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Background: The global pandemic of metabolic disease is worsening. The metabolic theory of
obesity proposes that hormonal changes, especially hyperinsulinaemia, precede metabolic
disease development. Although quality sleep is recognised as a key factor for good health, less
is known about disrupted sleep as a risk factor for hyperinsulinaemia.
Aim: To explore the relationship between sleep, especially sleep architecture and the nasal
cycle, on insulin secretion in obstructive sleep apnoea (OSA) with comorbid metabolic disease.
This review includes a discussion of the potential role of Rest-Activity-Cycler positive airway
pressure (RACer-PAP), a novel non-pharmacological OSA treatment strategy.
Methods: A narrative review of all the relevant papers known to the authors was conducted.
This review also included results from a polysomnographic sleep clinic pilot study (n = 3)
comparing sleep efficiency of RACer-PAP to nasal continuous positive airways pressure
(n-CPAP) in OSA patients.
Results: Metabolic disease is strongly associated with disturbed sleep. Sleep architecture
influences cerebral hormonal secretion, lateral shifts in the autonomic nervous system and
nasal airflow dominance. Disturbed sleep shortens short-wave sleep periods, decreasing
insulin sensitivity and glucose tolerance. Improvements to metabolic function during n-CPAP
treatment are inconsistent. If RACer-PAP demonstrates superior effects on sleep architecture
and autonomic function, it may offer advantages in OSA patients with comorbid metabolic
disease.
Conclusion: Improving sleep architecture by maintaining the nasal cycle proposes a novel
non-pharmacological treatment paradigm for treating OSA with comorbid metabolic disease.
Research is required to demonstrate if RACer-PAP therapy influences whole night sleep
architecture, sympathovagal balance and markers of metabolic disease.

Introduction
The pandemic of metabolic disease, especially type 2 diabetes, cardiovascular disease, cancers,
morbid obesity and dementias, is a global public health crisis carrying a significant economic
burden. Despite some advances in the treatment of these conditions, preventative measures to
date have made little impact on the increasing prevalence.
Obesity is considered to be the main aetiological driver of metabolic disease. Volitional control
(eat less and move more) is usually promoted as the best way to manage obesity. However, there
are a number of reasons why this approach is unlikely to succeed at a population level, especially
neurological control and hormonal influences. The metabolic theory of obesity1 suggests that
hormonal changes within the body preferentially partition circulating metabolic fuels into
adipose tissues, thus increasing hunger and decreasing energy expenditure, prior to the
development of obesity. This metabolic theory of obesity is strengthened by the recognition of
impaired insulin homeostasis and hyperinsulinaemia being a recognised risk factor for metabolic
disease.2 Emerging research suggests that hyperinsulinaemia precedes the development of both
obesity and insulin resistance.1,3,4 Therefore, understanding the causes, and management, of
hyperinsulinaemia may elicit novel ways of managing metabolic disease.
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Sleep is being increasingly recognised as being a key factor in determining health. Sleep loss is
considered a significant risk factor for impaired insulin homeostasis.5 However, little is known
about the impact of disrupted sleep on the hormonal changes that influence insulin homeostasis.
This review will consider a conceptual framework by which disrupted sleep leads to the
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development of hyperinsulinaemia, obesity, obstructive
sleep apnoea (OSA) and metabolic disease focusing on sleep
architecture and discuss a novel treatment strategy using a
new type of positive airway pressure (PAP) therapy.

Methods
The literature was reviewed under the broad headings of noncommunicable disease, insulin and metabolic disease, type 2
diabetes, sleep staging and architecture, and the effect of sleep
deprivation, targeting full-test English language studies. There
was no date criterion. Articles were selected on the basis of
providing a descriptive context associating metabolic disease
with sleep quality. The final selection of articles was based on the
authors’ judgement of relevance, completeness and compatibility
with epidemiological, pathological and clinical criteria.
A review of how pressurised breathing treatment affects the
nasal airflow of OSA sufferers as this cohort commonly exhibit
markers of metabolic disease is included. A new form of
breathing therapy is introduced that could positively influence
sleep architecture and sleep quality, and the findings from a
pilot sleep study comparing sleep efficiency between these
two treatments are presented. This new therapy, delivered by
the Rest-Activity-Cycler positive airway pressure (RACerPAP) system, is a new variant of OSA pressurised breathing
treatment that regulates and cycles inter-nasal airflow
apportionment throughout the night.

Review findings

Insulin and metabolic disease
Insulin is one of the central hormones of glucose homeostasis.
Population studies demonstrate that elevations are an early
marker of metabolic disease.2 Hyperinsulinaemia is a
common aetiological factor for many metabolic diseases,
especially type 2 diabetes, macro- and microvascular disease,
certain cancers and dementias. Recent research suggests that
hyperinsulinaemia may be present in a significant proportion
of the population with both normal body mass indices and
normal glucose tolerances,6 a clinically silent harbinger of the
subsequent development of type 2 diabetes over 5–10 years.7
Research is needed to understand the factors influencing the
insulin responses within the body.
While it is likely that the management of hyperinsulinaemia
will be multifactorial, some of the influencing factors are
under the control of the autonomic nervous system (ANS).

Sympathovagal imbalance
It is recognised that maintaining healthy metabolic
homeostasis requires exquisitely precise adjustments between
the sympathetic and parasympathetic arms of the ANS. For
example, insulin secretion is stimulated by vagal activation
and inhibited by sympathetic adrenal activation. This process
can be disturbed by numerous factors, including excessive
sympathetic stimulation, such as stress. Sympathovagal, or
autonomic, imbalance is associated with metabolic disease,
although the direction of causality remains unclear.8
http://www.insulinresistance.org
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Insulin physiology
Insulin and glucagon are secreted from the beta cells of the
pancreas in order to maintain blood glucose levels within a
narrow therapeutic range. Insulin both decreases hepatic
gluconeogenesis and increases cellular uptake of glucose in
order to lower excessive blood glucose levels. It is generally
believed that there is a basal secretion of insulin to maintain
homeostasis, with additional insulin being secreted as a bolus
to manage hyperglycaemia. Recent research suggests that
insulin secretion occurs in a rhythmic and pulsatile manner
with an ultradian periodicity ranging from 80 to 180 min.9
This cycling is also modulated by fast oscillations that vary
between 5 and 15 min and this latter time period is believed
to be influenced by the individual’s degree of insulin
resistance.10 An increased frequency of the fast oscillations is
hypothesised to either indicate or influence the degree of
insulin resistance. Little is known about the factors that affect
these modulated oscillations. However, it is recognised that
insulin secretion is affected by a number of factors including
other hormones (e.g. glucagon, adrenaline and cortisol),
vagal nerve stimulation, food consumption, physical activity
and sleep. The ‘hourly-like’ ultradian rhythm of insulin has
also been shown to be tightly coupled to the ultradians of the
ANS, cardiovascular system and neuroendocrine systems
and contributes to sympathovagal balance.8,9

Sleep deprivation as a risk factor for
metabolic disease
Over the last half century, changes in developed society and
lifestyle have resulted in both adults and adolescents
experiencing a 1.5–2 h reduction in sleep duration, as
demonstrated by more than 30% of Americans who reported
less than 6 h of sleep per night.11,12 In addition to societal
changes, the ageing population experience a decline in sleep
duration and increased sleep disruption.13,14 Sleep deprivation
is implicated in disturbing the insulin oscillations, as sleep is
known to affect hormone secretion, food consumption and
physical activity and overall sympathovagal balance. Sleep
deprivation arising from either sleep restriction or sleep
disruption is known to affect a number of neurotransmitters
and other hormones implicated in insulin homeostasis
including, but not limited to, noradrenaline, adrenaline,
leptin, ghrelin and cortisol. Sleep deprivation increases
sympathetic nervous activity, resulting in increased cortisol
secretion.5 Cortisol is known to have several direct effects on
insulin homeostasis including the downregulation of GLUT4
transporters, thus increasing insulin resistance resulting in
hyperinsulinaemia.2 Sleep deprivation also increases ghrelin
and decreases leptin, resulting in the net effect of increased
hunger (and food intake) and decreased physical activity.5 It
is unclear whether the increased food intake is in response to
hormonal, societal (i.e. under stress to perform despite sleep
deprivation) or a combination of factors. As a result of these
factors, sleep deprivation is now considered an obesity and
type 2 diabetes risk factor.5,15,16 However, the direction of
causality between sleep disruption and metabolic disease
may need further determination. While sleep is inversely
associated with body mass index (BMI) and waist girth,17
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starvation is known to cause decreased sleep in rodents5 and
low leptin levels can simulate these starvation conditions. As
previously described, hyperinsulinaemia can invoke leptin
resistance, causing a positive feedback cycle. It is reasonable
to propose that non-pharmacologic efforts to improve sleep
quality and total sleep should be investigated as part of a
comprehensive strategy for metabolic disease management.

Sleep architecture and rapid-eyemovement sleep
Although the relationship between sleep quality and good
health is recognised, it remains difficult to quantify ‘quality
sleep’. The Pittsburgh Sleep Quality Index differentiates
‘poor’ sleep from ‘good’ sleep using subjective sleep quality,
sleep disturbances and daytime dysfunction, amongst other
measures.18 However, a long-standing method of assessing
quality sleep is by examining sleep architecture or the
variations in sleep staging that occurs throughout the night.
Sleep normally occurs in the four stages of non-rapid-eyemovement (NREM) sleep and one stage of rapid-eyemovement (REM) sleep (as shown in Figure 1).19
In a normal sleep cycle, people move between the lighter
NREM stages of sleep (Stages 1 and 1) into the deeper stages
(Stage 3 and 4), followed by a period of REM.19,20 The latter two
NREM stages are collectively known as slow-wave sleep
(SWS). SWS is considered the most restorative sleep and is
strongly associated with sleep quality.21,22 SWS serves to restore
the body through regulation of endocrine and autonomic
variables, especially cortisol and human growth hormone.
During sleep, a healthy young adult experiences alternation in
REM and NREM sleep staging approximately every 90–110
min throughout the duration of sleep,20 with REM accounting
for approximately 20% – 25% of the total sleep time. During
the initial sleep period, sleep architecture in a healthy human
is characterised with longer periods of SWS compared to
REM sleep. As sleep progresses, the duration of SWS
decreases and REM sleep increases.20 During sleep there is an
oscillation in parasympathetic or sympathetic tone that is
synchronous with the NREM–REM cycle23 and may align
with the oscillatory period of normal insulin secretion.24
Throughout SWS, the secretion rate of human growth
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hormone peaks and the ANS shifts from greater sympathetic
tone to a greater parasympathetic tone.9,25 Changes in
neuromodulatory systems, including the noradrenergic,
serotonergic, histaminergic and cholinergic systems, and
changes in local cortical connectivity, are all thought to be
related to variations in SWS.26 In a small study (n = 9),
preventing SWS over three nights without reducing overall
sleep duration was shown to decrease insulin sensitivity and
glucose tolerance.27
If sleep is disturbed, a person may not return to his or her
previous sleep stage. Instead he or she commences a new
sleep cycle. This means that people with disturbed sleep
typically spend less time in SWS and have increased
hypothalamic-pituitary-adrenal (HPA) axis activation and
subsequent cortisol secretion, and hence increased insulin
resistance and potentially other metabolic disturbances.28,29
Sleep architecture is therefore recognised as a significant
correlate and important marker for the HPA axis,28 and thus
treatments that can affect the sleep architecture should be
considered as options for treating metabolic disease.

Obstructive sleep apnoea and sleep architecture
A common cause of disrupted sleep is OSA. This condition
manifests as repeated episodes of upper airway closure leading
to repeated dips in blood oxygen tissue saturation causing
recurring CNS arousals that disrupt normal sleep architecture.30
The instinctive response to OSA is a state of arousal or semiawakening to reinstate tidal breathing; however, the sufferer
may not be aware of these periods. Disease severity is measured
using the apnoea–hypopnoea index (AHI), which is the mean
number of apnoea and hypopnoea events per hour of sleep.31
Different studies have used different AHI values to define a
diagnosis of OSA, but generally an AHI < 5 is below the
threshold for disease diagnosis.

Obstructive sleep apnoea and metabolic disease
There are conflicting reports regarding the prevalence of OSA
in the general population. The 1993 Wisconsin Sleep Cohort
study reported the prevalence of OSA as 4% in men and 2% in
women (ages 30–60 years).32 However, more recent studies
report a prevalence of up to 37% in men and 50% in women.31
Stage 1
Stage 2
Stage 3
Stage 4
Rapid-eyemovement
(REM)

REM
UNS AWK
M/T
1
HYPNOGRAM
2
3
4

FIGURE 1: Adult hypnogram demonstrating the different sleep stages. The four stages of NREM sleep typically precede a period of REM sleep.
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The differences between studies may reflect differences arising
from assessment methodologies, definitions, study designs,
populations and also in the increasing prevalence of obesity.
People suffering from OSA are predisposed to experiencing
reductions in SWS25,27,33,34,35 and REM sleep.20 In theory, a
reduction in SWS will increase insulin resistance and could be
one of the factors that lead to an increased risk for developing
metabolic disease. Many metabolic diseases are associated
with disturbed sleep architecture and shorter periods of
SWS sleep.36,37,38 Even healthy individuals show reduced
insulin sensitivity, when exposed to fragmented sleep,15,37
although the direction of causality is uncertain. OSA is
also independently associated with an increased prevalence
of metabolic diseases linked to high morbidity and
mortality,39,40,41,42 although disease directionality is inconclusive.
As many of these metabolic diseases are also associated with
hyperinsulinaemia, it is plausible that hyperinsulinaemia and
OSA may share a common pathogenesis.
Less is known about how OSA affects normal neuromodulatory
functioning including sleep staging. However, NREM and
REM sleep staging has been shown to be closely linked with
the ultradian rhythms of alternating cerebral hemispheric
activity43,44 and the ultradians in ANS balance between
parasympathetic and sympathetic dominance.45,46 This
association is demonstrated by reductions in heart rate, blood
pressure, respiration rates and body temperature that occur
during NREM sleep. During REM sleep, heart rate, blood
pressure, respiration rates and thermoregulation increase
and with greater irregularity. Each of these two states
demonstrates the variation in autonomic balance between the
primarily parasympathetic and sympathetic states that are
coupled to NREM and REM sleep stages.
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Nasal cycle and the autonomic nervous system
The nasal cycle is a normal ultradian physiological
phenomenon that manifests in all mammals,52 where each
nasal airway takes turns at conducting a greater apportionment
of tidal airflow. The status of airflow dominance between the
right and left nasal airways is correlated with sympathetic
and parasympathetic dominant states, respectively, as
regulated by the ANS,53,54 the lateralised ultradian rhythm of
alternating cerebral hemispheric dominance 55,56 and is tightly
coupled to sleep staging44,46,53,55,57,58 and sleep position.59
This suggests that the nasal cycle is strongly connected
with sympathovagal balance. Nasal-applied continuous
positive airway pressure (n-CPAP) is considered the gold
standard of OSA treatment but has also been shown to abolish
the nasal cycle in awake volunteers.60 The effect of abolishing
the nasal cycle on sleep architecture is currently unknown.
Although CPAP therapy causes modest improvements in
sleep architecture, especially to SWS, it has no effect on
REM sleep.50 The mechanisms for the improvements in
sleep architecture are unknown, but decreasing sleep
disturbances is likely to have beneficial effects on sleep
architecture.
Despite there being a strong correlation between the duration
of sleep and adherence to n-CPAP therapy,61 the inability of
this treatment to positively influence sleep architecture
during treatment has potentially prevented the full potential
of improvement in metabolic disease from being realised. We
postulate that abolishing the nasal cycle impedes restoration
of sympathovagal balance, leading to a lack of metabolic
benefits with CPAP therapy for OSA.47 This suggests that
further research into PAP technology should account for the
nasal cycle.

Management of obstructive sleep apnoea

Unilateral nostril breathing

Obstructive sleep apnoea is currently managed by lifestyle
measures (e.g. encouraging the patients to lose weight, avoid
alcohol and not sleeping on their back or stomach) and by
medical devices depending on the severity of the disease.
People with moderate to severe OSA may be prescribed
continuous positive airway pressure (CPAP) therapy. This
device delivers a continuous supply of compressed air via a
mask that covers the nose alone or both nose and mouth.
CPAP therapy decreases daytime sleepiness but only causes
slight to modest improvements in metabolic outcomes.47,48
This improvement is currently attributed to OSA sufferers
realising a partial improvement in sleep architecture,49,50
which can plausibly be linked with subsequent decreases in
sympathetic activity and cortisol levels.

Unilateral nostril breathing (UNB) is a yogic breathing
technique where the user occludes one nostril and breathes
exclusively through the other. This has been shown to
selectively activate either the sympathetic or parasympathetic
branch of the ANS depending on the side of the occluded
nostril.55,58. For example, right UNB selectively increases the
electroencephalography (EEG) power in the left cerebral
hemisphere62 and increases heart rate,63,64 while left UNB has
been shown to reduce heart rate and selectively increase EEG
power in the right cerebral hemisphere. Right UNB has also
been shown to increase verbal skill performance and left
UNB has been shown to increase spatial skill performance.65
This technique is believed to help restore the natural
oscillations in the HPA axis which is important for
sympathovagal balance.

A significant challenge to managing OSA is the lack of
adherence to CPAP therapy. Although CPAP is routinely
prescribed for use during all sleep periods, full adherence to
CPAP is accepted to be at least 4 h per night on 70% of nights.51
This means that patient may not achieve good quality sleep
which increases their risk for further development of
metabolic disease.5
http://www.insulinresistance.org

Previous work has shown that in the awake state, blood
glucose levels significantly increase during right UNB and
lower during left UNB.58,66 This is supported by another
study showing blood insulin levels are elevated during left
nostril dominant breathing in a natural nasal cycle.9 The
selective effects and benefits of UNB are proposed here to be
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implemented during sleep by the use of a second-generation
PAP technology as a new approach for metabolic disease
treatment.

Rest-Activity-Cycler treatment
The RACer-PAP system is a new instrument for treating OSA
that utilises pressurised air selectively through one nostril
and then the other to reinstate the normal rhythm of the
nasal cycle that is abolished by n-CPAP therapy.60 The RACerPAP technology artificially reinstates nasal cycle patterns
throughout sleep which is postulated to have a positive effect
on sleep state architecture.9,27,29, 33,34,35,36,37,38,53
A polysomnographic sleep clinic pilot study has recently
been conducted with three n-CPAP-compliant OSA sufferers
who received breathing treatment pressures ranging from
8 cm H2O to 14 cm H2O. This study compared treatment
efficacy during full overnight use of RACer-PAP and n-CPAP
systems. With each individual acting as his or her own
control, AHI was equivalent between nights for all patients.
Arousal index (AI) was within night-to-night variation for
all three participants between nights. Two participants
experienced a 27.6% improvement in sleep efficiency, while
one showed no change. Despite the limitation of this initial
pilot study (n = 3), it does suggest RACer-PAP treatment
might deliver improvement in sleep efficiency through
regulation of inter-nasal airflows leading to improved sleep
architecture.

Implications and recommendations
Given the disappointing results from the SAVE study on
cardiometabolic outcomes,48 and slight to modest results
for both blood glucose and blood pressure management,
there is a strong rationale for exploring sleep architecture
for the prevention and management of early metabolic
disease. The understanding of the hypothalamic oscillations
that are aligned with the nasal cycle and quality sleep
architecture potentially offers a new therapy model for the
management of metabolic disease in people without
diagnosed OSA. Further investigations with the recently
developed RACer-PAP technology may provide another
non-pharmacological approach for the management of
OSA-associated metabolic disease through the regulation
of sleep architecture. Future research should collate
sleep architecture and biometabolic markers, including
cortisol, inflammatory markers, and insulin and glucose
homeostasis measures, in people who are n-CPAP adherent
and compare that baseline data with the same variables
after those people have been transferred to RACer-PAP
therapy after a period of at least 12 weeks. This would help
determine the effectiveness of RACer for managing
metabolic disease and may establish whether RACer aids
in adherence to PAP therapy. Comparing adherence and
biometabolic markers in people who are PAP therapy naïve
and who are randomised to either RACer or n-CPAP
therapy is also required.
http://www.insulinresistance.org
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Conclusions
Metabolic disease is strongly associated with disordered
sleep architecture. RACer-PAP breathing therapy potentially
offers a new form of non-pharmaceutical treatment for OSArelated metabolic disease. Further research is required to
demonstrate if RACer-PAP therapy influences whole night
sleep architecture and has effect on markers of metabolic
disease.
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