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Rationale: Ventilatory motor output is an important determinant of
upper airway patency during sleep.
Objectives: We hypothesized that central hypocapnic hypopnea
would lead to increased expiratory upper airway resistance and
pharyngeal narrowing during non-REM sleep.
Methods: Noninvasive positive pressure ventilation was used to
induce hypocapnic hypopnea in 20 healthy subjects. Expiratory
pressure was set at the lowest pressure (2 cm H2O), and inspiratory
pressure was increased gradually during each 3-minute noninvasive
positivepressureventilationtrialby incrementsof2cmH2O.Analysis
1 (n 5 9) included measured retropalatal cross-sectional area (CSA)
using nasopharyngoscope to compare CSA at five points of the
respiratory cycle between control (eupneic) and hypopneic breaths.
The pharyngeal pressure (Pph) was measured using a catheter
positioned at the palatal rim. Analysis 2 (n 5 11) included measured
supraglottic pressure and airflow to compare inspiratory and expi-
ratory upper airway resistance (RUA) at peak flow between eupneic
and hypopneic breaths.
Measurements and Main Results: Expiratory CSA during hypopneic
breaths was decreased relative to eupnea (CSA at beginning of
expiration [BI]: 101.5 6 6.3 vs. 121.6 6 8.9%; P , 0.05); Pph-BI was
lower than that generated during eupnea (1.5 6 0.3 vs. 3.3 6 0.9 cm
H2O; P , 0.05). Body mass index was an independent predictor of
retropalatal narrowing during hypopnea. Hypopnea-RUA increased
during expiration relative to eupnea (14.0 6 5.7 vs. 10.6 6 2.5 cm
H2O/L/s; P 5 0.01), with no change in inspiratory resistance.
Conclusions: Expiratory pharyngeal narrowing occurs during central
hypocapnic hypopnea. Reduced ventilatory drive leads to increased
expiratory, but not inspiratory, upper airway resistance. Central
hypopneas are obstructive events because they cause pharyngeal
narrowing.

Keywords: ventilatory motor output; expiratory; upper airway resistance

The pathogenesis of upper airway obstruction during sleep may
involve an interaction between unstable ventilatory control
mechanisms and unfavorable pharyngeal anatomy (1–5, 6).
Ventilatory motor output is an important determinant of upper
airway patency, especially in individuals with high susceptibility
to pharyngeal collapse during sleep, such as patients with sleep
apnea and individuals who snore (7, 8, 11). Increased ventila-
tory motor output decreases upper airway resistance (9, 10),
whereas reduced ventilatory motor output leads to increased
upper airway resistance (8). When ventilatory drive oscillates,
as in periodic breathing, changes in ventilatory motor output
are associated with reciprocal changes in upper airway re-
sistance (7, 8, 11), including upper airway obstruction occurring
when ventilatory drive reaches a nadir and during central apnea

in susceptible individuals (6, 12). Nevertheless, the mechanism
of pharyngeal narrowing or obstruction during periods of low
ventilatory drive, when subatmospheric, intraluminal pressure is
feeble, remains unclear.

Pharyngeal occlusion during obstructive apnea is often de-
scribed as an inspiratory phenomenon, caused by negative (sub-
atmospheric) collapsing pressure. However, several lines of
evidence indicate that expiratory narrowing may be a significant
contributor to pharyngeal obstruction during sleep. These in-
clude: (1) increased expiratory resistance before an obstructive
apnea (10, 30); (2) the occurrence of pharyngeal occlusion during
central apnea (13); (3) expiratory airflow ceasing or becoming
limited whenever the upstream pressure is below or closer to the
critical closing pressure (Pcrit), respectively (14); and (4) the
progressive expiratory narrowing that occurs before an obstruc-
tive apnea (23). Therefore, we hypothesized that reduced ventila-
tory motor output during non-REM (NREM) sleep would result in
expiratory pharyngeal narrowing. We measured upper airway
resistance and pharyngeal cross-sectional area during induced
central hypocapnic hypopnea in normal healthy subjects who were
free of flow limitation and obstructive sleep apnea (OSA). Results
of this study have been reported in the form of abstracts (15, 16).

METHODS

The Human Investigation Committee of the Wayne State University
School of Medicine and the Dingell Veterans Affairs Medical Center
approved the experimental protocol. Informed written consent was
obtained. Subjects were screened for sleep-disordered breathing by
a baseline polysomnography. Female subjects were not pregnant or on
birth control pills.

The subjects were connected to the circuit with a silicone rubber
mask strapped to the face to prevent leaks. The mask was connected to
a heated pneumotachometer that was used to measure ventilation and
timing. End-tidal PCO2 was measured at the nasal orifice using a tube
connected to a mass spectrometry. Sleep staging and arousals were
measured and scored using standard definitions (17, 18). Subjects
included in this analysis were in stable stage-2 or stage-3 sleep with
no evidence of an arousal during the hypocapnic exposure.

In nine subjects, pharyngeal pressure (Pph) was measured at the
palatal rim. A fiberoptic bronchoscope was used to visualize the
pharyngeal airway during NREM sleep. In the following 11 subjects,
upper airway pressure was measured at the supraglottic level (Psg).

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Pharyngeal narrowing/obstruction during sleep is often
described as an inspiratory phenomenon resulting from
obstructive hypopnea/apnea. It is unknown, however,
whether central hypopnea can lead to airway narrowing.

What This Study Adds to the Field

Central hypopnea results in pharyngeal narrowing during the
expiratory phase, indicating a possible role in the patho-
genesis of upper airway obstruction during sleep.
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Subjects were included if they had no sleep apnea or inspiratory flow
limitation (IFL) (.25% at baseline breaths).

Induction of Hypocapnic Hypopnea

We induced hypocapnic hypopnea during NREM sleep as previously
described (19). Noninvasive positive pressure ventilation was applied
for 3 minutes and then terminated abruptly, with the expiratory
pressure set at its lowest pressure (2 cm H2O) throughout the study.
The inspiratory positive airway pressure (IPAP) was increased gradu-
ally in 1- to 2-cm H2O increments at the beginning of each mechanical
hyperventilation trial and was reduced to 2 cm H2O at the end of each
3 minutes of noninvasive positive pressure ventilation. The hyperven-
tilation trials were repeated at higher IPAP (1–2 cm H2O) until central
hypopnea was obtained. Hypocapnic hypopnea was defined as a re-
duction in flow of at least 30% from control without inspiratory effort
(see Figure E1 in the online supplement).

Study Design and Data Analysis

Analysis 1. We measured cross-sectional area (CSA), Pph, and flow si-
multaneously in five different stages of respiratory cycle: (1) beginning
inspiration (BI), after which flow crossed from negative to positive; (2)
peak inspiration (PI); (3) end inspiration/beginning expiration (EI/BE);
(4) peak expiration (PE); and (5) end expiration (EE), before which
flow crossed from negative to positive. In each hypopnea trial, we
compared the three breaths of hypocapnic hypopnea with the three
control breaths preceding mechanical ventilation (MV) (Figure 1). The
absolute value of retropalatal CSA was obtained from five different
phases of the respiratory cycle by manually outlining the retropalatal
lumen using computer software. The magnitude of change in airway
size between control and hypopnea at BE was defined as DCSA-BE.

To assess the dynamic changes in pharyngeal compliance within the
respiratory cycle, the CSA–Pph relationship was calculated as DCSA/
DPph for three phases: (1) from beginning of inspiration to nadir CSA
(BI–nadir) at peak inspiration, (2) from nadir to maximal CSA
(CSAnadir–CSAmax) at peak expiration, and (3) from maximal CSA
to end expiration (as depicted in Figure 2, horizontal arrows).

Analysis 2. RUA was measured on a breath-by-breath basis as
a numeric representation of the maximal linear part of the pressure-flow
loop during inspiratory and expiratory phases (Figure E1). Specifically,
RUA was calculated as flow/Psg at the maximal flow. We compared five
eupneic control breaths preceding MV with the first three hypopneic
breaths after termination of MV for 3 minutes. Each breath was analyzed
for IFL, Psg, and flow. IFL was defined as the dissociation in the pressure–
flow linear relationship. To measure the changes of lung volumes at end
expiration between the control and hypopnea breaths, we measured the
end expiratory supraglottic pressure (EEP) at 0 flow for three consec-
utive control and hypopnea breaths.

Statistical analysis. For analysis 1, a two-way repeated-measures
ANOVA was used to compare each dependent variable (CSA, Pph, and

flow). The two factors were (1) control versus hypocapnic hypopnea
and (2) respiratory cycle phases from beginning of inspiration to end
expiration (five phases). A paired t test was used to compare the mean
values of DCSA/DPph between eupnea and hypopnea. A Pearson’s
correlation was used to determine the association between the retro-
palatal airway CSA at peak inspiration and expiration during eupnea
and hypopnea with physiologic and demographic markers. A forward
stepwise regression analysis was used to ascertain potential determi-
nants of retropalatal airway expiratory narrowing during hypocapnic
hypopnea using physiologic and demographic markers. For Analysis 2,
a paired, two-tailed t test was used to compare each dependent variable
between eupnea and hypopnea breaths.

RESULTS

We studied 20 healthy subjects who were free of sleep apnea as
confirmed by polysomnography. A total of 68 trials were
analyzed from all 20 subjects (average, 3.4 trials per subject).
Detailed demographic characteristics are shown in Table 1.
Mechanical hyperventilation caused moderate hypocapnia after
3 minutes of MV (DPETCO2

5 22.2 6 0.4 mm Hg). For all 20
subjects, termination of MV resulted in hypocapnic hypopnea
manifested by decreased inspiratory minute ventilation (VI),
tidal volume (VT), expiratory time (TE), and mean inspiratory
flow (VT/TI) (P , 0.05). The inspiratory time/total breath
duration (TI/TTOT) and inspiratory time (TI) increased during
post-MV hypopnea relative to control (P , 0.05), whereas no
change occurred in breathing frequency (Table 2).

Retropalatal CSA

Figure 2 depicts the changes in the retropalatal CSA between
eupnea and hypopnea during one respiratory cycle in a represen-
tative subject. During hypocapnic hypopnea, the retropalatal
CSA was reduced remarkably, especially at expiratory phase, in
addition to the dampening in the pharyngeal wall motion
throughout the respiratory cycle (supplemental video recording
of the retropalatal airway during control and hypopnea condi-
tions). At the beginning of expiration, the simultaneous Pph was 3
cm H2O less than control. Therefore, the decrease in upper
airway size was concordant with the decrease of the intraluminal
pressure measured at the palatal rim.

Figure 3 illustrates the group differences for CSA, Pph, and
flow between eupnea and hypopnea. During hypocapnic hypo-
pnea, the retropalatal CSA was reduced relative to eupnea
breaths throughout the respiratory cycle (P 5 0.004); specifi-
cally, there was a significant reduction in CSA at BE, PE, and

Figure 1. Polygraph record of a trial

from analysis 1 that illustrates breaths
before and during noninvasive positive

pressure ventilation (NPPV) followed by

central hypopnea. Three breaths preced-

ing NPPV (control, arrows) were com-
pared with the breaths after termination

of NPPV (hypocapnic hypopnea, arrows).

PETCO2
5 end tidal CO2; Pph 5 pharyngeal

pressure; PM 5 mask pressure; SaO2 5

arterial oxygen saturation.
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EE (222, 226, and 218% of control, respectively; P , 0.005).
There was an interaction between the two factors, indicating
that pharyngeal narrowing during hypopnea depended on the
respiratory cycle phase (P 5 0.002). There was a significant
within-breath change in the retropalatal CSA during the eupnea
breaths (P , 0.001) but not during hypopnea (P 5 not
significant) (Figure 3A). CSA at peak expiratory flow was
decreased significantly during hypopnea compared with eupnea.
Nadir eupnea CSA occurred at peak inspiratory flow and
maximum inspiratory effort; there was no change in nadir
inspiratory CSA between eupnea and hypopnea (P 5 0.28)
(Figure 3E). Thus, hypocapnic hypopnea was associated with
decreased retropalatal CSA and dampening of the dynamic
variation of CSA within a breath.

The occurrence of within-breath changes in CSA was
accompanied by changes in Pph. Termination of inspiratory
effort and initiation of expiration was associated with increased
retropalatal pressure in the control period but not during
hypopnea (3.4 6 0.8 vs. 1.6 6 0.4 cm H2O, respectively; P ,

0.05) (Figure 3B). Peak expiratory Pph decreased significantly
during hypopnea relative to control (1.2 6 0.3 vs. 2.2 6 0.6 cm
H2O; respectively; P , 0.05) (Figure 3D).

To ascertain the potential determinants of the expiratory
pharyngeal narrowing, we used a forward stepwise regression
analysis (n 5 9). This analysis revealed that the dependent
variable, DCSA-BE (between control and hypopnea), can be
predicted from the rapid increase in expiratory pressure DPph

Figure 2. Fiberoptic images of the retropalatal airway

from representative subject for one respiratory cycle. The

cross-sectional area (CSA) and pharyngeal pressure (Pph)
were measured simultaneously for control (closed circle

and solid line) and central hypopnea after mechanical

hyperventilation (open circles and dashed line). Note the

smaller area and pressure in hypopnea compared with
control. Horizontal arrows refer to the three dynamic

phases of each analyzed breath. BE 5 beginning of

expiration; BI 5 beginning of inspiration; EE 5 end
expiration; EI 5 end inspiration; PE 5 peak expiration; PI 5

peak inspiration.

TABLE 1. SUBJECT CHARACTERISTICS

Protocol 1 Protocol 2

n 11 9

Age, yr 36.4 6 3.1 29.5 6 2.2

BMI, kg/m2 25.6 6 1.5 26 6 1.6

Gender (F/M) 3/8 4/5

NC, cm 41.4 6 1.4 36.9 6 0.8

Baseline PETCO2
, mm Hg 44.3 6 1.3 40.8 6 2.5

Hypopnea PETCO2
, mm Hg 42.1 6 0.9 38.4 6 1.9

All data are mean 6 SE.

Definition of abbreviations: BMI 5 body mass index; NC 5 neck circumference;

PETCO2
, end tidal CO2.

TABLE 2. HYPOCAPNIC HYPOPNEA: VENTILATORY
PARAMETERS (n 5 20)

Parameter Control Hypopnea

VI, L/min* 7.7 6 0.4 4.5 6 0.3

VT, L* 0.47 6 0.03 0.28 6 0.02

FB, breath/min 16.5 6 0.5 16.5 6 0.6

TI, s* 1.81 6 0.07 2.01 6 0.13

TE, s* 1.85 6 0.07 1.61 6 0.07

TI/TTOT* 0.49 6 0.01 0.55 6 0.02

VT/TI, L/s* 0.26 6 0.02 0.14 6 0.01

Definition of abbreviations: FB 5 breathing frequency; TE 5 expiratory time; TI 5

inspiratory time; TI/TTOT 5 inspiratory time/total breath duration; VI 5 inspiratory

minute ventilation; VT 5 tidal volume; VT/TI 5 mean inspiratory flow.

* P , 0.05 for control vs. hypopnea (mean 6 SE).
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(PI-BE) (r2 5 0.56; P 5 0.02). Furthermore, DPph (PI-BE) can
be predicted from the increased body mass index (BMI) (r2 5

0.74; P 5 0.005). The predictive power for DPph PI-PE and
DCSABE was 99 and 63%, respectively. Neck circumference
(NC) did not correlate with the occurrence of retropalatal
narrowing during hypopnea (P 5 0.4) (Table E2). Finally,
eupneic CSA at PE positively correlated with BMI and the
corresponding Pph (PE) (P 5 0.02 and 0.03, respectively).
Eupneic CSA at PI did not correlate with age, BMI, NC, IFL,
or the corresponding Pph. Hypopneic CSA at PI and PE
negatively correlated with the percentage of IFL breaths during
eupnea (P 5 0.005 and 0.02, respectively). The CSA during
hypopnea did not correlate with age, BMI, or NC (Table E3).

Relationship of Retropalatal Cross-sectional Area versus Pph

The relationship between retropalatal CSA and Pph during
eupneic breathing is dynamic, reflecting within-breath changes
in pharyngeal compliance. Retropalatal airway compliance in-
creased during hypopnea after cessation of inspiratory effort until
peak expiration was reached (11.9 6 1.9 vs. 34.5 6 13.4 mm2/cm
H2O; P , 0.05) (Figure 4). There was no change in inspiratory
CSA–Pph relationship between control and hypopnea.

Upper Airway Mechanics

The effect of induced hypocapnic hypopnea on inspiratory and
expiratory RUA during control and hypocapnic hypopnea
periods is shown in Figure 5. There was no change in inspiratory
RUA between eupnea and hypopnea (P 5 0.4). In contrast, ex-
piratory RUA increased between eupnea and hypopnea (10.6 6

2.5 vs. 14.0 6 5.7 cm H2O/L/s; P 5 0.01).

Changes in the End-Expiratory Pressure during

Central Hypopnea

Individual and group mean EEP measured at 0 flow for eupnea
and three consecutive hypopnea breaths are shown in Figure 6.
There was a significant reduction in EEP between eupnea and
first hypopnea breath (H1) after the termination of MV in 10
out of 11 subjects (0.16 6 0.06 cm H2O to 20.23 6 0.16 cm
H2O, respectively; P 5 0.05). The reduction in EEP between
eupnea and the successive hypopnea breaths was not significant
(C vs. H2, P 5 0.88; C vs. H3, P 5 0.73).

DISCUSSION

Our study demonstrated several novel and significant findings
regarding the effects of reduced ventilatory motor output on
pharyngeal mechanics during NREM sleep. (1) Retropalatal
CSA changed in a dynamic fashion during eupnea; inspiratory
narrowing was followed by abrupt widening upon termination
of inspiratory effort. (2) Induction of hypocapnic hypopnea
resulted in decreased Pph, decreased retropalatal expiratory
CSA, and dampening of the eupneic within-breath CSA
changes. (3) Induced hypocapnic hypopnea results in increased
expiratory upper airway resistance. (4) End-expiratory lung
volume decreased during induced hypocapnic hypopnea rela-
tive to eupnea.

Methodologic Considerations

Our laboratory has used and validated fiberoptic endoscopy in
multiple studies (13, 20–23) to assess dynamic changes during
spontaneous sleep (4, 21). Nevertheless, several considerations

Figure 3. (A) Retropalatal

cross-sectional area (CSA) dur-
ing control and hypocapnic

hypopnea. Note the signifi-

cant CSA change throughout

the respiratory cycle within the
control breaths in comparison

to the hypopnea breaths. Con-

trol (closed circles) and hypo-

capnic hypopnea (open
circles). There was a statistically

significant interaction between

respiratory phase and breath
type (control vs. hypopnea)

(1P 5 0.002). (B) Pharyngeal

pressure (Pph) during control

(closed circles) and hypocapnic
hypopnea (open circles). Note

the difference in Pph within

control breaths (#P , 0.001).

(C ) Flow during control (closed
circles) and hypocapnic hypo-

pnea (open circles). BE 5 be-

ginning expiration; BI 5

beginning inspiration; EE 5

end expiration; EI 5 end in-

spiration; PE 5 peak expira-

tion; PI 5 peak inspiration.
(D) Pph at peak inspiratory

and expiratory flow during

control (black bars) and hypo-

pnea (gray bars). Pph at peak
expiratory flow decreased sig-

nificantly during hypopnea. (E) CSA at peak inspiratory and expiratory flow during control and hypopnea. CSA at peak inspiratory flow did not
change between control and hypopnea. CSA at peak expiratory flow decreased significantly during hypopnea. CSA reached nadir at peak

inspiration. All data are mean 6 SE.
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may influence the interpretation of the findings, including the
inability to obtain multiple levels within the upper airway,
movement of the fiberoptic scope, and the use of a constant
reference landmark for calibration of the measurement. To
mitigate these limitations, we determined and fixed the loca-
tions of the scope and the catheter to the nasal mask after
locating the retropalatal space. Moreover, patients slept in the
supine position with a fixed neck position. We chose the
retropalatal airway for imaging because it represents the site
of maximal narrowing in many patients with sleep apnea (13,
22). Finally, the specifics of our experimental paradigm, post-
MV hypopnea in normal subjects, preclude inferences to
patients with sleep apnea who develop hypopnea after sponta-
neous hyperpnea.

Effect of Reduced Ventilatory Motor Output on Upper

Airway Mechanics

Mechanisms of upper airway compromise during hypocapnic
hypopnea. The occurrence of expiratory retropalatal airway
narrowing during hypocapnic hypopnea without a significant
increase in inspiratory resistance is consistent with some (12)
but not all (8) studies. This discrepancy may be explained by
methodologic differences because some studies measured RUA

at the nadir inspiratory pressure, whereas we obtained re-
sistance measurement on the linear segment of the pressure–
flow relationship.

Our study corroborates the work of Morrell and colleagues
who demonstrated, using a similar fiberoptic endoscopy imaging
technique, that CSA increases abruptly upon termination of
inspiratory effort and the transition from inspiration to expira-
tion (23). Elevated BMI was the strongest independent de-
terminant of expiratory widening in both studies. Our study
extends the aforementioned observations by demonstrating
a coupling between increased luminal Pph and increased CSA,
raising the possibility of a causal relationship.

The major finding in our study was that hypocapnic hypo-
pnea in sleeping humans compromised expiratory pharyngeal
patency as evidenced by retropalatal pharyngeal narrowing,
increased expiratory RUA, and the marked dampening of
within-breath-changes in CSA during hypopnea. We considered
several possible mechanisms of pharyngeal narrowing during
hypocapnic hypopnea, including decreased upper airway di-
lating muscle activity, reduced lung volumes, and diminished
intraluminal airway pressure. Decreased upper airway dilating
muscle activity alone is an unlikely cause given the lack of
inspiratory change during hypopnea. Decreased tonic muscle
activity, such as with the tensor palatini, might increase retro-
palatal compliance and contribute to pharyngeal narrowing
during early expiration (24). Changes in lung volume may also
contribute to pharyngeal patency (25, 27). Increased lung
volume or thoracic inspiratory activity enhances upper airway
patency by decreasing pharyngeal compliance via caudal trac-
tion or pharyngeal dilatation via radial traction (26). The latter
is due to transmitted subatmospheric thoracic pressure to the
surrounding tissue and decreasing transmural pressure (27).
Decreased end-expiratory supraglottic pressures during the first
hypopneic breath support the role of decreased lung volume as
an intermediate mechanism linking decreased ventilatory motor
output to upper airway patency.

Figure 4. Relationship of cross-sectional area (CSA) to pharyngeal
pressure (Pph) during the control (black bars) and hypocapnic hypo-

pnea (white bars) in three dynamic phases from one respiratory cycle

for three different phases: (1) beginning of inspiration to nadir CSA (BI-
nadir) at peak inspiration, (2) from nadir to maximal CSA (CSAnadir–

CSAmax) at peak expiration, and (3) from maximal CSA to end

expiration (as depicted previously by the horizontal arrows in Figure

2). DCSA/DPph were calculated as the CSA and the corresponding Pph

change between the beginning and the end of each phase transition.

Figure 5. Inspiratory and expiratory upper airway resistance (RUA)

measured during the control (black bars) and hypocapnic hypopnea
(gray bars). Expiratory RUA increased significantly during hypopnea.

Figure 6. Individual (open circles) and group (closed circles) mean end-

expiratory supraglottic pressure (EEP) for control (C) and first hypopnea

breath (H1).
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To ascertain the mechanisms of pharyngeal narrowing
during hypocapnic hypopnea, it is useful to consider the
hypotonic pharynx during hypopnea as a Starling Resistor with
a collapsible segment governed by the principles of flow through
collapsible tubes (Figure 7). Accordingly, if the upstream
pressure is below Pcrit, the collapsible segment is closed, and
no flow occurs. Flow commences when upstream pressure
exceeds Pcrit and is determined by the gradient between the
upstream segment and Pcrit. The critical closing pressure
reflects the surrounding tissue pressure (extraluminal pressure),
being negative in normal subjects and positive in patients with
OSA.

The aforementioned principles operate during both phases
of respiration (14) because Pcrit and upstream pressure may
change dynamically throughout the respiratory cycle (31). Up-
stream pressure is the mask pressure during inspiration and the
supraglottic pressure during expiration. Thus, the effects of
decreased ventilatory motor output on upper airway patency
may differ by the phase of respiration. Decreased ventilatory
motor output diminishes the magnitude of negative supraglottic
airway pressure, hence increasing downstream pressure with no
adverse effects on inspiratory upper airway patency. In contrast,
supraglottic pressure is the upstream pressure during expiration
and is a major determinant of expiratory flow. Consequently,
expiratory pharyngeal obstruction would occur if the supra-
glottic pressure falls below Pcrit. This may explain the occur-
rence of pharyngeal occlusion during central apnea or periods
of very low drive (13). Under conditions of low ventilatory
drive, expiratory flow occurs if supraglottic pressure exceeds
Pcrit. However, expiratory flow remains limited, correlating
with the gradient between the supraglottic pressure and Pcrit.
Therefore, we interpret the expiratory narrowing as a result of
decreased supraglottic upstream driving pressure under hypo-
tonic conditions.

Implications to the Pathogenesis of Obstructive Hypopnea

The occurrence of pharyngeal narrowing during induced cen-
tral hypopnea has significant implications regarding the path-
ogenesis of upper airway obstruction during sleep. First, the
occurrence of expiratory pharyngeal narrowing during induced
hypocapnic hypopnea provides a mechanistic explanation of
the adverse effects of reduced ventilatory drive on upper
airway patency. Accordingly, reduced ventilatory motor output
promotes upper airway narrowing by ‘‘pump’’ muscle activity
and upper airway dilators. Conceptually, reduced upper airway
muscle activity may increase pharyngeal compliance, whereas
reduced ‘‘pump’’ muscle activity diminishes the magnitude of
expiratory upstream pressure leading to expiratory narrowing,
which has been found to be an important precursor of
pharyngeal occlusion in patients with OSA (23). Second, the
association between BMI and the magnitude of pharyngeal
narrowing explains the lung-volume dependence of upper
airway caliber in obese individuals (28, 29). Obesity exerts
several deleterious effects on upper airway patency through
anatomic narrowing, increased fat deposits, or reduced lung
volume (29). Thus, in obese individuals, nonneuromuscular
properties may play an important role in the upper airway
patency during sleep, particularly when the neuromuscular
activity is reduced. Decreased lung volumes may increase
pharyngeal compliance, thereby increasing the pharyngeal
airway susceptibility to the collapsing effects of extraluminal
pressure generated by cervical soft tissue or adiposity. Finally,
our findings suggest that central hypopnea is potentially an
obstructive hypopnea in light of the pharyngeal narrowing and
increased expiratory resistance. The morphologic distinction
may be of little benefit in terms of pathogenesis, upper airway
mechanics, or treatment.

In summary, we have shown the occurrence of expiratory
pharyngeal narrowing during induced central hypopnea at a lower
generated intraluminal pressure leading to decreased transmural
pressure. The pharyngeal narrowing during expiratory phase
correlated with BMI, indicating that the nonneuromuscular
factors are important determinants of the upper airway patency
during sleep.
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