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V OLATILE anesthetics, propofol, benzodiazepines, 
and barbiturates increase airway collapsibility in a 

dose-dependent fashion both during and after anesthesia.1–5 
Partial upper airway collapse can lead to postoperative respi-
ratory complications such as desaturation, atelectasis, and 
negative pressure pulmonary edema, which may increase 
hospitalization time, mortality, and cost.6–8 While many 
anesthetics are administered with artificial airways, such as 
a laryngeal mask airway or an endotracheal tube, propofol 
is often administered as a mono-anesthetic without a device 
that bypasses the collapsible upper airway. Propofol admin-
istered during monitored anesthetic care has gained popular-
ity for endoscopy,9,10 while for some procedures, propofol 
sedation is even provided by nonanesthesiologists. While 
the overall rate of overt sedation-related complications due 
to propofol during endoscopic procedures appears low,11 
patients who are vulnerable to respiratory complications 
may suffer from sequelae of increased upper airway collaps-
ibility beyond the immediately observable postintervention 
period. It is certainly a common experience for the anesthe-
siologist providing moderate to deep propofol sedation to 
apply airway maneuvers, such as chin lift and jaw thrust, to 

maintain airway patency of the patient. This puts patients 
at risk if airway collapse is not immediately noticed and ties 
up practioners’ hands during the case. Given that propofol 

What We Already Know about This Topic

• Propofol increases upper airway collapsibility, resulting in 
upper airway obstruction, particularly in sedated patients with 
unprotected airways

• Carbon dioxide stimulates both respiratory pump muscles 
and upper airway dilator muscles

• No previous study has investigated effects of increasing end-
tidal carbon dioxide on propofol-induced increased upper 
airway collapsibility in humans

What This Article Tells Us That Is New

• Elevation of end-tidal carbon dioxide by inhalation of carbon 
dioxide dose-dependently stabilized the airway as evidenced 
by decrease of upper airway closing pressure under propofol 
anesthesia in 12 nonobese adult volunteers

• Phasic genioglossus activity dose-dependently increased 
with supplemental carbon dioxide and was a significant effect 
modifier for stabilizing the upper airway

• Cortical arousal from anesthesia appeared to partly contribute to 
upper airway stabilization in the light propofol anesthesia group
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ABSTRACT

Background: Propofol impairs upper airway dilator muscle tone and increases upper airway collapsibility. Preclinical stud-
ies show that carbon dioxide decreases propofol-mediated respiratory depression. We studied whether elevation of end-tidal 
carbon dioxide (PETCO2) via carbon dioxide insufflation reverses the airway collapsibility (primary hypothesis) and impaired 
genioglossus muscle electromyogram that accompany propofol anesthesia.
Methods: We present a prespecified, secondary analysis of previously published experiments in 12 volunteers breathing via a 
high-flow respiratory circuit used to control upper airway pressure under propofol anesthesia at two levels, with the deep level 
titrated to suppression of motor response. Ventilation, mask pressure, negative pharyngeal pressure, upper airway closing pres-
sure, genioglossus electromyogram, bispectral index, and change in end-expiratory lung volume were measured as a function 
of elevation of PETCO2 above baseline and depth of propofol anesthesia.
Results: PETCO2 augmentation dose-dependently lowered upper airway closing pressure with a decrease of 3.1 cm H2O (95% 
CI, 2.2 to 3.9; P < 0.001) under deep anesthesia, indicating improved upper airway stability. In parallel, the phasic genio-
glossus electromyogram increased by 28% (23 to 34; P < 0.001). We found that genioglossus electromyogram activity was a 
significant modifier of the effect of PETCO2 elevation on closing pressure (P = 0.005 for interaction term).
Conclusions:  Upper airway collapsibility induced by propofol anesthesia can be reversed in a dose-dependent manner by 
insufflation of supplemental carbon dioxide. This effect is at least partly mediated by increased genioglossus muscle activity. 
(Anesthesiology 2018; 129:37-46)
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dose-dependently increases upper airway instability and is 
so commonly used in an unprotected airway, we were inter-
ested to see whether a simple intervention, such as hypercar-
bia, could reverse the collapsibility.

The upper airway can be conceptualized as a floppy 
cylinder, anatomically bound by the soft palate rostrally, 
vertebral column posteriorly, epiglottis caudally, and genio-
glossus muscle anteriorly. A patent upper airway is necessary 
for ventilation. This patency is maintained by a delicate bal-
ance between airway dilating forces that promote an open 
airway and collapsing forces. The main upper airway dilat-
ing forces include pharyngeal dilator muscles (especially 
the genioglossus and tensor palatini muscles), and caudal 
traction resulting from lung expansion. During anesthesia 
and sleep, dilating forces are impaired, thereby predisposing 
the airway to obstruct due to collapsing forces, predomi-
nately, extraluminal pressure from soft tissue surrounding 
the airway.12

In patients with obstructive sleep apnea, inhalation of 3 
to 6% CO2 stimulates upper airway inspiratory muscle tonic 
and phasic electrical activity and decreases apnea time.13 Fur-
thermore, experiments in rats demonstrate that propofol-
mediated respiratory depression can be reversed by carbon 
dioxide.14 In this study, we explore the effects of inspiratory 
insufflation of carbon dioxide on upper airway collaps-
ibility and genioglossus muscle tone in healthy volunteers 
under propofol anesthesia. We hypothesized that adminis-
tration of carbon dioxide targeted to a constant degree of  
end-tidal carbon dioxide (PETCO2) elevation above baseline 
under steady-state propofol anesthesia reduces upper airway 
collapsibility, in a dose-dependent fashion, as measured by 
a decrease in upper airway closing pressure. If hypercarbia 
improves airway stability, it could be further explored as a 
perioperative therapy.

Materials and Methods

Study Subjects
This study is a prespecified, secondary analysis of a previ-
ously performed experimental series, of which two prior 
analyses have been published,15,16 and is registered at 
clinicaltrials.gov (NCT01557920; supplemental methods 
described in Supplemental Digital Content, http://links.
lww.com/ALN/B716). Following approval by the Partners 
Human Research committee, Somerville, Massachusetts, 
subjects were recruited at the Massachusetts General Hos-
pital, Boston, Massachusetts. Volunteers with an American 
Society of Anesthesiologists physical classification score of I, 
ages 18 to 45, with a body mass index of 18.5 to 28 kg/m2, 
and no history or physical findings of obstructive sleep apnea 
were enrolled in a randomized controlled crossover study as 
previously described.15,16 Thirteen of 18 enrolled subjects 
completed the study, and 12 had an adequate signal to noise 
ratios for data analysis. See Supplemental Digital Content, 
http://links.lww.com/ALN/B716, for further details.

Experimental Protocol
Our nested design protocol included three levels of arousal 
(awake, light anesthesia and deep anesthesia) and three 
degrees of PETCO2 elevation: baseline PETCO2, 4 mmHg above 
baseline, and 8 mmHg above baseline.

After initial measurements of breathing at atmospheric 
pressure while awake, anesthesia was induced and main-
tained with propofol for a mean ± SD duration of 2 h 
and 44 ± 37 min. Propofol was administered using a target 
controlled infusion pump (Injectomat TIVA Agilia, Fre-
senius Kabi, France; see Supplemental Digital Content, 
http://links.lww.com/ALN/B716, for further details). The 
initial propofol target plasma concentration was 3.7 µg/
ml. The light and deep anesthetic doses were determined 
from the response to an electrical pain stimulus delivered 
by a peripheral nerve stimulator (Life-Tech Inc., USA). 
Propofol dose was increased in increments of 50% until 
the absence of motor response, or decreased by 50% if 
there was no response to pain. The individualized light 
anesthetic level was defined as the propofol dose with a 
motor response, while the deep anesthetic level was the 
propofol dose without motor response. Each propofol 
dose was administered for at least 30 min before record-
ing measurements to ensure that steady-state had been 
reached. The mean ± SD light and deep propofol anesthe-
sia target blood concentrations were 3.1 ± 0.7 µg/ml and 
4.3 ± 0.8 µg/ml, respectively (supplemental methods and 
table S1, Supplemental Digital Content, http://links.lww.
com/ALN/B716).

At each propofol level, subjects underwent a sequence 
of greater than or equal to 10 consecutive breaths at atmo-
spheric pressure followed by two airway occlusions maneu-
vers with 7 ± 3 inspiratory attempts (Supplemental Digital 
Content, http://links.lww.com/ALN/B716). This sequence 
was repeated at two stepwise increasing PETCO2 elevations 
(fig. 1). Between sequences, rescue continuous positive air-
way pressure was applied if a subject was unable to maintain 
adequate unassisted breathing. Figure 2 illustrates a typical 
experimental sequence under deep propofol anesthesia in 
which continuous positive airway pressure was applied to 
eliminate flow-limited breathing, continuous positive air-
way pressure was removed, and occlusion maneuvers were 
performed at three levels of PETCO2. The mean ± SD baseline 
PETCO2 before carbon dioxide administration was 45.9 ± 8.4 
mmHg, and 47.7 ± 12.7 mmHg for light and deep propofol 
anesthesia, respectively (see table S2, Supplemental Digital 
Content, http://links.lww.com/ALN/B716, for individual 
PETCO2 levels).

Equipment
All measurements were conducted in a research facility 
equipped with a standard anesthesia workstation (Dräger-
Medical, USA), automated recordkeeping, resuscitation 
equipment, and an anesthesiologist dedicated solely to 
managing the volunteer. Standard monitors were used 
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(electrocardiography, pulse oximetry, capnography, and oscil-
lometric blood pressure measurements). Subjects fasted for at 
least 8 h before the start of the experiment. They were posi-
tioned supine on a gel headrest with a 5-cm head elevation 
and neck flexion (Frankfort plane). One nostril was anaesthe-
tized with 4% lidocaine spray and a pressure catheter (Millar 
Instruments, USA) was inserted while awake with its tip close 
to the epiglottis. Correct positioning was confirmed by visual 
oropharyngeal inspection and the characteristic negative pha-
ryngeal pressure peak during swallowing. The breathing cir-
cuit is depicted in figure S1 (Supplemental Digital Content, 
http://links.lww.com/ALN/B716). In brief, subjects wore a 

nasal mask connected to a high-airflow circuit with positive 
end-expiratory pressure valves on the inspiratory and expi-
ratory limbs to deliver continuous positive airway pressure. 
The mouth was sealed with Tegaderm (3M, USA) after loss 
of consciousness to avoid oral breathing. The inspiratory limb 
of the circuit included an air humidifier and an inflatable bal-
loon occlusion valve (Hans Rudolph Inc., USA) to perform 
external airway occlusions by preventing inspiratory flow 
while allowing expiration. The fraction of inspired oxygen 
was maintained at 0.5. A 100% carbon dioxide tank side-
streamed to the inspiratory limb of the breathing circuit per-
mitted steady-state PETCO2 to be increased by 4 or 8 mmHg 
above baseline. Two 27-gauge stainless steel wire electrodes 
were inserted into the genioglossus muscle transcutaneously 
while the volunteer was awake and referenced to a sternal 
ground electrode. Correct placement was confirmed by an 
increase in activity during inspiration and an electromyogram 
activity burst when the volunteers pressed the genioglossus 
against their teeth. A respiratory inductive plethysmography 
device (LifeShirt200, VivoMetrics, USA) was fitted around 
the volunteers’ thorax and abdomen and calibrated per the 
manufacturer’s instructions17,18 (fig. S1, Supplemental Digi-
tal Content, http://links.lww.com/ALN/B716).

Measurements
Respiratory airflow was determined using a pneumotacho-
graph. Respiratory rate, inspiratory tidal volume, minute 
ventilation, peak inspiratory flow, and duty cycle (inspira-
tory time/total breath time) were calculated from an average 
of 10 sequential breaths from the respiratory airflow curves. 
Mask pressure was monitored with a catheter at the inlet 
of the nasal mask attached to a pressure transducer (Hans 
Rudolph Inc., USA). Negative pharyngeal pressure was 
measured at the level of the epiglottis with the intranasal 
catheter-tip pressure transducer. Upper airway collapse was 
induced by external airway occlusion. Occlusion maneu-
vers were performed only during propofol anesthesia. Air-
way closure can be quantified by measuring the difference 
between nasal pressure and tracheal pressure during airway 
occlusion (fig. 2). Closing pressure is defined as the inspira-
tory mask pressure plateau during occlusion while negative 
pharyngeal pressure continues to decrease until the end of 
the inspiratory attempt19 (fig. 2 inset). PETCO2 was measured 
continuously through a port in the nasal mask using a gas 
analyzer (Datex Ohmeda, Finland). The genioglossus elec-
tromyogram signal was rectified and a moving time averaged 
signal was used. The tonic genioglossus activity baseline was 
subtracted from peak phasic genioglossus activity during 
occlusions and normalized to a subject-specific maximal 
genioglossus electromyogram to obtain genioglossus electro-
myogram activity as a percent of maximum. The quantitative 
difference in end-expiratory lung volume between consecu-
tive breaths was measured using respiratory inductive pleth-
ysmography. Breaths were excluded in end-expiratory lung 
volume analysis if the inspiratory volume from respiratory 

Fig. 1. Study flow of anesthesia titration and data acquisition. 
Eighteen subjects were enrolled, and 13 completed the study. 
After initial recordings at atmospheric pressure while awake, 
anesthesia was induced with propofol. After 30 min at a con-
stant targeted blood propofol concentration, measurements 
were conducted at atmospheric pressure and at a given con-
tinuous positive airway pressure (CPAP) level. Ten consecu-
tive breaths with three different levels of end-tidal carbon 
dioxide pressure (PETCO2) elevation at atmospheric pressure 
and with CPAP under propofol anesthesia were recorded. 
Twelve subjects were included in the final analyses. CO2 + 0 = 
elevation of PETCO2 by 0 mmHg; CO2 + 4 = elevation of PETCO2 
by 4 mmHg, CO2 + 8 = elevation of PETCO2 by 8 mmHg.
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inductive plethysmography and gold-standard spirometry 
had a correlation factor of less than 0.8, if unreasonably 
high inspiratory volumes of more than 3,500 ml were mea-
sured by respiratory inductive plethysmography (consistent 
with a movement artifact), or if the respiratory inductive 
plethysmography recording was of obvious poor quality. 
During a period of breathing in which continuous positive 
airway pressure was either applied or removed, interbreath 
quantitative difference in end-expiratory lung volume were 
added until the summation reached a plateau, typically over 
more than five breaths, to obtain the total change in end-
expiratory lung volume (∆ end-expiratory lung volume) that 
occurred due to a change in airway pressure (∆ continuous 
positive airway pressure). The ∆ end-expiratory lung volume 
was then normalized to ∆ continuous positive airway pres-
sure to obtain ∆ end-expiratory lung volume/∆ continuous 
positive airway pressure (ml/cm H2O). The bispectral index 
(BIS) was recorded in 1 min intervals throughout the experi-
ment in an electronic anesthesia record (MetaVision, iMD-
soft, USA).

Data regarding mask pressure, epiglottic pressure, and 
ventilatory flow were collected in Labchart (AD Instruments, 
USA) with a sample rate of 20,000 Hz. The genioglos-
sus muscle electromyography signal was band-pass filtered 
(200 to 1,000 Hz, transition width 40 Hz) and a moving 
time average (time constant 100 ms) was created. BIS data 
was extracted from MetaVision. Data from the respiratory 

inductive plethysmography was reported by VivoLogic 
(VivoMetrics, Inc., USA). All the data were organized in 
Excel (Microsoft, USA). Statistical analysis was performed 
using STATA IC 14 (StataCorp LLC, USA) and SPSS 23.0 
(SPSS Inc., USA).

Statistical Analysis
Our primary endpoint was closing pressure and our secondary 
endpoint was phasic genioglossus activity. To test our primary 
hypothesis that PETCO2 elevation via carbon dioxide insuf-
flation decreases closing pressure (i.e., stabilizes the airway) 
under propofol anesthesia, we applied a linear mixed effects 
model with volunteers’ identification as random intercepts. 
Closing pressure was dependent on the degree of PETCO2 eleva-
tion and depth of anesthesia as fixed effects. We also tested 
an interaction term between PETCO2 and anesthetic depth as 
a fixed effect on closing pressure and conducted post hoc pair-
wise comparisons using Bonferroni adjustment to compare 
the effect of subgroups of PETCO2 elevation (three comparison 
groups; baseline PETCO2, 4 mmHg PETCO2 elevation, and 8 
mmHg PETCO2 elevation) and anesthetic depth (two groups: 
light vs. deep anesthesia) on closing pressure. We analyzed our 
secondary endpoint of genioglossus activity in a similar fash-
ion using a linear mixed effects model with the same fixed 
effects, random intercepts model, and post hoc analysis as for 
the primary analysis. Data from 12 volunteers was included in 
analysis of closing pressure and of nine volunteers in analysis 

Fig. 2. Example recording in a subject under deep anesthesia. Mask pressure (cm H2O), flow (l/s), epiglottic pressure (cm H2O), 
and the genioglossus muscle electromyography moving time-average (GG-EMG MTA) (mV.s) are shown. Short black vertical 
lines indicate time-breaks in which interceding data is not shown. Recording shows three breaths with continuous positive air-
way pressure (CPAP), three without CPAP and nine during airway occlusion at three levels of end-tidal carbon dioxide pressure 
(PETCO2) elevation. During unassisted breaths (i.e., no CPAP) in this subject, flow-limitation can be seen, indicated by #. The 
dotted square inset highlights airway collapse during an occlusion. The point during airway occlusion at which mask pressure 
reaches a plateau while epiglottic pressure continues to decrease (A) is the hallmark of airway collapse. The magnitude of the 
mask pressure at the time of airway collapse (B) is the closing pressure. The maximum negative amplitude reached by the 
epiglottic pressure catheter for any breath (C) is the negative pharyngeal pressure. The amplitude of the phasic time-averaged 
genioglossus activity (D) is normalized to the maximal value for any occlusion achieved by a given subject to obtain GG-EMG 
(% MAX). CO2 + 0 = elevation of PETCO2 by 0 mmHg; CO2 + 4 = elevation of PETCO2 by 4 mmHg; CO2 + 8 = elevation of PETCO2 
by 8 mmHg. 
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of genioglossus activity. Closing pressure was by necessity 
analyzed during airway occlusion maneuvers leading to full 
airway collapse. Genioglossus activity was analyzed for all 
breaths, and during airway occlusion maneuvers. The modifi-
cation of genioglossus activity on the effect of PETCO2 elevation 
on closing pressure was explored with a linear mixed effects 
model of closing pressure by the fixed effects of carbon diox-
ide with genioglossus activity as a continuous variable during 
occlusion maneuvers leading to airway collapse.

Several other analyses were conducted with an exploratory 
intent, utilizing linear mixed effects models as for our primary 
endpoint. To better understand the effect of carbon dioxide 
and stimulus-guided propofol concentration on processed 
electroencephalogram output, we tested for a fixed effect of 
PETCO2 elevation, anesthetic depth, and their interaction term 
on BIS. We similarly explored negative pharyngeal pressure, 
∆ end-expiratory lung volume/∆ continuous positive airway 
pressure, and breathing variables using the same linear mixed 
effects model approach with the same fixed effects and post 
hoc analysis. With an intent to explore the effect modification 
of genioglossus activity by negative pharyngeal pressure, we 
performed a linear mixed effects model of phasic genioglos-
sus activity by the fixed effect of negative pharyngeal pressure 
as a continuous variable. BIS and negative pharyngeal pres-
sure were analyzed for occlusion maneuvers which collapsed 
the airway as this was a strong arousal stimulus. For analy-
sis of breathing variables, unassisted breaths before occlusion 
maneuvers were used.

Our power analysis was based on previously published 
data.16 We expected a difference in closing pressure (between 
baseline PETCO2 and elevation by 8 mmHg) of 2 cm H2O 
with a SD of 2 cm H2O. By using paired t tests, we calcu-
lated that data from 10 volunteers would provide greater 
than 80% power to identify a significant dose-dependent 
difference in closing pressure between different degrees of 
PETCO2 elevation at an alpha error of 0.05. We thus expected 
that our preexisting dataset from 12 volunteers would pro-
vide an adequate number of measurements to proceed with 
further analysis.

Data are presented as mean ± SD, or estimated marginal 
mean (95% CI) for modeled data. A two-tailed P-value of 
less than 0.05 was considered statistically significant.

Results
Participants in the study had a low-risk of obstructive sleep 
apnea by STOP-Bang score, were 58% male, age 24 ± 3 yr, 
height 1.7 ± 0.1 m, weight 70 ± 13 kg, and BMI 23 ± 2 kg/m2 
(table S3, Supplemental Digital Content, http://links.lww.
com/ALN/B716).

Effect of PETCO2 Elevation and Depth of Propofol Anesthesia 
on Upper Airway Closing Pressure (Primary Endpoint)
Inspiratory attempts during occlusion maneuvers leading to 
airway collapse were analyzed under light and deep propofol 
anesthesia, and three levels of PETCO2 elevation. Insufflation 

of supplemental carbon dioxide to raise PETCO2 significantly 
improves closing pressure (fixed effect of PETCO2 elevation 
on closing pressure; P < 0.001) in a dose-dependent fash-
ion (fig. 3, A and B; tables S4 and S5, Supplemental Digital 
Content, http://links.lww.com/ALN/B716). Propofol anes-
thetic depth and an interaction term between PETCO2 eleva-
tion and anesthetic depth also have a significant fixed effect 
on closing pressure (P < 0.001 and P = 0.044, respectively). 
We obtained pairwise comparisons of the effect of various 
levels of PETCO2 elevation and anesthetic depths on closing 
pressure via post hoc analysis. Under both propofol condi-
tions, elevation of PETCO2 by 8 mmHg conferred airway sta-
bilization compared to baseline PETCO2 with a mean modeled 
decrease in closing pressure of 1.8 cm H2O (95% CI, 0.6 to 
3.0; P = 0.01) and 3.1 cm H2O (2.2 to 3.9; P < 0.001) for 
light and deep propofol anesthesia, respectively. For all three 
PETCO2 levels, a less negative closing pressure was observed 
under deep versus light anesthesia for the same PETCO2 eleva-
tion, indicating airway destabilization with a deeper level of 
anesthesia.

Phasic Genioglossus Activity during Airway Occlusion 
(Secondary Endpoint)
During occlusion of the airway circuit, phasic genioglossus 
activity increases during inspiratory attempts (fig. 2). PETCO2 
elevation significantly increases mean phasic genioglossus 

Fig. 3. Closing pressure in cm H2O (PCLOSE) and genioglossus 
activity in percentage as a function of end-tidal carbon diox-
ide pressure (PETCO2) elevation and anesthetic depth. PCLOSE 
and normalized phasic genioglossus activity as a percent of 
maximum (GG-EMG) as a function of 3 PETCO2 elevation lev-
els under light anesthesia (A, C) and deep anesthesia (B, D), 
respectively. PCLOSE was measured during evoked airway col-
lapse in 12 volunteers and GG-EMG was measured during all 
breaths in nine volunteers. Means ± SD are shown. Significant 
difference between groups (P < 0.05) is indicated by asterisk 
and was determined by mixed modeling. CO2 + 0 = elevation 
of PETCO2 by 0 mmHg; CO2 + 4 = elevation of PETCO2 by 4 
mmHg; CO2 + 8 = elevation of PETCO2 by 8 mmHg. 
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activity during airway collapse (fixed effect of PETCO2 ele-
vation level on genioglossus muscle electromyography;  
P < 0.001) in a dose-dependent fashion (table S4 and S5, 
Supplemental Digital Content, http://links.lww.com/ALN/
B716). We see the same result when all breaths are included 
in the analysis, regardless of whether there is airway occlu-
sion (fig. 3, C and D). Deeper propofol anesthesia decreases 
genioglossus activity (P < 0.001). Carbon dioxide supple-
mentation mitigates this effect of propofol on genioglossus 
activity (P < 0.001 for the interaction term between PETCO2 
elevation level and propofol anesthetic depth). At the highest 
level of PETCO2 (elevation by 8 mmHg), genioglossus activity 
increased by a mean of 7% (95% CI, 3 to 11) and 19% (16 
to 23) for light and deep propofol anesthesia, respectively  
(P < 0.001 for both; fig. 3, C and D). Using linear mixed 
effects modeling of our measurements of closing pressure 
and genioglossus activity during occlusion maneuvers result-
ing in airway collapse, we found that phasic genioglossus 
activity is a significant modifier of the effect of PETCO2 eleva-
tion on closing pressure (P = 0.005; fixed effect of interac-
tion term PETCO2 × genioglossus).

Exploratory Analyses
BIS Activity with Carbon Dioxide Insufflation under Anes-
thesia. We explored whether supplemental carbon dioxide 
improves airway patency and genioglossus activity simply by 
increasing cortical arousal. PETCO2 elevation, depth of propo-
fol anesthesia, and their interaction term have a significant 
fixed effect on BIS (P < 0.001 for all). As expected, for each 
PETCO2 condition, BIS was significantly lower (i.e., deeper 
level of anesthesia) under high-dose propofol compared to 
low-dose propofol with a mean modeled decrease of 8.3 
(95% CI, 6.8 to 9.7), 8.6 (7.2 to 10.0), and 15.2 (13.4 to 
16.9) for baseline PETCO2, 4 mmHg PETCO2 elevation, and 
8 mmHg PETCO2 elevation, respectively (P < 0.001 for all 
three). Under light propofol anesthesia, BIS increased dose-
dependently with PETCO2 elevation, with 8 mmHg PETCO2 
elevation raising BIS by 6.9 (5.0 to 8.7) compared to base-
line PETCO2 (P < 0.001), indicating a cortical arousal effect of 
carbon dioxide during light propofol anesthesia. In contrast, 
under deep propofol anesthesia, BIS did not significantly 
change with PETCO2 manipulation (fig. 4; table S5, Supple-
mental Digital Content, http://links.lww.com/ALN/B716). 
Therefore, PETCO2 elevation may cause some of its airway 
stabilizing benefits by increasing cortical arousal in lightly 
anaesthetized individuals, but not under deeper anesthetic 
conditions.
Negative Pharyngeal Pressure Variation with Different 
PETCO2 Conditions. We explored the effects of PETCO2 elevation 
on negative pharyngeal pressure under different propofol 
conditions. PETCO2 elevation, depth of propofol anesthesia, 
and their interaction term have a significant fixed effect on 
negative pharyngeal pressure (P < 0.001 for all). Negative 
pharyngeal pressure dose-dependently decreased during 
airway collapse with insufflation of supplemental carbon 

dioxide (fig.  5; table S5, Supplemental Digital Content, 
http://links.lww.com/ALN/B716).
Phasic Genioglossus Activity as a Function of Different 
Negative Pharyngeal Pressure Levels. To explore if the 
increase in genioglossus activity we see with PETCO2 eleva-
tion may be partly explained by changes in negative pha-
ryngeal pressure, we studied the association between change 
in genioglossus activity and change in negative pharyngeal 
pressure. Negative pharyngeal pressure has a significant fixed 
effect on genioglossus activity (P < 0.001). When negative 
pharyngeal pressure is divided into quintiles, genioglossus 
activity increases as negative pharyngeal pressure becomes 
more negative (fig. S2, Supplemental Digital Content, 
http://links.lww.com/ALN/B716).
Effect of PETCO2 Elevation on Change in End-expiratory 
Lung Volume. We analyzed the end-expiratory lung volume 
change during transitions between continuous positive air-
way pressure and atmospheric pressure in our experiment 
and found that the change in end-expiratory lung volume 
per change in cm H2O continuous positive airway pressure 
(∆ end-expiratory lung volume/∆ continuous positive air-
way pressure) averaged 50 ± 29 ml/cm H2O. The value was 
similar whether continuous positive airway pressure was 
being turned on or off (51 ± 33 vs. 48 ± 25 ml/cm H2O). 
We next explored whether elevation of PETCO2 affects the 
magnitude of ∆ end-expiratory lung volume/∆ continuous 
positive airway pressure. When analyzed as pooled data, or 
differentiated into continuous positive airway pressure–on 
and continuous positive airway pressure–off subgroups, we 
did not find a significant change in ∆ end-expiratory lung 
volume/∆ continuous positive airway pressure for different 
levels of PETCO2 elevation.
Ventilatory Variables as a Function of PETCO2 Elevation 
and Depth of Propofol Anesthesia. From periods of steady 
breathing without continuous positive airway pressure 
or occlusion maneuvers, ventilatory variables were mea-
sured, including minute ventilation, duty cycle, and peak 

Fig. 4. Bispectral Index (BIS) as a function of end-tidal carbon 
dioxide pressure (PETCO2) elevation and anesthetic depth. BIS as 
a function of three PETCO2 elevation levels under light anesthe-
sia (A) and deep anesthesia (B), respectively. BIS was measured 
during evoked airway collapse in 12 volunteers. Means ± SD 
are shown. Significant difference between groups (P < 0.05) is 
indicated by asterisk and was determined by mixed modeling. 
CO2 + 0 = elevation of PETCO2 by 0 mmHg; CO2 + 4 = elevation of 
PETCO2 by 4 mmHg, CO2 + 8 = elevation of PETCO2 by 8 mmHg. 
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inspiratory flow. Propofol decreases minute ventilation by 
a mean modeled difference of 2.8 l/min (95% CI, 1.9 to 
3.7; P < 0.001) between awake and low-propofol condi-
tions, and by 4.3 l/min (3.5 to 5.2; P < 0.001) between 
awake and high-propofol conditions. PETCO2 elevation by 
8 mmHg significantly increased minute ventilation dur-
ing both wakefulness and anesthesia (fig. 6; table S5, Sup-
plemental Digital Content, http://links.lww.com/ALN/
B716), with a mean increase of 5.8 l/min (95% CI, 4.2 
to 7.5; P < 0.001) when awake, 2.2 l/min (0.9 to 3.6; P = 
0.003) under light anesthesia, and 1.6 l/min (0.3 to 2.9;  
P = 0.045) under deep anesthesia. While duty cycle 
decreases by a mean modeled difference of 0.04 (95% CI, 
0.02 to 0.06; P < 0.001) between awake and deep propo-
fol anesthesia groups, PETCO2 modulation did not signifi-
cantly change duty cycle. PETCO2 elevation increases peak 
inspiratory flow in awake volunteers, but does not reach 
significance under either anesthetic condition. (fig. 6; table 
S5, Supplemental Digital Content, http://links.lww.com/
ALN/B716).

Discussion
Our data show that moderate elevation of PETCO2 by exoge-
nous carbon dioxide administration stabilizes airway patency 
in a dose-dependent fashion under light and deep propo-
fol anesthesia. This can partly be explained by a stimulat-
ing effect of elevated PETCO2 on upper airway dilator muscle 
activity, as genioglossus activity is a significant modifier of 
the effect of PETCO2 elevation on closing pressure.

Our findings are consistent with canine models, where 
hypercarbia decreases critical closing pressure and upper air-
way resistance (stabilizing the airway).20 Under both light 
and deep propofol anesthesia, phasic genioglossus activity 
dose-dependently increased with elevation of PETCO2. This 
is consistent with our previous work in rats, where supple-
mental carbon dioxide increased phasic genioglossus activity 
during propofol anesthesia.14 Increased genioglossus activity 
with hypercarbia has likewise been found in healthy subjects 
during non–rapid eye movement sleep and wakefulness.21–23

Given that propofol dose-dependently destabilizes the 
upper airway in parallel with its depressing effects on con-
sciousness,2,16 we hypothesized that airway stabilization via 
inhaled carbon dioxide may be partly due to hypercapnia-
mediated arousal causing an effectively lighter plane of anes-
thesia. We show that carbon dioxide inhalation increased 
BIS values under light anesthesia. This is concordant with 
findings showing that rebreathing 7% CO2 during sleep 
results in increased wakefulness at an alveolar carbon diox-
ide pressure between 55 to 65 mmHg.24 Likewise, during 
dexmedetomidine sedation, which has some resemblance to 
sleep,25 hypercarbia induced by rebreathing 5% CO2 results 
in cortical arousal,26 as measured by an increased BIS and 
cessation of a slow-wave sleep pattern in the electroencepha-
logram. Though the absolute value of BIS has questionable 
utility, in a given patient, deepening propofol anesthesia as 
measured by the Observer’s Assessment of Alertness/Seda-
tion Scale score results in lower BIS.27 While light propofol 
anesthesia is distinct to sleep,28 our results in the light pro-
pofol anesthesia group are consistent with the hypercapnic 

Fig. 5. Negative pharyngeal pressure (NPP) as a function of 
end-tidal carbon dioxide pressure (PETCO2) elevation and an-
esthetic depth. NPP as a function of three PETCO2 elevation 
levels under light anesthesia (A) and deep anesthesia (B), re-
spectively. NPP in cm H2O was measured during evoked air-
way collapse in 12 volunteers. Mean ± SD is given. Significant 
difference between groups (P < 0.05) is indicated by asterisk 
and was determined by mixed modeling. CO2 + 0 = elevation 
of PETCO2 by 0 mmHg; CO2 + 4 =  elevation of PETCO2 by 4 
mmHg, CO2 + 8 = elevation of PETCO2 by 8 mmHg. 

Fig. 6. Ventilatory parameters as a function of end-tidal carbon dioxide pressure (PETCO2) elevation and anesthetic depth. Minute 
ventilation (A), duty cycle (B), and peak inspiratory flow (C) as a function of 3 PETCO2 elevation levels under no anesthesia (green), 
light anesthesia (red), and deep anesthesia (blue). Data are pooled from 12 subjects during steady breathing. Mean minute ven-
tilation (l/min), duty cycle, or flow (l/s) ± SD are shown. Significant difference between groups (P < 0.05) is indicated by asterisk 
and was determined by mixed modeling. CO2 + 0 = elevation of PETCO2 by 0 mmHg; CO2 + 4 = elevation of PETCO2 by 4 mmHg, 
CO2 + 8 = elevation of PETCO2 by 8 mmHg. 
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ventilatory wakefulness (cortical arousal) response that 
occurs during natural sleep and dexmedetomidine sedation.

Propofol not only affects upper airway stability, but also 
depresses the hypoxic ventilatory response.29,30 In our study, 
we can exclude hypoxia-mediated increase in the drive to the 
upper airway dilator genioglossus muscle, since we applied 
hyperoxia throughout the experiment. Rather, stimulation of 
carotid body chemoreceptors by carbon dioxide may in part 
explain the observed increase in minute ventilation and respi-
ratory arousal via activation of the nucleus tractus solitarius.31 
Perhaps more importantly, some of the effects of carbon diox-
ide inhalation on arousal and genioglossus activity may be 
directly explained by the increased level of (mechanical) inspi-
ratory effort. Prior work in healthy subjects has shown that 
arousal to a variety of respiratory stimuli (hypercapnia, hypox-
emia, and resistive loading) occurs at a similar level of negative 
intrathoracic pressure.32 When negative pharyngeal pressure is 
eliminated by application of nasal continuous positive airway 
pressure in humans during non–rapid eye movement sleep, 
hypercarbia-mediated dilator muscle activation is attenu-
ated,21 which suggests that afferents from respiratory mecha-
noreceptors or central respiratory drive play an important role 
in the arousal mechanism.33 In our study, we observed dose-
dependent effects of hypercarbia on hypopharyngeal pressure 
during inspiration toward more negative values—up to 7.8 cm 
H2O more negative with elevation of PETCO2 by 8 mmHg. 
The decrease in pharyngeal pressure represents a mechanical 
arousal stimulus and is known to activate the genioglossus 
muscle via the premotoneurons in the periobex region.34

Another respiratory variable influencing upper airway 
patency is the end-expiratory lung volume, and greater end-
expiratory lung volume correlates with airway stabilization 
in sleeping obstructive sleep apnea patients,35 while lower-
ing the lung volume has been associated with greater genio-
glossus responsiveness to negative pharyngeal pressure in 
sleeping healthy volunteers.36 We found that end-expiratory 
lung volume increases with continuous positive airway pres-
sure and decreases with continuous positive airway pressure 
removal, however, ∆ end-expiratory lung volume/∆ contin-
uous positive airway pressure did not significantly change 
with supplemental carbon dioxide. Thus, we did not find 
that changes in end-expiratory lung volume contribute to 
carbon dioxide mediated stabilization of the upper airway 
under propofol anesthesia.

Carbon dioxide has long been known to stimulate the 
respiratory system via central and peripheral chemoreflexes,37 
and the ventilatory sensitivity to carbon dioxide, which 
determines the apneic threshold is altered by many factors.38 
In obstructive sleep apnea, supplemental carbon dioxide 
decreases apnea time.13 We found that during spontaneous 
breathing without flow limitation or obstruction, both in 
awake subjects and under propofol anesthesia, carbon diox-
ide increases minute ventilation, as expected. In obstructive 
sleep apnea, mild to moderate flow limitation can be com-
pensated for by an increase in duty cycle, or during severe 

obstruction, with an increase in peak inspiratory flow.39 We 
do not find significant changes in duty cycle or peak inspira-
tory flow with PETCO2 elevation during breaths without flow-
limitation or occlusion. Thus, the protective mechanisms 
compensating for airway collapse during sleep in obstructive 
sleep apnea patients may be distinct to the airway stabilizing 
effects of hypercarbia in healthy volunteers under propofol 
anesthesia.

While this study shows a role for hypercarbia to reverse 
the dose-dependent airway instability caused by propo-
fol anesthesia, it has several limitations. First, we studied 
healthy volunteers, and it is unclear how our results trans-
late to the population particularly prone to airway collapse, 
namely those who are obese and have sleep apnea. Our 
study also employed a pure propofol anesthetic, however, in 
many clinical scenarios where propofol is used without an 
artificial airway, benzodiazepines and opioids are sometimes 
used and we don’t know how these agents would impact 
our findings. Furthermore, the pain level we elicited with 
an electrical stimulus may not reflect the level of discomfort 
experienced by patients during a surgical procedure and thus 
our deep anesthesia level may not correspond to deep anes-
thetic levels used during certain surgical procedures. A small 
pH shift presumably occurred from hypercarbia; whether 
our effects were primarily a carbon dioxide or pH-mediated 
effect could also be explored in future studies. Evidence in 
animals and humans suggests that propofol modulates the 
ventilatory response primarily via central rather than periph-
eral effects.40,41 A functional magnetic resonance imaging 
approach could help further elucidate how much cortical 
versus brainstem-mediated arousal contributes to the effects 
we see.

In conclusion, increasing PETCO2 with supplemental car-
bon dioxide dose-dependently stabilizes the airway (decreases 
closing pressure) under propofol anesthesia. This airway sta-
bilization is likely due to improved phasic genioglossus activ-
ity, as genioglossus activity dose-dependently increases with 
supplemental carbon dioxide, and genioglossus activity is a 
significant modifier of the effect of PETCO2 elevation on clos-
ing pressure. Under light propofol anesthesia, these effects 
may be mediated in part by cortical arousal from anesthesia, 
while under deep propofol anesthesia, airway stabilization 
may occur independently of cortical arousal. Deliberate ele-
vation of PETCO2 with supplemental carbon dioxide during 
propofol anesthesia improves airway stability and should be 
further explored as a potential perioperative therapy.

Acknowledgments
The authors wish to thank: Matthew Welch, Department of 
Anesthesia, Critical Care and Pain Medicine, Massachusetts 
General Hospital, Boston, Massachusetts, who helped with 
quality control of end-expiratory lung volume data; Daniel 
Diaz-Gil, M.D., Universitätsmedizin Göttingen, Georg-August 
Universität, Göttingen, Germany, for helpful discussion on 
data analysis techniques; Matthew Meyer, M.D., Department 
of Anesthesia, Critical Care and Pain Medicine, Massachusetts 

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/129/1/37/385088/20180700_0-00014.pdf by guest on 20 M
arch 2024



Copyright © 2018, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2018; 129:37-46 45 Ruscic et al.

PERIOPERATIVE MEDICINE

General Hospital, who helped with planning of the experi-
mental setup; Carl Rosow, M.D., Ph.D., Department of Anes-
thesia, Critical Care and Pain Medicine, Massachusetts Gener-
al Hospital, for helpful discussion; Eric T. Pierce, M.D., Ph.D., 
Department of Anesthesia, Critical Care and Pain Medicine, 
Massachusetts General Hospital, who provided anesthetic 
care to the volunteers in the study; and Joseph Cotten, M.D., 
Ph.D., Department of Anesthesia, Critical Care and Pain Medi-
cine, Massachusetts General Hospital, for helpful  discussion.

Research Support
Funding for this work was provided by Jeff and Judy Buzen, 
New Hampshire.

Competing Interests
The authors declare no competing interests.

Correspondence
Address correspondence to Dr. Eikermann: Department of An-
esthesia, Critical Care, and Pain Medicine, Beth Israel Deacon-
ess Medical Center, 330 Brookline Ave., Boston, Massachusetts 
02215. meikerma@bidmc.harvard.edu. Information on purchas-
ing reprints may be found at www.anesthesiology.org or on the 
masthead page at the beginning of this issue.  ANESTHESIOLOGY’s 
articles are made freely accessible to all readers, for personal 
use only, 6 months from the cover date of the issue.

References
 1. Eastwood PR, Szollosi I, Platt PR, Hillman DR: Collapsibility 

of the upper airway during anesthesia with isoflurane. 
ANESTHESIOLOGY 2002; 97:786–93

 2. Eastwood PR, Platt PR, Shepherd K, Maddison K, Hillman 
DR: Collapsibility of the upper airway at different concentra-
tions of propofol anesthesia. ANESTHESIOLOGY 2005; 103:470–7

 3. Drummond GB: Influence of thiopentone on upper airway 
muscles. Br J Anaesth 1989; 63:12–21

 4. Norton JR, Ward DS, Karan S, Voter WA, Palmer L, Varlese 
A, Rackovsky O, Bailey P: Differences between midazolam 
and propofol sedation on upper airway collapsibility using 
dynamic negative airway pressure. ANESTHESIOLOGY 2006; 
104:1155–64

 5. Ruscic KJ, Grabitz SD, Rudolph MI, Eikermann M: Prevention 
of respiratory complications of the surgical patient: 
Actionable plan for continued process improvement. Curr 
Opin Anaesthesiol 2017; 30:399–408

 6. Kim M, Brady JE, Li G: Interaction effects of acute kidney 
injury, acute respiratory failure, and sepsis on 30-day post-
operative mortality in patients undergoing high-risk intraab-
dominal general surgical procedures. Anesth Analg 2015; 
121:1536–46

 7. Bailey JG, Davis PJ, Levy AR, Molinari M, Johnson PM: The 
impact of adverse events on health care costs for older adults 
undergoing nonelective abdominal surgery. Can J Surg 2016; 
59:172–9

 8. Dimick JB, Chen SL, Taheri PA, Henderson WG, Khuri SF, 
Campbell DA Jr: Hospital costs associated with surgical 
complications: A report from the private-sector National 
Surgical Quality Improvement Program. J Am Coll Surg 2004; 
199:531–7

 9. Singh H, Poluha W, Cheang M, Choptain N, Inegbu E, Baron 
K, Taback SP: Propofol for sedation during colonoscopy. 
Cochrane Database Syst Rev 2008; 4:CD006268 

 10. Faulx AL, Vela S, Das A, Cooper G, Sivak MV, Isenberg 
G, Chak A: The changing landscape of practice patterns 

regarding unsedated endoscopy and propofol use: A national 
web survey. Gastrointest Endosc 2005; 62:9–15

 11. Coté GA, Hovis RM, Ansstas MA, Waldbaum L, Azar RR, 
Early DS, Edmundowicz SA, Mullady DK, Jonnalagadda 
SS: Incidence of sedation-related complications with pro-
pofol use during advanced endoscopic procedures. Clin 
Gastroenterol Hepatol 2010; 8:137–42

 12. White DP: Pathogenesis of obstructive and central sleep 
apnea. Am J Respir Crit Care Med 2005; 172:1363–70

 13. Hudgel DW, Hendricks C, Dadley A: Alteration in obstructive 
apnea pattern induced by changes in oxygen- and carbon-
dioxide-inspired concentrations. Am Rev Respir Dis 1988; 
138:16–9

 14. Eikermann M, Malhotra A, Fassbender P, Zaremba S, Jordan 
AS, Gautam S, White DP, and Chamberlin NL: Differential 
effects of isoflurane and propofol on upper airway dila-
tor muscle activity and breathing. ANESTHESIOLOGY 2008; 
108:897–906

 15. D’Angelo OM, Diaz-Gil D, Nunn D, Simons JC, Gianatasio 
C, Mueller N, Meyer MJ, Pierce E, Rosow C, Eikermann M: 
Anesthesia and increased hypercarbic drive impair the coor-
dination between breathing and swallowing. ANESTHESIOLOGY 
2014; 121:1175–83

 16. Simons JC, Pierce E, Diaz-Gil D, Malviya SA, Meyer MJ, Timm 
FP, Stokholm JB, Rosow CE, Kacmarek RM, Eikermann M: 
Effects of depth of propofol and sevoflurane anesthesia on 
upper airway collapsibility, respiratory genioglossus activa-
tion, and breathing in healthy volunteers. ANESTHESIOLOGY 
2016; 125:525–34

 17. Wilhelm FH, Roth WT, Sackner MA: The LifeShirt: An 
advanced system for ambulatory measurement of respiratory 
and cardiac function. Behav Modif 2003; 27:671–91

 18. Kent L, O’Neill B, Davison G, Nevill A, Elborn JS, Bradley 
JM: Validity and reliability of cardiorespiratory measure-
ments recorded by the LifeShirt during exercise tests. Respir 
Physiol Neurobiol 2009; 167:162–7

 19. Issa FG, Sullivan CE: Upper airway closing pressures in snor-
ers. J Appl Physiol 1984; 57:528–35

 20. Oliven A, Odeh M Gavriely N: Effect of hypercapnia on 
upper airway resistance and collapsibility in anesthetized 
dogs. Respir Physiol 1989; 75:29–38

 21. Lo YL, Jordan AS, Malhotra A, Wellman A, Heinzer RC, 
Schory K, Dover L, Fogel RB, White DP: Genioglossal muscle 
response to CO2 stimulation during NREM sleep. Sleep 2006; 
29:470–7

 22. Richardson PA, Bailey EF: Tonically discharging genioglossus 
motor units show no evidence of rate coding with hypercap-
nia. J Neurophysiol 2010; 103:1315–21

 23. Stanchina ML, Malhotra A, Fogel RB, Ayas N, Edwards JK, 
Schory K, White DP: Genioglossus muscle responsive-
ness to chemical and mechanical stimuli during non-rapid 
eye movement sleep. Am J Respir Crit Care Med 2002; 
165:945–9

 24. Berthon-Jones M, Sullivan CE: Ventilation and arousal 
responses to hypercapnia in normal sleeping humans. J Appl 
Physiol Environ Exerc Physiol 1984; 57:59–67

 25. Correa-Sales C, Rabin BC, Maze M: A hypnotic response to 
dexmedetomidine, an alpha 2 agonist, is mediated in the 
locus coeruleus in rats. ANESTHESIOLOGY 1992; 76:948–52

 26. Hsu YW, Cortinez LI, Robertson KM, Keifer JC, Sum-Ping 
ST, Moretti EW, Young CC, Wright DR, Macleod DB, Somma 
J: Dexmedetomidine pharmacodynamics: Part I: Crossover 
comparison of the respiratory effects of dexmedetomidine 
and remifentanil in healthy volunteers. ANESTHESIOLOGY 2004; 
101:1066–76

 27. Kasuya Y, Govinda R, Rauch S, Mascha EJ, Sessler DI, Turan 
A: The correlation between bispectral index and observa-
tional sedation scale in volunteers sedated with dexmedeto-
midine and propofol. Anesth Analg 2009; 109:1811–5

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/129/1/37/385088/20180700_0-00014.pdf by guest on 20 M
arch 2024

mailto:meikerma@bidmc.harvard.edu
www.anesthesiology.org


Copyright © 2018, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2018; 129:37-46 46 Ruscic et al.

Carbon Dioxide Stabilizes the Upper Airway

 28. Akeju O, Brown EN: Neural oscillations demonstrate that 
general anesthesia and sedative states are neurophysi-
ologically distinct from sleep. Curr Opin Neurobiol 2017; 
44:178–85

 29. Blouin RT, Seifert HA, Babenco D, Conard PF, Gross JB: 
Propofol depresses the hypoxic ventilatory response dur-
ing conscious sedation and isohypercapnia. ANESTHESIOLOGY 
1993; 79:1177–82

 30. Nieuwenhuijs D, Sarton E, Teppema L, Dahan A: Propofol 
for monitored anesthesia care: Implications on hypoxic con-
trol of cardiorespiratory responses. ANESTHESIOLOGY 2000; 
92:46–54

 31. Vardhan A, Kachroo A, Sapru HN: Excitatory amino acid 
receptors in commissural nucleus of the NTS mediate carotid 
chemoreceptor responses. Am J Physiol 1993; 264:R41–50

 32. Gleeson K, Zwillich CW, White DP: The influence of increas-
ing ventilatory effort on arousal from sleep. Am Rev Respir 
Dis 1990; 142:295–300

 33. Berry RB, Gleeson K: Respiratory arousal from sleep: 
Mechanisms and significance. Sleep 1997; 20:654–75

 34. Chamberlin NL, Eikermann M, Fassbender P, White DP, 
Malhotra A: Genioglossus premotoneurons and the negative 
pressure reflex in rats. J Physiol 2007; 579(Pt 2):515–26

 35. Owens RL, Malhotra A, Eckert DJ, White DP, Jordan AS: The 
influence of end-expiratory lung volume on measurements 
of pharyngeal collapsibility. J Appl Physiol 2010; 108:445–51

 36. Stanchina ML, Malhotra A, Fogel RB, Trinder J, Edwards JK, 
Schory K, White DP: The influence of lung volume on pha-
ryngeal mechanics, collapsibility, and genioglossus muscle 
activation during sleep. Sleep 2003; 26:851–6

 37. Guyenet PG, Bayliss DA: Neural control of breathing and 
CO2 homeostasis. Neuron 2015; 87:946–61

 38. Nakayama H, Smith CA, Rodman JR, Skatrud JB, Dempsey 
JA: Effect of ventilatory drive on carbon dioxide sensitivity 
below eupnea during sleep. Am J Respir Crit Care Med 2002; 
165:1251–60

 39. Jordan AS, Wellman A, Heinzer RC, Lo YL, Schory K, Dover 
L, Gautam S, Malhotra A, White DP: Mechanisms used to 
restore ventilation after partial upper airway collapse during 
sleep in humans. Thorax 2007; 62:861–7

 40. Nieuwenhuijs D, Sarton E, Teppema LJ, Kruyt E, Olievier I, 
van Kleef J, Dahan A: Respiratory sites of action of propofol: 
Absence of depression of peripheral chemoreflex loop by 
low-dose propofol. ANESTHESIOLOGY 2001; 95:889–95

 41. Brouillette RT, Thach BT: Control of genioglossus muscle 
inspiratory activity. J Appl Physiol 1980; 49:801–8

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/129/1/37/385088/20180700_0-00014.pdf by guest on 20 M
arch 2024


