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Study Objectives: To determine the effect of head posture on upper
airway collapsibility and site of collapse of the passive human upper
airway.

Design: Pharyngeal critical closing pressure (Pcrit) and site of airway
collapse were assessed during head flexion, extension and rotation in
individuals undergoing propofol anesthesia.

Setting: Operating theatre of major teaching hospital.

Participants: Fifteen healthy volunteers (8 male), including 7 who were
undergoing surgery unrelated to the head or neck.

Measurements and Results: Applied upper airway pressure was
progressively decreased to induce variable degrees of inspiratory flow
limitation and to define Pcrit. Upper airway and oesophageal pressure
transducers identified the site of collapse. Genioglossus muscle activity
(EMGgg) was assessed using intramuscular fine wire electrodes insert-
ed percutaneously. Data from 3 subjects were excluded from analysis
due to persistent EMGgg. In the neutral posture Pcrit was -0.4 + 4.4
cm H,0 and collapsed most frequently in the velopharyngeal region.

Relative to neutral, Perit increased to 3.7 + 2.9 cm H,0 (P < 0.01) and
decreased to -9.4 + 3.8 cm H,0 (P < 0.01) when the head was flexed
and extended, respectively but was unchanged by rotation (-2.6 + 3.3
cm H,0; n = 10; P = 0.44). The site of collapse varied, in no consistent
pattern, with change in head posture in 5 subjects.

Conclusions: Head posture has a marked effect on the collapsibility
and site of collapse of the passive upper airway (measured by EMGgg)
indicating that controlling head posture during sleep or recovery from
anesthesia may alter the propensity for airway obstruction. Further,
manipulating head posture during propofol sedation may assist with
identification of pharyngeal regions vulnerable to collapse during sleep
and may be useful for guiding surgical intervention.
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QUANTIFYING PHARYNGEAL COLLAPSIBILITY HAS
PROVEN USEFUL IN RECENT YEARS IN ELUCIDATING
THE PATHOPHYSIOLOGY OF OBSTRUCTIVE SLEEP ap-
nea (OSA) and establishing both its severity and efficacy of
treatment(s).'* The pharyngeal critical closing pressure (Pcrit)
which is defined as the applied pressure below which airflow
ceases or the airway occludes*® is commonly used to describe
pharyngeal collapsibility. A lower Pcrit indicates an airway
more resistant to collapse and a higher Pcrit, an airway less re-
sistant to collapse. Measurements of Pcrit during sleep can dif-
ferentiate snoring, apneic, hypopneic, and healthy adults' and
correlate with improvements in apnea severity after treatment
such as weight loss and uvulopalatopharyngoplasty.>* Measure-
ments of Pcrit obtained in spontaneously breathing adults dur-
ing general anesthesia correlate with the apnea hypopnea index
(AHI) during sleep, especially REM sleep.°

It has long been recognized that head posture influences up-
per airway patency. Head extension reduces upper airway ob-
struction and is a commonly used maneuver to maintain airway
patency in resuscitation and in anesthesia.” In contrast, head
flexion reduces airflow® and pharyngeal space.” An early study
in infant cadavers demonstrated increased and decreased upper
airway closing pressures during flexion and extension, respec-
tively, although rotation had no significant effect.'® More recent-
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ly, in vivo studies have demonstrated decreased pharyngeal col-
lapsibility during head extension in anesthetized and paralyzed
OSA subjects'' and in midazolam-sedated healthy subjects.'?
Head flexion increased pharyngeal collapsibility in anesthe-
tized and paralyzed OSA subjects.' The effect of head rotation
is not clear with one study in midazolam-sedated healthy sub-
jects reporting no change,'? and another study in anesthetized
and paralyzed infants reporting increased collapsibility.'?

Comparisons of airway collapsibility between studies are
difficult due to differing measurement protocols and popula-
tions studied. To date, no in vivo study has examined the effect
of all head postures (flexion, extension, rotation, and neutral)
on airway collapsibility in the same population. In addition, no
study has examined the effect of changing head posture on the
region of pharyngeal collapse. Such information has important
implications for the conduct of studies of airway collapsibility,
as failure to control for its effect could provide misleading re-
sults. Furthermore, quantification of the effect of head posture
on the propensity for airway obstruction could have significant
therapeutic implications for anesthesia and sleep: a substantial
effect would provide impetus for development of devices to
control head position in vulnerable individuals during sleep or
recovery from anesthesia.

Anesthesia offers ideal conditions for study of the upper air-
way as it can be made electromyographically quiescent at clinical
anesthesia levels and abolition of the arousal response removes
the problem of state changes induced by the measurement pro-
cedures. In contrast to other approaches' our anesthesia model
preserves spontaneous ventilation which is important as the as-
sociated fluctuations in intraluminal pressure significantly affect
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upper airway behavior. We have previously demonstrated the par-
allels in upper airway behavior between anesthesia and sleep.®

The purpose of the present study was to quantify the effect of
head extension, flexion, and rotation on collapsibility and site
of collapse of a passive upper airway through study of anesthe-
tized volunteers.

MATERIALS AND METHODS
Participants

Subjects were either healthy individuals who had volun-
teered specifically for this study (n = 8) or patient volunteers
who were undergoing general anesthesia for surgery unrelated
to the head or neck and were otherwise healthy (n = 7). All sub-
jects provided written informed consent prior to participation in
the study which was approved by the hospital’s human research
ethics committee.

Subject Preparation

No premedication was administered. Standard monitoring
was applied including Bispectral Index (BIS) monitoring for
electroencephalogram activity. A vein was cannulated and se-
dation/anesthesia induced with intravenous propofol (Diprivan;
Astra Zeneca, Alderley Park, Cheshire, United Kingdom) ad-
ministered via a Diprifusor (Astra Zeneca) target-controlled in-
fusion system (Alaris PK, Cardinal Health, Switzerland) which
calculated effect site concentration on the basis of a 3-compart-
ment pharmacokinetic algorithm."

Genioglossus electromyogram activity (EMGgg) was mea-
sured in 13 of the subjects (including patient volunteers) using
2 pairs of bipolar intramuscular wire electrodes inserted percu-
taneously in the submental region as previously described.” The
submental skin was pretreated with lidocaine-prilocaine cream
(EMLA, AstraZeneca, North Ryde, New South Wales, Australia)
>30 min under an occlusive dressing. In the 8 non-patient volun-
teers, these wires were inserted prior to infusion of propofol. In
the patient volunteers, wire insertion was performed at a subanes-
thetic concentration of propofol (calculated effect site concentra-
tion of approximately 1.0 ng/mL/kg). The 2 pairs of bipolar EMG
electrodes were referenced to a common ground, placed on the
mandible. In addition, a bipolar pair was derived from a single
wire from each pair, thereby providing a third EMG signal. Each
EMGgg signal was amplified, band-pass filtered (10-3,000 Hz,
model 7P3; Grass Instruments, West Warwick, RI, USA), full-
wave rectified, and processed with leaky integrators with a time
constant of 100 ms to yield a moving-time-averaged EMGgg.
Immediately following connection of wires and optimization of
signals, subjects were asked to perform a series of swallows and
maximal tongue protrusions, each effort being separated by a few
breaths. Each maneuver was repeated until the peak amplitude of
the moving-time-averaged EMGgg was similar for 3 maximal ef-
forts. The propofol target blood concentration was then increased
to an effect site concentration of 6.0 pg/mL/kg.

Pharyngeal and esophageal pressure was measured using a
4-sensor pressure transducer catheter (Gaeltec, CTO-4; Dun-
vegan, Isle of Skye, Scotland) passed via the nares into the
esophagus. The oropharyngeal transducer (P,) was visualized
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through the mouth and positioned just below the soft palate. A
transducer 5 cm above the P, transducer measured nasopha-
ryngeal pressure, while transducers 5 and 20 cm below the P,
measured hypopharyngeal and esophageal (P_ ) pressures, re-
spectively. In non-patient volunteers topical lignocaine spray
was pre-applied to the nasopharynx and posterior pharynx,
and this catheter was inserted while awake, prior to infusion of
propofol. In patient volunteers, this procedure was performed
following loss of consciousness. The catheter was not inserted
in one patient volunteer because of time constraint.

Once the catheters were in position, the subject was fitted with
a chin strap, the mouth taped, and a tight-fitting nasal mask ap-
plied via which oxygen was delivered with a Bain circuit (fresh
gas flow rate >14 L/min). A calibrated Fleisch pneumotachograph
(Hewlett Packard, Waltham, MA, USA) was attached to the nasal
mask to monitor airflow. In series, an expiratory port and bilevel
positive pressure pump (BiPAP; Respironics, Murrysville, PA,
USA) enabled continuous positive airway pressure (CPAP) to be
maintained using the device’s inspiratory positive airway pres-
sure mode. A preset lower pressure, using the device’s expira-
tory positive airway pressure mode, or subatmospheric pressure,
generated from a regulated vacuum source (model VFC204P;
Fuji Electric Co., Tokyo, Japan), could be abruptly attained when
required.'® A sample port in the mask was connected to a pres-
sure transducer (model 143PC, micro Switch; Honeywell, Mor-
ristown, NJ, USA) for continuous measurement of mask pressure
(P_..)- All pressure transducers were calibrated simultaneously
prior to subject set-up with 5 known pressures. The head was
carefully placed in a neutral position (Frankfort plane [line be-
tween tragus of the ear and infraorbital rim] perpendicular to the
bed surface) on a Shea headrest, and a fluid goniometer was fitted
to the mask to measure the degree of head flexion and extension
produced during subsequent maneuvers.

All signals were digitally recorded continuously at 1,000 Hz
on a PowerLab data acquisition and analysis system (model
16s; ADInstruments, Sydney, New South Wales, Australia).

Protocol

A sequential pressure drop technique was used to measure
Pcrit. Once a propofol effect site concentration of 6.0 pg/mL/kg
was obtained and stable ventilation was established, P was
rapidly changed (during early expiration) from the maintenance
level to a lower pressure for 5 successive breaths (Figure 1). Im-
mediately following the fifth breath, P was further lowered
for the next 5 breaths. P continued to be reduced through a
range of positive and, where necessary, negative pressures to
produce increasing degrees of inspiratory flow (Vi) limitation.
The sequence was terminated at a P sufficient to abolish Vi
(i.e., Pcrit). Each sequence of successive pressure drops lasted
a total of approximately 60-120 seconds and included >3 pres-
sure levels in which flow limitation was observed. Immediately
following each sequence, airway pressure was immediately re-
turned to the maintenance level.

This pressure drop sequence was performed initially with the
head in the neutral posture (the Frankfort plane perpendicular
to the bed surface), then repeated with the head flexed, extend-
ed, and in all but 2 subjects, rotated. The order of application
of flexion, extension, and rotation was randomized. The head/
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Figure 1—Polygraph example from one subject (#12) showing the effects of sequential decreases in mask pressure (Pmask) on respiratory
flow, esophageal pressure (Pes) and the moving-time-averaged (MTA) genioglossus EMG (EMGgg) when the head was neutral, flexed (10°),
extended (18°), and rotated (47°). Selected non-flow limited and flow limited breaths are highlighted in the expanded view (bottom panel).

30 seconds

neck was maintained in each posture by one of the experimental
team using digital pressure applied to the mentum and vertex.
The teeth were held in centric occlusion and care taken not to
exert any pressure on the submental region. Flexion and exten-
sion were largely restricted to the atlanto-occipital joint, such
that the occiput continued to rest on the Shea head rest and
measured (goniometer) as the deviation of the Frankfort plane
from neutral. Rotation, always to the left side, was measured as
deviation of the mid-sagittal plane (line from centre of head to
nasion) from vertical, with care taken to avoid flexion or exten-
sion. In all but 2 subjects, a final sequence was performed with
the head returned to the neutral position. At least 30 seconds
of stable breathing at the maintenance pressure was required at
each posture before initiating a pressure drop sequence.
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Immediately after measurements were completed, EMGgg
wires and catheters were removed, and in the patient volunteers,
the nasal mask removed and a laryngeal mask (LMA-Classic;
Pacific Medical, Victoria, Australia) inserted in preparation for
surgery. In the non-patient volunteers, propofol infusion was
ceased and the nasal mask was left in place until return of con-
sciousness, at which time it was removed.

Data Analysis

Upper Airway Collapsibility

In each head posture, upper airway pressure-flow relation-
ships were evaluated as previously described for sleeping and
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Figure 2—Pressure-flow relationships for one subject (#12) dur-
ing head extension (triangles), rotation (diamonds), neutral (cir-
cles) and flexion (squares). Pcrit for this subject was —8.1, —0.4,
3.8, and 6.1 cm H,O in the extended, rotated, neutral,.and flexed
head posture, respectively. Pmask = mask pressure; Vi, = mid
inspiratory flow.

anesthetized subjects.>'® Briefly, at each level of P__, Vi and
corresponding P signals were examined. A breath was consid-
ered to be flow limited if there was >1 cm H,0 decrease in P
without any corresponding increase in Vi.'? Where P was not
measured (one subject), flow-limited breaths were identified as
those in which a plateau in the shape of the Vi profile was ob-
served.’ For each flow-limited breath, the relationship between
mid-inspiratory flow (\7imi ) and P were examined.** The
mean Vi . and P from the final 3 breaths at each level of
P .« Was calculated and in each head posture a least squares
regression equation was computed for the Vi . and P_  rela-
tionship and solved for Pcrit, the P__ at which flow became
zero (Figure 2). Airway resistance upstream (Rua) to the site
of pharyngeal collapse was calculated as the reciprocal of the
slope of the regression equation.’

Site of Collapse

The site of pharyngeal collapse was determined from inspec-
tion of esophageal and pharyngeal pressures during sequenc-
es in which P was lowered to a level sufficient to abolish
Vi. Nasopharyngeal (retropalatal) collapse was considered to
be present when esophageal pressure fluctuations were trans-
mitted to the hypopharyngeal and oropharyngeal transducers,
but not the nasopharyngeal transducer. Retroglossal pharyngeal
collapse was considered to be present when esophageal pres-
sure fluctuations were transmitted to the hypopharyngeal but
not oropharyngeal or nasopharyngeal transducers.

Genioglossus Muscle Activity

The moving-time averaged EMGgg was analyzed during
breaths at the maintenance pressure and when P_ was re-
duced. For each breath, tonic activity was defined as the differ-
ence between electrical zero and end-expiratory activity, while
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phasic activity was defined as the difference between end-expi-
ratory and peak activity during inspiration. Measurements were
expressed as a percent of the maximal value obtained during
voluntary tongue protrusions and swallows.

Statistical Analyses

The Pcrit measured in each head posture was compared using
repeated measures ANOVA. A Holm-Sidak post hoc test was
used to determined significance when differences were detect-
ed. A Student paired #-test was used to compare measurements
of Pcrit from the first and second neutral posture sequences.
The Pearson correlation coefficient was also calculated for
measurements obtained from these 2 sequences. Unless other-
wise stated, all values are reported as mean + SD. A value of P
< 0.05 was considered significant.

RESULTS

Eight male and 7 female subjects participated in the study.
Data from 3 male subjects (all non-patient volunteers) were not
included in the analyses due to persistent phasic EMGgg (>5%
wakeful maximum) at a propofol effect site concentration of 6.0
pg/mL/kg. Of the remaining 12 subjects, mean age was 37.4
+ 11.2 years (range 19-60) and BMI 23.8 + 2.4 kg/m? (20.4-
29.3).

The depth of anesthesia, as assessed by BIS, remained con-
stant throughout the study, being 30 + 7 (17-42), 27 £ 6 (22-42),
26 +4 (22-36), and 24 + 3 (22-30) units in the neutral, flexed,
extended, and rotated head postures, respectively (P = 0.55).

Effect of Head Posture on Upper Airway Collapsibility

Measurements of airway collapsibility were obtained with
the head neutral and in 10 + 2 (7-13),20 £3 (15-28) and 41 + 8
(32-55) degrees of flexion, extension, and rotation, respective-
ly. A linear relationship was obtained between P and Vi_. of
flow limited breaths at each head posture (Figure 2).

The effect of head posture on upper airway collapsibility is
shown for each individual and for the group in Figs. 3A and 3B,
respectively. Perit was just below atmospheric pressure when
the head was in the neutral posture (-0.4 = 4.4 cm H,O). Rela-
tive to neutral, Pcrit increased during flexion (by 4.9 + 3.1 cm
H,0, P <0.01) and decreased during extension (by 7.4+ 3.7 cm
H,0, P <0.01) (Figure 3B). A similar pattern was also observed
in the 3 subjects who were excluded from analysis on the basis
of persistent EMGgg activity. In these 3 subjects, Pcrit when
neutral was —2.1 + 8.3 cm H,O and increased (relative to neu-
tral) by 5.7 = 3.8 cm H,O during flexion and decreased by 5.9 +
4.2 cm H,O during extension.

The effect of head rotation on collapsibility was less con-
sistent than the effects of flexion or extension. Relative to the
neutral posture, head rotation increased Pcrit in 5 subjects and
decreased Pcrit in 5 subjects (Figure 3A). For this group, Pcrit
when neutral and during rotation were not significantly differ-
ent (-1.8£3.4vs 2.6 +3.3 cm H,O; n=10; P = 0.44).

Pcrit was higher in males than females when the head was
extended (3.7 = 5.6 vs —10.7 + 3.3 cm H,O, respectively, P <
0.01) and rotated (1.8 +2.2 vs —4.5 +2.3 cm H, 0, respectively,
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Figure 3—Changes in upper airway collapsibility (Pcrit) in each
individual (A) and the group (B) (Error bars, Mean + SD) when
the head was in flexion, neutral, rotation and extension. Note that
Pcrit was not measured during head rotation in 2 subjects (dashed
lines). *P < 0.01

P =0.03), but was similar when the head was neutral or flexed
(P=0.18 and P = 0.08, respectively).

Resistance upstream to the site of collapse was unaffected by
head posture, being 11.8 + 3.9, 16.8 + 6.6, 18.1 + 10.7 and 16.6
+ 8.8 cm H,O/L/sec in the neutral, flexed, extended, and rotated
head postures, respectively (P = 0.55)

Reproducibility of Pcrit

In the 10 subjects in which Pcrit was measured twice in the
neutral posture, mean Pcrit for the first and second measure-
ments were similar, being —1.9 + 3.4 and —1.8 + 2.8 cm H,O,
respectively (P = 0.85). The intraclass correlation coefficient
for these measurements was 0.912 (P < 0.01).

Muscle Activity

Measurements of EMGgg were obtained in all but 2 sub-
jects. The amplitude of the moving-time-averaged EMGgg
tended to increase over the course of a sequence of pressure
drops (Figure 1). However, even during the most severe flow
limitation (i.e., at a Pmask very close to Pcrit) both tonic and
phasic EMGgg remained low (mean for all head postures be-
ing 2.0% + 0.2% and 0.6% =+ 0.3% of maximum, respectively)
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Figure 4—Effect of head posture on tonic and phasic genioglos-
sus electromyogram (EMGgg) activity during severe flow limita-
tion (i.e,. at a Pmask very close to Pcrit) (n = 10). The magnitude
of the EMGgg was not significantly different between head pos-
tures. Error bars, Mean + SD.

and was unaffected by head posture (Figure 4). EMGgg activ-
ity was also unchanged by head posture in the 3 subjects in
whom phasic EMGgg persisted at propofol effect site concen-
tration of 6.0 pg/mL/kg.

Site of Collapse

Regional pharyngeal pressure measurements were collected
in 11 subjects. In the neutral head posture, pharyngeal col-
lapse occurred in the retropalatal (nasopharyngeal) region in
8 subjects and in the retroglossal (oropharyngeal) region in 3
subjects. The site of collapse did not change between repeated
measurements in the 10 subjects in whom measurements were
obtained twice with the head in the neutral posture.

The site of collapse was unaffected by changing head posture in
6 subjects. In the remaining 5 subjects the site of collapse changed
inconsistently: in 3 subjects who had nasopharyngeal collapse
when neutral, the site of collapse changed to oropharyngeal with
rotation (n = 1) and flexion (n = 1), and to hypopharyngeal with
extension (n = 1); and in 2 subjects the site of collapse changed
from oropharyngeal when neutral to nasopharyngeal with flexion
(n=1), and with both extension and rotation (n = 1)
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DISCUSSION

This study shows that head extension and flexion have a
marked influence on collapsibility of the passive upper airway.
Compared to the neutral posture, head flexion increases and
head extension decreases the propensity for the upper airway to
collapse. The magnitude of the effect, expressed in terms of the
difference in Pcrit between 20 + 3 degrees of extension and 10
+ 2 degrees of flexion was 12.3 = 3.5 cm H,O. The increase in
Pcrit between head neutral and 10 = 2 degrees of flexion was 4.9
+ 3.1 cm H,O. These differences are similar to the difference in
Pcrit reported as being sufficient to discriminate between non-
apneic snorers and individuals with OSA' and between normal
individuals and those with upper airway resistance syndrome
during sleep.'® These findings indicate that, within an individu-
al, head posture-related changes in upper airway anatomy can
have substantial effects on patency of the hypotonic pharynx.
Such a finding may have clinical implications for manipulating
head position as a therapy for obstructive sleep apnea. Further,
the findings highlight the need to standardize or account for
head posture when measuring and interpreting measurements
of upper airway collapsibility.

Neuromuscular Responses

Upper airway patency is determined by the precise balance be-
tween the neural control of the pharyngeal dilator muscles (neuro-
muscular factors) and the structural properties (anatomic factors)
of the airway. In the present study we used propofol anesthesia,
which activates y-aminobutyric acid (GABA) neurons with di-
rect and indirect inhibitory effects on the hypoglossal motor
nucleus, to attenuate upper airway muscle activity but maintain
spontaneous ventilation. This allows the mechanical properties
of the airway to be studied with minimal neurogenic influence.'s
In the majority of subjects we were able to obtain measurements
of Pcrit in an upper airway that was essentially hypotonic: tonic
and phasic EMGgg activity were, on average, 2.0% =+ 0.2% and
0.6% =+ 0.3% of maximum in the presence of severe inspiratory
flow limitation. In the 3 subjects with persistent phasic activity
(>5% of wakeful maximum), such activity appeared to have min-
imal effect on behavior of the upper airway, as the magnitude and
pattern of change of Pcrit with changes in head posture in these
individuals was not different from the remaining 12.

Measuring Upper Airway Collapsibility

Measurements of upper airway collapsibility were obtained
by progressively decreasing mask pressure in order to elicit
variable degrees of inspiratory flow limitation until Vi ap-
proached zero. This technique was convenient as it allowed us
to obtain multiple measurements of Pcrit over a relatively brief
time, each measurement taking between 60 and 120 seconds.
In the 10 subjects in whom measurements were obtained twice
with the head in the neutral posture the difference in Pcrit was
only 0.1 = 1.4 cm H,O. This high reproducibility most likely
reflects the highly standardized conditions under which the
measurements were obtained. That is, the head, jaw, and body
posture were tightly controlled and the depth of general anes-
thesia maintained constant.
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Potentially confounding the measurement of Pcrit using a se-
quential pressure drop technique, as used in the present study, is
progressive activation of upper airway muscles over the course
of the pressure drop sequence as a consequence of progres-
sively more severe flow limitation. Indeed a slight progressive
increase in amplitude of the moving time averaged EMGgg was
noted over the course of a pressure drop sequence (Figure 1).
However we consider it unlikely that this activity significantly
affected the measurement of Pcrit for the following reasons:
First, even during the most severe flow limitation (i.e., at a
Pmask very close to Pcrit) both tonic and phasic EMGgg re-
mained very low and was unaffected by head posture (Figure 4).
Second, the Pcrit for the group (0.4 4.4 cm H,0) was similar
to what we have previously reported using an intermittent pres-
sure drop technique (1.4 + 3.5 cm H,O) in which mask pressure
is reduced in 5-breath sequences before being returned to the
maintenance pressure.'® These 2 techniques have recently been
compared in healthy adults, revealing similar measurements
of Pcrit."” Third, if increased EMG activity at greater degrees
of flow limitation had acted to “stiffen” the airway we would
have expected greater flow for a given pressure at pressures
near Pcrit and the appearance of an alinearity in the pressure-
flow relationship at these pressures. This was not the case: the
relationship between pressure and flow during this relatively
lengthy period of progressive flow limitation remained linear at
each head posture.

The Effect of Head Posture on Airway Collapsibility

Relative to the neutral posture, the passive upper airway was
significantly more collapsible when the head was extended and
significantly less collapsible when the head was flexed. These
differences in collapsibility cannot be attributed to posture-
induced changes in pharyngeal muscle activity, as it remained
unchanged under the condition of propofol anesthesia. For this
reason the mechanism is likely to be mechanical in origin.

The mechanism underlying the changes in pharyngeal collaps-
ibility associated with changing head posture may relate to tra-
cheal traction; an increase in tracheal length and traction accom-
panying head extension and decrease in length and traction with
flexion may alter extraluminal tissue pressure and consequently
influence transmural pressure and airway collapsibility.®20-2
Posture-related displacement of the tongue and upper airway
structures could also contribute to the differences in airway col-
lapsibility by virtue of their effects on upper airway size.”> It
is unlikely that changes in airway resistance contributed to the
observed changes, as airway resistance upstream of the site of
collapse was not different between head postures.

The magnitude of change in Pcrit with changes in head pos-
ture was substantial: Pcrit during head extension was 7.4 £+ 3.7
cm H,O less than when the head was neutral and 12.3 +3.5 cm
H,O less than when the head was flexed. These findings are
consistent in direction but not magnitude with an endoscopic
study in anesthetized and paralyzed OSA patients which found
Pcrit to be approximately 3.5 cm H,O less during head extension
than neutral and approximately 1 cm H,O greater during head
flexion.! Similarly, a study in 16 healthy male subjects sedated
with midazolam (BIS 27 units) demonstrated a 4.3 cm H,O re-
duction in Pcrit during head extension relative to neutral.'> Our
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finding that rotation did not significantly alter Pcrit compared
to neutral is similar to that reported in healthy midazolam-se-
dated subjects'? and infant cadavers,'* but differs from findings
in anesthetized, paralyzed infants and small children in whom
Perit increased during rotation relative to neutral.'* Differences
between studies may be due to several factors including the de-
gree of extension, flexion and rotation, study population ages,
level of pharyngeal muscle activity during measurement, and
measurement and anesthetic techniques. In the latter regard it is
important to note that spontaneous respiration was preserved in
our anesthesia model.

Translating these findings to the sleeping condition sug-
gests that the upper airway may be particularly vulnerable to
collapse during head flexion. Variations in head flexion/exten-
sion appear a plausible explanation for changes in severity of
OSA observed in individuals that are not explained by change
in whole body posture, sleep state, or mouth opening. Avoid-
ance of head flexion during sleep may prove a useful adjunc-
tive therapy for obstructive sleep apnea, although further in-
vestigation is warranted. The degree of flexion was substantial
in our study (10 + 2°) and it remains unknown how increase
in collapsibility is related to magnitude of flexion, although a
progressive change is suggested by findings from a study in
infant cadavers.'

The magnitude of the reduction in airway collapsibility with
head extension was also striking suggesting that head extension
could reduce the severity of airway obstruction in sleep apne-
ics. To date, the effect of head posture modification as a treat-
ment modality for OSA has been reported in only a few stud-
ies, with mixed results. A cervical pillow purporting to promote
head extension has been shown to improve AHI in patients with
mild OSA?*?7 but not severe OSA.* More recently, Skinner et
al showed that 40% of patients had complete or partial treat-
ment success by using a cervicomandibular support collar de-
signed to maintain 5° of head extension and prevent downward
displacement of the mandible.?®

Effect of Head Posture on the Site of Pharyngeal Collapse

When the head was in the neutral posture pharyngeal col-
lapse occurred most frequently behind the soft palate (in 8 of
11 subjects). This tendency for the primary site of collapse to
be in the velopharynx is consistent with many previous reports
from studies conducted under a variety of conditions including
anesthesia,” sedation,*® and sleep.’! However, all previous stud-
ies have examined collapsibility under a single posture and/or
with posture unspecified. Thus little is known about the effect
of changes in head posture on the primary site of collapse.

In 6 of 11 subjects the site of collapse did not vary with
changing head posture. However, in 5 subjects the primary
site changed with changing head position. Nothing obvious
separated these 5 subjects from those in whom the site of col-
lapse was unaffected by head posture. The variability of site
of collapse with head posture suggests that, in some individu-
als, measurements during sedation in a single position may not
reflect behavior during sleep, with its potential for a variety of
head positions. These findings raise the intriguing possibility of
manipulating head posture during propofol sedation to uncover
pharyngeal regions vulnerable to collapse for the purpose of
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guiding proposed surgical intervention or suitability for dental
(mandibular repositioning) therapies.
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