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ABSTRACT:  The pathophysiology of obstructive sleep apnoea (OSA) is complex
and incompletely understood. A narrowed upper airway is very common among
OSA patients, and is usually in adults due to nonspecific factors such as fat depo-
sition in the neck, or abnormal bony morphology of the upper airway.

Functional impairment of the upper airway dilating muscles is particularly impor-
tant in the development of OSA, and patients have a reduction both in tonic and
phasic contraction of these muscles during sleep when compared to normals.  A
variety of defective respiratory control mechanisms are found in OSA, including
impaired chemical drive, defective inspiratory load responses, and abnormal upper
airway protective reflexes.  These defects may play an important role in the abnor-
mal upper airway muscle responses found among patients with OSA.  Local upper
airway reflexes mediated by surface receptors sensitive to intrapharyngeal pressure
changes appear to be important in this respect.

Arousal plays an important role in the termination of each apnoea, but may also
contribute to the development of further apnoea, because of a reduction in respi-
ratory drive related to the hypocapnia which results from postapnoeic hyperventi-
lation.  A cyclical pattern of repetitive obstructive apnoeas may result.

A better understanding of the integrated pathophysiology of OSA should help in
the development of new therapeutic techniques.
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The obstructive sleep apnoea/hypopnoea (OSA) syn-
drome is characterized by recurring episodes of upper
airway obstruction during sleep, leading to markedly
reduced (hypopnoea) or absent (apnoea) airflow at the
nose/mouth.  The condition is usually associated with
loud snoring and hypoxaemia, and apnoeas are typically
terminated by brief arousals, which result in marked sleep
fragmentation and diminished amounts of slow wave
sleep (SWS) and rapid-eye-movement (REM) sleep.
Patients with OSA are usually unaware of this sleep dis-
ruption, but the changes in sleep architecture contribute
significantly to the prominent symptom of chronic day-
time sleepiness found in these patients.  However, despite
these findings during sleep, there may be no detectable
respiratory abnormality whilst the patient is awake [1, 2].

The underlying pathophysiology of OSA is complex
and not fully understood.  However, it is generally accept-
ed that stability and patency of the upper airway are
dependent upon the action of oropharyngeal dilator and
abductor muscles, which are normally activated in a
rhythmical fashion during each inspiration [3].  The
upper airway is subjected to collapse when the force pro-
duced by these muscles, for a given cross-sectional area
(CSA) of the upper airway, is exceeded by the negative
airway pressure generated by inspiratory activity of the
diaphragm and intercostal muscles [3]. Upper airway

obstruction can occur if the suction pressure is too high,
or the counteracting forces of the upper airway dilating
muscles are too weak, for any given suction pressure [4].
Contributing factors that promote upper airway obstruc-
tion include: anatomical narrowing of the upper airway;
an excessive loss of upper airway muscle tone; and defec-
tive upper airway protective reflexes.  A broad overview
of the factors that contribute to the pathophysiology of
OSA is given in table 1.

General factors

Sex

Normal males have significantly higher pharyngeal
and supraglottic resistances than normal females [5],
which makes them more susceptible to pharyngeal coll-
apse and OSA, and may contribute to the male predomin-
ance of the syndrome [1].  The mechanism underlying
this higher upper airway resistance in males is unclear,
but could be related to the greater incidence of obesity
among males [5], to possible deleterious effects of male
sex hormones [6, 7], or to a possible protective effect of
female sex hormones [8].
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Age

Pharyngeal resistance increases with age in normal
men, possibly related to greater body weight [5], and it is
widely believed that the risk of developing OSA increases
with age in men.  However, this assumption is far from
conclusive. One study has shown that, although there
may be an increased incidence of sleep-disordered breath-
ing among older (>50 yrs), otherwise healthy subjects
compared to younger controls, the frequency of such
sleep disordered events is not in the range of the OSA
syndrome [9].  Another study demonstrated that 28% of
randomly selected patients (>65 yrs) had apnoea fre-
quencies of more than 5 episodes·h-1, but many of these
were asymptomatic, and it was suggested that an apnoea
frequency in excess of 5 episodes·h-1 may be a "normal"
finding in this age group [10].

Obesity

Although weight in normal men correlates significantly
with pharyngeal resistance [5] this relationship is lost
when the influence of age is eliminated.  Nevertheless,
it has long been recognized that there is an association
between obesity and sleep apnoea [11], and weight loss
can be very beneficial in the management of OSA [12–
14].

One possible explanation for the relationship between
obesity and OSA is that the upper airway is narrowed in
obese patients as a result of increased fat deposition in
the pharyngeal walls [15].  Studies using conventional

computed tomography (CT) failed to identify any abnor-
mal fat deposition in the immediate vicinity of the upper
airway [16, 17].  However, the development of mag-
netic resonance imaging (MRI), which can make use of
specially "weighted" images to detect fat, has led to the
demonstration of increased fat deposition surrounding
the collapsible segment of the pharynx in patients with
OSA [18, 19].  The amount of fat detected also corre-
lates with subject's apnoea/hypopnoea frequency (AHI)
[19].  Another possible explanation for the relationship
between obesity and OSA is the fact that obese subjects
often have smaller lung volumes, particularly functional
residual capacity (FRC), than nonobese subjects, which
in turn can indirectly influence upper airway size and
contribute to upper airway narrowing [20].

The upper airway may also be narrowed in obese
patients with OSA as a result of external compression
by superficially located fat masses [21, 22], and this could
explain the finding that increased neck circumference
correlates more closely than general obesity with the in-
cidence and severity of OSA [23, 24].  In an experi-
mental model, lard-filled bags, simulating cervical fat
accumulation, were applied to the anterior neck of supine
anaesthetized rabbits and were found to increase upper
airway resistance and decrease closing pressures [21].

Genetics

Several reports of families, in which multiple mem-
bers were found to have OSA, suggest a possible genetic
element [25–27].  Both clinical symptoms [28], and
sleep laboratory evidence [29], of sleep-related breath-
ing disorders are found to occur more frequently in the
relatives of patients with OSA, than in the general pop-
ulation.

Drugs

Ethanol ingestion increases the frequency and duration
of apnoeas because of the combined effects of reducing
upper airway muscle tone and depressing the arousal
response [30–32].  Ethanol also reduces genioglossus
(GG) muscle activity during both quiet breathing and
hypercapnia in healthy normal subjects [33].  Ethanol is
believed to have a depressant effect on the reticular acti-
vating system (RAS), and appears to have more profound
effects on the upper airway muscles than on the venti-
latory pump muscles [33].

Both ethanol [34] and diazepam [35] significantly
reduce hypoglossal nerve and GG electromyographic
(EMG) activity in cats, at doses that produce little change
in phrenic nerve and diaphragmatic (DIA) EMG acti-
vity.  Ethanol also reduces GG responses to hypoxia and
hypercapnia, whilst DIA responses are essentially un-
changed [34].  Chloral hydrate [36] and anaesthetics [37]
have a depressant effect on the RAS, with hypnotic doses
of chloral hydrate preferentially depressing GG activity
as compared with DIA activity [36].  This selective
depression of upper airway muscle activity suggests that
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Table 1.  –  Factors contributing to the pathophysiology
of obstructive sleep apnoea

General factors Anthropometric (male sex, age, obesity)
Drugs (ethanol, hypnotics)
Genetics

Reduced upper Specific anatomical lesions (enlarged ton- 
airway calibre sils, micrognathia)

Neck flexion
Nasal obstruction

Mechanical factors Supine posture
Increased UA resistance
Increased UA compliance

Upper airway Abnormal UA dilator muscle activity
muscle function Impaired relationship of UA muscle and

diaphragm contraction

Upper airway Impaired response to negative pressure 
reflexes Feedback from the lungs

Central factors Reduced chemical drives
Increased periodicity of central drive
Inadequate response to breath loading

Arousal Impaired arousal responses
Postapnoeic hyperventilation

UA: upper airway.



the respiratory activities of these muscles may be more
dependent on the RAS than the bulbo-spinal phrenic sys-
tem [34].  The importance of the relationship between
upper airway muscles and the DIA is discussed below
in "abnormalities of airway muscle function".

Reduced upper airway calibre

Factors that reduce upper airway calibre lead to increased
upper airway resistance, with the generation of a more
negative pharyngeal pressure during inspiration [38], and
thereby predispose to upper airway occlusion during
sleep.  There are a number of recognized anatomical
abnormalities that are associated with narrowing of the
upper airway and predispose to OSA. Specific anato-
mical abnormalities are more frequently seen in children,
particularly adenoidotonsillar enlargement [39–41].  Condi-
tions associated with facial dysmorphism and/or mandi-
bular abnormalities show a predisposition to OSA, and
include choanal atresia [42], micrognathia [42, 43], and
craniofacial dyostosis [42, 44].  Micrognathia is partic-
ularly associated with OSA, as a small and/or retroposi-
tioned mandible places the base of the tongue closer to
the posterior pharyngeal wall and interferes with the effi-
ciency of the GG muscle in keeping the tongue out of
the narrowed pharynx [45].  Surgical correction of spe-
cific anatomical abnormalities, such as adenoidotonsil-
lar enlargement, can result in partial or complete resolution
of OSA [41, 46].

Infiltration of upper airway muscles and soft tissues
can impair muscle function and reduce the upper airway
lumen, as in myxoedema [47], acromegaly [48, 49],
involvement by neoplastic processes [50], and muco-
polysaccharidoses [51], all of which have been associ-
ated with a predisposition to OSA.  Treatment of the
underlying process can reverse upper airway obstruction
[47, 50].  Most adult patients with OSA, however, have
no specific skeletal or soft-tissue lesion obstructing the
upper airway, but often have a small congested oropha-
ryngeal airway.

Head position

The position of the head and neck is an important fac-
tor in pharyngeal patency, with neck flexion capable of
producing considerable increases in pharyngeal resis-
tance during wakefulness and anaesthesia, particularly in
obese subjects [52, 53].  Varying head position between
flexion and extension can cause significant variations
in size of the retroglossal space and hyoid position on
lateral cephalometry [23].  Neck flexion makes the upper
airway more susceptible to collapse, whilst neck exten-
sion makes the upper airway more resistant to collapse
[54], irrespective of changes in general body posture.
Mouth opening can cause increased upper airway resis-
tance, since this results in dorsal movement of the ven-
tral attachments of upper airway dilator muscles, with
resultant shortening in muscle length and reduction in
efficiency [55].

Nasal obstruction

In normal individuals, the nose is the primary route of
breathing during wakefulness, and more particularly dur-
ing sleep [56], and the nose accounts for about half of
the total respiratory resistance to airflow [57].  In the
individual subject, nasal resistance can vary in relation
to changes in nasal vascular congestion, posture, exer-
cise, ambient air conditions, pharmacological agents, and
disease [57].  A marked increase in nasal resistance is
seen in patients with acute or chronic rhinitis when they
become recumbent [58].  Unilateral nasal disease, such
as polyps, can also cause increased nasal resistance in
the lateral recumbent position if present in the upper-
most nostril [59].  Nasal resistance is elevated in OSA
patients [60–62], and the use of nasal decongestants can
reduce supraglottic resistance in OSA [61].  Nasal occlu-
sion in normal subjects leads to increased numbers of
apnoeic episodes, sleep arousals, and awakenings [63–65],
and increased numbers of apnoeas and hypopnoeas are
also seen in patients with seasonal allergic rhinitis when
symptomatic [66], or with a deviated nasal septum [67].
Nasal packing for epistaxis may induce OSA or exacer-
bate pre-existing OSA [68], whilst topical anaesthesia of
the nose significantly increases the number of disordered
breathing events in normal sleeping subjects [69, 70].

The capacity to sense both pressure and airflow in the
upper airway may be important in the maintenance of
respiratory rhythm during sleep [63], and nasal airflow
has been reported to have a stimulant effect on breath-
ing [71].  There is strong evidence, therefore, from a
number of different perspectives, to support an impor-
tant role for nasal dysfunction in the pathophysiology of
OSA.

Assessment of upper airway calibre

Although upper airway occlusion is a dynamic process,
much useful information relating to the anatomy of the
upper airway can be obtained from a variety of imaging
techniques, and to a lesser extent from the more dynamic
assessment of flow-volume loops.

Diagnostic imaging. On lateral cephalometry, OSA
patients have a variety of anatomical abnormalities, includ-
ing an abnormally small airway below the base of the
tongue, a long bulky soft palate, an inferiorly placed
hyoid bone and retrognathia [72, 73].  Acoustic reflec-
tion [74] has demonstrated smaller mean CSA of the
pharynx in awake OSA patients with apparently normal
upper airway, when compared to a control group.  However,
in another study, no significant difference in pharyn-
geal area was seen between patients with OSA and a
matched group of nonapnoeic snorers at FRC [75]. It
should be noted that both of these techniques take mea-
surements in the upright rather than supine body posi-
tion.

CT measurements of CSA of the nasopharynx, orophar-
ynx, and hypopharynx have been reported in awake supine
patients with OSA [16, 17, 76–78].  All measurements
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were significantly reduced compared to control subjects
in one study [16], which also failed to show any corre-
lation between body mass index (BMI) and CT scan
measurements.  In a second report, only the retropalatal
region was significantly narrower in OSA patients [17];
whilst in a third, no differences were found between
patients and controls [77].  Differences in the lung vol-
ume at which pharyngeal CSA was measured could par-
tially account for the apparent differences between these
studies [20].

Pharyngeal size on CT scanning has been shown to
correlate with pharyngeal resistance in patients with OSA,
which in turn correlates significantly with AHI [77].
Patients with OSA undergoing uvulopalatopharyngoplasty
(UPPP) were found to have minimal CSA at 10 and 20
mm below the hard palate preoperatively [76].  On fol-
low-up, UPPP more than doubled upper airway CSA at
these two levels, with the increase being greater among
"responders" (defined as a greater than 50% decrease in
AHI post surgery) than "nonresponders".  Patients with
OSA also have significantly wider tongue and genioglos-
sus muscles, on CT scanning, compared to nonapnoeic
snorers and controls [78].

MRI studies have shown no correlation of pharyngeal
volumes in apnoeic and nonapnoeic snorers, with AHI,
weight or BMI [79].  However, on axial views, local-
ized areas of upper airway narrowing were seen at dif-
ferent sites in different patients.  This would suggest that
the overall size of the pharynx is less important than the
specific site of collapse.

Another important factor in the pathogenesis of OSA
appears to be the shape of the upper airway [80].  Transverse
sections on MRI show an elliptical shape, with the long
axis oriented in the coronal plane in normal subjects,
whereas in apnoeic and snoring patients the pharynx is
circular or elliptical with the long axis oriented in the
sagittal plane.  This difference may be due to a reduc-
tion in lateral diameter, whilst increased forward move-
ment of the tongue increases the anteroposterior diameter
of the pharynx.  This increased activity is lost during
sleep leading to a decrease in pharyngeal CSA, which
predisposes to upper airway collapse.

Flow-volume loops. Variable extrathoracic airway obstruc-
tion is present in 40% of subjects with sleep-disordered
breathing, particularly in women [81].  The finding of a
"saw-tooth pattern" on flow-volume loops has been report-
ed to be a common and specific finding in OSA patients
[82].  However, these criteria [81, 82] were present in
only half of OSA subjects in a later study [72], although
both correlated with reduced pharyngeal CSA on CT
scanning [16].

The balance of evidence from the above reports indi-
cates that the upper airway is significantly narrowed
among patients with OSA compared to controls, but that
the site of narrowing varies among OSA patients.  This
view is supported by a recent study using cine CT, that
generated scans throughout the whole of the respiratory
cycle and correlated them with airflow [83].  This study
found that the upper airway was significantly smaller
in OSA patients than in normal subjects, and that upper

airway calibre varies throughout the respiratory cycle and
is at its smallest at end-expiration, particularly in OSA
patients [83].

Mechanical factors

Fibreoptic studies during obstructive apnoeas have
shown abrupt collapse of the airway at the onset of inspi-
ration, with opposition of the lateroposterior oropharyn-
geal walls in the pharynx and no evidence of glottic
obstruction [84].   On lateral fluoroscopy [17], upper air-
way obstruction during inspiration is seen when the soft
palate touches the posterior pharyngeal wall and the
tongue.  This obstruction usually ends when the tongue
moves forward, the mandible lifts and the posterior pha-
ryngeal wall moves posteriorly.  This sequence of events
enlarges the pharyngeal airway.

Posture

Most individuals assume the supine posture when they
are asleep, despite the disadvantageous effects that this
posture has on upper airway patency.  Pharyngeal CSA
is reduced from the upright to the supine position in nor-
mal subjects [85–87], and in both apnoeic and nonap-
noeic snorers [75, 86].  Supraglottic resistance is also
greater in the supine than the sitting position, both for
normal subjects and patients with OSA [61].

The effect of supine posture on upper airway patency
does not result from decreased upper airway dilator
muscle activity, since these muscles increase their EMG
activity with the transition from the upright to the supine
posture both in OSA and normal subjects [52, 85, 88].
There is also no evidence that the decrease in lung vol-
ume observed in the supine posture contributes to upper
airway narrowing, since maintaining FRC constant in
normal subjects from upright to supine does not prevent
the fall in CSA [85].  Thus, the supine posture effect
appears to be due to gravitational forces acting to nar-
row the upper airway [85].  However, patients with OSA
often have a reduced FRC when upright, and the further
fall in FRC when assuming the supine position may be
associated with a significant fall in upper airway calibre
[20]. 

Upper airway resistance

As outlined previously, patients with OSA have smal-
ler upper airways than nonapnoeic subjects, and this is
reflected in the finding of a higher awake inspiratory air-
flow resistance during wakefulness within the nasophar-
ynx, in OSA patients compared to controls [61, 77].  The
onset of sleep leads to an increase in respiratory system
resistance in healthy humans [38, 89–93], the increase
being located almost entirely in the upper airway above
the larynx [89], primarily at either the level of the palate
or hypopharynx [94].  Although the nose can contribute sig-
nificantly to upper airway resistance on assuming the
supine posture, due to increased nasal mucosal congestion
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[61], there is little further increase in nasal resistance
with the change from wakefulness to sleep [4].  The fur-
ther increase in upper airway resistance with sleep onset
is thought to result, instead, from a decline in upper air-
way dilator muscle tone during sleep.

Nonobese snorers have a greater increase in total air-
way resistance during non-REM (NREM) sleep than
matched control subjects [95], and there is also a highly
significant correlation between awake nasopharyngeal
resistance and AHI during sleep [77, 96].  Inspiratory
oropharyngeal resistance can reach high levels between
apnoeas in patients with OSA [3, 60], and expiratory
resistance also increases significantly as an apnoea approa-
ches [97, 98].

Upper airway compliance and collapsibility

The segment of the upper airway extending from the
nasal choanae to the epiglottis in humans lacks rigid or
bony support, and may thus collapse in the absence of
forces to maintain patency [99].  Marked variability in
upper airway collapsibility is seen among normal men
during sleep [91], and is thought likely to be related to
both anatomical factors and alterations in ventilatory
control during sleep.  Pharyngeal compliance in snorers
with OSA is increased compared to nonapnoeic snorers
[75, 100], and patients with OSA have more collapsible
upper airways during wakefulness than control subjects
[96, 101].  Increased pharyngeal compliance may, there-
fore, be more closely related to the development of OSA
than pharyngeal CSA [100].

Patients with OSA have lower tonic muscle activity
than snoring nonapnoeic controls, which appears to make
their pharynx "floppier" [75].  This concept has been
extended by viewing the upper airway as a Starling resis-
tor, with a collapsible segment in the oropharynx, and
flow through the upper airway governed by changes in
pressure occurring upstream (nose) rather than down-
stream (hypopharynx) to the collapsible segment [102,
103].  Patients with OSA may, therefore, have an ele-
vation of the critical collapsing pressure surrounding the
upper airway, rather than changes in the resistive prop-
erties of the upper airway [102, 103].

Overall, the above data point to important differences
in upper airway mechanics between normal subjects and
patients with OSA, which are evident during wakeful-
ness, but become more pronounced during sleep.

Abnormalities of airway muscle function

Upper airway dilator muscle activity

Patency of the collapsible segment of the upper air-
way is believed to be dependent on the function of pha-
ryngeal dilator muscles [3, 104], which act to stiffen or
distend the collapsible pharyngeal airway during inspir-
ation, as suggested by the presence of EMG activity co-
ordinated with respiration [105].

Activity of these upper airway muscles is modulated
by chemical stimuli, vagal input, changes in upper air-
way pressure, and baroreceptor activity [106, 107].  Brea-
thing through a narrowed upper airway generates a
greater suction pressure and, thus, greater collapsing force,
and pharyngeal dilator muscles must, therefore, contract
more forcefully to prevent upper airway obstruction.  Pro-
gressive hypercapnia, hypoxia, asphyxia and negative
pressure application all produce an augmenting drive to
upper airway dilator muscles [107–112].  Defects in such
upper airway muscle responses, or inco-ordination of
upper airway and diaphragm activity, have each been
proposed as factors predisposing to OSA [54, 107, 108,
110, 113, 114].  The complexity of the upper airway
makes it unlikely that dysfunction of a single muscle
group is responsible for OSA [104], and thus assessment
of activity of any single muscle may not be a reliable
index of upper airway obstruction [84].

The alae nasi (AN) dilate the anterior nares during
inspiration, and the degree of preactivation of the AN
EMG ahead of the DIA EMG may be used as an index
of ventilatory drive to the upper airway [115].  During
NREM sleep, AN preactivation increases from the be-
ginning to the end of an apnoea, suggesting that venti-
latory drive to the AN increases with apnoea duration
[116].  This increase in preactivation, which is also seen
in other upper airway muscles [115], could represent a
compensatory attempt to open the airway before airway
pressure is lowered by contraction of the DIA and rib-
cage (RC) muscles.

The genioglossus (GG) pulls the tongue forward and
opposes pharyngeal collapse due to inspiratory negative
pressure [3, 106, 117, 118], as shown by earlier peaking
of GG EMG activity ahead of DIA EMG activity dur-
ing inspiration [107].  Phasic inspiratory GG activity
decreases with sleep in normal subjects [60, 105, 119],
and almost ceases during REM sleep [117, 120]; whilst
it increases significantly from wakefulness to NREM
sleep, between apnoeas in OSA patients, and in older
obese control subjects [121].  Thus, normal subjects have
less activity than patients with OSA, yet do not have
occlusive apnoeas, and such augmented activation of
GG in OSA subjects may be viewed as a protective mech-
anism that occurs when patency of the pharyngeal air-
way is compromised.  Any factor that interferes with this
increase in GG activity, such as onset of phasic REM
sleep or periodicity of central drive, can predispose to
upper airway collapse.  Indeed, GG EMG activity is
reduced or abolished at apnoea onset, and increased at
the termination of the obstruction [3, 121].

Muscles that cause forward movement of the hyoid
bone (geniohyoid (GH), sternohyoid (SH), thyrohyoid
(TH)) are thought to enlarge and stabilize the pharyn-
geal airway [92, 122–126].  Both in normal subjects and
those with OSA, adoption of a supine posture is asso-
ciated with forward movement of the hyoid bone [86].
These muscles show phasic inspiratory activity, and
greater mechanical activity with significant hypercapnia
[122, 123].  Both the GH and TH show augmented and
prolonged activity after occlusion at end-expiration
[122].  Phasic inspiratory activity of the GH is seen in
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normal awake subjects, with a sleep-related fall in tonic
activity in all stages of sleep [92, 125], and there is a
negative correlation with upper airway resistance [92].
Pharyngeal volume in anaesthetized cats displays an
inverse relationship with hyoid muscle (GH, SH) length
[124].  Factors that influence hyoid position, such as neck
flexion or mandibular abnormalities, can adversely affect
the function of these muscles leading to narrowing of
the hypopharynx.

Reduced activity of the tensor palatini (TP) muscle,
which retracts the palate from the posterior pharyngeal
wall, thereby maintaining pharyngeal patency during
nasal breathing, may also play an important role in the
pathogenesis of OSA [127–130].  Tonic activity of the
TP decreases during sleep and correlates with increased
upper airway resistance during sleep[128, 131].

The overall conclusion that can be drawn from the
above studies is that a variety of different muscle groups
play an important role in the maintenance of upper air-
way patency.  Muscles that control the tongue, palate
and hyoid all appear to be involved in this process, but
the literature so far gives different views on the relative
importance of these muscle groups.  Furthermore, it has
been argued that airway compliance, independent of
upper airway dilator muscle activity, may be the princi-
pal determinant of upper airway collapsibility [132].  The
ability of the upper airway to resist collapse may, there-
fore, be dependent upon the mechanical arrangement
of the mandible and hyoid bones, which allow for a
specific pharyngeal size, and on the properties of the
airway wall in the collapsible segment of the upper air-
way, rather than on upper airway dilator muscle activity
[132].

Relationship of upper airway and diaphragmatic EMG
activity

The EMG activities of upper airway muscles and DIA
respond in a qualitatively similar manner to hypercapnia
[107, 108, 110, 133], hypoxia [107–109, 133] and air-
way occlusion [107, 108].  This suggests that central
control mechanisms of upper airway and respiratory pump
muscles in humans are intimately related.  Inspiratory
activation of upper airway muscles occurs earlier than
activation of the DIA [104, 115, 134, 135], which sta-
bilizes the upper airway and counterbalances the col-
lapsing force exerted on the upper airway by DIA and
RC muscle activity [104].  Any reduction or delay in
upper airway inspiratory muscle contraction, relative to
DIA and RC muscle activity, predisposes to upper air-
way narrowing or collapse during sleep.

Activity of the hypoglossal nerve at lower levels of
chemical drive (hypoxia and hypercapnia) is less than,
and at higher levels of chemical drive greater than, phre-
nic nerve activity in anaesthetized dogs [108], although
allowance must be made for the fact that anaesthesia
selectively inhibits neural output to the upper airway
[37].  Oxygen breathing in rabbits decreases GG more
than DIA EMG, whilst hypercapnia and prolonged oc-
clusions preferentially activate GG compared to DIA

[107].  Nonspecific respiratory stimuli (light, sound,
touch) preferentially increase phasic inspiratory GG activ-
ity [107], similar to that seen with electroencephalo-
graphic (EEG) arousals at the termination of obstructive
apnoeas [3].  Peripheral chemoreceptors appear to affect
phasic inspiratory activity in the GG and DIA in quali-
tatively similar, but quantitatively different, ways.  Nitro-
gen breathing and cyanide injection increase phasic
inspiratory activity in the GG more than in the DIA [107],
and these responses are abolished by carotid body den-
ervation.

Some reports have suggested that respiratory motor
drive to the pharyngeal musculature decreases during
sleep, whereas output to the diaphragm is unchanged [15,
136], whilst others have suggested that a preferential
decrease in upper airway muscle activity is not neces-
sary for the development of occlusive apnoeas [114, 119,
137].

It has been hypothesized that patients with OSA have
instability of ventilatory control similar to periodic brea-
thing, and that occlusive sleep apnoeas occur when DIA
and GG inspiratory EMG activity are both near the nadir
of their cycle, which is lower than awake or sleep onset
values [119].  After apnoea onset, these EMG activities
tend to decrease further for the first 1–3 inspiratory efforts,
and then progressively increase until resolution of the
apnoea, at which time GG EMG appears to increase to
a greater degree than DIA EMG and for 1–2 postapnoeic
breaths (fig. 1).  The period immediately following reso-
lution of the apnoea is usually characterized by hyper-
ventilation for several breaths, which normalizes arterial
oxygen saturation (Sa,O2).  Both EMGs then decrease in
activity, which predisposes to further occlusive apnoeas
[119].

In addition, it has been speculated that the relative
timing of inspiratory EMG activity of the upper airway
to DIA and RC activity fluctuates during sleep in OSA
[138].  As an obstructive apnoea approaches and upper
airway inspiratory resistance progressively increases,
inspiratory EMG activity of the upper airway muscles
moves closer to and then falls behind RC EMG inspir-
atory activity [138].  Activity of the upper airway mus-
cles remains behind the RC muscles during the apnoea,
but again begins to precede activity of the RC muscles
when the upper airway opens.  This could represent peri-
odicity of the respiratory controller [139], with reduced
damping and increased gain.  During tests of upper air-
way collapsibility in sleeping subjects with OSA, there
was no evidence of increased drive to upper airway dila-
tor muscles during progressive asphyxia, despite an ap-
parent increase in drive to the DIA [140].

A clinical model of a disturbed timing relationship
between upper airway and diaphragmatic contraction
predisposing to OSA is seen in patients with diaphrag-
matic palsy treated with an electrophrenic pacemaker.
About 50% of such patients develop OSA after insertion
of this pacemaker [141, 142], since the pacemaker re-
sults in DIA contraction at times other than when upper
airway muscles contract.  The relationship between GG and
DIA inspiratory activity is discussed further in "periodi-
city of central drive".
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Upper airway reflexes

Several reports indicate a role for upper airway reflex
mechanisms in the maintenance of patency [111, 112,
143–149].  Evidence suggests that these reflex mecha-
nisms are pressure sensitive [112, 144–146], and inter-
ference with them could lead to an imbalance between
intrapharyngeal pressure and the contraction of upper air-
way dilating muscles, resulting in obstructive apnoeas
[3].  The importance of such protective reflexes is sup-
ported by the finding of fatal pharyngeal airway closure
in rabbits, in which upper airway reflexes are abolished
by topical anaesthesia [150].

Topical oropharyngeal anaesthesia (TOPA) in normal
human subjects results in increased frequency of obstruc-
tive apnoeas [69] and pharyngeal resistance [93] during
sleep, independent of any direct effect of lignocaine on
the upper airway muscles themselves [93].  A signifi-
cant increase in obstructive events was seen after TOPA
in a group of otherwise asymptomatic snorers [151], with
several subjects developing AHIs that fall within the
range of OSA as conventionally defined [1].  In contrast,
TOPA did not produce any significant increase in AHI
or apnoea duration among patients with OSA, which
supports the possibility that upper airway reflexes are
defective in OSA [152].

Defective upper airway reflexes may be a primary
abnormality in OSA, contributing to the development of
upper airway occlusion during sleep.  However, such a
defect could also be a secondary phenomenon, since the
mechanical vibration of the upper airway, associated with
loud snoring, might also blunt the afferent receptors for
the reflex, which are presumed to lie in the oropharyn-
geal wall.  Data from the above studies [151, 152] favour
a primary abnormality in upper airway reflexes among
OSA patients, since subjects with loud snoring would
also be expected to have a mechanical vibration in the
upper airway similar to that among patients with OSA.

Temperature sensitivity in the oropharynx in OSA
patients is significantly impaired compared to age-matched
nonsnoring control subjects [153], which further supports
the notion that upper airway reflexes are impaired in
patients with OSA.

Responses to negative pressure

Upper airway muscle EMG activity increases when
negative pressure is applied to the isolated upper airway
of tracheotomized rabbits [144, 145, 147], probably
through reflexes involving mechanoreceptors located
above the trachea, and via several afferent pathways.  Small
but consistent changes in respiratory frequency were also
seen in many of the animals, suggesting some involve-
ment of the respiratory centre in these changes [144].

Negative pressure applied to the upper airway in dogs
causes a predominant increase in phasic activity of AN
and posterior cricoarytenoid muscles and also in tonic
activity of the GG, whilst preactivation of these muscles
with respect to the DIA is increased [135].  A decrease
in the rate of rise of DIA EMG with a prolongation of
inspiratory time also occurs, and topical anaesthesia
eliminates these responses [135].

In awake human subjects, the administration of sud-
den negative airway pressure to the upper airway leads
to a pronounced and repeatable reflex increase in GG
activity [111].  Contributions from both supraglottic and
subglottic receptors appear to be involved, and topical
anaesthesia blocks the response when the glottis is closed
[112].  This response is reduced during NREM sleep [154].
Normal awake subjects exposed to continuous negative
airway pressure (CNAP) whilst supine, are able to pre-
serve tidal volume both by immediate and sustained
increases in upper airway and DIA muscle activity [155].
However, during NREM sleep no immediate muscle or
timing responses are seen with CNAP, and hypopnoeas
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and occlusive apnoeas result.  Re-establishment of upper
airway patency is dependent on arousal and increased
muscle activity.  These findings suggest that protective
reflexes, which act to maintain upper airway patency in
the presence of negative airway pressure during wake-
fulness, are compromised by sleep.

Responses to positive pressure

Continuous positive airway pressure, applied through
the nares (nCPAP), is an effective therapy for OSA
[156], and yet reduces upper airway dilator EMG activ-
ity [144, 157–159].  The efficacy of nCPAP, despite the
association with reduced upper airway dilator muscle
contraction, is fully consistent with the concept that suc-
tion pressures in the upper airway during inspiration cause
the collapsible upper airway to occlude.  This inspiratory
suction pressure is abolished by nCPAP, and the reduc-
tion in upper airway dilator EMG activity during nCPAP
administration is probably a consequence of the reduced
need for upper airway dilating muscle contraction in the
absence of any inspiratory negative suction pressure and
to a possible splinting effect of the positive pressure.

End-expiratory positive airway pressure has been shown
to reduce the frequency and duration of apnoeas and the
degree of nocturnal oxygen desaturation, in patients with
OSA [160].  However, as negative pressures are still
developed in the upper airway during inspiration while
on external positive airway pressure (EPAP), this improve-
ment could not be attributed to simple splinting of the
upper airway.  This observation suggests an improve-
ment in other factors that may be contributing to the
development of upper airway occlusion during sleep,
such as decreased FRC and/or hypoxaemia [161].

Feedback from the lungs

Pharyngeal CSA is abnormally small in obese patients
with OSA, and varies considerably with changes in lung
volume [20, 162].  The mean CSA of the upper airway
in snorers with OSA appears to be significantly less than
in nonapnoeic snorers at residual volume, but not at FRC
[100].  Upper airway resistance tends to decrease with
increasing lung inflation and with increasing breathing
rates at low volumes [53].  The above observations sup-
port the notion that vagally-mediated reflexes related to
lung volume can have an important influence on upper
airway calibre [134].

Central factors

Abnormalities of respiratory control have been impli-
cated in the pathogenesis of OSA [119, 163], and could
conceivably occur at several levels ranging from the
respiratory centre to peripheral upper airway reflex me-
chanisms.

Chemical drive

The sleeping state is associated with a reduction in
minute ventilation [164–166], and in the ventilatory

responses to hypoxia and hypercapnia [167–170], com-
pared with wakefulness.  The mechanism underlying
these reductions is not thought to be due exclusively to
decreased central respiratory drive [171], and may relate,
at least in part, to mechanical changes, such as reduced
upper airway patency during sleep [38, 89, 95].  Support
for this possibility comes from the observation that
mouth occlusion pressure (P0.1), which is a better index
of respiratory drive than the ventilatory response [172],
increases from wakefulness to NREM and REM sleep
in men, with little change in women; and the P0.1 res-
ponse to hypercapnia is generally maintained during
NREM sleep in comparison to wakefulness [171].

Upper airway resistance in OSA appears to be influ-
enced by the intensity of the central respiratory drive, as
determined by relating measurements of P0.1 to mean
inspiratory flow [173].  At specific levels of respiratory
drive posthyperventilation, a similar decrease in central
respiratory drive leads to a greater increase in pharyn-
geal resistance among OSA patients than among normal
subjects, which is not explained by differences in weight
and age [173].

Eucapnic OSA patients have been reported as having
a normal [1, 174], or reduced [175], awake hypercapnic
ventilatory response, whilst obese OSA patients with
daytime hypercapnia have reduced awake ventilatory
and P0.1 responses to hypercapnia [176].  Most patients
with OSA are eucapnic and demonstrate augmented ven-
tilation after apnoeas, with tidal volume of breaths as
much as double that of breaths preceding apnoeas; whilst
hypercapnic patients do not display this "big breath phe-
nomenon" [176].  In another study, hypercapnic venti-
latory responses in obese patients with OSA, and in
patients with obesity-hypoventilation, were significantly
lower than in normal nonobese subjects subjected to
abdominal mass loading, and in obese subjects without
OSA [177].  However, analysis of P0.1 and mean DIA
EMG responses in this study shows that obesity may
be associated with impaired respiratory neuromuscular
coupling, which in turn may impair transfer of ventila-
tory drive to muscle contraction [177].  Thus, ventila-
tion may be an inadequate parameter to assess central
respiratory drive in these patients, and P0.1 responses
are likely to give a better indication of central respira-
tory drive in obese subjects.

It is uncertain whether the observed reduction in
chemical drives is a primary defect [27], or secondary to
sleep apnoea, as suggested by some improvement in the
ventilatory response to CO2 in hypercapnic OSA pat-
ients after long-term nCPAP therapy [178].

Periodicity of central drive

Variability in inspiratory muscle timing among pat-
ients with OSA could result from periodicity of the central
respiratory controller [138, 139].  During the hypopnoeic
portion of the periodic breathing cycle, when ventilatory
drive is low, both the relative amplitude and the relative
timing of the inspiratory activity of the upper airway and
chest wall muscles favour upper airway occlusion, since
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there is a greater fall in amplitude of upper airway mus-
cle EMG than diaphragmatic EMG, and the normal pre-
activation of upper airway EMG is not apparent.  On the
other hand, an obstructive apnoea is terminated when the
drive to the upper airway muscles is stimulated to a degree
such that the magnitude of increase in upper airway dila-
tor muscle activity exceeds that of the respiratory muscles,
allowing opening of the upper airway and resumption of
airflow.

In addition, total pulmonary resistance can double in
the period from immediately after an upper airway oc-
clusion to immediately before the next one [60].  As ven-
tilation falls around the onset of apnoea, oesophageal
pressure swings associated with respiration remain
unchanged.  However, it would be expected that increased
pressure swings would be seen, as the upper airway starts
to collapse and become reduced in calibre.  The lack of
such an increase in amplitude of the pressure swings
further suggests a decrease in central respiratory drive at
the onset of apnoea, with failure of appropriate arousal
and respiratory responses during the first several occlu-
ded respiratory efforts.

An arterial carbon dioxide tension (Pa,CO2) threshold
well above the eupnoeic level is observed for GG mus-
cle stimulation during all stages of sleep and wakeful-
ness, whilst the DIA shows increased activity at even
minor degrees of hypercapnia [120].  This imbalance of
activity, which favours upper airway collapse, seems to
be greatest during phasic REM sleep.  In the setting of
respiratory instability, such as in periodic breathing,
Pa,CO2 may oscillate around the GG EMG threshold,
to set up a cycle of recurrent airway occlusion and re-
covery.  In sleeping OSA patients, the induction of hy-
percapnia during sleep preferentially stimulates upper
airway inspiratory muscle tonic activity relative to chest
wall inspiratory muscle activity, and this reduces perio-
dic breathing and apnoea duration [179].

The maintenance of rhythmic breathing in hypoxia is
dependent upon the neurophysiological state of the
higher central nervous system (CNS) [164].  Hypoxia
causes periodic breathing during all stages of NREM
sleep, and apnoea is produced when end-tidal CO2 is
reduced by 1–3 mmHg below spontaneously breathing
awake levels, with apnoea length positively correlated
with the magnitude of hypocapnia.  These findings point
to a highly sensitive CO2-dependent apnoeic threshold
during NREM sleep.  It has been proposed that the com-
bination of augmented peripheral chemoreceptor "gain"
in hypoxia, together with the hypocapnia-induced ap-
noeic threshold in NREM sleep, provides the basis for
the initial occurrence of apnoea, in addition to the hyper-
ventilation that immediately follows the termination of
apnoea.  This hyperventilation subsequently leads to
hypocapnia, which predisposes to further apnoea and
contributes to the self-sustaining nature of periodic-
breathing [164].

Response to breath loading

Resistive load detection thresholds during wakeful-
ness are significantly greater among patients with OSA

than control subjects, and the degree of load detection
impairment correlates with the severity of OSA [163].
A significant negative correlation between the awake
ventilatory response to hypercapnia and load detection
threshold was seen both in patients and control subjects
(fig. 2).  Furthermore, since awake inspiratory load com-
pensation in patients with OSA is normalized after a
period of nCPAP treatment, such impairment may be
a reversible consequence, rather than a cause, of OSA
[180].

If conscious factors are important in ventilatory load
compensation, then the loss of these influences with sleep
onset may result in an inadequate response.  Normal
subjects can fully compensate for external resistive loads
[91, 181–183] and external elastic loads [184] during
wakefulness by immediate adjustments in ventilatory
timing, and minute ventilation is maintained at preload-
ing levels.  During NREM sleep, however, there is an
immediate fall in minute ventilation following load
application, largely due to a reduction in tidal volume.
This fall becomes less marked with time due to a rise in
Pa,CO2 that results in augmented ventilatory effort [183,
184].

However, it has been speculated that this lack of aug-
mentation of respiratory drive, when a partial airway
occlusion occurs during sleep, may permit forward
motion of the tongue rather than the tongue being
sucked backwards into the pharynx by the higher suc-
tion pressures generated with greater respiratory effort.
This balance of forces could prevent the progression
from partial to complete upper airway obstruction [182].

Another factor in ventilatory load compensation is
thought to be a reflex originating in respiratory muscles
that are fatiguing and/or developing high intrathoracic
pressure.  Neural information from these respiratory
muscles is fed back to the respiratory centre, which in
turn may modulate output so that the respiratory mus-
cles are unloaded.  A fatiguing respiratory pattern may
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occur during an obstructive apnoea [185], with each
occluded inspiratory effort associated with increasing
tension time index of the diaphragm.  When this index
reaches or exceeds the fatigue threshold, arousal may
result, followed by opening of the upper airway [186,
187].  Thus, the airways may be triggered to open by a
protective reflex originating in the larynx, or the inspira-
tory muscles, upon reaching a certain degree of con-
traction.

If perception of upper airway occlusion during sleep,
by mechanoreceptors or inspiratory muscles, is involved
in eliciting the arousal response that terminates each
apnoeic event, it could be argued that elevation of the
threshold for load detection might contribute to prolon-
gation of sleep apnoeas and result in a more severe de-
gree of asphyxia.  However, the lack of prolongation of
apnoea with topical anaesthesia among normal sub-
jects [69], loud snorers [151], and patients with OSA
[152] could argue against the possibility of increased
duration of apnoeas due to reduced upper airway pres-
sure detection, although another preliminary report has
indicated prolongation of apnoea with such anaesthesia
in OSA patients [188].

Voluntary breathholding

There are a number of chemical and mechanical fac-
tors that affect the duration of voluntary breathholding,
a manoeuvre that simulates some features of an obstruc-
tive apnoea [189].  These include hypoxaemia and hyper-
capnia, both of which shorten maximum breathhold
time.  Hyperventilation lengthens the breathholding time
by lowering the initial Pa,CO2.  In addition, if a few
breaths of a gas that does not alter Pa,CO2 are taken at
the breaking point of a breathhold, the subject will be
able to resume the breathhold.  Thus, the unpleasant sen-
sation experienced as the breaking point is reached is not
due solely to hypercapnia [189].

In another study, involuntary respiratory muscle con-
tractions (recorded as waves of negative pressure) were
found in most individuals during breathholding, and
increased in amplitude and frequency throughout the
breathhold time [190].  The slopes of the pressure waves
(dP /dt ) during breathholding were found to be greater
than those in the same subjects at the same CO2 level
during rebreathing.  This suggested that the response is
due, in part, to a number of other, possible nonchemi-
cal, stimuli [190].

Effects of oxygen supplementation

The role of O2 desaturation in the pathophysiology of
OSA may be assessed indirectly by observing the effects
of O2 supplementation.  Nocturnal oxygen improves
S a,O2 in patients who have sleep-disordered breathing
[191–195], but there is no objective evidence of any
improvement in daytime sleepiness [192, 194, 195],
although some patients report greater alertness.  Ad-
ministration of 100% O2 acutely [191], and O2 at

4 L·min-1 throughout the night [193], eliminates [191]
or reduces [193] bradycardia associated with sleep apnoea.
Added oxygen increases the length of apnoeas and hypop-
noeas [191–193], as well as increasing Pa,CO2, and this
results in a lower pH at the end of apnoeic events [192,
193].  Supplemental oxygen can reduce apnoea fre-
quency, possibly by reducing postapnoeic hyperventila-
tion and stabilizing ventilatory drive [192].

Arousal

Arousal from sleep in normal males is accompanied
by an immediate fall in upper airway resistance to awake
values [91], whilst termination of an obstructive apnoea
is believed to depend heavily on arousal [3, 140, 196].
Thus, arousal mechanisms may have an important role
to play in the pathophysiology of OSA [196].  In nor-
mal individuals, when relief of upper airway occlusion
is accompanied by arousal, there is a fall in pharyngeal
resistance and a drop in end-tidal carbon dioxide tension
(PET,CO2) due to hyperventilation [197].  However, when
no arousal occurs, hyperventilation is obtunded and
both PET,CO2 and pharyngeal resistance rise (fig. 3). In
patients with OSA, evidence of arousal usually precedes
or coincides with the preferential increase in upper air-
way tone that restores airway patency and terminates
the obstructive apnoea [3].  However, the mechanisms
by which airway occlusion, hypoxia, and hypercapnia
lead to arousal from sleep remain unclear and it is un-
likely that any single factor is responsible for arousal.

It has been hypothesized that airway occlusion acti-
vates pressure-sensitive upper airway mechanoreceptors
and that these play an important role in early arousal
from upper airway occlusion, as nasal occlusion leads
to shorter times to arousal compared to tracheal occlu-
sions in sleeping dogs [198].  The finding that topical
upper airway anaesthesia significantly prolongs the time
to EEG arousal in response to induced airway occlusion
in normal human subjects [199] also supports an im-
portant role for upper airway receptors in facilitating the
arousal response.  Responses to irritant receptor stimu-
lation are blunted during sleep compared to wakefulness,
with the degree of laryngeal and tracheobronchial stimu-
lation required to produce arousal during REM sleep
higher than in SWS [200, 201].  Cough and smooth
muscle contraction in response to bronchopulmonary
irritant stimuli appear to be dependent on arousal, and
arousal responses to such stimuli are depressed in REM
sleep [200].  Pulmonary stretch receptors stimulated by
lung inflation do not cause arousal, but readily produce
apnoea and tracheal smooth muscle relaxation during
SWS [200].

Total airway occlusion during NREM sleep in nor-
mal subjects is characterized by a breath-by-breath pro-
gressive increase in suction pressure prior to arousal,
that is achieved by an increase in the rate of inspira-
tory pressure generation [113].  In contrast, during REM
sleep, arousal occurs after a shorter duration of airway
occlusion than NREM, and the period of occlusion is
associated with a rapid shallow breathing pattern.  These
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findings are surprising, and contrast with the clinical
situation in OSA, where apnoeas during REM sleep tend
to be longer than during NREM sleep.  The increasing
ventilatory effort associated with the obstructive apnoea
may also be an important factor that contributes to arousal,
mediated by mechanoreceptor feedback from the respi-
ratory system, probably from respiratory muscles [187,
202].

Hypoxaemia stimulates specific receptors in the carotid
body [203, 204].  Carotid body denervation in sleeping
dogs leads to failure of arousal during progressive hypox-
ia [204], and to large increases in oxygen desaturation
and time to arousal following airway occlusion [203].
However, hypoxia has been shown to be poorly related
to arousal in normal humans [168], and in patients with
chronic obstructive pulmonary disease [205].  In addition,
increased upper airway resistance during sleep, below
the threshold for frank apnoeas or hypopnoeas, can still
produce frequent brief arousals and significant daytime
sleepiness in the absence of O2 desaturation [206].

Hypercapnia, which activates receptors in the upper
airway and medulla, appears to be a much more potent
stimulus to arousal than hypoxia [167–170, 207].  In nor-
mal subjects, exposed to hypoxia, hypercapnia and inspi-
ratory resistive loading during sleep, arousal occurred at
different levels of blood chemistry (S a,O2 and CO2) but
the ventilatory effort for each subject was similar at the
point of arousal regardless of the stimulus [202].  It has,
therefore, been concluded that increasing ventilatory effort
may be the stimulus to arousal from sleep independent
of the source of this rising drive to breathe [202].

At present, any definition of arousal from sleep will
be arbitrary, since there is no universal agreement as to
what exactly constitutes an arousal.  This difficulty in
defining arousal relates largely to the limitations of the
standard RECHTSCHAFFEN and KALES [208] criteria, which
are the current gold standard for staging sleep. Newer
criteria, based on spectral analysis of the EEG during
sleep [209], will almost certainly improve the ability to
classify arousal, and the advent of computerized software
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for EEG analysis will facilitate this development.  A
recent preliminary report, based on spectral analysis of
the EEG, has demonstrated that the arousal associated
with the termination of obstructive apnoea is not a sud-
den event that occurs at the termination of apnoea, and
that there is evidence of partial arousal developing from
much earlier on during the course of the apnoea [210].

The arousal response does not usually lead to complete
awakening, but rather may cause lightening of sleep,
with a shift from a deeper sleep stage to a lighter stage,
or alternatively there may be no formal change in sleep
stage by conventional definition, but short bursts of
alpha waves may occur at the termination of apnoea.
These sleep stage/state changes lead to sleep fragmen-
tation, which in turn can worsen the underlying OSA
[32].

However, all apnoeic events do not necessarily end
with an EEG arousal, whilst EEG changes are not es-
sential for an arousal response to have occurred.  Never-
theless, the above data support the view that arousal
represents a protective mechanism to restore ventilation,
and normalize blood gases, whenever the upper airway
is occluded.  Thus, any factor that interferes with the
arousal mechanism could lead to more profound and
prolonged apnoeas.  However, arousals themselves could
potentially predispose to further apnoeas by virtue of the
hyperventilation that occurs with relief of upper airway
obstruction [197].  As outlined previously, the resultant

fall in PET,CO2 and increase in Sa,O2 will predispose to
further occlusion of a compromised upper airway.

Integrated pathophysiology of obstructive sleep
apnoea

The foregoing discussion indicates the complexity of
the pathophysiology of OSA.  Various factors, ranging
from upper airway anatomy to central respiratory con-
trol mechanisms, interact to produce the clinical syn-
drome of OSA.  Different factors will predominate in
individual patients, but it is likely that all patients with
clinically significant OSA have a multifactorial aetio-
logy, rather than any single causative factor.  Specific
anatomical narrowing of the upper airway occurs in
only a subgroup of patients with OSA [1], and thus other
factors are likely to play a role in the development of
the clinical OSA syndrome.  However, these factors,
such as defects in ventilatory control and protective
upper airway reflexes, are less easily defined and further
research is needed to elucidate their precise role in
maintaining upper airway patency during sleep.

The role of central factors in the development of
OSA is underlined by reports in the early literature re-
lated to OSA that successful relief of OSA by tracheo-
stomy is frequently followed by evidence of central
sleep apnoea [211].  Furthermore, the division between
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central and obstructive sleep apnoea is not as clear-cut
as it might appear, since many patients with central
sleep apnoea present with clinical features more sug-
gestive of OSA [212], and it is possible that in some
patients, upper airway occlusion reflexly triggers a cen-
tral, rather than an obstructive apnoea.  Support for this
notion comes from the finding that some patients with
central sleep apnoea can be successfully treated with
nCPAP [212].

A schematic illustration of the integrated pathophysio-
logy of OSA is given in figure 4.  This illustration under-
lines the complexity of the overall pathophysiology, but
emphasizes the central features, with factors that com-
promise upper airway patency and promote obstruction
on the one hand, and other factors, principally arousal,
which act to restore upper airway patency.

The current management of moderate to severe OSA
is largely dependent on nCPAP, in the absence of sur-
gically correctable anatomical lesions obstructing the
upper airway.  Whilst nCPAP is highly effective in
controlling OSA, the device is cumbersome, and com-
pliance data demonstrate only moderately satisfactory
compliance with this form of therapy [213–215].  A bet-
ter understanding of the interacting factors that lead to
the development of clinically significant OSA will,
hopefully, lead to the development of simpler modal-
ities of therapy.
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