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Obstructive sleep apnea (OSA) is a fairly common

disorder with significant adverse health consequen-

ces; however, the pathogenetic mechanisms remain

incompletely understood. Upper airway (UA) patency

is determined by several neuromuscular and non-

neuromuscular factors including the following: (1)

UA-dilating muscle activity, (2) the collapsing trans-

mural pressure generated during inspiration, (3)

changes in caudal traction, (4) vasomotor tone, and

(5) mucosal adhesive forces. This article addresses

the effect of sleep on UA function and how these

factors conspire to cause UA obstruction.

The occurrence of UA obstruction during sleep

and not wakefulness implicates the removal of the

wakefulness stimulus to breathe as a key factor

underlying UA obstruction during sleep. Most of

the data on sleep effect are derived from studies

during nonrapid eye movement (NREM) sleep, given

the difficulty in achieving REM during invasive

studies in the laboratory environment.

Physiology of sleep

The sleep state is classified into two distinct broad

states: NREM sleep and REM sleep.

Nonrapid eye movement sleep

NREM sleep is classified into four stages by

increasing depth from 1 through 4. Stage 1 is light

sleep, slightly beyond drowsiness; stage 4 represents

deep sleep. The electroencephalogram (EEG) shows

decreased frequency and increased amplitude as sleep

progresses from stages 1 through 4.

Rapid eye movement sleep

REM sleep is the stage when most dreaming

occurs. While all antigravity muscles are paralyzed;

there is increased activity of the central nervous

system (CNS), and the EEG is fast with low ampli-

tude waves (resembling an ‘‘awake’’ EEG). Thus,

REM sleep is described as ‘‘paradoxical’’ sleep,

showing an active CNS and paralyzed periphery.

REM sleep occurs in cycles every 90 to 110 minutes.

Its duration is often reduced in the laboratory en-

vironment, especially if complex instrumentation

is used.

Effect of sleep on ventilation

Although sleep is viewed as a quiet resting period,

judging by the ‘‘passive’’ appearance of a sleeping

subject, this is far from true. The sleep state repre-

sents a challenge rather than rest period for the

ventilatory system. The effects of sleep on ventilation

set the stage for the development of sleep apnea and

may provide the mechanistic link in susceptible

individuals. Loss of the wakefulness stimulus to

breathe is the key factor driving changes in breathing

during sleep. Thus, ventilation becomes dependent

on chemoreceptor and mechanoreceptor stimuli.

Consequences of loss of wakefulness include reduced

tidal volume, reduced activity and UA dilators,

reduced UA caliber and loss of load compensation

[1,2] (Fig. 1).
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Reduced tidal volume

Reduced ventilatory motor output during sleep is

associated with reduced tidal volume, reduced alve-

olar ventilation, and elevated PaCO2. Increased arte-

rial PCO2 is also caused by increased UA resistance

and impaired load compensation (see later).

Reduced activity of upper airway dilators

UA-dilating muscle activity is reduced during

NREM sleep, especially in muscles with tonic activ-

ity (independent of the phase of respiration), such

as the tensor palatinii muscle, which is reduced at

sleep onset [3].

Reduced upper airway caliber

UA caliber is reduced during sleep, likely because

of decreased UA-dilating muscle activity [4,5]. The

mechanical corollary of reduced caliber is increased

UA resistance [6,7]. If UA caliber is reduced suffi-

ciently, inspiratory flow limitation develops, mani-

festing by a plateau in flow despite continued

development of negative pressure [8]. Fig. 2 illus-

trates increased UA resistance and flow limitation

during sleep in a normal subject.

Loss of load compensation

The ability of the ventilatory control system to

compensate for changes in resistance is essential for

the preservation of alveolar ventilation. Breathing

through a resistor during wakefulness (load) leads

to increased ventilatory effort to maintain ventilation

and PaCO2. In contrast, loads are not perceived

during sleep and immediate compensation to added

loads is compromised. Therefore, resistive loading

results in decreased tidal volume and minute ventila-

tion, and thus alveolar hypoventilation. The ensuing

elevation of arterial PaCO2 restores ventilation

toward normal levels [9,10]. Teleologically, failure

to perceive and immediately respond to loads allows

for sleep to continue unperturbed. The main con-

sequence of undisturbed sleep is a mild increase in

PaCO2. In fact, elevated PaCO2 during sleep is

common and is one of few physiologic situations

where hypercapnia is tolerated.

Snoring, a marker of pharyngeal narrowing

Increased UA resistance during sleep is physio-

logic; however, a substantial increase in resistance

may cause ‘‘fluttering’’ of the soft palate because

of turbulent flow. This fluttering is responsible for

the acoustic phenomenon known as snoring. In

addition, individuals who snore demonstrate in-

creased pharyngeal wall compliance during sleep,

resulting in inspiratory flow limitation when flow

plateaus during inspiration, despite continuous gen-

eration of subatmospheric intraluminal pressure(see

Fig. 2). If increased resistance and inspiratory flow

limitation are severe, increased work of breathing

and hypoventilation can lead to frequent arousals

from sleep and ensuing excessive daytime sleepi-

ness. Fig. 3 depicts decreased tidal volume, reduced

flow with flattening of the flow profile, and

increased PCO2 during sleep relative to wakeful-

ness. This has been recently described as a distinct

clinical entity called the upper airway resistance

syndrome [11].

Fig. 1. Effects of sleep on ventilation and upper airway mechanics during sleep. VT, tidal volume; VA, alveolar ventilation;

PaCO2, arterial CO2 partial pressure.
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Chemoresponsiveness and the hypocapnic

apneic threshold

The loss of the wakefulness stimulus to breathe

renders ventilation during NREM sleep critically

dependent on chemoreceptor stimuli (PaO2 and

PaCO2). Reduced PaCO2 is a powerful inhibitory

factor of ventilation. Therefore, central apnea devel-

ops when PaCO2 is reduced below a highly repro-

ducible hypocapnic apneic threshold, unmasked by

NREM sleep [12] (Fig. 4). Hypocapnia is probably

the most important inhibitory factor during NREM

sleep. Many cases of central sleep apnea are due to

breathing instability leading to hypocapnia.

REM sleep: a special case

Most of the studies on sleep effect were in

NREM sleep because REM is difficult to achieve

under instrumented conditions.REM sleep is associ-

ated with muscle atonia affecting many UA dilators

and intercostals; the diaphragm is spared.Despite

the muscle atonia, pharyngeal compliance is not

increased during REM sleep [4,5]. In fact, the retro-

palatal airway is less compliant during REM sleep

relative to NREM [4]. This finding indicates the

significance of non-neuromuscular factors in main-

taining UA patency during sleep.

REM sleep is a special case because peripheral

atonia is accompanied by augmented inspiratory

medullary neuronal activity, and the REM sleep EEG

shares many features of the awake EEG. Whether

hypocapnia inhibits ventilation during REM sleep

has not been proved.

Determinants of upper airway patency

during sleep

Upper airway size and shape

There is evidence that the pharyngeal airway is

smaller during wakefulness in patients with OSA

Fig. 2. Pressure-flow loops during wakefulness and sleep. Note that flow is less during sleep for a given pressure. Also, note the

development of inspiratory flow limitation during sleep evidenced by a plateau in flow despite decreased (more negative)

subatmospheric pressure. The arrow indicates the onset of flow limitation.
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Fig. 3. A polygraph segment depicting changes in breathing from wakefulness to nonrapid eye movement sleep. Note the augmentation of supraglottic negative pressure (Psg), decreased

tidal volume (volume), and increased PET CO2, partial pressure of end-tidal CO2. EEG, electroencephalogram.
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Fig. 4. Induced hypocapnic central apnea. Nasal mechanical ventilation (mech. vent.) was used to decrease PET CO2 below apneic threshold. Termination of mechanical ventilation resulted

in a prolonged central apnea. EOG, electro-oculogram; EEG, electroencephalogram; PSG, supraglottic negative pressure; PETCO2, partial pressure of end-tidal CO2; Pmask pressure in the

nasal mask.
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compared with that of normal individuals [13,14]. In

addition, the pharyngeal airway in patients with sleep

apnea has an anterior/posterior configuration unlike

the horizontal configuration in normal individuals

[13]. The implications of the observed lateral narrow-

ing to the pathogenesis of UA obstruction during sleep

are yet to be determined.

Transmural pressure

A collapsing transmural pressure can be gener-

ated either by a negative intraluminal pressure or a

collapsing surrounding pressure. The role of nega-

tive intraluminal pressure in the pathogenesis of UA

obstruction is widely presumed [15]. Accordingly, a

subatmospheric intraluminal pressure generated by

the thoracic pump muscles causes UA obstruction

by ‘‘sucking’’ the hypotonic UA. There are no data

showing that subatmospheric intraluminal pressure

causes UA obstruction in sleeping humans. In addi-

tion, Badr et al [16] have demonstrated that pharyn-

geal obstruction does not require negative pressure.

Using fiberoptic nasopharyngoscopy, they have

shown complete UA collapse during central apnea

in patients with sleep apnea [16]. The occurrence of

complete UA obstruction in the absence of negative

intraluminal pressure supports the hypothesis that

the UA collapsed by extrinsic pressure. Similarly,

Isono et al [17] compared the mechanics of the

pharynx in anesthetized, paralyzed normal subjects

and patients with obstructive steep apnea. The

pharynx was patent at atmospheric intraluminal

pressure in normal subjects and required negative

intraluminal pressure for closure. In contrast, pa-

tients with obstructive sleep apnea had positive

closing pressure (ie, the pharynx was closed at

atmospheric intraluminal pressure). Thus, the sur-

rounding extraluminal pressure is an important con-

tributor to the collapsing transmural pressure during

sleep [18,19].

Pharyngeal compliance

The compliance of the pharyngeal wall is an

important modulator of the effect of collapsing trans-

mural pressure; a stiff tube is more likely than a

compliant tube to remain open, even in the face of a

collapsing transmural pressure. The intrinsic stiffness

of the pharyngeal wall is caused by neuromuscular

and non-neuromuscular factors; however, studies on

the effect of UA muscle activity on pharyngeal

compliance are inconclusive. For example, patients

with OSA demonstrate increased pharyngeal com-

pliance and increased activity of the genioglossus

muscle during wakefulness [20] and sleep [21],

perhaps to compensate for anatomically reduced

caliber. Other studies have shown a dissociation

between compliance and reported muscle activity.

Rowley et a1 [4,5] showed using nasopharyngoscopy

that pharyngeal compliance at the retroglossal level is

not increased during REM sleep, relative to NREM

sleep (ie, stiffness is unaltered) despite the known

inhibitory effects of phasic UA dilators. This finding

clearly shows that non-neuromuscular factors play a

major role in pharyngeal compliance.

Thoracic caudal traction

The UA is connected to the thoracic cage and

the mediastinum by several structures. Increased

lung volume during inspiration is associated with

increased UA caliber in awake individuals, likely

because of thoracic inspiratory activity providing

caudal traction on the UA, independent of UA-

dilating muscle activity [22]. Caudal traction may

transmit subatmospheric pressure through the tra-

chea and ventrolateral cervical structures to the soft

tissues surrounding the UA, increasing transmural

pressure, and hence dilating the pharyngeal airway.

This mechanism has been shown in sleeping sub-

jects who experienced reduced UA resistance and

increased retropalatal airway size when end-expira-

tory lung volume was increased by passive infla-

tion [23]. Caudal traction may either dilate or

stiffen the pharyngeal airway. It is likely that pa-

tients with OSA are more dependent on the effects

of increased lung volume because dilatation and/or

stiffening may be more prominent in a highly

compliant UA.

Vascular and muscular factors

Vasoconstriction and vasodilatation cause a

decrease and increase in UA resistance, respectively

[24]. The effect of changes in vascular blood volume

in the neck on UA patency in sleeping individuals

remains unknown.

Once UA closure occurs, surface mucosal forces—

stickiness—may impede subsequent UA opening

and promote further narrowing/occlusion. Mucosal-

lining forces may be particularly important in

patients with OSA caused by mucosal inflammation

from repeated trauma [25]. Data on sleep are lim-

ited. A recent study showed that pharyngeal

mucosal surface tension is associated with decreased

apnea/hypopnea index in sleeping persons [26]. The
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relative contribution of reducing mucosal surface

tension to the treatment of sleep apnea has not

been determined.

Upper airway obstruction: putting the

pieces together

Although many of the determinants of UA

patency are known, the pathogenesis of pharyngeal

obstruction remains elusive; however, common fea-

tures can be assembled in plausible proposed mech-

anisms. The underlying defect is a small pharynx

susceptible to collapse. Morrell et al [27] proposed

that central breathing instability leading to reduced

ventilatory motor output to UA dilators is the critical

trigger setting in motion a cascade of events leading

to pharyngeal obstruction during sleep. In fact, UA

obstruction often occurs during experimentally

induced periodic breathing at the nadir of ventilatory

motor output [28]. A central breathing instability was

found when periodic breathing persisted after trache-

ostomy in patients with OSA [29]. Accordingly,

central ventilatory control instability may be a key

mechanism of UA obstruction.

The reduction in ventilatory drive leads to reduced

pharyngeal stiffness via reduction of neural output to

UA-dilating muscles. The ensuing pharyngeal nar-

rowing occurs because of the collapsing transmural

pressure, which is caused by collapsing intraluminal

and extraluminal forces.

The narrowing of the pharyngeal airway leads to

increased velocity of flow and subsequently to a

further reduction in intraluminal pressure (the Ber-

noulli principle) and further pharyngeal narrowing.

Eventually, complete pharyngeal obstruction occurs.

Mucosal adhesive forces and gravity lead to pro-

longed apnea, asphyxia, and arousal from sleep.

The ensuing ventilatory overshooy leads to hyper-

pnea, hypocapnia, and subsequent reduction of ven-

tilatory motor output when sleep is resumed.This

sequence does not explain how the cycle is initiated.

In patients with severe sleep apnea, removal of the

wakefulness stimulus to breathe may produce a

sufficient reduction of ventilatory motor output to

cause UA obstruction. Sleep-state instability at sleep

onset may be the trigger in others.

In conclusion, UA occlusion is a result of an

interaction between multiple anatomic and physio-

logic abnormalities, the common features of which

are the development of a collapsing transmural pres-

sure and a small, compliant pharynx. Although sub-

atmospheric intraluminal pressure contributes to the

generation of a collapsing transmural pressure, it is

unlikely to be the sole mechanism of UA obstruction

during sleep.
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