mixed) per minute, combined
apnea/hypopnea index, and sleep efficiency. Secondary outcomes measured were number of central
apneas, total sleep time, and average O2 saturation (SaO2) and SaO2 nadir during sleep, with and
without supplemental low-flow oxygen.

Data points of interests were extracted using a standardized data extraction form. Information
about the following variables was collected: age, gender, total sleep time, obstructive/mixed apneas
per minute, apnea-hypopnea index, hypopnea index, central apneas/minute, sleep efficiency, average
SaO2 and SaO2 nadir, periodic leg movement (PLM) index, and PLM arousal index.

Continuous variables are expressed as mean ± standard deviation (SD) or median with
interquartile range (IQR) based on the distribution. Categorical variables are expressed using frequency
and % frequency. Wilcoxon signed rank or McNemar’s tests were used as appropriate, to compare
sleep-related parameters with and without low-flow oxygen supplementation. Statistical analysis was
done using JMP 10.0 statistical package (SAS Inc., Cary, NC, USA).

3. Results

During the period of 2004–2010, a total of 23 infants underwent trial of low-flow oxygen
supplementation during polysomnography—21 underwent a split-night study and two had
polysomnograms on two separate nights within a one-month period. The mean (±SD) age of the
subjects was 4.8 (±2.7) months; 52.2% were male and 17 (74%) were Caucasian. A total of 10 (44%)
infants were born prematurely (<37 weeks gestation), with mean (±SD) age of 32 (±4.4) weeks. A total
of 8 (35%) infants had gastroesophageal reflux and 13 (56%) had craniofacial anomalies. None of these
had neuromuscular disorders. The awake SaO2 median (IQR value) was 96% (92–99%) and the median
duration of low-flow oxygen supplementation (IQR) was 203 (136–334) min.

Table 2 shows the comparison of important polysomnogram (PSG) parameters in room air versus
on low-flow supplemental oxygen. In summary, low-flow oxygen use led to a significant decrease in
obstructive/mixed apneas (p = 0.003), hypopnea index (p < 0.001), and combined apnea-hypopnea
index (p < 0.001). A subset analysis found that the decrease in obstructive/mixed apneas with oxygen
was statistically significant for both REM and NREM sleep. A decrease in central apneas index was also
noted (p = 0.002). The average percentage of SaO2 improved with low-flow oxygen supplementation
(p = 0.003), as did the SaO2 nadir (p < 0.001). The overall arousal index remained unchanged (15 vs. 19,
p = 0.8), but the proportion of breathing-related arousals decreased significantly with supplemental O2

(36% vs. 15%, p = 0.005). There was no significant change in sleep efficiency (p = 0.34). An increase
in PLM index (p = 0.001), and PLM arousal index (p = 0.002) on low-flow supplemental oxygen was
statistically significant.

Table 2. Comparison of sleep-related parameters during polysomnography in room air vs. in low-flow
supplemental oxygen.

Variable Median (IQR) (n = 23) Without Oxygen With Oxygen p-Values

SaO2 Average (%) during Sleep 96 (92–98) 98 (94–99) 0.003 *
SaO2 Nadir (%) 81 (75–89) 91 (82–95) <0.001 *

Central Apneas in:
NREM 0 (0–2) 0 (0) 0.039 *
REM 0 (0–3) 0 (0) 0.006 *
TST 1 (0–2) 0 (0–1) 0.002 *

Obstructive/Mixed Apneas in:
NREM 2 (0–8) 1 (0–1) 0.001 *
REM 3 (0–15) 0 (0–4) 0.036 *
TST 2 (1–16) 1 (0–1) 0.003 *
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Table 2. Cont.

Variable Median (IQR) (n = 23) Without Oxygen With Oxygen p-Values

Combined AHI in:
NREM 12 (5–33) 2 (1–13) <0.001 *
REM 36 (12–64) 7 (2–35) <0.001 *
TST 18 (7–43) 3 (1–19) <0.001 *

Hypopnea Index in:
NREM 7 (1–19) 1 (0–9) 0.003 *
REM 19 (7–44) 3 (0–13) 0.001 *
TST 12 (4–31) 1 (0–11) <0.001 *

Arousal Index (n = 22)
% Breathing-Related

15 (12–26)
36 (15–58)

19 (15–26)
15 (4–42)

0.8
0.005 *

REM Sleep Proportion 0.24 (0.13–0.28) 0.22 (0.15–0.28) 0.76
PLM Index, 6.8 (0–25.8) 23.4 (0–50.2) 0.001 *

Abnormal PLM Index, n (%) 14 (61) 11 (48) 0.26
PLM Arousal Index 1.3 (0–4.5) 6.2 (0–12.4) 0.002 *
Sleep Efficiency (%) 88 (80–91) 80 (76–94) 0.34

IQR: Interquartile Range; SD: Standard deviation; SaO2: Arterial oxygen saturation; NREM: Non-rapid eye moment;
REM: Rapid eye movement; TST: Total sleep time; AHI: Apnea-hypopnea index; PLM: Periodic leg movement.
* Statistically significant.

Out of 23 infants, 10 (44%) had been born prematurely (<37 weeks gestation). A subset analysis
showed that the combined apnea/hypopnea index and hypopnea index improved significantly with O2

supplementation in these prematurely born infants. There was no worsening of the central apnea index
in this premature infant subgroup. For the obstructive/mixed apnea index, there was a non-significant
trend towards improvement in NREM and REM sleep, whereas TST was significantly improved
(Table 3).

Table 3. Comparison of sleep apnea and hypopnea indices during polysomnography in room air
versus in low-flow supplemental oxygen in children born preterm.

Variable Median (IQR) (n = 10) Without Oxygen With Oxygen p-Values

Central Apneas in:
NREM 1 (0–2) 0 (0) 0.06
REM 0 (0–6) 0 (0–1) 0.12
TST 2 (0–4) 0 (0–1) <0.05 *

Obstructive/Mixed Apneas in:
NREM 2.5 (0–12) 1 (0–4) 0.07
REM 5.5 (0–28) 0.5 (0–12) 0.1
TST 5.5 (1–21) 1 (0–6) <0.05 *

Combined AHI in:
NREM 25 (6–35) 2 (1–14) <0.01 *
REM 45.5 (23–77) 7 (5–35) <0.05 *
TST 32 (14–46) 3 (2–20) <0.01 *

Hypopnea Index in:
NREM 7.5 (4–28) 1 (0–11) 0.05 *
REM 21 (11–61) 2.5 (0–13) 0.05 *
TST 12 (6–36) 1 (0–13) <0.05 *

* Statistically significant.

4. Discussion

The findings of the current study suggest that use of low-flow supplemental oxygen in infants
with OSA may decrease obstructive and mixed apneas and hypopneas. We also observed a decreased
number of central apneas on oxygen treatment. Use of low-flow supplemental oxygen also increased
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the average SaO2 and SaO2 nadir during sleep. There was no change in sleep efficiency. In patients
who underwent two night sleep studies (one on room air and second on supplemental oxygen),
comparisons were thought to be valid, since there is evidence that apnea index and duration remains
consistent from one night to another [6,7] and both of these study nights were within one month
time frame.

Also, since infants spend a high proportion of their total sleep time in REM sleep, obstructive
sleep apneic/hypopnea events can be problematic given the tendency for hypotonic collapse of the
upper airway and impaired central responses to carbon dioxide accumulation during this state of
sleep [8,9]. It is possible that hypoxia resulting from the sleep apnea episodes could further increase
the tendency for hypotonic collapse of the upper airway dilator muscles and exacerbate the OSA [10].
Aljadeff et al [11] found that supplemental oxygen administration improved oxygen measurements,
and reduced hypopnea density, hypopnea index and paradoxical breathing in children aged 1–16 years
with moderate to severe OSA. An editorial by Brouillette et al. [12] which critiqued Aljadeff study
mentions being careful with supplemental O2 administration in children with OSA related severe
sequelae like congestive heart failure and cor pulmonale, sleep-related hypoventilation and disorders
of central nervous system.

In a randomized double blind study, Marcus et al. [13] showed that supplemental O2 during
sleep in children with OSA resulted in improved oxygenation without impacting the duration of
apneas. However, they did recommend monitoring the end-tidal carbon dioxide (EtCO2) levels in
children with OSA receiving O2 therapy, since two of their 23 subjects did show worsening of EtCO2.
In their study, the limitations included exclusion of infants as study subjects and inclusion of OSA
patients secondary to adenotonsillar hypertrophy only, which prevents extrapolation of results of
this study to children with other diseases, especially children with neurologic disease with abnormal
central ventilatory control. In a retrospective study by Kirk et al. [14] looking at various treatment
modalities for sleep-disordered breathing in children (including infants) and young adults with
myelomeningocele, supplemental O2 was not associated with any benefit in two cases of OSA but
improved central apnea and central hypoventilation in other cases. The authors did not specify the age
of patients in whom the supplemental O2 was used. They did caution about worsening of hypercarbia
with O2 supplementation.

Simakajornboon et al. [4] utilized supplemental oxygen to stabilize cardio-respiratory function in
preterm infants. In their prospective study of 23 premature infants, frequent respiratory and cardiac
events were noted in the laboratory setting. Supplemental oxygen decreased the amount of apneas
(3.8 ± 2.4 events/h on supplemental O2 vs. 11.1 ± 6.4 events/h on room air), the duration of time spent
in periodic breathing (1.8 ± 2.9% on supplemental O2 vs. 6.7 ± 8.9% on room air), and bradycardia
events, while improving overall oxygen saturation. Supplemental oxygen use in their study did
not worsen ventilation. The investigators felt that that improved oxygenation facilitated respiratory
control despite reduction in the hypoxic drive induced by oxygen supplementation. Additionally, they
observed an increase in slow-wave sleep and a reciprocal decrease in active sleep, which led them to
propose that supplemental oxygen may facilitate growth via the augmentation of slow-wave sleep and
consequent increase in growth hormone pulsatile release.

Finally, a recent study [15] concluded that CPAP-intolerant school-aged children with OSA have
good outcomes with high-flow, heated, and humidified air.

Our findings suggest a potential role for low-flow supplemental oxygen as a non-invasive and
effective therapeutic alternative for OSA in infants. Increasing average SaO2 during sleep and blunting
SaO2 nadir can prevent hypoxia-related serious cardio-respiratory adverse effects such pulmonary
hypertension and cor pulmonale. This measure can also serve as a palliative strategy to prevent
obstructive events and its complications or as a bridging therapy until a more definitive treatment like
surgery can be performed to relieve the cause of OSA [16].

Various mechanisms have been suggested for the decrease in apnea/hypopnea density and
apnea/hypopnea index with the use of supplemental oxygen. They include a decrease in the
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contracting force of the diaphragm with correction of hypoxemia-induced increased respiratory drive,
as this contracting force predisposes to upper airway collapse [8]. There may also be improvement
in geniohyoid muscle tone with correction of long-standing hypoxemia [11,17,18]. Supplemental
oxygen via nasal cannula has also been hypothesized to provide a small amount of positive airway
pressure effect and decrease in ventilatory muscle fatigue [11,19,20]. Additionally, supplemental O2

has been shown to improve apnea/hypopnea index (AHI) in OSA adults with high loop gain (unstable
ventilatory control system due to increased chemo responsiveness) by reducing the loop gain by virtue
of its ventilatory stabilizing properties via reduction in peripheral chemo-responsiveness [21].

There are some limitations of this study—it has the usual disadvantages of a retrospective study,
like limited data availability and difficulties in controlling bias and confounders. Additionally, due
to the retrospective nature of this study, the sequence of the intervention (i.e., O2 supplementation)
could not be randomized, and most sleep studies were done as a split study, which precluded accurate
assessment of sleep architecture and cardiorespiratory parameters. One of the potential adverse effects
of supplemental O2 is alveolar hypoventilation, as measured by EtCO2. In our study, the EtCO2

data was not consistently available, due to which the safety of supplemental O2 could not be entirely
ascertained. Since the study population was mainly Caucasian, the results may not be generalizable to
other ethnic groups. Further, improved breathing-related parameters in the sleep laboratory do not
necessarily imply that function in the home setting will also improve.

5. Conclusions

In a sleep laboratory population, low-flow supplemental oxygen was an effective treatment for
obstructive sleep apnea during infancy. Possible mechanisms include alleviation of hypoxemia-induced
hypotonia of the upper airway dilator muscles, positive airway pressure effects, decreased ventilatory
muscle fatigue, decrease in contracting force of the diaphragm, and decrease in loop gain. Further
prospective multicenter trials are warranted to reinforce the beneficial role of low-flow supplemental
oxygen in the treatment of OSA as well as in central sleep apnea.

Acknowledgments: We acknowledge and appreciate Subhash Chandra’s help with initial analysis. This publication
was supported by the National Institutes of Health (NIH)/National Center for Research Resources (NCRR) Clinical
and Translational Science Award (CTSA) Grant Number UL1 RR024150. Its contents are solely the responsibility
of the authors and do not necessarily represent the official views of the NIH.

Author Contributions: S.K. and P.D. designed the research; P.D. and R.K. performed data collection, assembled
the manuscript, and analyzed the results; and P.D., S.K., and R.K. revised the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Singer, L.P.; Saenger, P. Complications of pediatric obstructive sleep apnea. Otolaryngol. Clin. N. Am. 1990,
23, 665–676. [PubMed]

2. Ward, S.L.; Marcus, C.L. Obstructive sleep apnea in infants and young children. J. Clin. Neurophysiol. 1996,
13, 198–207. [CrossRef] [PubMed]

3. Cheng, J.; Elden, L. Outcomes in children under 12 months of age undergoing adenotonsillectomy for
sleep-disordered breathing. Laryngoscope 2013, 123, 2281–2284. [CrossRef] [PubMed]

4. Simakajornboon, N.; Beckerman, R.C.; Mack, C.; Sharon, D.; Gozal, D. Effect of supplemental oxygen on
sleep architecture and cardiorespiratory events in preterm infants. Pediatrics 2002, 110, 884–888. [CrossRef]
[PubMed]

5. International Classification of Sleep Disorders. In Diagnostic and Coding Manual, 2nd ed.; American Academy
of Sleep Medicine: Westchester, IL, USA, 2005.

6. Aber, W.R.; Block, A.; Hellard, D.; Webb, W. Consistency of respiratory measurements from night to night
during the sleep of elderly men. Chest 1989, 96, 747–751. [CrossRef] [PubMed]

7. Wittig, R.M.; Romaker, A.; Zorick, F.J.; Roehrs, T.A.; Conway, W.A.; Roth, T. Night-to-night consistency of
apneas during sleep. Am. Rev. Respir. Dis. 1984, 129, 244–246. [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/2199900
http://dx.doi.org/10.1097/00004691-199605000-00003
http://www.ncbi.nlm.nih.gov/pubmed/8714340
http://dx.doi.org/10.1002/lary.23796
http://www.ncbi.nlm.nih.gov/pubmed/23821577
http://dx.doi.org/10.1542/peds.110.5.884
http://www.ncbi.nlm.nih.gov/pubmed/12415025
http://dx.doi.org/10.1378/chest.96.4.747
http://www.ncbi.nlm.nih.gov/pubmed/2791668
http://www.ncbi.nlm.nih.gov/pubmed/6696325


Children 2018, 5, 34 7 of 7

8. Sullivan, C.E.; Murphy, E.; Kozar, L.F.; Phillipson, E.A. Ventilatory responses to CO2 and lung inflation in
tonic versus phasic REM sleep. J. Appl. Physiol. 1979, 47, 1305–1310. [CrossRef] [PubMed]

9. Wiegand, L.; Zwillich, C.W.; Wiegand, D.; White, D.P. Changes in upper airway muscle activation and
ventilation during phasic REM sleep in normal men. J. Appl. Physiol. 1991, 71, 488–497. [CrossRef] [PubMed]

10. Bradford, A.; McGuire, M.; O’Halloran, K.D. Does episodic hypoxia affect upper airway dilator muscle
function? Implications for the pathophysiology of obstructive sleep apnoea. Respir. Physiol. Neurobiol. 2005,
147, 223–234. [PubMed]

11. Aljadeff, G.; Gozal, D.; Bailey-Wahl, S.L.; Burrell, B.; Keens, T.G.; Ward, S.L. Effects of overnight supplemental
oxygen in obstructive sleep apnea in children. Am. J. Respir. Crit. Care Med. 1996, 153, 51–55. [CrossRef]
[PubMed]

12. Brouillette, R.T.; Waters, K. Oxygen therapy for pediatric obstructive sleep apnea syndrome: How safe?
How effective? Am. J. Respir. Crit. Care Med. 1996, 153, 1–2. [CrossRef] [PubMed]

13. Marcus, C.L.; Carroll, J.L.; Bamford, O.; Pyzik, P.; Loughlin, G.M. Supplemental oxygen during sleep in
children with sleep-disordered breathing. Am. J. Respir. Crit. Care Med. 1995, 152, 1297–1301. [CrossRef]
[PubMed]

14. Kirk, V.G.; Morielli, A.; Gozal, D.; Marcus, C.L.; Waters, K.A.; D’Andrea, L.A.; Rosen, C.L.; Deray, M.J.;
Brouillette, R.T. Treatment of sleep-disordered breathing in children with myelomeningocele. Pediatr. Pulmonol.
2000, 30, 445–452. [CrossRef]

15. Hawkins, S.; Huston, S.; Campbell, K.; Halbower, A. High-flow, heated, humidified air via nasal cannula
treats CPAP-intolerant children with obstructive sleep apnea. J. Clin. Sleep Med. 2017, 13, 981–989. [CrossRef]
[PubMed]

16. McNamara, F.; Sullivan, C.E. Evolution of sleep-disordered breathing and sleep in infants. J. Paediatr.
Child Health 1998, 34, 37–43. [CrossRef] [PubMed]

17. Gauda, E.B.; Carroll, J.L.; McColley, S.; Smith, P.L. Effect of oxygenation on breath-by-breath response of the
genioglossus muscle during occlusion. J. Appl. Physiol. 1991, 71, 1231–1236. [CrossRef] [PubMed]

18. Salmone, R.J.; van Lunteren, E. Effects of hypoxia and hypercapnia on geniohyoid contractility and endurance.
J. Appl. Physiol. 1991, 71, 709–715. [CrossRef] [PubMed]

19. Locke, R.G.; Wolfson, M.R.; Shaffer, T.H.; Rubenstein, S.D.; Greenspan, J.S. Inadvertent administration of
positive end-distending pressure during nasal cannula flow. Pediatrics 1993, 91, 135–138. [PubMed]

20. Strohl, K.P.; Cherniack, N.S.; Gothe, B. Physiologic basis of therapy for sleep apnea. Am. Rev. Respir. Dis.
1986, 134, 791–802. [CrossRef] [PubMed]

21. Wellman, A.; Malhotra, A.; Jordan, A.S.; Stevenson, K.E.; Gautam, S.; White, D.P. Effect of oxygen in
obstructive sleep apnea: Role of loop gain. Respir. Physiol. Neurobiol. 2008, 162, 144–151. [CrossRef]
[PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1152/jappl.1979.47.6.1304
http://www.ncbi.nlm.nih.gov/pubmed/231602
http://dx.doi.org/10.1152/jappl.1991.71.2.488
http://www.ncbi.nlm.nih.gov/pubmed/1938720
http://www.ncbi.nlm.nih.gov/pubmed/16087148
http://dx.doi.org/10.1164/ajrccm.153.1.8542162
http://www.ncbi.nlm.nih.gov/pubmed/8542162
http://dx.doi.org/10.1164/ajrccm.153.1.8542100
http://www.ncbi.nlm.nih.gov/pubmed/8542100
http://dx.doi.org/10.1164/ajrccm.152.4.7551385
http://www.ncbi.nlm.nih.gov/pubmed/7551385
http://dx.doi.org/10.1002/1099-0496(200012)30:6&lt;445::AID-PPUL2&gt;3.0.CO;2-C
http://dx.doi.org/10.5664/jcsm.6700
http://www.ncbi.nlm.nih.gov/pubmed/28728621
http://dx.doi.org/10.1046/j.1440-1754.1998.00150.x
http://www.ncbi.nlm.nih.gov/pubmed/9568939
http://dx.doi.org/10.1152/jappl.1991.71.4.1231
http://www.ncbi.nlm.nih.gov/pubmed/1757344
http://dx.doi.org/10.1152/jappl.1991.71.2.709
http://www.ncbi.nlm.nih.gov/pubmed/1938746
http://www.ncbi.nlm.nih.gov/pubmed/8416477
http://dx.doi.org/10.1164/ajrccm/136.2.526
http://www.ncbi.nlm.nih.gov/pubmed/3532889
http://dx.doi.org/10.1016/j.resp.2008.05.019
http://www.ncbi.nlm.nih.gov/pubmed/18577470
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

