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Effect of Progressive Mandibular Advancement on
Pharyngeal Airway Size in Anesthetized Adults
Samuel T. Kuna, M.D.,* Lee C. Woodson, M.D.,† Daneshvari R. Solanki, F.R.C.A.,† Oliver Esch, M.D.,‡
Donald E. Frantz, D.D.S.,§ Mali Mathru, M.D.�

Background: General anesthesia in adult humans is associ-
ated with narrowing or complete closure of the pharyngeal
airway. The purpose of this study was to determine the effect of
progressive mandibular advancement on pharyngeal airway
size in normal adults during intravenous infusion of propofol
for anesthesia.

Methods: Magnetic resonance imaging was performed in nine
normal adults during wakefulness and during propofol anes-
thesia. A commercially available intraoral appliance was used to
manually advance the mandible. Images were obtained during
wakefulness without the appliance and during anesthesia with
the participants wearing the appliance under three conditions:
without mandibular advancement, advancement to 50% maxi-
mum voluntary advancement, and maximum advancement. Us-
ing computer software, airway area and maximum anteropos-
terior and lateral airway diameters were measured on the axial
images at the level of the soft palate, uvula, tip of the epiglottis,
and base of the epiglottis.

Results: Airway area across all four airway levels decreased
during anesthesia without mandibular advancement compared
with airway area during wakefulness (P < 0.007). Across all
levels, airway area at 50% advancement during anesthesia was
less than that at centric occlusion during wakefulness (P �

0.06), but airway area with maximum advancement during an-
esthesia was similar to that during wakefulness (P � 0.64). In
general, anteroposterior and lateral airway diameters during
anesthesia without mandibular advancement were decreased
compared with wakefulness and were restored to their wake-
fulness values with 50% and/or maximal advancement.

Conclusions: Maximum mandibular advancement during
propofol anesthesia is required to restore the pharyngeal air-
way to its size during wakefulness in normal adults.

GENERAL anesthesia and intravenous sedation reduce
pharyngeal airway size and increase collapsibility of the
pharyngeal airway.1–6 Under these conditions, a jaw-
thrust maneuver or anterior displacement of the mandi-
ble is commonly used to relieve the airway obstruction.
Previous studies in anesthetized patients with and with-
out obstructive sleep apnea have demonstrated that
manual anterior displacement of the mandible dilates
and stiffens the pharyngeal airway.3,4,7,8 However, be-
cause of the techniques used, similar measures could not
be obtained during wakefulness to compare with the
results during anesthesia. The purpose of this study was
to determine the effect of progressive mandibular ad-
vancement on the size of the pharyngeal airway in spon-
taneously breathing, normal adults during intravenous
propofol anesthesia compared with measurements ob-
tained at centric occlusion during wakefulness.

Magnetic resonance imaging (MRI) was performed dur-
ing wakefulness and intravenous propofol anesthesia to
document the effects of mandibular advancement on
airway morphology. The subjects were fitted with a
customized, manually adjustable oral mandibular ad-
vancement appliance to progressively advance the man-
dible. Our first hypothesis was that mandibular advance-
ment would increase airway area at all levels of the
pharyngeal airway and that airway area with maximum
mandibular advancement during anesthesia would be
the same as or greater than that during wakefulness
without mandibular advancement. Our second hypoth-
esis was that the increase in airway area would be in
both the anteroposterior and lateral directions.

Materials and Methods

The protocol was performed in nine healthy, adult
human volunteers (five men and four women). The
mean age was 25 � 4 (SD) yr, the mean height was 172 �
13 cm, and the mean weight was 67 � 15 kg. Each
subject provided written informed consent, and the
study was approved by the institutional review board at
the University of Texas Medical Branch, Galveston,
Texas. The subjects had no medical problems, were not
allergic to any medications, and were not taking any
medications. The subjects denied any signs or symptoms
suggestive of obstructive sleep apnea, including daytime
hypersomnolence, frequent awakenings from sleep,
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morning headaches, or being told by a bed partner or
family member of snoring, gasping, or cessation of
breathing during sleep.

A commercially available oral mandibular advance-
ment appliance (EMA-T; Frantz Design Inc., Austin, TX)
was used to manually advance the mandible during an-
esthesia (fig. 1).9 The device is designed for universal
application in adults and can be rapidly constructed
using inexpensive materials. Just before starting the MRI
scans, impressions of the maxillary and mandibular den-
tal arches were made by placing a fast setting dental
silicone putty material (Kerr Corp., Orange, CA) into
one-size-fits-all maxillary and mandibular hard plastic
trays (0.06-inch thickness) and pushing the trays onto
the subject’s teeth. Serrations in the trays secured the
impression material in the trays. The position of the
appliance’s locking mechanism at centric occlusion and
at maximum voluntary mandibular advancement was
marked on the pull tab extending from the mandibular
tray. The appliance was then removed. After the MRI
scan during wakefulness without the appliance, and just
before administration of propofol anesthesia, a liquid,
fast-setting dental silicone (Kerr Corp.) was applied to
the impressions, which were then placed on the maxil-
lary and mandibular arches for the duration of the study.
This silicone held the trays firmly on the subject’s teeth
and prevented dislodgement during imaging. The man-
dible was advanced manually by pulling forward the pull
tab extending from the mandibular tray and inserting a
midline peg attached to the anterior of the maxillary tray
into one of the holes on the pull tab. The mandible was
thereby held in an advanced position by the stationary
maxilla.

The subjects lay supine on a sliding platform that could
be moved in and out of the MRI scanner. An intravenous

line was placed in an arm vein for infusion of lactated
Ringer’s solution. Throughout the experiments, the sub-
jects breathed 4 l/min supplemental oxygen via nasal
cannula, and blood pressure, respiratory rate, pulse
oximetry (Datex-Ohmeda Inc., Madison, WI), and end-
tidal carbon dioxide at the nares were monitored. Oxy-
gen saturation readings remained above 97% in all sub-
jects. Just before MRI scanning, the subject’s head was
placed in the neutral position, with the scanner’s posi-
tioning light located at the sagittal midline of the head.
The neutral position was chosen to standardize head
position across subjects and conditions. Head position
was stabilized with a circular pillow, and head move-
ment was minimized by securing the forehead to the
edges of the sliding table with an adhesive strap.

Anesthesia was induced by intravenous injection of
propofol in increments of 50 mg until the eyelash reflex
was lost or to a maximum dose of 300 mg. Airway
obstruction was judged to be present if breathing be-
came noisy, breathing pattern became irregular, or end-
tidal carbon dioxide decreased below 4%. When one of
these endpoints for airway obstruction became appar-
ent, propofol administration was discontinued for the
next 2 min. When respiration and vital signs were stable
after induction, a continuous propofol infusion was
started at a rate of 75 �g · kg�1 · min�1. Subjects were
observed for at least 5 min at this continuous infusion
rate before being returned into the scanner.

Magnetic resonance imaging scans of the upper airway
were obtained in each subject under four consecutive
conditions: wakefulness with the teeth in centric occlu-
sion without the oral appliance, intravenous propofol
anesthesia with the oral appliance but without mandib-
ular advancement, intravenous propofol anesthesia with
the appliance advancing the mandible to 50% of maxi-
mum voluntary advancement, and intravenous propofol
anesthesia with the appliance maximally advancing the
mandible. The 50% mandibular advancement was
achieved by advancing the mandible to one half the
distance between centric occlusion and maximum vol-
untary advancement. Maximum mandibular advance-
ment during propofol anesthesia was performed by
forcefully pulling the tab on the oral appliance to ad-
vance the mandible to its maximum extent, which in
some cases was greater than that achieved by the sub-
jects during maximum voluntary advancement during
wakefulness. The advancements of the mandible with
the appliance were performed in all subjects by one
investigator (D.E.F.). During the scans obtained during
wakefulness, the subjects were instructed to breathe
normally, with the mouth closed. During the scans ob-
tained during propofol anesthesia, with the appliance in
place but without mandibular advancement, the mandib-
ular strap was not locked to the maxillary tray. There-
fore, under this condition, the mandible was not held in
a fixed position.

Fig. 1. Diagram of the intraoral device (EMA-T) used to advance
the mandible. The appliance consists of plastic trays for the
upper and lower dental arches. A custom-fitted appliance was
constructed for each participant by placing fast-setting dental
impression materials in the troughs of the trays. When the
appliance was in place, the mandible was manually advanced
by securing a peg in the projection from the upper tray into one
of the holes in the projection from the lower tray.
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Subjects were moved out of the scanner transiently to
insert and adjust the appliance. Once their respiratory
status and other vital signs were documented to be
stable on the constant dose of anesthetic, they were
moved back into the scanner for further imaging. At the
end of MRI scanning, the propofol infusion was discon-
tinued. Once the subjects were awake, the oral appli-
ance was removed. The subjects were transferred to a
stretcher and observed for at least 1 h or until full
recovery. They were escorted home by an adult com-
panion and instructed not to drive a motor vehicle or
operate machinery for another 24 h.

Imaging of the upper airway was performed on a 1.5-T
magnet, using an anterior surface coil (General Electric
Medical Systems, Milwaukee, WI). T1-weighted images
(repetition time, 500 ms; echo time, 25 ms) were obtained
in all three planes with a slice thickness of 5 mm or less
(sagittal and axial: 5 mm/no skip; coronal: 3 mm/no skip)
and a matrix of 256 � 192; total acquisition time for each
of the four conditions was 7 min. No attempt was made to
obtain images at a fixed time in the respiratory cycle.

Axial images obtained during the four conditions in
each of the nine subjects were analyzed using computer
software. Measurements of airway area and maximum
anteroposterior and lateral airway dimensions were
made at the levels of the body of the soft palate, tip of
the uvula, tip of the epiglottis, and base of the epiglottis.
These levels were chosen to match those used in a
previous pharyngeal imaging study.10 The body of the
soft palate level was half the rostral-to-caudal distance
between the level of the hard palate and the tip of the
uvula. The position of the genu of the mandible and
hyoid bone on the midline sagittal MRI scan in each
condition was measured as the distance from each of
these structures to the anterior surface of the vertebral
column in a plane parallel to that of the hard palate.

Statistical Analysis
Mixed model analyses of variance for repeated measures

were used to test hypotheses of interest and to construct
linear contrasts that compared mean values of primary and
supporting outcomes observed under experimental condi-
tions during anesthesia (no mandibular advancement, 50%
mandibular advancement, and maximum mandibular ad-
vancement) with outcomes observed during wakefulness.
Three measures reflecting the size of the airway (airway
area, anteroposterior airway diameter, and lateral airway
diameter) were considered the primary outcomes and
were the dependent variables in the models using mixed
model analysis of variance. These models included fixed
effects for anatomical location, experimental condition,
and location by treatment interaction. Subject was included
as a random effect to account for biologic variability among
subjects. The primary null hypothesis defined to control
experiment-wise type I error was that there were no sig-
nificant differences in mean airway area, mean anteropos-

terior diameter, or mean lateral diameter among the
experimental conditions (i.e., wakefulness vs. the three
conditions during anesthesia). Adjusted mean values were
determined through main effects in a mixed model analysis
of variance that included repeated measures over the four
anatomical levels (in descending order: soft palate, uvula,
tip of the epiglottis, and base of the epiglottis). The three
components of the primary null hypothesis were each
tested using a Bonferroni-corrected type I error rate of
0.05/3 � 0.017 to account for multiple primary endpoints.

After rejecting the primary null hypothesis, the analy-
sis focused on the magnitude of the differences in airway
size observed during anesthesia with no mandibular ad-
vancement, anesthesia with 50% advancement, and an-
esthesia with maximum advancement, each compared
with the “control” condition of wakefulness. SEs were
determined for each least squares estimated linear con-
trast of interest as well as contrast-specific significance
levels to assess the degree to which differences relative
to wakefulness were or were not larger than could rea-
sonably be attributed to chance alone. In addition to
main effects, supporting analyses were performed that
compared the airway area measures during anesthesia
relative to wakefulness separately at each of the four
anatomical levels. For these analyses, statistical signifi-
cance of the anatomical level by experimental condition
interaction was determined as well as anatomical level–
specific linear contrasts and SEs. Analogous analyses
were performed for vertebral distances of the genu of
the mandible and hyoid bone. These variables are hy-
pothesized to mediate the associations between mandib-
ular advancement and airway size and therefore were
not considered outcome variables per se.

The normal distribution assumptions of the mixed
model analysis of variance were assessed by examining
histograms of paired differences of mean airway size
variables (over anatomical levels) and by comparing non-
parametric significance levels (using Wilcoxon signed
rank tests) to significance levels of linear contrasts de-
termined using the parametric model. Similarity be-
tween parametric and nonparametric significance levels
was taken as evidence that results were not overly sen-
sitive to the normal assumptions. All mixed model re-
sults were obtained using the SAS procedure Proc Mixed
(SAS Institute Inc., Cary, NC). The percent change in
airway variables from wakefulness to each of the three
conditions during anesthesia was calculated as the ad-
justed mean change from wakefulness divided by the
unadjusted mean during wakefulness, pooled over sub-
jects and anatomical levels.

Results

Transient upper airway occlusion occurred immedi-
ately after intravenous induction with propofol in five of
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the nine subjects. In these subjects, the airway was
opened by using the oral appliance to advance the man-
dible to 50% or maximum advancement. Once the sub-
jects were on a maintenance dose of intravenous propo-

fol, the appliance was unlocked so the mandible could
return to its resting position. In two of the subjects (one
male and one female), pharyngeal airway closure with-
out mandibular advancement persisted even while on a
maintenance dose of propofol, and the MRI scans during
propofol anesthesia without advancement could not be
obtained. However, advancement of the mandible with
the oral appliance reestablished airway patency, and the
scans at 50% and maximum advancement were success-
fully obtained. Even in retrospect, it was not possible to
determine why the response of these two subjects was
different from that of the other subjects. The mean
voluntary mandibular advancement from centric occlu-
sion in all subjects was 15 � 4 (SD) mm. The mean 50%
mandibular advancement during propofol anesthesia
from centric occlusion was 7.7 � 2.0 mm, and the
maximum mandibular advancement was 16.8 � 3.2 mm.

A midline sagittal image of the pharyngeal airway with
and without maximum mandibular advancement during
propofol anesthesia in one of the subjects is shown in
figure 2. The pharyngeal airway measurements during
wakefulness and propofol anesthesia with and without
mandibular advancement are provided in table 1. Table 2
provides a summary of preliminary mixed model analysis
of variance that allowed for anatomical level by experi-
mental condition interaction. There was no evidence
that differences in airway area among conditions (wake-
fulness vs. the three levels of mandibular advancement
during anesthesia: no advancement, 50% advancement,
and maximum advancement) varied by anatomical level
(F9,90 � 0.7, P � 0.74). In contrast, for both anteropos-
terior airway diameter (F9,90 � 2.0, P � 0.05) and lateral
airway diameter (F9,90 � 2.0, P � 0.05), there was
consistent evidence that anesthesia caused greater diam-
eter reduction at the levels of the uvula and tip of the
epiglottis compared with the reductions at the levels of
the soft palate and base of the epiglottis. The estimated

Fig. 2. Midline sagittal magnetic resonance images of the pha-
ryngeal airway in one subject during propofol anesthesia with-
out (A) and with maximum (B) mandibular advancement. A
indicates the location of the four pharyngeal levels examined
on the axial images: soft palate (SP), uvula (UV), tip of epiglottis
(TE), and base of epiglottis (BE). Note the increase in pharyn-
geal airway size at all four pharyngeal levels with maximum
advancement.

Table 1. Mean � SD of Pharyngeal Airway Measurements during Wakefulness and Propofol Anesthesia with and without
Mandibular Advancement

Awake Anesthesia, No Advancement* Anesthesia, 50% Advancement Anesthesia, Max Advancement

Airway area, mm2

Soft palate 193.1 � 76.4 141.9 � 71.9 164.1 � 84.9 223.9 � 103.2
Uvula 185.3 � 60.1 64.0 � 44.5 106.3 � 74.5 193.9 � 98.6
Tip of epiglottis 203.8 � 88.6 76.0 � 40.6 119.9 � 63.0 212.9 � 107.9
Base of epiglottis 292.4 � 103.4 219.6 � 47.1 251.1 � 85.4 299.8 � 104.0

Anteroposterior diameter, mm
Soft palate 10.0 � 2.9 7.9 � 3.1 8.4 � 2.6 9.6 � 3.0
Uvula 11.8 � 4.7 5.1 � 2.3 7.9 � 2.3 11.0 � 3.7
Tip of epiglottis 11.6 � 4.4 5.4 � 2.8 7.3 � 2.3 9.3 � 2.8
Base of epiglottis 11.9 � 3.1 9.6 � 1.9 9.9 � 2.2 10.9 � 2.2

Lateral diameter, mm
Soft palate 21.0 � 3.1 20.4 � 3.2 21.1 � 5.7 25.3 � 5.4
Uvula 20.1 � 3.6 13.9 � 7.0 15.2 � 4.5 21.6 � 5.6
Tip of epiglottis 25.2 � 4.7 18.0 � 8.7 19.1 � 5.3 25.4 � 4.2
Base of epiglottis 32.6 � 3.7 32.3 � 3.7 33.6 � 3.4 32.8 � 5.8

* n � 7; data for other three conditions from 9 individuals.
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differences in lateral airway diameter between the max-
imum advancement and wakefulness conditions were
positive at all levels, with the largest increase at the level
of the soft palate. At the soft palate location, the adjusted
mean difference in lateral airway diameter relative to
wakefulness changed from �0.6 � 2.5 (SE) mm during
anesthesia without mandibular advancement to 4.3 �
2.4 mm during anesthesia with maximum advancement.
Generally speaking, location by condition interaction
was quantitative (differences were in the same direction
but varied in magnitude) and not qualitative, permitting
interpretation of the a priori defined primary main ef-
fects across experimental conditions.

Table 3 provides a summary of the least squares esti-
mated mean differences between each experimental
condition relative to wakefulness from the primary
mixed model analysis of variance after eliminating the
interaction effects. These estimates reflect the total (or,
alternatively, the average) differences between experi-
mental conditions across anatomical levels and provide a

more parsimonious and easier to interpret summary of
the main findings from this study. Overall, the main
effects of experimental condition on (mean) airway area
(F3,30 � 5.1, P � 0.006), anteroposterior airway diame-
ter (F3,30 � 5.5, P � 0.005), and lateral airway diameter
(F3,30 � 4.1, P � 0.015) were all significant based on the
Bonferroni multiplicity–adjusted criterion of � � 0.017.

Anesthesia without mandibular advancement reduced
airway area relative to that in wakefulness by 93.3 �
31.9 (SE) mm2 (P � 0.007). During anesthesia with 50%
mandibular advancement, the mean reduction in airway
area relative to that in wakefulness was 58.3 � 29.9 mm2

(P � 0.06). Compared with its size during wakefulness,
airway area was reduced 43% during anesthesia without
advancement and 27% during anesthesia with 50% ad-
vancement. In contrast, airway area was increased by 6%
during anesthesia with maximum mandibular advance-
ment compared with wakefulness (estimated mean dif-
ference � 13.9 � 29.9 mm2), but this difference was not
significant (P � 0.64).

Table 2. Summary of Mixed Model* Results Allowing for Anatomical Level by Experimental Condition Interaction

Condition

Anesthesia, No
Advancement

vs. Awake

Anesthesia, 50%
Advancement

vs. Awake

Anesthesia, Max
Advancement

vs. Awake Location by Treatment
Interaction†

P ValueVariable Location/Level Est. Diff. LS Mean SE Est. Diff. LS Mean SE Est. Diff. LS Mean SE

Airway area, mm2 Soft palate �51.3 41.8 �29.0 39.1 30.8 39.1 0.74
Uvula �121.3 41.8 �79.0 39.1 8.6 39.1
Tip of epiglottis �127.8 41.8 �83.9 39.1 9.1 39.1
Base of epiglottis �72.9 41.8 �41.3 39.1 7.3 39.1

AP diameter, mm Soft palate �2.1 1.5 �1.6 1.4 �0.4 1.4 0.05
Uvula �6.6 1.5 �3.9 1.4 �0.8 1.4
Tip of epiglottis �6.1 1.5 �4.2 1.4 �2.2 1.4
Base of epiglottis �2.3 1.5 �2.0 1.4 �1.0 1.4

LAT diameter, mm Soft palate �0.6 2.5 0.1 2.4 4.3 2.4 0.05
Uvula �6.3 2.5 �4.9 2.4 1.4 2.4
Tip of epiglottis �7.2 2.5 �6.1 2.4 0.2 2.4
Base of epiglottis �0.3 2.5 1.0 2.4 0.2 2.4

* The mixed model analysis of variance included fixed effects for anatomical location, experimental treatment, and location by treatment interaction. Subject was
included as a random effect to account for biological variability among subjects. † Results for interaction tests were F9,90 � 0.7, P � 0.74; F9,90 � 2.0, P � 0.05;
and F9,90 � 2.0, P � 0.05 for airway area, anteroposterior (AP) airway diameter, and lateral (LAT) airway diameter, respectively.

Est. Diff. LS Mean � least squares estimated mean difference.

Table 3. Summary of Least Squares Estimates of Differences Relative to Wakefulness from Main Effects Mixed Model Analysis of
Variance (Averaging over Anatomical Levels)*

Condition

Anesthesia, No Advancement
vs. Awake

Anesthesia, 50% Advancement
vs. Awake

Anesthesia, Max Advancement
vs. Awake

Variable Est. Diff. LS Mean SE P Value† Est. Diff. LS Mean SE P Value† Est. Diff. LS Mean SE P Value†

Airway area, mm2 �93.3 31.9 0.007 �58.3 29.9 0.06 13.9 29.9 0.64
AP diameter, mm �4.3 1.2 0.001 �2.9 1.1 0.01 �1.1 1.1 0.32
LAT diameter, mm �3.6 1.7 0.04 �2.5 1.6 0.12 1.6 1.6 0.33

* Overall differences among conditions were significant for airway area (F3,30 � 5.1, P � 0.006), anteroposterior (AP) diameter (F3,30 � 5.5, P � 0.004), and lateral
(LAT) diameter (F3,30 � 4.1, P � 0.015). † P values reflect statistical significance of linear contrasts relative to wakefulness.

Est. Diff. LS Mean � least squares estimated mean difference.
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Similarly, anteroposterior airway diameter was re-
duced during anesthesia without mandibular advance-
ment relative to that in wakefulness by 4.3 � 1.2 (SE)
mm (P � 0.001). The mean reduction in anteroposterior
airway diameter during anesthesia with 50% mandibular
advancement relative to that in wakefulness was 2.9 �
1.1 mm, and this difference remained significant (P �
0.01). Similar results were observed for lateral airway
diameter. During anesthesia with no advancement, an-
teroposterior and lateral diameters were reduced, rela-
tive to their values in wakefulness, by 38% and 15%,
respectively. With 50% advancement during anesthesia,
anteroposterior and lateral diameters were reduced, rel-
ative to their values in wakefulness, by 26% and 10%,
respectively. Although anteroposterior diameter during
anesthesia with maximum mandibular advancement was
reduced by 10% compared with its value during wake-
fulness (estimated mean difference � 1.1 � 1.1 mm), the
difference was not significant (P � 0.32). As with airway
area, estimated mean lateral airway diameter during an-
esthesia with maximum mandibular advancement was
increased by 6% compared with that in wakefulness but
was not significant (P � 0.33).

To further understand the mechanism through which
maximum mandibular advancement obliterates anesthe-
sia-related reductions in airway size, nominal paired t
tests were used to compare the distances of the genu of
the mandible and hyoid bone from the vertebral spine
and the hard palate during the three anesthesia condi-
tions with their respective values in wakefulness (table
4). Compared with results during wakefulness, the dis-
tance of the genu of the mandible from the vertebral
spine during anesthesia was significantly reduced with-
out mandibular advancement (P � 0.05) and signifi-
cantly increased with maximum advancement (P �
0.04). Although the mean distance of the hyoid from the
vertebral spine was reduced during anesthesia without
advancement compared with wakefulness, these differ-
ences were not significant (P � 0.13). Nonetheless, with
50% mandibular advancement, the reduction in vertebral
distance relative to wakefulness was reduced by 77% for
genu but only 46% for the hyoid bone, and with maxi-
mum mandibular advancement, the mean distance of the
hyoid from the vertebral spine was similar in magnitude

to that during wakefulness. Finally, there were no signif-
icant differences between the three anesthesia condi-
tions and wakefulness for distance of either the genu of
the mandible or hyoid bone from the hard palate.

Discussion

The results indicate that propofol anesthesia in normal
adults decreases pharyngeal airway size over the entire
rostral–caudal extent of the pharynx and that maximum
advancement of the mandible during propofol anesthe-
sia is required to restore pharyngeal airway size to that
during wakefulness. Compared with images in wakeful-
ness, the decrease in airway area with propofol anesthe-
sia without mandibular advancement was accompanied
by decreases in both anteroposterior and lateral airway
diameters. In general, maximal advancement of the man-
dible during propofol anesthesia returned anteroposte-
rior and lateral airway diameters to their respective val-
ues in wakefulness. Referencing the position of the genu
of the mandible and the hyoid bone to the spine on the
midline sagittal scan, anesthesia without advancement
was associated with a retraction of the mandible that
may have contributed to the reduction in airway size.

Previous studies report that mandibular advancement
increases pharyngeal airway size and decreases pharyn-
geal airway collapsibility in sedated and anesthetized
adult humans.3,4,6–8 Isono et al.7 performed fiberoptic
imaging of the pharyngeal airway over a range of applied
airway pressures in anesthetized, paralyzed patients with
obstructive sleep apnea with and without manual, max-
imal mandibular advancement. The resulting pressure–
area relations for both the retropalatal and retroglossal
segments of the oropharyngeal airway revealed that man-
dibular advancement reduced the pressure at which the
airway closed and increased the airway area at any in-
traluminal pressure. A subsequent study by these inves-
tigators compared the responses in nonobese and obese
individuals and found that mandibular advancement in-
creased both retropalatal and retroglossal airway area in
their nonobese participants (body mass index 21.1 � 2.0
kg/m2) but did not change retropalatal airway area in the
obese subjects (body mass index 31.3 � 2.5 kg/m2).8

Table 4. Distance of Genu of Mandible and Hyoid Bone from the Vertebral Bodies and Hard Palate on Midline Sagittal MRI

Awake Anesthesia, No Advancement Anesthesia, 50% Advancement Anesthesia, Max Advancement

Distance to vertebral bodies, mm
Genu of mandible 66.3 � 8.9 60.9 � 8.5* 65.0 � 9.8 70.9 � 9.5*
Hyoid bone 35.9 � 7.2 30.6 � 5.9 33.0 � 4.9 35.7 � 4.8

Distance to hard palate, mm
Genu of mandible 67.6 � 6.0 67.0 � 7.8 67.8 � 5.8 68.9 � 6.1
Hyoid bone 71.9 � 6.7 74.7 � 8.9 71.8 � 6.0 73.4 � 4.4

Data are mean � SD.

* Paired t test vs. awake, P � 0.05.

MRI � magnetic resonance imaging.
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Our results suggest that we might have found different
results in our current study if we had studied obese
subjects. Kato et al.4 further extended these findings by
showing that progressive mandibular advancement us-
ing a custom-fitted oral appliance caused a dose-depen-
dent reduction in the airway pressure required to close
the retropalatal and retroglossal oropharynx. Supporting
the studies of Isono and his colleagues, Inazawa et al.3

reported that mandibular advancement stiffens the pha-
ryngeal airway, as indicated by a decrease in critical
airway pressure, in normal adult humans during moder-
ate sedation with midazolam. The authors concluded
that upper airway collapsibility during moderate seda-
tion decreases with increasing mandibular advancement
and, in contrast to the current findings, suggested that
maximal mandibular advancement may not be necessary
for the preservation of upper airway patency.

The precise mechanism by which advancement of the
mandible improves pharyngeal patency is unclear. Pre-
vious studies suggest that mandibular advancement gen-
erates tension on the suprahyoid muscles, resulting in
anterior displacement of the hyoid apparatus. Mandibu-
lar advancement would thereby enlarge the pharyngeal
airway by anterior displacement of the hyoid bone and
its muscular attachments and lifting the epiglottis away
from the posterior pharyngeal wall, reversing the nar-
rowing of the laryngeal inlet.11–14 The results of the
current and previous studies, however, suggest that the
mechanism of action is more complex than simply an
action on the hyoid apparatus, because this cannot easily
explain the enlargement of the retropalatal pharyngeal
airway with mandibular advancement or the lateral wid-
ening of the airway reported in the current and previous
studies. Advancement of the mandible may impose trac-
tion on the anterior and posterior tonsillar pillars, pulling
the soft palate into the oral cavity and opening the
retropalatal airway. Furthermore, mandibular advance-
ment may lead to an unfolding of soft tissue structures,
leading to the lateral widening of the airway.

Our study was performed with the subject’s head in a
neutral position to standardize head and neck position
across conditions and subjects. It is possible that differ-
ent results would have been obtained with the neck in
flexion and upper cervical extension, the sniffing posi-
tion recommended for induction of general anesthesia
and mask ventilation.15 Isono et al.16 found increased
maximum pharyngeal airway area and decreased pharyn-
geal closing pressure, i.e., a stiffer airway, with the neck
in the sniffing position compared with a head-neutral
position during propofol anesthesia in 12 paralyzed pa-
tients with obstructive sleep apnea. Head and neck po-
sition can also influence the effect of anesthesia on the
position of the hyoid bone. Comparing hyoid position
during general anesthesia in paralyzed adults with that in
wakefulness, Sivarajan et al.17,18 reported no change in
hyoid position with the head in a neutral or flexed

position but anterior hyoid displacement with the head
in extension. In contrast, with the head in a neutral
position, our study found no change in hyoid position
during anesthesia without mandibular advancement
compared with wakefulness but posterior movement of
the genu of the mandible. Retraction of the mandible
may have contributed to the reduced airway size ob-
served during anesthesia without mandibular advance-
ment. Changes in the position of the genu of the man-
dible relative to that of the hyoid bone during anesthesia
may alter the mechanical characteristics of the hyoid
apparatus, thereby changing the effect of mandibular
advancement on pharyngeal airway size.

In addition to head and neck position, the selection of
propofol for anesthesia and the depth of anesthesia
could possibly have influenced the results. Evidence that
similar results would have been obtained with other
anesthetics is provided by Norton et al.,19 who found
that propofol and midazolam, at equivalent levels of
sedation, have similar but variable propensities for upper
airway obstruction across subjects. Crawford et al.20,21

reported a progressive decrease in pharyngeal airway
caliber with increasing depth of propofol anesthesia in
infants and sevoflurane anesthesia in children. Eastwood
et al.22 reported that increasing depth of propofol anes-
thesia is associated with increased collapsibility of the
upper airway as measured by critical airway pressure.
However, the increase in critical airway pressure found
by these latter investigators, from 0.3 � 3.5 cm H2O at
the lowest propofol concentration used to 1.4 � 3.5 cm
H2O at the highest concentration, although statistically
significant, may not be clinically significant.23 In the
current study, we did not assess depth of anesthesia by
measuring blood propofol concentration or using clini-
cal measures other than absence of eyelash reflex. How-
ever, we believe that the depth of anesthesia was rela-
tively uniform across our subjects because all received
the same continuous infusion dose (75 �g · kg�1 · min�1)
of this rapidly acting anesthetic.

Unlike many previous studies, our subjects were
young normal adults. Different results might have been
obtained in obese subjects with sleep apnea, who are
known to be at increased risk of difficult mask ventila-
tion.24 In addition, our subjects were not paralyzed dur-
ing propofol anesthesia. Pharyngeal muscle activity plays
an important role in maintenance of airway patency.
Even though our subjects were not paralyzed, it is
known that general anesthesia suppresses motor output
to upper airway muscles.25–28 The resulting greater com-
pliance of pharyngeal soft tissues, i.e., the muscles sur-
rounding the airway and those attached to the hyoid
arch, may explain the failure of maximal mandibular
advancement to increase airway size during propofol
anesthesia beyond that in wakefulness. However, East-
wood et al.22 demonstrated continued tonic and phasic
inspiratory genioglossus activity in adults during propo-
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fol anesthesia. Their findings suggest that some pharyn-
geal muscle activity may still have been present in our
anesthetized, nonparalyzed subjects.

Our findings may have relevance in the clinical prac-
tice of anesthesia. Manual manipulation of head and jaw
position is commonly performed to restore pharyngeal
airway patency in anesthetized or deeply sedated, non-
intubated patients.1,15 The custom-made oral appliance
described here is not equivalent to the manual technique
used to maintain airway patency during general anesthe-
sia, which includes more than mandibular advancement.
However, the ability of the oral appliance to restore the
pharyngeal airway during the anesthetized state to its
size during wakefulness raises the possibility of its po-
tential role in clinical practice. Use of this device in
spontaneously breathing patients during anesthesia or
deep sedation might allow the anesthesiologist to have
“free hands” to attend to other tasks. Furthermore, given
the increasing use of agents such as propofol during
invasive procedures outside the operating room without
an anesthesiologist in attendance, the quickly con-
structed oral appliance described here might be a par-
ticularly useful method to maintain pharyngeal patency.
However, the oral appliance might increase the risk of
regurgitation and aspiration and make it more difficult to
access and intubate the airway in these situations.

In summary, this MRI study reveals that pharyngeal
airway narrowing occurs in normal, spontaneously
breathing adult subjects during propofol anesthesia.
Mandibular advancement with an adjustable intraoral
device increased airway size when the mandible was
advanced from centric occlusion to 50% of its maximum
voluntary advancement; however, airway area at this
advancement was still decreased compared with that in
wakefulness. Airway area during anesthesia was restored
to that in wakefulness with maximum mandibular ad-
vancement. The increase in airway area was due to
enlargement in the lateral and anteroposterior dimen-
sions. The role of such an oral appliance in upper airway
management during conscious sedation, monitored an-
esthesia care, and general anesthesia with mask ventila-
tion needs further evaluation before clinical application.

Greg Maislin, M.S., M.A., and Laura Venditti, M.Sc. (Consultants, Biomedical Sta-
tistical Consulting, Wynnewood, Pennsylvania), performed the statistical analyses.
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