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Abstract

Obstructive sleep apnoea (OSA) is a disease of ever-increasing importance due to its association with
multiple impairments and rising prevalence in an increasingly susceptible demographic. The
syndrome is linked with loud snoring, disrupted sleep and observed apnoeas. Serious co-morbidities
associated with OSA appear to be reversed by continuous positive airway pressure (CPAP) treatment;
however, CPAP is variably tolerated leaving many patients untreated and emphasising the need for
alternative treatments. Virtually all OSA patients have airways that are anatomically vulnerable to
collapse, but numerous pathophysiological factors underlie when and how OSA is manifested. This
review describes how the complexity of OSA requires multiple treatment approaches that are
individually targeted. This approach may take the form of more specific diagnoses in terms of the
mechanisms underlying OSA as well as rational pharmacological treatment directed toward such
disparate ends as arousal threshold and ventilatory control/chemosensitivity, and mechanical
treatment in the form of surgery and augmentation of lung volumes.
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1. Definitions and epidemiology of obstructive sleep apnoea

Obstructive sleep apnoea syndrome (OSA\) is recognised as a common disease with prevalence
figures of at least 4% of the population depending on the criteria used [1]. The prevalence of
OSA is likely to have risen subsequent to these estimates, due to the aging of the population,
the obesity pandemic, improved techniques to identify breathing abnormalities, and the
recognition that even asymptomatic patients can have important apnoea. Currently, the
standard treatment for OSA is continuous positive airway pressure treatment (CPAP) [2].
However, due to the variable adherence associated with CPAP, alternative approaches for
treating OSA are sometimes used such as mandibular advancements (in the form of oral
appliances) [3,4] and upper airway surgery (attempting to reduce anatomical susceptibility to
collapse). Experimental treatments include electrical stimulation of the hypoglossal nerves
[5-7], training the upper airway muscles (e.g., through didgeridoo playing) [8] and various
pharmacological approaches. However, an undisputed goal of many investigators is to provide
a better understanding of the underlying physiology thereby opening targeted pharmacological
approaches as a treatment strategy.
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1.1 Negative sequelae

OSA is defined by symptoms resulting from episodes of reduced or absent airflow through a
narrow or collapsed pharyngeal airway during sleep [9]. These include loud snoring, disrupted
sleep and apnoeas despite ongoing respiratory efforts [L0] OSA is a major public health concern
due to its association with excessive sleepiness, strokes/cardiovascular disorders, depression,
attention deficit hyperactivity disorder in children, memory and learning impairments and
motor vehicle accidents [1,11-16]. Alarmingly evidence suggests that moderate to severe sleep
apnoea is an independent risk factor for mortality after controlling for other factors that are
already known to cause premature death [17].

1.2 Abnormality of obstructive sleep apnoea

There is a spectrum of sleep-associated upper airway dysfunction. Abnormalities include
increased upper airway resistance, vibration of pharyngeal mucosal tissues (snoring), flow
limitation and partial airway closure (hypopnoea), and finally, complete obstruction (apnoea).
Episodes of hypopnoea and apnoea can last from 10 to more than 60 sec [1]. Sleep-disordered
breathing also encompasses non-obstructive hypoventilation in its various forms [18].
Nocturnal hypoventilation is attributed to either decreased ventilatory drive (‘won’t breathe”)
or impaired respiratory system mechanics (‘can’t breathe”) [18]. Coexistence of obstructive
and non-obstructive events is not uncommon [e.g., 19,20]. OSA is characterised by repetitive
episodes of ‘valve-like’ pharyngeal closure during sleep [21] with a resulting decrease in
oxygen saturation and hypercapnia. Contributors to collapse of the upper airway include a
combination of constricted space due to upper airway anatomy [22-25], impaired
neuromuscular drive [26-28], intraluminal negative (sub-atmospheric) pressure, and external
influences on the pharyngeal space (such as extraluminal tissue pressure) [29,30]. With
compromised stabilisation of the airway walls and increasing negative pressure behind the soft
palate, pharyngeal obstruction is common [31-37]. Because pharyngeal obstruction often
occurs at end-exhalation, factors other than intraluminal negative pressure are also likely to be
important for example end-expiratory lung volume and expiratory (tonic) upper airway dilator
muscle activity. These obstructive apnoeic events often terminate with an arousal yielding
restoration of pharyngeal patency but not before exposing the patient to periods of hypoxemia,
hypercapnia and consequent autonomic reflexes [26]. However, some OSA patients may
occasionally restore their airway patency without awakening, presumably via recruitment of
upper airway muscles through sufficient increases in respiratory drive [38,39].

2. Structural anatomical basis

The upper airway has to serve multiple roles in speech, swallowing and breathing and the
human airway is assisted with specialised features such as the free-floating hyoid morphology,
unlike in most mammals [40,41]. Although the structure of the upper airway is anatomically
fairly well understood [42,43], the biomechanical interaction of human upper airway muscles
has received little attention. Only a few researchers have considered how these muscles perform
and interact in vivo [44]. This lack of attention is largely because human airways are difficult
to study and, until the recent advances in dynamic imaging techniques, interpretations were
based solely on still-frame images of the airway muscles. The airway itself has received more
attention, with changes in the cross-sectional area based on cine-computed tomography, optical
coherence tomography and MRI [32,33,45,46]. These images have led investigators to
appreciate where and under what conditions various sites in the upper airway are susceptible
to collapse. Nonetheless, descriptions of this complex, three-dimensional structure in health
and disease remain incomplete, therefore models have by necessity been greatly simplified and
extrapolated from available data. There are well-characterised differences in basic anatomical
features that distinguish airways of normal individuals from those of patients who suffer from
OSA.. The human upper airway is constrained anatomically by the mandibular skeletal
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framework in the anterior and lateral aspects while the posterior aspect is constrained by the
morphology of the anterior aspect of the spine. The maxilla provides support and defines the
rostral portion of the retroglossal airway but this bony vault is relatively unconstrained in its
caudal aspect. In some OSA patients, these bony compartments are abnormally small, thereby
any deformation or further change in the local anatomy may cause narrowing or even
obstruction of the airway. Within the constraints of the skeletal framework, the tongue can
markedly alter the upper airway dimensions; hence much research has focused on this specific
area of the airway. The tongue includes four pairs of extrinsic muscles (which have their point
of origin outside the tongue and insert into the musculature of the tongue body [42]:
genioglossus, styloglossus, hyoglossus and palatoglossus) and four pairs of intrinsic muscles
(with both their origin and insertion within the tongue body; superior longitudinal, inferior
longitudinal, vertical and transverse muscles). The tongue, is referred to as a ‘muscular
hydrostat’, with the movement of the tongue reliant upon the co-ordinated actions of individual
muscles fibres from each muscle [44,47,48]. The fibres of the intrinsic muscles intermesh
together [49] and are assembled by a structural collagen lattice [50] that interact closely with
the contractile elements of the skeletal muscles to transmit force. Therefore, this dynamic
‘muscular hydrostat” environment allows movements of the tongue concurrently in multiple
dimensions and is not constricted to a protrusion and retraction plane of movement. The tongue
muscles are supported by the muscles of the floor of the mouth. This group includes the
geniohyoid that is separated from the genioglossus muscle by fibrous aponeurosis, in turn
supported by thin muscle layer that acts like a hammock to elevate the tongue called the
mylohyoid muscle, with the two digastric jaw muscles situated most proximal to the surface
of the skin. These muscles act together with the infra-hyoid muscle group to dilate the airway,
but mostly during ballistic swallowing movements.

Histological biopsy studies have confirmed differences in the muscle properties between OSA
patients and control subjects. Muscle fibre types are presumably remodelled with a shift
towards a higher representation of type Il muscle fibres and decreased type | in OSA patients
[51-55]. This may be driven by repetitive exposure to hypoxia which has been demonstrated
in animal models to produce myogenic changes similar to those seen in humans [56-59].
However, in humans suffering from OSA, there are also differences in the distribution and
angulation of the muscle fibres [60]. Taken together, these descriptions of modifications in the
muscle fibres possibly make the tongues of OSA patients slower to recover from exercise and
cause them to fatigue more easily than those of controls [28,51], although no compelling
evidence exists that fatigue is important in apnoea pathogenesis. To date no complete cadaver
study has been performed in detail to map out the level of these changes throughout the whole
tongue in OSA patients. Furthermore, no studies in vivo have examined the level of fatigue on
the tongue in OSA patients separating the influence of motivation, central and peripheral
influences [61].

Obesity and anatomical abnormalities are common in OSA [29,62,63]. Clinically, measures
of local adiposity (such as neck circumference), as well as witnessed apnoeas and snoring are
the strongest predictors of the OSA syndrome [10]. Although obesity is not essential for the
development of this disorder, this risk factor has been causally linked to OSA and its importance
is highlighted by the observation that weight loss in obese patients with OSA can eliminate
this condition. Increased body mass index is suggestive of visceral obesity but the accumulation
of upper body fat is more important than the total amount of body fat for the risk of sleep apnoea
[29]. Any increase in adipose tissue may load the longer and more vulnerable airways of men
to a greater extent than those of women [64]. Interestingly, the ratio of adipose tissue to muscle
fibres in the tongue is higher than that in peripheral limb muscles, and expected to be even
higher in OSA patients [65,66]. Selected anatomical factors such as the size of the lateral
pharyngeal walls, tongue, and total soft tissue volume have been demonstrated to also have
genetic links to OSA [36,46]. There are also racial differences in sleep-disordered breathing
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with African-Americans more likely to develop OSA at an earlier age than Caucasians [67].
The reasons for racial predisposition for OSA are not obvious, but differences in the soft tissue
and bony structure of upper airway are likely explanations [10] as are different demographics
for other predisposing risk factors [68,69].

3. Ventilatory stability

Ventilation is regulated with optimal feedback control to maintain stable levels of oxygen and
carbon dioxide. However, the cohesive framework involved allows a humber of potential
mechanisms to influence the stability of the ventilatory system [70]. Several investigators have
indicated that ventilatory instability can lead to periodic breathing and impaired airway patency
throughout the respiratory cycle [71,72]. Indeed, instability in respiratory control has been
linked to OSA in some patients [72]. Evidence from mathematical models suggests that
measurements of ventilatory instability may be predictive of obstructive events [71].
Respiratory instability is quantified by ‘loop gain’, the ventilatory response to disturbance ratio
[70,72,73]. A system with high loop gain will react in a robust manner to a perturbation, while
a low-gain system will respond in a blunted manner [74]. The two key variables that influence
the loop gain are the controller gain and plant gain, which can both modify the stability of
ventilation. Controller gain is essentially chemoresponsiveness (i.e., chemosensitivity plus
response to stimulation), which is determined by the brainstem pathways that sense and respond
to changes in oxygen and CO5, levels (e.g. the change in acidosis within the blood supply).
Plant gain comprises the efficiency of CO, excretion, dependent on the size of the stores of
oxygen and CO, Mathematically loop gain can be expressed as the response to a disturbance
divided by the perturbation itself. A loop gain less than 1 will lead to a small controlled
response, so that ventilation will return to a stable pattern [74]. If loop gain is greater than 1,
a respiratory disturbance will lead to an overcompensation that leads ventilation to wax and
wane in a periodic manner. Therefore, an elevated loop gain is destabilising to ventilation
[74], particularly in the context of sleep apnoea. The combined influence of structural
abnormalities and the reduced activation of respiratory motoneurones at sleep onset leaves the
stability of respiration especially dependent upon loop gain [75]. Thus in some individual OSA
patients carefully titrated oxygen, which decreases loop gain, may decrease fluctuations in
central output which could otherwise cause apnoeas (when central output to the diaphragm and
upper airway muscles is at its nadir) [73].

4. End expiratory lung volume

There are both external and internal influences that affect the collapsing and dilating forces
that determine patency of the airway during wakefulness. Changes in lung volume can affect
pharyngeal size and stiffness, probably through caudal traction forces. Such forces can improve
upper airway collapsibility [76], independent of the neural drive to the airway. Throughout
wakefulness, passive increases in lung volume positively influence the pharyngeal airway size
and its collapsibility [77,78]. Furthermore, the upper airway dimensions of patients with OSA
may have greater changes than controls with alterations in lung volume, described as a greater
‘lung volume dependence’. Sleep-induced decreases in the functional residual capacity of the
lung contribute to inspiratory flow limitation [76] and with the dependence on lung volume,
the upper airways of OSA patients are vulnerable to collapse in sleep. Therefore, increased end
expiratory lung volume in OSA patients reduces the respiratory disturbance index [79,80] and
stabilises the upper airway during sleep. This effect of stabilisation has been suggested to be
larger in OSA patients compared with normal controls [81].

5. Arousal threshold

Awakening is associated with a surge in ventilation [e.g., 82,83] that, when combined with the
abrupt decrease in CO, set point (which is higher during sleeping than when awake) and the

Expert Opin Ther Targets. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Saboisky et al.

Page 5

presence of hypercapnia consequent to the apnoea, can produce ventilatory instability,
particularly in individuals with high loop gain. Because ventilatory instability in turn increases
susceptibility to apnoeas and hypopnoeas [74] a vicious cycle can exist. It is commonly
assumed that awakening is necessary for restoration of airway patency and that it is therefore
a critical defence mechanism against asphyxia. However, this may not be the case for all
patients. Activation of respiratory muscles, sometimes called *brainstem arousal’ can occur in
the absence of cortical electroencephalogram desynchonisation [38]. In these patients delay of
awakening long enough to allow effective recruitment of pharyngeal dilator muscles may allow
restoration of airway patency without sleep fragmentation [38]. This strategy would be
particularly helpful in those patients with low arousal thresholds who are able to reopen their
airways given sufficient chemostimulation. By contrast, raising arousal threshold could be
theoretically deleterious for patients that are arousal-dependent and if this characteristic varies
at different times in the same patient as does arousal threshold [84], determining a safe
treatment plan could be tricky. Nevertheless, a better understanding of the role of arousal
threshold in OSA pathogenesis is clearly warranted.

6. Upper airway muscle control

Normal breathing (eupnoea) requires no conscious input and can be clearly observed when
environmental stimuli and behavioural influences are minimised. The automatic control of
breathing originates from the brainstem with the output shaped not only by chemo- and
mechanosensory feedback but also the influence of volitional inputs from supra-pontine
structures such as the cortex [85]. Under normal homeostatic conditions the respiratory output
is directed through the motoneuron pools (e.g. hypoglossal and phrenic) to the muscles so that
adequate ventilation is maintained. The most pronounced state-related change to affect
respiratory neural drive is the transition through sleep and wake states; these transitions produce
abrupt changes in the activity of the respiratory system especially with the elimination of
volitional influences at sleep onset [e.g., 86,87]. These sleep-wake transition changes are
responsible for some sleep-related disorders, the most common being OSA, where intrathoracic
pressure swings and the chest wall moves without airflow at the nose or mouth.

Due to its importance in OSA, ease of accessibility and shear size, the genioglossus is the most
widely studied muscle of the upper airway [e.g., 26,42]. Neural drive to the genioglossus has
been quantified using multiunit electromyographic techniques, as it gives an estimate of the
overall neural drive. The results from these techniques are limited and have described
respiratory activity patterns as simply ‘tonic’ (i.e., constant activity) or “phasic’ (i.e. bursts of
activity with inspiration) [e.g., 88-91]. While these studies are unable to provide information
about the discharge frequency or pattern of firing of single motor units (a motor unit is a group
of muscle fibres innervated by a single motoneuron) they have shed light on the activity in the
genioglossus, which is greater during wakefulness and the neural drive is diminished at sleep
onset which may lead to repetitive upper airway collapse [26]. A seminal observation from
early multiunit electromyographic recordings has been that the signal is higher in OSA patients
compared with that in controls during wakefulness [27]. It was presumed that the higher
electromyographic signal was due to increased descending neural drive that resulted in high
firing rates in genioglossus motor units. The universal theory suggested that during
wakefulness the increased neural drive acts as a compensatory mechanism to upper airway
muscles in OSA patients, and is lost at the onset of sleep yielding airway collapse.

Recently, selective single motor unit recordings have been employed to better understand the
mechanisms behind genioglossus activity patterns. These studies indicate that control of the

genioglossus muscle is more complex than multiunit recordings would suggest. Six different
classes of single motor units have been identified based on respiratory (inspiratory phasic and
tonic; expiratory phasic and tonic) and non-respiratory related activity (tonic and tonic other)
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[92] and unlike the activity within the respiratory chest wall muscles [93,94] the genioglossus
motor units display high firing frequencies during periods of quiet breathing [94-96]. These
methods have also been exploited to provide some understanding of the mechanisms that
underlie the increased activity of the genioglossus in OSA subjects. Single motor unit
recordings from the genioglossus in OSA patients during wakefulness have revealed the same
proportions of the six classes of motor unit activity compared with control subjects with subtle
changes in the central neural drive in both the timing and discharge firing frequencies between
the groups [96]. Furthermore, this study was the first to reveal increased duration of single
motor unit action potentials in the genioglossus of OSA subjects. This is a clear
neurophysiological marker for peripheral neurogenic changes in the motor units [96]. This
finding is supported by the sensory changes, abundance of additional nerve endings from
biopsy specimens in the mucosa and the degeneration of myelinated nerve fibres and axons
seen in sleep apnoea patients [97-101]. Furthermore, the histological findings can correspond
to a neurogenic alteration. These observations have led to the suggestion that there may be a
progression from mild snoring to heavy habitual snoring to OSA. However, the clinical studies
are equivocal as to whether sleep apnoea progresses above and beyond that attributable to
weight gain over time.

The increased multiunit electromyogram (EMG) signal in the genioglossus muscle of OSA
patients may be due in part to the neurogenic involvement; however, there also is most probably
additional neural drive reaching these muscles due to afferent feedback from mechanoreceptor
activation. Currently, there is no evidence or techniques available to determine whether the
increased or compensatory neural drive in the genioglossus is independent of these two
interactive factors.

Respiratory motoneurons inhibited at sleep onset may lead to apnoeic events, however, it is
not known if all stages of sleep actively inhibit all classes of respiratory motoneurons or if there
is a selective subgroup that is not affected by the wakefulness stimulus for example expiratory
motoneurons [87,102]. During normal quiet breathing the effects of oscillating motor units in
the upper airway prevent the collapse, however, with the state-related change there is a loss of
input to the motoneurones. This may allow the patency of the airway to be affected by the
anatomical constraints to the systems such as the additional mass of the neck.

7. Phenotype - targeting the right population

As described in the previous sections, OSA is a surprisingly complex and highly individualized
disease with different factors making varying contributions to the disease process in each
patient. The primary physiological factors are anatomy, muscle responsiveness, arousal
threshold and loop gain. In addition behavioural factors, such as poor sleep hygiene, and drugs,
including alcohol, and excessive body weight may exacerbate the condition and should be
addressed first to the extent possible. Finally, people have individual psychosocial conditions
affecting their willingness to use CPAP, ingest pharmaceuticals, or submit to surgical
procedures. Clearly implementing a strategy that is tailored to the individual is an essential
ingredient for the best outcome (Table 1 outlines factors affecting airway patency and
approaches that may be adopted to treat these conditions in OSA).

8. Therapies

Currently, CPAP remains the gold standard therapy for symptomatic OSA. However, long-
term compliance is an important problem even in patients with severe OSA [103]. Among
patients who are adherent with therapy, CPAP maintains pharyngeal patency by maintaining
a positive transmural pressure in the upper airway. The CPAP strategy is beneficial among
those who can tolerate it. Randomised trials have shown benefits from standpoint of daytime
sleepiness [104], blood pressure [105,106], quality of life, and vascular function [107].
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However, whether CPAP prevents hard cardiovascular complications is currently unclear. In
addition, there are many patients who are either intolerant of CPAP or avoid the OSA diagnosis
due to reluctance to try CPAP [108]. Thus, new therapeutic approaches are clearly required.

For patients who have difficulty tolerating CPAP treatments, alternative options are currently
limited [109]. One alternative approach is oral appliance therapy, including mandibular
retention devices, which has potential advantages over CPAP. Oral appliances may be less
obtrusive than CPAP, do not make noise, and are more portable, especially advantageous for
travel [110]. Although oral appliance therapy may be effective across all grades of obstructive
sleep apnoea severity [111] (especially mild to moderate disease), these devices are limited in
their effectiveness, they are expensive and response to therapy is somewhat unpredictable
[111-113] (see: Phenotype - targeting the right population above). Oral appliances have been
shown to improve adherence as compared with CPAP in some patients [112]. Oral appliances
can lead to some improvements in daytime sleepiness, blood pressure [114] and endothelial
function [115]. However, oral appliances can be uncomfortable and expensive, and not
particularly effective for more severe disease.

Each of these treatments options discussed herein should be utilised in conjunction with altering
the other possible predisposing factors which may affect OSA including: excessive weight,
poor sleep hygiene, nasal obstructions, and drugs, including alcohol. The efficacy of treatment
with any intervention will benefit from altering these factors.

Patients who seek improvements in health and quality of life outcomes occasionally turn to a
range of permanent surgical procedures specifically designed to improve their upper airway
mechanics via alteration of the local anatomy. An attractive advantage of utilising surgical
options for treatment is that they are a ‘permanent fix’ and the ‘compliance’ factor becomes
irrelevant. The evidence for the effectiveness of surgery is not compelling and complications
can become problematic. A severe problem with these therapies is that the effects on related
co-morbidities are not always addressed thus the positive outcomes can be hard to measure
and their effectiveness remains controversial.

Many of the anatomical and physiological abnormalities corrected with surgery aim to increase
the area of the pharyngeal airway space through the partial removal of soft tissues, suspension
of existing tissues or the general remodelling of the anatomical space [116]. The organisation
and structure of the musculo-skeletal system has a profound influence on the conversion of
muscle forces into providing airway patency of each of these surgical procedures (listed below).
Uvulopalatopharyngoplasty is the most common surgical operation performed for OSA with
removal of the distal edge of the uvula and soft palate [117]. The incidence of complications
and mortality are low after this type of surgery, thereby prompting its prevalence in the
literature and in clinical practice. More far-reaching measures of permanent correction include
mandibular advancement, genioglossal advancement, and hyoid myotomy suspension [118].
Hyoid myotomy suspension is achieved by placing a suture over the hyoid bone and pulling it
anteriorly towards the mandible. Similarly, a genioglossal advancement leads to advancement
of the suprahyoid and tongue muscles fixed to the mandible [119]. Mandibular advancement
has high success rates in reducing the apnoea hypopnoea index in some studies, as it enlarges
the retrolingual and retropalatal airways but this somewhat morbid option is often left as a
second line of treatment [4]. Thus, methods to predict the responsiveness to surgery (e.g., with
computational modelling [120,121]) will be required to improve the benefits to patients.
Predictors of failure to respond to particular procedures would also be useful to help redirect
attention towards potentially effective approaches.
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Indirectly treating OSA through weight loss including laparoscopic adjustable gastric banding
surgery has positive outcomes. This procedure involves the placement of an adjustable band
below the level of the gastro-oesophageal junction [109]. The restriction on the bands can be
tailored such that it allows significant weight loss with major benefits for severely obese
subjects with OSA, including sleep architecture in addition to a reduction in overall sleep
disturbances [109].

8.2 Manipulating loop gain

The efforts devoted to understanding ventilation have assisted in determining possible causes
of breathing instability. These mathematical modelling studies allow investigators the ability
to recognise gaps in our knowledge that have enabled new alternatives to treatment options to
be considered. However, not all instances of periodic breathing are easily explained as control
system instability by current models. For example, we are currently unable to predict the neural
response to arousal using the loop gain models. The ability to use these models to provide
ongoing feedback to ventilators etc. will obviously provide additional mechanisms by which
compliance to treatments may be assessed. Emerging data suggest that a subgroup of sleep
apnea patients may have particularly high loop gain [122]. Based on the prior literature
suggesting that a subgroup of sleep apnea patients may respond to oxygen therapy (i.e. to lower
loop gain), we would predict that in pre-selected patients, methods to lower ventilatory loop
gain may be an effective approach [73]. However, randomised controlled trials will be required
to assess clinical outcome benefits to patients. In addition, further theoretical work is still
needed to break down the processes of feedback control and respiratory instability into more
physiologically probable models that can help to guide future experimental studies. However,
it remains unlikely that such modelling efforts will accomplish the level of detail that is present
and included in the respiratory brainstem circuitry.

8.3 Manipulation of lung volume

The decrease in functional residual capacity that occurs at sleep onset, may also promote upper
airway collapsibility, particularly in supine, obese subjects [79,123]. Not only does thoracic
inflation increase upper airway pharyngeal size and stiffness through caudal traction of the
trachea, this lung volume effect is independent of activity in the upper airway muscles [76].
Therefore, as lung volume has an independent influence on upper airway collapsibility it has
been hypothesised that CPAP prevents upper airway obstruction in patients with sleep apnoea
through an increased functional residual capacity [79,80,123]. The responses of patients to
increased functional residual capacity may vary depending on the movement of the trachea
and the weight of the individual. However, further work is required to determine whether
manipulation of lung volume by itself represents a viable therapeutic target.

8.4 Controlling airway muscle activity and arousal threshold

The motor system controlling ventilation is complex as it is responsible for the conversion of
afferent inputs and multiple descending pacemaker signals to shape and control respiration.
The control of respiration is affected greatly by behavioural state changes, with respiratory
brainstem neuron activity reduced at sleep onset [75] and the reduction is reflected in the
multiunit muscle signal [124]. This change is reflected in detailed activity of single motor units
which reduce the period of a breath for which they are active and often ceasing completely
[87]. Itis not yet clear which motor units in the genioglossus affect the patency of the airway.
Figure 1 shows the pattern activation of three motor units in the genioglossus muscle with a
non-uniform derecruitment of two units that may have a function that relates to the ensuing 15
second apnoea. These two units may receive similar premotor neurone influences while control
of the third unit is clearly distinct as it displays ongoing activity through the apnoea. This
finding provides direct evidence that the responses of neurones to state-related changes are
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non-uniform and therefore that there is differential organisation of drive at the pre-
motoneuronal level. Future neural recordings will be required in various brain and muscle
regions to determine how the feedback control and state changes are distributed through the
respiratory motor system. These changes coincide with a rise in upper airway resistance (see
Lung volume) and reductions in multiple neural reflex pathways. This combined change in the
physiology at sleep onset leaves the airway vulnerable to collapse and provides a potential
mechanism for pharmacological intervention or external electrical stimulation.

Where and how respiratory signals and state-related changes are integrated at the single-cell
level remains poorly understood. Clearly there remains substantive integration of inputs to the
motoneuron pools themselves, however, complex premotor influences remain incompletely
understood. One of the primary difficulties in controlling the airway with pharmacological
treatments remains our lack of knowledge of the respiratory pathways themselves. However,
there have been pharmacological trials using a variety of drugs that are proposed to act on
ventilatory drive, which may increase or decrease respiratory responses globally to respiration
or specifically to a single motoneuron pool. Many of these trials have not been fruitful, with
some studies limited in design with small sample sizes or lack of long-term trials, often with
short periods of intervention. Despite these limitations some of the trials have specifically
targeted the hypoglossal or phrenic motoneurone pools with differing results (Table 2).

The hypoglossal motor nucleus has been targeted with tricyclic antidepressant protriptyline
which increases its overall output activity without altering the phrenic nerve discharge in cats
[125]. In humans, protriptyline was associated with subjective improvements in daytime
hypersomnolence, possibly by suppression of rapid eye movement sleep [126]. By contrast,
the benzodiazepine derivative, diazepam, reduced hypoglossal but did not alter phrenic nerve
discharge [125]. However, sedative effects of benzodiazepines have been assessed and
suggested to assist in prolonging the time to arousal particularly in sleep apnoea patients
following airway occlusion thereby resulting in an increased arousal threshold [127]. Another
sedative, trazodone has been shown to increase the respiratory-related arousal threshold in
OSA patients thereby allowing higher levels of CO, to be tolerated [128]. Therefore, in selected
patients with a low arousal threshold these non-myorelaxant sedatives may contribute to
reduced apnoea severity [128].

Some have considered the manipulation of the arousal threshold to be somewhat of a double-
edged sword. That is, among patients with high arousal threshold, profound hypoxemia and
hypercapnia may develop prior to arousal and therefore a sedative/hypnotic may well be
deleterious. On the other hand, among patients with a low arousal threshold, inadequate time
may be present for the accumulation of respiratory stimuli (i.e., negative intrapharyngeal
pressure and CO,) to allow the activation of pharyngeal dilator muscles. A recent report
suggested that the phasic pharyngeal dilator muscles (as represented by the genioglossal EMG)
were necessary and sufficient for the stabilization of breathing among sleep apnoea patients
[129,130]. These data suggest that among OSA patients with a low arousal threshold that an
intervention to raise arousal threshold (e.g., trazodone) may be effective at allowing sufficient
dilator muscle activation to yield stabilisation of ventilation. However, again, outcome data
are currently lacking for this approach.

Mixed responses have been reported to the effectiveness of medroxyprogesterone, a ventilatory
stimulant; it may be useful to treat sleep apnoea of chronically hypercapnic patients [131].
Recent work has lessened enthusiasm for a role of serotonin as a modulator of the hypoglossal
contribution to upper airway patency [132]. Recent developments in the use of ampakines
[133] have generated enthusiasm for the viability of this approach; however, clinical trial results
will be required before any definitive conclusions can be drawn.
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The favoured drugs for OSA treatment are currently used to supplement rather than replace
CPAP treatment. Topical lubricants such as phosphocholinamin benefit some OSA patients
by reducing surface tension forces in the upper airway to facilitate recovery from obstructions
[134]. The use of corticosteroids such as fluticasone has benefits in some patients with OSA,
potentially by reducing tonsillar tissue [135].

Electrical stimulation of upper airway muscles and nerves can produce contractions of the
tongue and can be utilised for OSA treatment as either a training device for the muscles or for
night time relief of symptoms [5-7,136-139]. These types of stimulation can induce
transformations of the fibre types in the upper airway muscles that may improve the fatigability
of the muscle [6]. It is debatable whether direct muscle stimulation or nerve stimulation is
preferable. Either may theoretically be helpful as genioglossus stimulation alone or
concomitant stimulation of retracting and protruding muscles stabilizes the airway [e.g., 136,
140-143]. Reported techniques include implanted wire electrodes, surface stimulating
electrodes and hypoglossal nerve stimulation. Unfortunately, inconsistent results to date do
not currently justify the risks associated with the invasive nature of implanting devices into the
upper airway. Nonetheless stimulation may be a viable option for some patients pending safety
and efficacy.

8.5 Genetics/stem cell therapy

It is still debated as to the potential means by which stem cell and genetics research will
influence the future of OSA therapies, but there is a great deal of research focused directly or
indirectly into these areas. There are investigators using genetic screening to identify those
most at risk of suffering from sleep disorders resulting from vulnerabilities in inherited traits.
As genetic factors related to cranio-facial shapes and features also play a role in pathogenesis
of OSA.

Stem cell research into obesity is attempting to identify means to decrease patients’ adipose
tissue deposition and thereby preventing a myriad of diseases including OSA [144]. The
underlying hypothesis is that stem cells, having more than one potential outcome, can
theoretically be induced to differentiate ex vivo into any of the 200 or so cell types in the human
body or be able to restore or replace organs that have been damaged or lost through injury or
chronic degenerative disease [144]. Therefore in obese individuals control over the tissue mass
of these individuals may facilitate their treatment.

9. Expert opinion

The areas of physiology, surgery and regenerative medicine are involved in the ongoing
research and in future treatments of OSA patients. Areas which are likely to have new
alternative breakthroughs in providing treatment approaches for OSA may include stem cell
technology, cellular or genetic therapies, and drug delivery systems.

A direct determinant of upper airway mechanics is the activity present in the upper airway
muscles, which is influenced by both respiratory [92,94,96], and non-respiratory behaviors
[145,146]. Taking advantage of neural pathways that independently control upper airway and
respiratory pump muscles is likely to help prevent apnoeas [93]. Approaches which attempt to
modify the behaviour of the motoneurones offer a potentially interesting means of controlling
the airway. However, the human afferent and motor pathways that regulate eupnoea are still
poorly understood. The premotoneurones and the sensory pathways which control of the upper
airway during sleep may offer viable therapeutic targets in the future, once they have been
adequately characterized pharmacologically and neurophysiologically.
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The research that has been completed to date with mandibular splints, pharmacological
treatment interventions (low arousal threshold), electrical stimulation and feedback control
over existing CPAP machines offer viable options for OSA treatments. The future of other
means of treatments should remain open with the ability to screen patients for genetic markers
or phenotypic traits that may yield positive outcomes in terms of compliance. Ultimately the
vision for the treatment of sleep apnoea will be a multidisciplinary targeted approach based on
underlying neurophysiological mechanism. However, further research is clearly required to
realise this goal.

9.1 Conclusion

OSA is widely accepted as a major public health problem, as it is strongly associated with
cardiovascular disorders, depression, attention deficit hyperactivity disorder in children,
memory and learning impairments and motor vehicle accidents [11-14]. There are a variety of
different treatments available either using direct surgical interventions, continuous positive
airway pressure, or indirectly including weight loss.

Clinicians are now presented with a variety of options to treat their patients with OSA, however,
the best options for individual patients are not yet predictable. Clearly an understanding of the
distinct pathophysiology in each patient and research into the most probably successful
approach for each pathophysiological type will inform treatment decisions in the future. At
this time it is still uncertain whether or not single pharmacological measures will ever be
possible or if genetics and stem cell research will offer possible screening and possible
alternative approaches to treat OSA.
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Figure 1. Simultaneous recordings from genioglossus muscle in one subject with 15 sec apnoea
From bottom to top: electrocardiogram, airflow, volume, genioglossus raw electromyogram
(EMG) and instantaneous discharge frequency with overlaid motor unit potentials from the
unit (at right) are shown. The three decomposed signals (Units 1, 2 and 3) are from the
corresponding three EMG signals (EMG 1, 2 and 3) shown. Inspiration is upwards in the airflow
and volume trace. Vertical calibrations for superimposed motor unit potentials are: 200 mV
and horizontal calibration is 2 ms. Shaded area shows the complete apnoea. Units 1 and 2 are
both suppressed during the apnoea while unit 3 remains active.
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