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ABSTRACT

Sleep apnea syndromes are characterised by repetitive cessation of breathing
during sleep. They are more common in men than in women and currently the
reason for this is poorly understood. The central control of respiration and upper
airway dilator muscle function have been implicated in the pathogenesis of these
disorders. In this thesis, several aspects of the control of ventilation and an upper
airway dilator muscle (the genioglossus) have been compared between healthy
men and women, in an attempt to identify a gender difference that may contribute

to the high male prevalence of sleep apnea.

In the first study presented in this thesis, the phenomenon of respiratory
afterdischarge of the genioglossus and diaphragm muscles were compared
between men and women during wakefulness. Respiratory afterdischarge is the
slow decline in respiratory drive following removal of a brief respiratory stimulus. A
short respiratory afterdischarge (rapid decline to baseline) represents an “under-
damped” system in which further oscillations in respiratory output are more likely. In
this study the respiratory afterdischarge of the diaphragm and genioglossus

muscles were found to be similar between genders.

In the second study, the ventilatory and upper airway muscle responses to
repetitive isocapnic hypoxia were compared between men and women. In animals,
repetitive hypoxia induces long-term facilitation (a progressive increase in

ventilation during and following repeated stimulation), which is thought to help

viii



stabilise respiratory patterns. Long-term facilitation has not been consistently found
in humans nor compared between genders. In this study, repetitive hypoxia did not
elicit long-term facilitation of ventilation or upper airway muscle activity in either

gender.

In the third study the ventilatory response to arousal from NREM sleep was
compared between healthy men and women. The degree of hyperventilation
following arousal from sleep has been implicated to contribute to subsequent
respiratory instability. The ventilatory response to arousal from sleep was found to
be higher in men than in women, and men subsequently developed a larger

transient ventilatory undershoot.

In summary, several aspects of respiratory and upper airway dilator muscle control
have beenb investigated and compared in healthy men and women. Respiratory
afterdischarge and the response to repetitive hypoxia appear similar between
genders during wakefulness, however the ventilatory response to brief awakening
from sleep was found to be higher in men than women. It is possible that this

difference contributes to the high male prevalence of sleep apnea syndromes.
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CHAPTER 1. GENERAL INTRODUCTION

1.1  General background

Sleep-related breathing disorders are increasingly recognized as an important
cause of morbidity. They include a number of distinct syndromes defined by agreed
clinical and polysomnographic criteria (6). Common to each is the presence of
episodic disturbances of ventilation during sleep with consequent sleep disruption
and abnormal gas exchange. The sleep apnea syndromes are usually divided into
obstructive and central types, however, within a single patient, both central and
obstructive apneas and hypopneas may be observed. Both the common obstructive
sleep apnea syndrome (OSA) and central sleep apnea (CSA) show a striking male
predominance (125, 159), the reasons for which are at present poorly understood.
Increased knowledge of the pathophysiological mechanisms underpinning these
gender differences will likely lead to new insights into the basic biology of sleep
disordered breathing, which may ultimately have important therapeutic spin-offs.
The aim of this doctoral study was to examine possible physiological mechanisms
for this difference in healthy men and women, in the hope to identify an underlying
gender difference that may contribute to the high male prevalence of sleep apnea
syndromes. This chapter examines the literature with regard to differences and
similarities between men and women with both obstructive and central sleep
apnea, and reviews the current understanding for the high prevalence of these

disorders in men.



1.2 Obstructive sleep apnea

Obstructive sleep apnea is characterised by episodic collapse or narrowing of the
upper airway during sleep. During apnea or hypopnea, progressive hypoxia and
hypercapnia leads to incrementally larger breathing efforts that culminate in
arousal, re-opening of the upper airway and brief hyperventilation followed by
return to sleep. There are several known risk factors for OSA including increased
body mass, craniofacial skeletal dysmorphology and increased age (see (35) for

review). Male gender is also a well-recognized risk factor.

1.21 Prevalence: community versus clinic populations

The prevalence of OSA in the general population has been estimated in several
large studies (17, 18, 40, 74, 100, 116, 159). The populations studied, number of
subjects, measurement methods and definitions of OSA have varied between
studies and so not surprisingly the estimated prevalence of OSA has also differed.
However, common to all reports is a higher prevalence of OSA in men compared
with women, with male to female ratios of approximately 2 or 3:1 (17, 74, 100, 116,
159). In the first large, polysomnographic study of sleep disordered breathing
(n=602), OSA (as defined by an apnea-hypopnea index (AHI) of > 5 with concurrent
hypersomnolence) was estimated to occur in approximately 4% of men and 2% of
women (159). Similar findings have been reported amongst relatives and neighbors
of patients with sleep disorders (116) and Spanish residents (40). Post-menopausal
women have been found to have a significantly greater risk of OSA than either pre-

menopausal women or post-menopausal women taking hormone replacement



therapy (17). Thus female sex hormones may protect against OSA and contribute
to the observed gender difference in OSA prevalence. Against this is the finding
that the experimental administration of female hormones does not, at least in the

short term, reduce the severity of OSA (31, 32, 114).

Interestingly, the ratio of men to women with OSA in clinical studies (33, 51, 116)
appears to be considerably higher than in the community (116, 159) (approximately
5 to 8:1 versus 2 to 3:1). This does not seem to have changed significantly in the
last decade as judged by the gender ratio (4 to 10:1) of patients entered into recent
clinical trials (15, 86). However, one recent report of a large sleep clinic cohort
reported a gender ratio comparable to that reported in epidemiological studies (97).
The reason for the apparent gender discrepancy between community and clinic
populations is not clear. However, it has potentially important public health
implications, particularly if large numbers of women with OSA are unaware of their

condition or for some other reason are not presenting for treatment.

1.2.2 Polysomnographic findings

There are two large retrospective clinical studies that show women with OSA have
a lower AHI during non rapid eye movement (NREM) sleep but the same AHI
during rapid eye movement (REM) sleep (97, 142). The gender difference in AHI
during NREM appears to be confined to men and women under the age of 60 years
(142). 1t is possible that women, because of advantageous upper airway anatomy
or mechanics, have less propensity to upper airway obstruction in sleep, but

experience more muscle hypotonia in REM, greater central respiratory instability



during REM or more diaphragm fractionations (20-100ms pauses in diaphragm
activity which have been postulated to contribute to the diminished ventilatory
response to occlusion in REM (127)). | am not aware of any studies investigating
these possibilities. Alternatively, women may have similar upper airway dimensions
or mechanics and similar REM neurophysiology and propensity for obstruction
compared with men, but have a respiratory control mechanism that protects them
from obstructive events in NREM sleep. Female hormones could well be involved
since older men and women (>60 years) do not show the NREM AHI difference
(142). Increased pharyngeal dilator muscle tone or a more stable respiratory control
system have each been implicated in the lower prevalence of OSA in pre-

menopausal women (see Pathogenic mechanisms, page 9).

The duration of apneas and hypopneas are reported to be 3-5s shorter in women
than men and correspondingly women are reported to experience less desaturation
(77, 142). A more rapid change in blood gases during apnea would appear unlikely
to account for the shorter apnea duration in women, as desaturation was less in
women. If hypoxic or hypercapnic chemosensitivity was higher in women than men,
women may increase breathing efforts during obstructive events more rapidly and
arouse earlier. However, hypoxic ventilatory responses are not convincingly
different in either healthy men and women (3, 117, 145, 146) or OSA patients
(126), and respiratory effort (Po.1 responses) appears to augment at a similar rate in
men and women during progressive hypercapnia (140). The arousal threshold may
be reduced in women causing them to arouse more quickly following an

obstruction. Finally, it is possible that men, because of more severe OSA, have



greater sleep pressure and therefore require a larger stimulus to arouse from sleep
and terminate apnea. | am not aware of any study comparing arousal threshold to

respiratory stimuli in men and women either with or without OSA.

1.2.3 Symptoms and neurobehavioral changes

In epidemiological surveys, women with OSA appear to report the classical
symptoms associated with OSA in men, namely loud or disruptive snoring, snorting
or gasping and witnessed breathing pauses (101, 116, 158). However, in the study
of Redline et al. (116), the proportion of women with an AHI >15 who reported
these symptoms was approximately half that found in men with the same level of
sleep disordered breathing. A similar (non-significant) trend was observed in the
study of Young et al. (158), with approximately 40% of women versus 20% of men
with AHI >15 reporting none of the classical symptoms. While women who suffer
from OSA appear to perceive similar symptoms to men with OSA, they more
frequently report a number of other possibly unrelated sleep symptoms. In clinic
based studies, women with OSA report more difficulty initiating sleep (4), morning
headache (4) and fatigue than men with OSA (4, 29). Importantly, women who
present to sleep clinics and turn out not to have OSA, also report more morning
headache and difficulty initiating sleep than men without OSA (4). In the Wisconsin
Sleep Cohort Study women reported more excessive sleepiness (159) and more
morning headache in all apnea severity groups (158). Women were more likely to
be dissatisfied with life, which was unrelated to OSA severity (158). In the more
recent Sleep Heart Health Study women were found to report “difficulty initiating

and maintaining sleep” more than men, even though fewer women had sleep



disordered breathing (14). A linear relationship was also reported between AHI and
the score on the Epworth sleepiness scale (ESS) and this was not affected by

gender (50).

Excessive sleepiness is thought to contribute to the elevated risk of motor vehicle
accidents (MVA) amongst patients with OSA. The risk for MVA has been assessed
in licensed drivers enrolled in the Wisconsin Sleep Cohort Study (156). This study
reported that during a 5 year period, men with sleep disordered breathing were 3
times more likely to have a MVA than men without sleep disordered breathing
(SDB) after controlling for average number of miles driven, usual alcohol
consumption, education, age and body mass index (BMI). Interestingly, no such
association was found in women. However, an association between having multiple
accidents and sleep disordered breathing was present in both genders. Several
reasons for the apparent reduction in accident risk for female OSA patients were
postulated. Firstly, women may not suffer the same degree of driving impairment
for the same level of sleep disordered breathing. However, there is no evidence for
less sleepiness or neurocognitive impairment in females with OSA (50, 73).
Secondly women may perceive sleepiness more accurately than men and therefore
take preventative action (stop driving, rest etc). Finally, the authors proposed that
men may continue driving despite equivalent perception of sleepiness. The last
possibility is supported by the observation that men have an increased frequency of

risky driving behaviors compared to women (66).



1.2.4 Cardiovascular disease

In the Wisconsin Sleep Cohort Study (160) sleep disordered breathing was found to
be an independent risk factor for hypertension but there was no significant
interaction effect of AHI and gender. A similar association of OSA and hypertension
has been reported from the Sleep Heart Health Study although in this instance the
association was stronger in men than in women (96). A third population based
study of 1,741 men and women (16) has also reported sleep disordered breathing
to be a significant independent risk factor for hypertension in both men and women.
The Sleep Heart Health Study has demonstrated increased risk of stroke and
ischaemic heart disease associated with OSA but it appears that gender does not
influence this risk (123). It therefore seems that although women are less likely to
suffer from OSA than men, the cardiovascular risk associated with sleep disordered

breathing is similar between genders.

1.2.5 Survival

Given the association of OSA with cardiovascular disease, it is pertinent to ask
whether there is a relationship between survival and AHI and whether this is
influenced by gender. In 1996, Ancoli-Israel and colleagues reported survival in a
community sample of elderly individuals (65-95) who had sleep disordered
breathing (7). The follow up ranged from 7.9 - 10 years and while age and
cardiovascular risk factors were found to be independently associated with
mortality, AHI and gender were not independent predictors of mortality. More

recently, survival has been reported in men and women from a sleep clinic



population studied with full polysomnography. The vital status of 354 patients who
attended the University of Wisconsin Sleep Disorders Clinic was determined 5
years after diagnosis by searching state mortality records (157). The survival of
men and women without OSA was equal, whereas of the patients diagnosed with
OSA, more women died than men in the follow up period. The mean age at death
was significantly lower in women so older age does not explain this finding. Women
had a slightly but not significantly higher AHI (53 versus 40 events per hour). A
weakness of this study was the inability to fully account for co-morbidities and other
confounders. Further research assessing survival of men and women in population
based studies is required before conclusions can be made regarding the survival of

men and women with OSA.

1.2.6 Summary of gender differences in obstructive sleep apnea

OSA is more common in men and it appears that many women with OSA do not
attend sleep clinics despite displaying similar symptoms to men. It is possible that
the high reporting of excessive sleepiness, headache and fatigue by women
without OSA could lead to primary care and specialist physicians mis-diagnosing
OSA in women. The neurocognitive and cardiovascular consequences of OSA
appear similar between men and women except that the risk for a MVA is higher in
men. However this may be an exaggeration of the increased risk taking behavior of

men.

There are several polysomnographic differences between genders in sleep clinics.

Women demonstrate a greater change in severity from NREM to REM sleep and



have shorter respiratory events. There are no comparable NREM-REM
comparisons in epidemiological studies. The significance of the polysomnographic
findings with regard to the pathogenesis and cardiovascular and neurobehavioral

consequences of OSA is unknown.

1.3 Pathogenic mechanisms
1.3.1 Obesity

Since obesity is a major risk factor for OSA, it is possible that the gender difference
in OSA prevalence may be, at least in part, related to gender differences in body
mass. The 1997 US National Health Interview Survey reported that although more
men (62%) are overweight (BMI >25 kg:m?) than women (46.6%), the prevalence
of obesity (BMI >30 kg-m) is actually similar between the sexes (18.8% in men,
19.3% in women) (94). These results are almost identical to the 1995 National
Nutrition Survey in Australia which found 66.3% of men and 45.7% of women were
overweight while 17.6% of men and 16.1% of women were obese (8). The severity
of OSA increases with body mass but the slope of this relationship, adjusted for
other factors, is unclear and almost certainly differs between men and women (see
below). However, more men than women in the overweight range (BMI 25-30)
could contribute to the increased prevalence of OSA in men. It is important to
remember that in clinic based studies women are generally more obese for a given
severity of OSA (51, 77, 97, 142). Thus the gender difference in body weight does

not fully explain the gender difference in OSA prevalence.



Obese men with OSA have significantly higher levels of visceral fat than equally
obese male controls (141). The distribution of body fat may therefore be important
in determining risk for OSA and may contribute to the high male prevalence
because women have lower waist to hip ratios than men. This is supported by
regression analysis performed on the Wisconsin Sleep Cohort Study population
(155) to determine the odds ratio for men (compared to women) having sleep
disordered breathing (AHI >5 events-hr) with different body habitus parameters
included in the regression model. With only age and gender in the model, men
were 2.7 times more likely than women to have SDB. When BMI was included, the
male risk increased to 5.8 times that of women. However, when waist-hip ratio or
neck girth were included in the model instead of BMI, the risk for OSA was no
longer different between men and women. These data suggest that the finding of
lower AHI in women compared with equally obese male OSA patients may be
related to different patterns of fat deposition. A recent report from the Sleep Heart
Health Study also suggests an independent effect of neck girth on the odds for
having an AHI >15, however the effect of waist to hip ratio was weaker and neither

factors eliminated the influence of sex on OSA prevalence (161).

Central rather than peripheral obesity may be deleterious to breathing during sleep
in several ways. Resting lung volume is reduced with weight gain and high waist to
hip ratios are associated with greater reductions in forced vital capacity (52).
Respiratory stability may be decreased with reduced lung volume, because a given
change in ventilation will cause a greater change in blood gases due to the reduced

buffering ability of the lung (69). Greater fluctuations in arterial blood gases will in

10



turn lead to more ventilatory oscillation. Therefore obese male OSA patients may,
by virtue of greater central fat distribution than equally obese female patients, have
more ventilatory instability and more severe OSA. To my knowledge this has not

been formally tested.

An alternative explanation is that increased central fat deposition may push the
diaphragm rostrally thereby reducing caudal traction on the upper airway. The
importance of caudal traction on upper airway stability has been demonstrated in
cats (135) and dogs (139) however the role in humans is uncertain. There is an
increased incidence of snoring during pregnancy (80), a situation in which women
develop increased abdominal mass. Preliminary data suggest that upper airway
compliance (as measured by the change in airway area from seated to supine
postures) is increased during pregnancy when compared to non pregnant control
subjects (119), an effect that may be caused by reduced caudal traction on the

airway.

It is therefore possible that women of equal BMI to men may be protected from
OSA because of lower central obesity such that they have a more stable respiratory
control system, more caudal traction on the airway or a combination of these two
effects. Importantly, the recent report of regression analysis of men and women in
the Sleep Heart Health Study showed gender remained as an independent
predictor of OSA after correction for BMI, waist to hip ratio and neck girth (161).

This suggests that while distribution of fat may play a role in the male

11



predominance, it is not likely to be the sole factor responsible for the gender

difference in OSA prevalence.

1.3.2 Upper airway anatomy and physiology
1.3.21 Anatomy

To my knowledge only two studies have compared the upper airway anatomy in
men and women with OSA (51, 93). Guilleminault and co-workers obtained lateral
cephalometric roentgenograms in 27 women and 110 men who presented to their
sleep laboratory and were diagnosed with OSA (51). The men and women did not
differ in terms of age or AHI however the women had significantly higher body
mass indices than men. The only cephalometric variable that differed between
genders was the length of the soft palate which was greater in men than in women.
Of particular importance was the finding that the posterior airway space was not
different between men and women. More recently Mohsenin (93) reported the
upper airway cross sectional area (UA-CSA) measured by acoustic reflection was
significantly smaller in women when compared to more severely affected OSA

men, even after correction for differences in height.

There have been several studies comparing the upper airway anatomy in healthy
men and women (23, 25, 85, 134). Male subjects have been reported to have
larger UA-CSA than females measured by the acoustic reflection technique while
awake and seated (23, 25, 85, 134). However, the upper airway size is dependant

on lung volume and it appears that the reduction in airway area from functional

12



residual capacity (FRC) or total lung capacity (TLC) to residual volume (RV) is
greater in men than in women (23, 25). This difference did not persist after
correction for the differences in body surface area between men and women (25).
The UA-CSA is reduced on assuming the supine position in young subjects (85,
134). This effect is reported to be greater in men than in women in one study (85)
but not in another (134). These studies therefore suggest that the UA-CSA is
greater in men than women and that this probably reflects a larger body size in

men.

The UA-CSA is only one factor determining the likelihood of upper airway collapse.
Airway length and shape may also be involved and there are preliminary data
suggesting the upper airway is longer in men than in women (82). Many other
factors also influence collapsibility including the intrinsic pharyngeal wall
compliance, the pressure in the tissues surrounding the airway and the negative
pressure gradient across the airway. If any of these factors differ between genders,
they may contribute to the observed change in UA-CSA with a change in body

position or lung volume and may render the male airway more prone to collapse.

1.3.2.2 Muscle activity

The activity of upper airway dilator muscles is thought to contribute to airway
stability. The genioglossus is the largest upper airway dilator muscle and has
therefore attracted most attention with regard to sleep disordered breathing. The
genioglossus muscle is innervated by the hypoglossal nerve and has respiratory

related activity. This is believed to occur partly due to a reflex response to the
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negative pressure generated during inspiration and partly due to central activation
from respiratory premotorneurons (54, 62, 78). During sleep the genioglossal
negative pressure reflex response is reduced (55, 143). This is thought to render
the airway less able to respond to negative pressure generated by inspiration and

therefore to contribute to pharyngeal collapse during sleep (55, 143).

The genioglossus is found to be more active during wakefulness in OSA patients
than in controls, suggesting a compensatory reflex hyperactivity secondary to
compromised upper airway anatomy (90). This increased activity is lost in most
patients at sleep onset, a time when upper airway obstruction first occurs (89). This
contributes to the notion that the genioglossus may play an important role in the
maintenance of upper airway patency in OSA, and that reduced muscle activity

may predispose to airway collapse.

The resting activity of the genioglossus muscle has been reported to be higher in
healthy women than men during wakefulness (111) and in women, higher in the
luteal than follicular menstrual phase. (112). In post-menopausal women, 2 weeks
of hormone replacement (progesterone and oestrogen) has been shown to
increase the tonic and inspiratory phasic activity of the genioglossus (112). Female
sex hormones were therefore implicated in the difference in resting muscle activity
between men and women. However several more recent studies have found no
gender difference in the genioglossus muscle activity of healthy individuals (110,
147). It is therefore uncertain if a gender difference in the resting level of

genioglossus muscle activity exists in healthy subjects.
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1.3.2.3 Resistance and collapsibility

The combined influence of upper airway size, muscle activity and intrinsic
properties of the airway wall and surrounding tissues on upper airway function can
be assessed with measurement of pharyngeal resistance and the critical closing
pressure (Pcrir - the nasal pressure below which the pharynx collapses). During
wakefulness the pharyngeal resistance has been reported to be higher in men in
one study (148) and not different between genders in another (111). Studies of
upper airway resistance during sleep have reported equally variable results. During
sleep onset, upper airway resistance has been reported to fluctuate markedly but
not differently between genders (68). The same group subsequently found that
during stable NREM sleep resistance was higher in men than in women (136).
Thurnheer and associates (134) have also compared upper airway resistance in
young and old men to age and BMI matched women during both wakefulness and
sleep. In both genders there was a significant increase in upper airway resistance
at high inspiratory flow during stable NREM and REM sleep. The wake to sleep
changes were generally comparable in men and women although women appeared
to have more dynamic upper airway closure (i.e. increased resistance at high flow)
than men. This finding opposes that reported by Trinder et al. (136). Rowley and
colleagues recently reported that airway resistance was not different during stage 2
sleep between 33 men and 27 women (120). Thus there is considerable
discordance between studies of airway resistance in healthy men and women, both
awake and asleep. These differences are difficult to explain based on the

methodologies used and may reflect the inherent variability of measurements of
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upper airway resistance or subtle differences in body mass between subjects in the

various studies.

Sforza et al. (122) have measured Pcgrit in stage 2 sleep in patients with OSA. The
men and women studied did not differ in terms of age or AHI, however women had
significantly higher mean BMI and smaller neck girth than men. Men were found to
have higher Pcrit than the women, indicating that the upper airway of male OSA
patients is more collapsible than that of women with equal severity OSA, despite

the men having lower mean BMI.

A recent study by Pillar et al. in healthy men and women supports this finding (110).
External inspiratory resistive loading applied during NREM sleep resulted in a
greater increase in pharyngeal resistance and reduction of tidal volume in men than
in women. Although central drive was not measured, the authors considered that
the reduced tidal volume was related to upper airway collapse rather than reduced
drive as the relationship between ventilation and total load (external resistive load
plus pharyngeal resistance) did not differ between genders. Their results, which
suggest a more dynamically collapsible airway in men compared with women is at
variance with the report by Thurnheer (134). Also, Rowley and colleagues report
that Pcrir did not differ between 8 men and 8 women (with equivalent body mass
indices) in stage 2 sleep (120). In summary, it is impossible to know from these
conflicting results whether there is a difference in upper airway resistance or

collapsibility in healthy men and women.
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1.3.3 Respiratory control

The central control of respiration has been implicated in the pathogenesis of OSA
(60, 154). OSA patients have been reported to have a less stable respiratory
controller than less severe patients (154) and healthy controls (60). Differences in
ventilatory responses to chemical stimuli have been postulated to contribute to
increased respiratory instability in sleep (70). These responses have therefore been
compared between men and women with and without OSA in several studies with
mixed findings. The hypoxic ventilatory response has been reported to be lower in
awake women (145, 146), higher in awake women (3) and not different between
genders both awake (117) and asleep (145). The hypercapnic ventilatory response
is generally reported to be lower in women awake (3, 146), however it has also
been reported to be similar between men and women awake and asleep (39). Sin
et al. (126) compared the hypercapnic ventilatory response between men and
women, with and without OSA and found that women had a lower hypercapnic
ventilatory response than men, but not following correction for FEV4. Recently, van
Klaveren and Demendts reported that although the hypoxic and hypercapnic
ventilatory responses were higher in healthy men than women, the Py 4 responses
were not different between genders (140) suggesting central drive may be similar

between genders.

During sleep, the level of CO; is critically important in determining the level of
ventilation. If the arterial CO, falls below a critical threshold (apneic threshold)
ventilation ceases until the CO, rises back above the threshold for ventilation. Zhou

and colleagues (164) have compared the susceptibility of men and women to

17



develop central apnea with mechanical ventilation during sleep. These authors
found that women required a greater reduction in arterial CO, to cause central
apnea than men. If a larger reduction in CO; is also required for women to develop
a hypopnea, women may develop less respiratory instability and be protected from

OSA (69).

Respiratory controlling neurones demonstrate plasticity and memory such that a
given respiratory stimulus may alter respiration well after the stimulus ceases (44,
113). Several of these mechanisms have been extensively studied in animals but
there are fewer studies in humans. Respiratory memories can be inhibitory or
facilitatory (44, 113) and may influence both respiratory and upper airway stability
(45). Respiratory afterdischarge (RAD) and long-term facilitation (LTF) are two
facilitatory memories that may protect against cyclical breathing patterns and be

important in the pathogenesis of OSA.

Respiratory afterdischarge is the gradual decline in respiration following the
cessation of a brief respiratory stimulus that typically lasts for 15-60s in humans
(13, 48, 131). RAD is thought to reflect short-term potentiation of brainstem
respiratory controlling neurones and is elicited following a variety of respiratory
stimuli including carotid stimulation (direct electrical stimulation (43) or with hypoxia
(13, 48)), calf stimulation in animals (41, 42) and voluntary hyperventilation in
humans (131). An abnormally short rate of decline in ventilation following removal
of a respiratory stimulus could predispose an individual to cyclical breathing,

particularly in sleep where it may contribute to repetitive apneas (153). In
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agreement with this hypothesis, patients with OSA are found to have RAD that is
about half the length of that in normal men (49). Female sex hormones have been
suggested to alter RAD (67, 131), however studies comparing the duration of RAD
in the luteal compared to follicular menstrual phase have reported mixed findings
(67, 131). Also, we have recently shown healthy young men and women have

similar duration of RAD following brief isocapnic hypoxia during wakefulness (67).

Long-term facilitation (LTF) is another respiratory memory that has been suggested
to contribute to the pathogenesis of sleep related breathing disorders (2, 9). Long-
term facilitation is the progressive rise in ventilation above the eupnic level that
occurs during and following repeated carotid body stimulation (45, 91). LTF is a
centrally mediated, serotonin dependent process (10) that can last from several
minutes to hours depending on species and protocol used (45, 113). By preventing
periods of low respiratory drive, LTF is thought to stabilise respiratory patterns and
possibly upper airway patency. LTF has been demonstrated in numerous animal
models and found to be affected by gender and the estrus cycle in rats (162) but it
has proven more difficult to elicit in humans (2, 9, 87). Whether LTF is similarly
influenced by sex hormones or is different between genders in humans in currently

unknown.

As previously mentioned, the upper airway dilator muscles also receive inputs from
the respiratory controller and have inspiratory related activity (62, 78). It is therefore
not surprising that they have been demonstrated to exhibit respiratory memory in

animals (10, 46, 65). However, the activities of respiratory pump and upper airway
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muscles do not always correspond. They have been shown to become uncoupled
following alcohol (19, 75), brain hypoxia (128) and benzodiazepene administration
(20). It is therefore possible that respiratory neural plasticity or memory may differ
between upper airway dilator muscles and respiratory pump muscles. If during or
immediately after increased pump muscle activity, the activity of upper airway
dilator muscles is preferentially reduced, then the airway would be at least
theoretically, prone to collapse. Correspondingly, if the respiratory memory in upper
airway dilator muscles differs between genders, then airway stability may also

differ.

1.34 Sleep and arousal from sleep

Sleep is of critical importance to the pathogenesis of all sleep apnea syndromes.
There are multiple physiological changes that occur at sleep onset that are likely to
contribute to breathing disturbance. These include the reduction in activity of
postural and some upper airway muscles (132), which may contribute to the
observed reduction in airway size and increase in pharyngeal collapsibility and
upper airway resistance (61, 136). Lung volume may be reduced (59) particularly in
individuals with a central pattern of obesity and this in turn may increase respiratory
instability (see Obesity, page 9). The central respiratory drive is also reduced
during sleep as the “wakefulness stimulus” to breathe is lost (107) and
chemoresponses suppressed (38, 39, 144, 145). At arousal from sleep, many of
these changes are rapidly reversed with the sudden restoration of airway patency
and increased chemoresponsiveness. Physiologic changes following arousal from

sleep also appear to be influenced by a unique “waking reflex” (56, 137). Arousal
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from sleep may transiently increase ventilation above the stable waking level and
induce mild hypocapnia. Thus arousal from sleep may destabilise respiration and
be important in sleep apnea syndromes (70, 151). | am unaware of any prior
studies that compared the ventilatory response to arousal between men and
women. However, if the response is different between genders then respiratory

stability in sleep may also differ.

1.4 Central sleep apnea

Central sleep apnea (CSA), like OSA is also characterised by repetitive apneas
interspersed with periods of hyperventilation and arousal from sleep. However, in
contrast to obstructive upper airway events, central apneas are related to reduced
central respiratory drive. CSA is less common than its obstructive counterpart,
however Javaheri et al. have reported that 45% of men with congestive heart failure
(CHF) have CSA (64). More recently, Sin et al. (125) compared polysomnographic
findings in 382 men and 68 women with CHF (125). These authors reported a
higher incidence of both central and obstructive sleep apnea in men than in women
despite age, BMI, indices of heart failure and medications being similar. Whether
idiopathic CSA is also more common in men than in women is unknown given the
sparsity of research on this relatively rare condition. However of the reports of
consecutive patients with idiopathic CSA there has been only one female identified
(150, 151) providing some weak evidence that idiopathic CSA may also be more
prevalent in men than in women. Also, in two large community studies Bixler and
colleagues showed the prevalence of CSA was 0.4% in males but no women were

identified with CSA (17, 18).
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The primary problem in both idiopathic and CHF related CSA appears to be
hyperventilation such that CO, levels are driven below the apneic threshold in sleep
(149, 150). While patients with CHF do also have increased circulatory delays
(which have been suggested to increase respiratory instability (71)), Naughton et
al. (95) have recently shown that CHF patients without CSA had similar lung to ear
circulation times to CHF patients with CSA. Additional support for the role of Paco,
comes from reports that both forms of CSA may be improved or eliminated by
raising the Pacoz with either an added dead-space or supplemental CO, during
sleep (149). It would appear likely that the increased apneic threshold for PaCO,
demonstrated in women (164) may help protect women from CSA. If the ventilatory
response to arousal differs between men and women then the susceptibility to

central apnea may also differ.

The upper airway has also been implicated in the pathogenesis of CSA because
stimulation of upper airway reflexes can result in central apnea in experimental
animals and pre-term infants (34, 53). In some patients central respiratory events
are predominantly seen in the supine position (22), a result that may be caused by
a reflex response to airway narrowing in this position. However it is also possible
that functional residual capacity may change with body position and impair
respiratory control (see Obesity, page 9) such that ventilatory stability is reduced.
Support for a role of the upper airway in CSA comes from the finding that snorers
with idiopathic CSA have significantly greater changes in upper airway area

associated with changes in lung volume than snorers with no apnea (21).
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Central sleep apnea, like OSA, appears less common in women than men,
suggesting there may be gender differences in respiratory control that protect
women from both sleep apnea syndromes. On the other hand the upper airway
may be involved in CSA and the low prevalence of both disorders in women may

be related to a more stable upper airway in women.

1.5 Summary and aims of thesis

In summary, OSA and CSA are more common in men than in women. This may
reflect differences in airway anatomy or physiology, however previous research has
failed to consistently identify such a difference. The site of fat deposition may be
important in the gender difference, however this has as yet not been systematically
tested. The difference in severity of OSA from NREM to REM sleep has been
demonstrated in two sleep clinic based studies to differ between the genders. This
appears likely to reflect a difference in the central control of respiration or upper
airway dilator muscles as other anatomical based differences remain unchanged
between stages. The aim of this doctoral study was therefore to examine several
aspects of respiratory and upper airway muscle control in men and women, to try
and identify gender differences that may contribute to the difference in expression

and prevalence of OSA between men and women.
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CHAPTER 2. GENERAL METHODS

2.1  Subjects and study conditions

Overall 43 men and 45 women participated in the studies presented in this thesis.
All subjects were informed of the risks associated with the experiments and
informed written consent was obtained from all subjects. The studies were
approved by the Research and Ethics Committee of the Repatriation General
Hospital, Daw Park, South Australia and the Human Research and Ethics
Committee of the University of Adelaide. The subjects were healthy non-smokers
with normal lung function (spirometry and body plethysmography) who did not take
any regular medication, including the oral contraceptive pill. Female subjects had
regular menstrual cycles not longer than 35 days. The physical characteristics of

the subjects are presented for each study in the relevant chapter.

All experiments were performed in a temperature controlled (23 + 1°C), sound
insulated bedroom in the Sleep Disorders Unit, Repatriation General Hospital,
South Australia. All studies were performed with the subjects lying on a hospital
bed with one pillow. The posture assumed in each study is presented in the

relevant chapter.
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2.2 Equipment and measurements
221 Respiratory measurements

A nasal mask (Gel mask, Respironics, PA) with two-way non-rebreathing valve
attached (series 2600, Hans Rudolph, Kansas City, MO), allowed measurement of
inspiratory minute ventilation (V) via a pneumotachograph (PT36, Erich Jaeger,
Germany) attached to the inspiratory side of the breathing valve. The flow signal
from the pneumotachograph was electronically integrated to give tidal volume (V7).
The peak inspiratory flow (PIF), inspiratory (T)), expiratory (Tg) and total (Ttor)
breath times were determined from the flow signal and breathing frequency (Fg =
60/Ttot) and minute ventilation (V, = Vr x Fg) calculated on a breath-by-breath
basis. Mask pressure (Pwask) and end-tidal partial pressure of CO, (PETcoy) were
measured continuously through ports in the mask (Pwask - model 78342A, Hewlett
Packard, Andover, Ml; PETco, - POET Il model 602-3, Criticare systems Waukesha,

W).

For experiments 1 and 2 (Chapters 3 and 4), inspiratory gases were delivered
through a Gatlin-shaped valve system (series 2440C, Hans Rudolph, Kansas City,
MO) which consisted of 1 output port attached to the pneumotachograph and 4
inputs, 3 of which were connected to foil bags (300 litres, Scholle Industries,
Adelaide, Australia) containing the inspiratory gas mixes (see Chapters 3 and 4 for
details). The fourth port was open to room air. Only one input port was open at any
time and all changes between ports were conducted during expiration. This

experimental setup is depicted in Figure 1.
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Figure 1 Experimental setup for studies 1 and 2 (Chapters 3 and 4)

e ——] [

| CPAP Mask gnd
|\ two-way nonrrebreathing valve

Tubing to foil
Gatlin shaped bags containing
valve system  experimental
gases

Experimental setup showing the breathing circuit. Subjects wore a nasal CPAP
mask with two-way non-rebreathing valve attached, the inspiratory side of which
was connected to the pneumotachograph and Gatlin shaped valve system for

delivery of experimental gases.
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222 Upper airway measurements

Epiglottic pressure (Pepi) was measured with a pressure transducer tipped catheter
(MPC-500, Millar, Houston, TX) in experiments 1 and 2 (Chapters 3 and 4), and
Millar catheters or disposable air perfused catheters in the final experiment
(Chapter 5). Air perfused catheters were custom made from 40cm lengths of
polyethylene tubing (2.1 mm OD, Microtube Extensions, North Rocks NSW).
Approximately 10-15 radially arranged ~1-mm holes were drilled in the distal 1-cm
of each catheter. A bead of acrylic glue was placed at the tip of the cut end of the
catheter to minimise airway irritation. Both types of catheters were placed in the
same manner. After both nostrils were decongested (0.05% oxymetazoline HCI)
and the nostril through which the catheter was passed anaesthetised (2%
lignocaine), the epiglottic catheter was advanced 1cm below the tongue base under
direct visualisation. Catheters were secured at the nose with tape. Upper airway
resistance (Pep to Pumask) was calculated (AP/Flow) at peak inspiratory (Rya) and

200 ml-sec”’ flow (Rago).
223 Electromyographic recordings

The electromyogram of the genioglossus muscle (EMGgg) was recorded in the
standard manner (90) with 2 intramuscular Teflon insulated stainless steel wire
electrodes (316SS5T wire, Medwire, Mt Vernon, NY) inserted 4 mm either side of
the frenulum to a depth of 1% -2 cm after surface anesthesia (4% lignocaine).
Surface electrodes were placed in the right 6", 7" and 8" intercostal spaces
adjacent to the costal margin for measurement of diaphragm muscle activity. The

diaphragmatic electromyogram (EMGp) was recorded from the pair of electrodes
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with the highest inspiratory phasic activity. These positions were chosen to
minimise intercostal and abdominal muscle artifact on the diaphragm signal (76).
The electrocardiogram (ECG) was also recorded and the ECG R-wave used as a
trigger to blank ECG artifact from the EMGp; signal (CWE, Ardmore, PA). Both
genioglossal and blanked diaphragmatic EMGs were band-pass filtered (0.3-1kHz)
and recorded at 1kHz. The raw signals were rectified and moving time averaged
with a time constant of 100 msec. For each breath the expiratory tonic (Tonic) and
peak inspiratory phasic (Phasic) EMG activities were determined. The genioglossal
activity at 200 ml-sec” of flow (EMGgg(00)) Was also calculated in experiment 1

(Chapter 3).

The maximal electromyographic activity of the genioglossus muscle was
determined by performing three of each of the following maneuvers: swallows,
deep sniffs and maximal tongue protrusions against the top teeth. The highest
activity recorded during these maneuvers was taken to be the maximal activity of
the genioglossus. During each maximal tongue protrusion, the subject was given
strong verbal encouragement until a plateau in activity was reached to ensure
maximum activity was recorded. The EMGg¢ activity was then expressed as a
percentage of maximal activity by scaling the moving time averaged signal between
electrical zero and the maximum activity level. This well established technique (90)
allowed the EMGgg signals to be averaged within and between subjects and

compared between genders.
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224 Electroencephalographic and electrooculographic

recordings

The electroencephalogram (EEG, position C3-A2) and right electrooculogram
(EOG-R) were recorded in all studies using surface electrodes and a commercial
sleep laboratory amplifier (Compumedics S series preamplifier, Abbotsford,
Victoria, Australia) to confirm wakefulness (experiments 1 and 2) or determine

sleep stage (experiment 3).

225 Arterial oxygen saturation recording

Arterial oxygen saturation (SaO,) was measured in all studies (POET |l model 602-
1 Criticare systems). This allowed documentation of the degree of hypoxemia in
experiments 1 and 2, and assisted in confirming that the subjects studied in

experiment 3 had no evidence of sieep disordered breathing.

2.3 WINDAQ data acquisition system

All data were acquired on an IBM laptop computer using an analogue to digital
converter (DATAQ Instruments, Akron, OH) at a sampling rate of 200Hz for all
signals other than EMGs (1 kHz). Custom designed software developed using
Excel Visual Basic (Excel97 SR-2, Microsoft Corporation, USA) was used to

calculate each variable on a breath-by-breath basis for subsequent analysis.
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2.4  Statistical analyses

Anthropometric and resting data were compared between genders with two sample
Student’s t-tests (Excel97 SR-2, Microsoft Corporation, USA) assuming unequal
variance. Measurements made at repeated intervals were analysed using analysis
of variance (ANOVA, SPSS Release 6.0 -10.0.5, SPSS Inc, Chicago, IL) for
repeated measures including the Greenhouse-Geisser correction for multisample
asphericity (81). One assumption of ANOVA is that the data displays multisample
sphericity, or that the variance at each repetition (time point) is similar. In the
studies described in this thesis, the variance increased with the mean violating the
multisample sphericity assumption. ANOVA main and interaction effects were
considered the principle test of a given hypothesis. However, where appropriate,

Tukey’s post-hoc tests were used to further investigate significant ANOVA effects.

Group data are expressed as means =+ standard error of mean (SEM) and p<0.05

was considered significant. Where changes approached significance the p value is

reported separately.
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CHAPTER 3. GENIOGLOSSUS MUSCLE ACTIVITY AT
REST AND IN RESPONSE TO BRIEF
HYPOXIA IN HEALTHY MEN AND WOMEN

3.1 Introduction

Obstructive sleep apnea (OSA) is more common in men than in women for reasons
that are not clearly understood. While many investigations have focussed on
identifying upper airway anatomical differences between men and women (25, 85),
more recently a difference in respiratory neural control of upper airway dilator
muscles has been implicated in this gender difference (111). The respiratory
activity of the genioglossus muscle is partly due to a reflex response to the negative
airway pressure during inspiration and partly to central activation independent of
the reflex (spontaneous activity from respiratory pre-motor neurones) (62). Either of
these elements may differ between the genders and may contribute to the high

male prevalence of OSA.

The resting inspiratory activity of the genioglossus muscle has been reported to be
higher in women than in men (111). This could be, at least in part, a result of
hormonal differences as the genioglossal activity was later reported to be higher in
the luteal menstrual phase than the follicular phase (112). However, more recent
studies by the same investigators have failed to replicate the finding of a gender

difference in resting genioglossal activity during wakefulness (147) or sleep (110).
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There is therefore uncertainty as to whether a gender difference in resting

genioglossal activity actually exists.

Following removal of a respiratory stimulus there is a respiratory afterdischarge
(RAD) in minute ventilation, which can be observed as a slow decline in ventilation
to the resting level (48). The duration of respiratory afterdischarge has been
proposed to be important in determining ventilatory stability (153), with a short RAD
representing an under-damped respiratory controller that is predisposed to unstable
patterns. Consistent with this theory is the finding that the duration of RAD is
shorter in OSA patients than healthy controls (49) suggesting a possible respiratory
control abnormality in these patients. We recently found RAD, as measured by the
rate of decline in ventilation after brief hypoxia, to be the same in men and women,
and the same between the luteal and follicular menstrual cycle phases (67). The
current study was conducted to examine whether there was respiratory
afterdischarge of the genioglossus muscle, and if so, whether it parallels that seen
in respiratory pump muscles or is different between the genders. A slow decline in
respiratory phasic hypoglossal nerve activity has been described in cats following
carotid sinus or superior laryngeal nerve stimulation (65), and in humans the
activity of the diaphragm and genioglossus muscles have been shown to change
proportionately during hypoxia (106) and hypercapnia (105). These findings
suggest that phrenic and hypoglossal motor neurone control are coupled during
periods of physiological stimulation. However it was not known whether on abrupt
termination of a respiratory stimulus, there is RAD in hypoglossal motorneurones

and if so, whether this is coupled to the RAD of respiratory pump muscles. There
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are a variety of situations where the activities of the hypoglossal and phrenic motor
neurone pools become uncoupled. These include following alcohol ingestion (75),
benzodiazepene administration (79), anaesthesia and cyanide brain hypoxia (128).
The two motor neurone pools are also seen to behave differently in patients with
obstructive sleep apnea, because although both muscles increase to a similar
degree during an apnea, the genioglossus increases out of proportion to the
diaphragm on termination of the apnea (104). The current study was therefore
conducted to determine if the genioglossus and diaphragm muscle activities follow
each other and ventilation after sudden termination of hypoxia, and whether the
muscle groups behave similarly between genders. If gender differences in RAD
were observed in the electrical behavior of these two muscles, it may have
implications for the mechanical behavior of the upper airway following episodes of

brief hypoxia such as occur in OSA.

In awake normal subjects the activity of the genioglossus muscle has recently been
reported to correlate with pharyngeal pressure during application of inspiratory
resistive loads (83). It is postulated that in awake subjects a negative pressure
neural reflex (63, 78) is a major contributing factor to genioglossal activity during
tidal and stimulated breathing (83). Whether the negative pressure reflex or the
relationship of pharyngeal pressure to upper airway dilator activity during tidal

breathing is different between genders has not been investigated previously.

| therefore aimed to compare three aspects of upper airway dilator function in

healthy young men and women: 1) resting inspiratory genioglossus muscle
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(EMGgg) activity, 2) the respiratory EMGgg afterdischarge following a brief hypoxic
stimulus, and 3) the relationship between the EMGge and pharyngeal airway

pressure during normoxia and isocapnic hypoxia.

3.2 Methods
3.21 General

16 men and 14 women were recruited to the study. Women were tested in the
luteal menstrual phase (20-24 days following the first day of menstruation). Plasma
progesterone levels were measured (ACS:180 Progesterone Assay, Chrion
Diagnostics, Chrion Healthcare, Victoria, Australia) to confirm menstrual phase and
that ovulation had occurred. The data of 1 subject was subsequently removed due
to anovulation (plasma progesterone < 7 nmol-L™" in the luteal phase). Inadequate
data were obtained in 4 men and 1 woman (see Data analysis) leaving 12 men and

12 women for analysis.

3.2.2 Experimental gases

The 3 inspiratory gases contained in the foil bags attached to the input ports of the
Gatlin valve system (see GENERAL METHODS, page 24) were 100% O2, 100%
No, 9% O, in N2. The fourth port was open to room air. Only one input port was
open at a time and all changes between ports were conducted during expiration.
100% CO, was bled into the inspirate immediately up-stream of the

pneumotachograph as required to maintain isocapnia.
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3.23 Protocol

Subjects attended the laboratory for a preliminary visit during which time respiratory
function testing was performed (spirometry and whole body plethysmography) and
subjects familiarised with experimental equipment. The subjects then returned on a
second occasion in the morning after a light breakfast without caffeine. They were
instrumented (as described in GENERAL METHODS, page 24) and lay supine.
Maximal electromyographic activities were determined after which subjects were
given earphones through which they listened to the radio. They were instructed to
relax, keep their eyes open, stay awake and to breathe only through their nose.
They were informed that during hypoxia they might experience slight dizziness or
breathiessness, but that these responses were normal and so to remain relaxed.
After 5 minutes of baseline room air breathing, the subjects were exposed to 45-75
seconds of isocapnic hypoxia (9% O3), which was rapidly reversed with 1 breath of
100% O,. Each hypoxic period was initiated with 1-6 breaths of 100% N> to cause a
rapid fall in SaO, and the number of breaths and duration of hypoxia adjusted such
that the ventilatory increase by the end of the hypoxic period was approximately
160% of the resting ventilation level. Each subject received 12-20 hypoxic
exposures separated by at least 7 minutes of room air breathing to avoid the
ventilatory depression associated with prolonged hypoxia. Maximal EMG

maneuvers were repeated at least 5 minutes after the last hypoxic period.
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3.24 Data analysis

To enable respiratory afterdischarge to be measured it was necessary to select
trials in which the baseline breath-by-breath ventilation was relatively stable and
free from artifact and in which there was a clear hypoxic respiratory neural stimulus
(evident in ventilation, and both the diaphragmatic and genioglossus muscle
activities). Therefore individual trials were only included in the analysis if the
following criteria were met: 1) baseline ventilation was stable (the co-efficient of
variation in resting minute ventilation in the 30 seconds before a trial was less than
25%); 2) Minute ventilation at the end of hypoxia was increased > 20% above the
resting level; 3) The EMGp, and EMGgg both increased > 10% above the resting
level by the end of hypoxia; 4) Isocapnia was maintained (the end-tidal CO, both
during and following hypoxia was within 2 Torr of the mean of the 30s pre-hypoxia
level) ; 5) There were no sighs in the last 20 seconds of the hypoxic period or in the
25 seconds following termination of hypoxia (sighs were characterised by a change
in Vr of > 75% between two adjacent breaths when accompanied by a change in T
of > 40% between the same two breaths) and 6) There were no swallows in the last
20 seconds of the hypoxic period or in the 25 seconds immediately following the
hypoxia (swallows were visually determined from the epiglottic pressure and
genioglossal EMG traces). If swallows or sighs occurred elsewhere within a trial,
then the breath during which it occurred was removed, but the trial remained in the
analysis. One female and four male subjects had no trials that met these criteria
and were excluded from further analysis. To allow breath-by-breath measurements
to be averaged within and between subjects the remaining trials were interpolated

at 4-second intervals starting 10s after the hyperoxic breath, to allow for inspiratory
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circuit (4s) and peripheral circulatory (6s) delays (71). The last 20 seconds of the
hypoxic period was also interpolated at 4-second intervals to ascertain the degree
of hypoxic stimulation. Resting variables were determined for the 20 seconds
immediately prior to each frial. EMGgg versus Pgp comparisons were made for
breaths during and after hypoxia to give a range of pressures and genioglossal
activities. The slopes and correlation coefficients and the theoretical genioglossal
activity at zero pharyngeal pressure (y-intercept of the pressure versus
genioglossal activity plot) were compared between genders. The latter should
theoretically reflect the inspiratory pre-motor neural activity of the muscle. That is,
inspiratory phasic activity arising from the respiratory pattern generator

uninfluenced by the negative pressure reflex.

3.25 Statistical procedures

Resting data and data following hypoxic stimulation were compared as described in
GENERAL METHODS, page 24. All measured variables (\7., Vt, TroT, phasic and
tonic EMGgg and EMGp;, EMGgg200), PETcoz, Sa02, Pepi, Peri200), Pmask, PIF and
R(200)) Were compared between men and women for the last 20 seconds of hypoxia
and for 24 seconds after termination of hypoxia with two-way analyses of variance
(ANOVA). In addition, Student’s t-tests were used to compare the slope, intercept
and correlation coefficients (R) for epiglottic pressure-genioglossal muscle activity

relationships.
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3.3 Results
3.3.1 Trial exclusion

There were 117 hypoxia trials that met the inclusion criteria (57 trials in 12 men, 60
in 12 women). There were approximately equal numbers of trials excluded in men
and women for each exclusion criteria except the “minute ventilation increase”

criterion in which 32 trials were excluded in men and only 16 in women.

3.3.2 Resting characteristics

There were no differences in age, body mass index or lung function between the 12
men and 12 women in this study (Table 1). Resting ventilation did not differ
between the men and women in the luteal menstrual phase, however the PETco.
was significantly lower in the women, consistent with the respiratory stimulant effect
of progesterone (Table 2). The mean plasma progesterone level in the 12 women
studied was 36.12 + 4.16 nmol-L™ (range 15.0 - 62.8 nmol-L™") confirming recent
ovulation in all females. PIF, Pepi, R200) and EMGgg (Phasic, Tonic and EMGgg(200))

were not different between the genders at rest.

3.3.3 Hypoxic stimulation and afterdischarge

There were no time or gender by time interaction effects in PET¢o, during or after
hypoxia indicating satisfactory maintenance of isocapnia (Figure 2). The mean
Sa0, at rest (98.1 £ 0.2 % women, 97.9 £ 0.3 % men) and in the last 20s of

hypoxia (86.0 + 2.0 % women, 87.1 + 0.9 men) were not significantly different
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between genders. There were no significant gender or gender by time interaction
effects in V|, Pep (Figure 3), phasic (Figure 4) or tonic (Figure 5) activity of the
EMGgc or EMGp, during or after hypoxia. There were also no significant gender or

gender by time interactions in Ro0), Pmask , PIF, V1 or Tror.

3.34 Epiglottic pressure — Genioglossus activity relationship

There were no gender differences in the correlation coefficient, slope or intercept of
the relationship between genioglossus muscle activity and epiglottic pressure when
group mean values were compared. In some subjects the relationship between
epiglottic pressure and genioglossus muscle activity did not reach statistical
significance, however when only the subjects with significant relationships were
compared there were still no differences in correlation coefficient, slope or intercept

between genders. Individual responses are shown in Table 3.
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Table 1 Anthropometric data

Men (n=12) Women (n=12) p value

Age (years) 27.8+1.7 284+19 0.817
BMI (kg-m?) 241+06 23.8+1.0 0.748
FEV, (% predicted) 105.8 £ 2.1 106.2+£ 3.2 0.928
FVC (% predicted) 103.0+ 2.8 100.3+2.6 0.481
Progesterone (nmol-L") - 36.2+4.2 .

Age, body mass index (BMI), forced expiratory volume in one second (FEV1) and
forced vital capacity (FVC) in the men (n=12) and women (n=12) studied.

Progesterone levels in females are also presented. All values are means + SEM,

p<0.05 significant.
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Table 2 Resting characteristics in men and women

Men (n=12) Women (n=12) p value
V, (IFmin™) 7.40+0.29 7.07+£0.23 0.386
PETco, (Torr) 40.7 +0.84 36.6 £1.02 0.005
V(1) 0.53+0.04 0.44 +£0.02 0.091
Fg (breaths-min'1) 14.73 £ 0.88 16.06 + 0.68 0.166
PIF (|-min'1) 249+ 0.7 26.8+0.9 0.141
Pep (cmH,0) -2.13+£0.18 -2.30 £ 0.1 0.446
Pepic2o0) (cmH20) 1.20+£0.12  -1.27 £0.01 0.559
Ry200) (cmH20-1"-s) 205+024  1.78+0.56 0.663
Phasic EMGgg (% maximum)  3.16 + 0.59 3.75+£0.79 0.557
EMGgg(200) (% maximum) 2.83+0.66 2.98 £ 0.62 0.864

Minute ventilation (V)), end-tidal partial pressure of CO; (PETcoy), tidal volume (V7),
breathing frequency (Fg), peak epiglottic pressure (Pgp), inspiratory phasic
genioglossal (Phasic EMGgg) activity and epiglottic pressure, resistance and
genioglossal activity at 200 ml-sec”’  flow (Pepi200y, Reooy and EMGgg(00)
respectively) in the men (n=12) and women (n=12) studied. All values are means *

SEM, p<0.05 considered significant.
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Table 3

The relationship between

activity and peak negative epiglottic pressure

inspiratory phasic genioglossus

Women Men
Subject R pvalue Intercept Slope Subject R p value Intercept Slope
KK -0.536 0.022 4.304 -0.078 JW -0.820 0.000 1.659 -0.538
TO -0.203 0.418 10.703  -0.428 FO -0.848 0.000 1.747  -0.420
YD -0.592 0.010 3.852 -0.372 JJ 0.046 0.857 5.429 0.029
JO -0.845 0.000 -0.094 -1.010 GD -0.182 0.471 2.260 -0.032
PL -0.296 0.233 0.764 -0.575 JV -0.118 0.653 2.855  -0.351
AJ -0.912 0.000 1.221 -0.341 TR -0.637 0.004 4133 -1.205
LC -0.390 0.109 4890 -0.345 PC -0.621 0.006 3.820 -0.303
CT 0.714 0.001 3.451 0.424 SM -0.966 0.000 0.749 -0.688
ZM -0.825 0.000 1.943 -0.128 AB -0.556 0.017 0.127 -0.454
MC -0.412 0.089 -0.986 -1.884 BW  -0.904 0.000 -1.180  -0.922
DW 0.502 0.034 2.308 0.212 LK -0.962 0.000 1.962  -2.587
AD -0.680 0.002 -2.702  -3.748 SA -0.277 0.266 0.637 -0.043
Mean -0.373 2.471 -0.689 Mean -0.570 2016 -0.626
SEM 0.15 0.992 0.33 SEM 0.10 0.534 0.21

Correlation coefficients (R), significance (p-value), slopes and intercepts of

epiglottic pressure versus inspiratory phasic genioglossal electromyogram activity

in each subject. There were no significant differences between genders for any

variable measured, p<0.05 considered significant.
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Figure 2 PETco, before, during and following brief hypoxia
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End-tidal partial pressure of CO» (PETco.) before (Pre), during (-20 to -4s) and after
removal (0-24s) of brief hypoxia in men (n=12) and women in the luteal menstrual
phase (n=12). There were no significant time or gender by time interaction effects
indicating strict maintenance of isocapnia. * Indicates that there was a significant
effect of gender on PETco, consistent with the resting differences (p=0.002, men

higher than women). Values are means + SEM.
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Figure 3 Ventilation and epiglottic pressure during and following removal

of brief hypoxia
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The decline in minute ventilation (V) and peak epiglottic pressure (Pep|) after brief
isocapnic hypoxia in men (n=12) and women (n=12). Data at —4s are the average
of the last 20s of hypoxia. All data are expressed as a percent of the pre-hypoxia
level. There were no significant gender, or gender by time interaction effects in

either variable. Values are means + SEM.
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Figure 4 Inspiratory phasic diaphragmatic and genioglossal muscle

activity during and following removal of brief hypoxia
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The decline in inspiratory phasic (Phasic) genioglossus (EMGgg) and
diaphragmatic (EMGp;) muscle activities after brief isocapnic hypoxia in men (n=12)
and women (n=12). Data at —4s are the average of the last 20s of hypoxia. All data
are expressed as a percent of the pre-hypoxia level. There were no significant

gender, or gender by time interactions for either variable. Values are means + SEM.
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Figure 5 Expiratory tonic genioglossal and diaphragmatic muscle activity

during and following removal of brief hypoxia
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The decline in expiratory tonic (Tonic) genioglossus (EMGgg) and diaphragmatic
(EMGp,) muscle activities after brief isocapnic hypoxia in men (n=12) and women
(n=12). Data at —4s are the average of the last 20s of hypoxia. All data are
expressed as a percent of the pre-hypoxia level. There were no significant gender,

or gender by time interactions for either variable. Values are means + SEM.
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3.4 Discussion

In this study the electrical activity of an inspiratory pump muscle (diaphragm) was
compared to an upper airway dilator muscle (genioglossus) at rest, during and
following brief hypoxic episodes. The hypoxic exposures were deliberately kept
brief (45-75s) and given at infrequent intervals (7 minutes between episodes) to
avoid the suppressant effect on the hypoglossal motor neurone pool which has
been demonstrated previously with either prolonged (98) or more condensed
intermittent hypoxic exposures (87). | therefore believe, that these data provide
important information on the intrinsic neural activity and behavior of hypoglossal
and phrenic motor neurone pools at rest and in response to a brief respiratory
stimulus. The main findings of this study were that the resting respiratory related
activity of the genioglossus muscle was not different between women in the luteal
menstrual phase and men, and that both the genioglossus and diaphragm muscles
declined proportionately during respiratory afterdischarge following removal of brief
hypoxia. The genioglossus muscle activity was correlated with the negative
epiglottic pressure during inspiration in the majority of men and women studied and

the mean slope of this relationship was not different between the genders.

3.41 Resting genioglossal activity

Previous reports of resting genioglossal activity in healthy men and women are
inconsistent (110, 111, 147). Contrary to the results of the present study, Popovic
and White (111) reported that the resting level of genioglossal activity was 11%

higher in women than in men. The 22 subjects studied by Popovic and White were
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slightly older (34 yrs men, 32 yrs women) and had similar BMls (24.4 men, 22.2
women) to those in the current study, however in their study the BMI| was
significantly higher in the men than the women. It would seem unlikely that the
elevated BMI in men would explain the difference in genioglossal activity found,
because a higher BMI would be expected, if anything, to be associated with a
reduced upper airway size and therefore a higher resting level of genioglossal
activity (108). Popovic and White found the women had a smaller mean BMI yet

had higher resting genioglossal activity.

White and colleagues have more recently reported that the resting level of
genioglossal activity is not statistically different between men and women during
wakefulness (147) and sleep (110). The study conducted during wakefulness (147)
used healthy men and women (9 of each sex) who were of similar age (mean
30yrs) to both the current study and their previous study (111). No details of BMI
were given. The study of sleeping subjects (110) was conducted in BMI matched
men and women (8 of each sex) who were of similar age (mean 27yrs) to the
previous studies. Thus, while the latter finding may represent a depressant effect of
sleep on genioglossus activity that is greater in women than in men, it seems more
likely that no gender difference in resting genioglossal activity exists in healthy

young men and women awake or asleep.
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3.4.2 Genioglossal and diaphragmatic activity following brief

hypoxia

The duration of respiratory afterdischarge is thought to be important in stabilising
respiratory patterns (153). If RAD is short, ventilation may become unstable and the
subject more susceptible to an undershoot in respiratory drive following any brief
respiratory stimulus (such as a brief arousal from sleep). Further, the upper airway
is more prone to collapse at times of low respiratory drive (11, 102). We have
recently demonstrated that the RAD duration is not different between healthy young
men and women (67) suggesting it is unlikely that a fundamental gender difference
in RAD exists. However, whether RAD occurs in the genioglossus and parallels that
of the diaphragm RAD in humans has not been previously studied, nor has the
RAD been compared in the two muscles groups between genders. The phrenic and
hypoglossal motor neurone pools have been shown to behave similarly in some
circumstances (at rest, during hypoxia (106) and hypercapnia (105)) but differently
in other situations such as following alcohol (75), diazepam (79), cyanide hypoxia
and anaesthesia (128). In male cats the alcohol induced reduction of hypoglossal
output was reduced by pretreatment with a progesterone analogue (129),
suggesting that progesterone may influence hypoglossal activity and that there may
be a gender difference in genioglossal control. In this study, the decline in
genioglossus activity was found on abrupt termination of a brief hypoxic stimulus
parallels the decline in diaphragm muscle activity and ventilation, and was not
different between genders. This suggests that the phrenic and hypoglossal motor
neurone pools are closely coupled during respiratory afterdischarge following

hypoxia and are not different between young men and women during wakefuiness.
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Whether this coupling of RAD activity in the genioglossus and diaphragm is the
result of similar RAD in respiratory pre-motor neurones projecting to hypoglossal
and phrenic motor neurone pools, or whether the genioglossal activity is coupled
via the negative pressure reflex cannot be determined by this experiment. Caution
must be exercised when extrapolating the findings to the mechanical behavior of
the upper airway in men and women following a brief respiratory stimulus. Little is
known about the electromechanical coupling of upper airway dilator muscles in
humans and no data exists comparing this in men and women. It is possible for
example, that the same degree of electrical activation of upper airway dilator
muscles in the genders may result in different degrees of stiffening or dilatation of

the airway.

It is not known whether the close relationship observed in this experiment between
upper airway and respiratory pump muscle activity in men and women persists in
sleep. In stable NREM sleep upper airway resistance has been reported in one
study to be increased more in healthy men than in women (136) an effect also seen
during the application of an external resistive load (110). A possible explanation for
these findings is that in NREM sleep the respiratory pump and upper airway muscle
activities are less tightly coupled in men compared to women. Finally, our data
should not be interpreted to indicate that hypoxia may not, following more
prolonged exposure, lead to gender differences in central neural control of phrenic
or hypoglossal motor neurones. It is possible, for example, that more intense,
repetitive hypoxia could lead to more depression of respiratory activity in the

genioglossus (87) or more periodic breathing (58, 102) in men than in women.

50



3.4.3 The relationship between epiglottic pressure and

genioglossus muscle activity

Consistent with the finding that there are no gender differences in the genioglossal
activity at rest or following increased respiratory drive, the slopes, intercepts and
correlation coefficients of the genioglossus muscle versus epiglottic pressure
relationship were also not different between men and women. It is important to note
the correlation coefficients in this and an earlier study (83), although significant
were relatively weak (mean R=-0.47) suggesting that other factors importantly
influence genioglossal activity. Behavioral influences or postural reflexes may be
important. Furthermore, while it seems that the stimulus for negative pressure
activation of the genioglossus is probably mucosal pressure receptor or stretch
receptor activation due to airway distortion, an alternative view is that the muscle
activity may affect airway compliance and size, and therefore the airway pressure.
In this way, the most negative pressures would be expected when genioglossal
activity is lowest. It is therefore possible and | feel probable, that the epiglottic
pressure is both a stimulus for, and a result of the upper airway EMG activity. This

may explain the relatively weak correlation between the variables.

344 Methodological considerations

Given the negative results of the current study, power calculations were performed
to determine the minimum difference in genioglossal activity that could be detected

given the number of subjects used and standard deviations measured in this study.
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It was determined that a gender difference in resting genioglossal activity of 2.7%
of maximal activity could be detected with a study power of 80%. This corresponds
to a doubling of resting genioglossus activity. In the study of Popovic and White
(111), a difference of 10% of maximal genioglossal activity was reported between
genders and this also corresponded to a 2-fold difference. It would therefore appear

unlikely that the results reflect type 1l statistical error.

There are other methodological considerations with regard to this study that should
be considered. The EMG activity of any muscle is not necessarily representative of
the muscle force or movement. Consequently, although no gender differences in
the EMG activity of the genioglossus were found at rest or in response to a brief
hypoxic stimulus, this does not exclude differences between genders in tongue
movement during inspiration and therefore differences in airway size or
collapsibility. The genioglossus muscle is also only one of many airway dilator
muscles and the activity of the genioglossus may not be representative of all dilator
muscles. Surface diaphragm recordings may include EMG activity from intercostal
or abdominal muscles, however | believe the recordings largely reflect diaphragm
activity as the recording electrodes were placed in the manner described by

Lansing and Savelle (76).

The method used to target minute ventilation was to vary the number of N, breaths
and the duration of hypoxia. It is possible therefore that the hypoxic stimulus may
have been greater in one sex than the other. However, the SaO, was not

significantly different between men and women during hypoxia making this
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possibility seem unlikely. The strict trial exclusion criteria resulted in many trials
being discarded from further analysis, leaving the possibility that there was a
preferential removal of trials in one gender. In fact the number of trials discarded
due to each of the criteria was very similar between genders, except for the minute
ventilation criteria in which twice as many trials were excluded in men than in
women. In these trials, the mean SaO; was 82% in women while 89% in men. This
indicates that the reason for the inadequate increase in minute ventilation in these
men was probably due to the inability to reduce SaO; significantly. These stringent
trial exclusion criteria were essential to allow for unbiased comparisons between
genders in terms of the relative increase and time course of decay in diaphragmatic
and genioglossal EMG activity and | feel is unlikely to bias results in either gender.
The fact that the study was conducted during wakefulness limits the relevance of
the findings to OSA, however if a difference existed between genders while awake,

it is likely that this would persist in sleep.

3.4.5 Summary

In summary, measurements of diaphragm and genioglossus muscle activity were
compared between young healthy men and women at rest, during and after a brief
hypoxic stimulus while awake. The pharyngeal pressure and genioglossal activity
relationship were also compared between the genders. No difference in the
genioglossal activity was identified at rest or during hypoxia. There was also no
gender difference in the rate of genioglossal or diaphragmatic afterdischarge
following abrupt removal of hypoxia and the relationship between pharyngeal

pressure and genioglossal activity was similar between the two sexes. This study is
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the first to demonstrate that the hypoglossal and phrenic motor neurone pools
behave similarly following removal of a brief hypoxic stimulus in healthy men and
women. These results do not necessarily exclude gender specific changes in the
output of the hypoglossal or phrenic motor neurone pools during sleep, or with

increased age or body weight.
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CHAPTER 4. LONG-TERM FACILITATION OF VENTILATION
IS NOT PRESENT DURING WAKEFULNESS IN
HEALTHY MEN OR WOMEN

4.1 Introduction

Obstructive sleep apnea (OSA) is more common in men than in women (159). The
reason for this gender difference is currently unknown, however it is potentially
related to differences in central respiratory control, upper airway neuromuscular
control, or upper airway anatomy. Several studies have compared the airway
anatomy in healthy men and women and reported that the cross sectional area of
the pharynx is larger in men than in women (23, 25, 84). However only one study
has corrected for the difference in body size between genders, and this study did
not find a gender difference in pharyngeal cross sectional area (25). The resting
activity of the upper airway dilator muscles has been implicated in the pathogenesis
and high male prevalence of OSA, however the activity of the largest airway dilator,
the genioglossus, has been reported to be similar between men and women (110,
147) in all but one study (111). The central control of respiration may also play a
role in the pathogenesis of OSA because the airway is more prone to collapse
during periods of low respiratory drive (11, 102). Theoretically, it would seem that if
periods of low drive were prevented and cyclical respiratory events minimised, then

the upper airway would be stabilised and airway collapse less likely.
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Long-term facilitation (LTF) is the progressive increase in ventilation that persists
for minutes to hours following cessation of a repetitive hypoxic stimulus. LTF is a
centrally mediated, serotonin dependent process (10) that has been shown to exist
in various awake animals (1, 10, 26, 47, 92, 138). LTF not only prevents periods of
low drive but could, at least theoretically, minimise respiratory cycling and therefore
stabilise the upper airway. There is disagreement in the literature regarding the
existence of LTF in humans (2, 9, 87, 88, 130). These studies have been
predominantly conducted in men and thus far there have been no gender
comparisons of LTF in humans. Progesterone is a known respiratory stimulant
which not only increases resting ventilation (36), but also increases the hypoxic
ventilatory response (133). Recently LTF has been reported to be greater in
diestrus than estrus in female rats (162). It is therefore possible that LTF may be
influenced by female sex hormones and may be different between the genders. If
LTF were more readily elicited or more pronounced in women than in men, then it
could provide partial protection from cyclical respiratory events in women and may

help protect them from further sleep disordered breathing events.

Long-term facilitation is seen in both the hypoglossal and phrenic motor neurones
in animals (10). It would therefore appear likely that the genioglossus muscle
activity would increase during and following repetitive hypoxia. However, the
genioglossus has been reported to be depressed during repetitive hypoxia in
healthy male subjects, while diaphragm activity and ventilation were not different
from the resting level (no LTF) (87). However there is evidence to suggest that

repetitive hypoxia may augment upper airway dilator activity. Aboubakr and
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colleagues (2) reported that repetitive hypoxia during sleep in patients with partial
upper airway obstruction results in a progressive reduction of upper airway
resistance without changing minute ventilation (2). It is therefore possible that the
genioglossus muscle may be facilitated or depressed during repetitive hypoxia. The
response of the genioglossus may differ between genders because other
respiratory depressants (alcohol and benzodiazepines) that cause selective
depression of genioglossus or hypoglossal nerve activity (20, 75) do not depress
the genioglossus as much in women as men (75) and the depression is reduced in

male cats when pre-treated with progesterone (129).

| therefore conducted the current study to determine: 1) whether long-term
facilitation of ventilation occurs in healthy men and/or women, and 2) whether
depression or facilitation of genioglossus and diaphragm muscles occur during

repetitive hypoxia, and if this is the same in both genders.

4.2 Methods
4.2.1 General

12 men and 13 women gave informed written consent and participated in the study.
Female subjects were tested in the luteal menstrual phase (days 20-24 following
the 1% day of menstruation) as confirmed by plasma progesterone levels (ACS:180
Progesterone Assay, Chrion Diagnostics, Chrion Healthcare, Victoria, Australia).
Three females were subsequently found to be anovulatory (plasma progesterone <

7 nmol-L™" in the Iuteal phase) and their results were excluded from the analysis.

57



4.2.2 Experimental gases

The inspiratory gases used in this study were 100% N2, 50% O in N2 and 9% O- in
N,. 100% CO, was manually bled in to the inspirate immediately up stream of the

pneumotachograph as required to maintain isocapnia.

4.2.3 Protocol

Subjects attended the laboratory for a preliminary visit in which respiratory function
testing was performed and subjects were familiarised with laboratory equipment.
The subjects then attended the laboratory on another morning after a light
breakfast without caffeine. They were instrumented (as described in GENERAL
METHODS, page 24). In addition to this equipment, subjects had a second
pressure tipped catheter (MPC-500, Millar, Houston, TX) inserted through the same
nostril as the epiglottic catheter to measure the pressure at the level of the choanae
(Pcho). The choanal catheter was advanced until it touched the posterior
nasopharyngeal wall and was then retracted 0.5cm. The peak inspiratory
supraglottic (epiglottis to nares), nasal (choanae to nares) and pharyngeal
(epiglottis to choanae) airway resistances were calculated (Rua, Rna and Rey

respectively).

When all equipment was attached, subjects lay supine with one pillow and when
comfortable performed maximal EMG maneuvers (as described in GENERAL

METHODS, page 24). Subjects were then given earphones through which they
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listened to the radio and were instructed to relax, keep their eyes open, stay awake
and to breathe only through their nose. They were informed that during hypoxia
they might experience slight dizziness or breathlessness but that these responses
were normal and so to remain relaxed. After 5 minutes of baseline room air
breathing, subjects were exposed to ten 2-minute episodes of hypoxia separated
by 2-minutes of room air. The hypoxic gas was blended with room air, as necessary
via a three way tap, to maintain arterial oxygen saturation at 80%. Each hypoxic
period was initiated with 3 breaths of 100% N to cause a rapid fall in SaO, and
was terminated with 1 breath of 50% O,. Isocapnia was maintained during and
following repetitive hypoxia by manually bleeding CO; into the inspirate. Subjects
breathed room air for a further 25 minutes after the 10™ hypoxic period before the

maximal EMG maneuvers were repeated.

4.2.4 Data and statistical analysis

Breaths which were contaminated with movement artifact, swallows, sighs or sleep
were removed from analysis. All variables were averaged at 30-second intervals to
condense the 70 minutes of breath-by-breath data. Resting variables were
determined from the average of the 5 minutes immediately prior to the start of the
repetitive hypoxia. The maintenance of isocapnia was assessed with ANOVA for
repeated measures on PETCO; data for the entire protocol. All measured variables
(V|, V1, Ti, Te, Ttor, phasic and tonic EMGge and EMGp), SaO;, Pepi, Puask, peak
inspiratory flow (PIF), Rua, Rna and Rpy) were compared between men and women
with two-way ANOVA for repeated measures. Separate ANOVA were used to 1)

detect long-term facilitation or depression (data during the second minute of
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normoxia between hypoxic exposures and during recovery following the 10"
hypoxic exposure analysed) and 2) detect “roll-off” during repetitive hypoxia (data
during the second minute of each hypoxic exposure analysed). Long-term
facilitation was also calculated in the manner described by Babcock et al. (9). This
involved determining whether the minute ventilation was greater than 10% above

the resting level at 5 and 20 minutes after the 10" hypoxic exposure.

4.3 Results

Adequate ventilatory and diaphragm EMG data were obtained in all 22 subjects.
One of either the epiglottic or choanal pressure signals were inadequate in 5
subjects (large drift in 3 subjects and catheter failure in 2 subjects) so all pressure
and resistance data were excluded in these subjects. The genioglossal signal was
poor in 2 subjects (intermittent signal in one subject and complete signal loss in the
other subject mid protocol). Analysis of the genioglossus and diaphragm muscle

activity was therefore limited to 20 subjects.

4.3.1 Resting data

The 12 men and 10 women studied did not differ in terms of age, body mass index
or lung function (Table 4). While resting V, was not different between genders, there
were significant differences in breathing pattern, Vr and PETco, at rest (Table 5).
The low PETCO, in women with equivalent Vi likely reflects the elevated plasma

progesterone level in the 10 women studied, 22.4 + 1.1 nmol-L™". The resting level
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of genioglossal activity did not differ between genders and the airway pressures

and resistance were also not different between men and women (Table 5).

4.3.2 Repetitive isocapnic hypoxia

The Sa0, at rest, during or following repetitive isocapnic hypoxia did not differ
between genders (Figure 6). There were no time, or gender by time interaction
effects for PETco, during and following hypoxia indicating adequate maintenance of

isocapnia (Figure 6).

The increase in minute ventilation during the hypoxic periods did not differ between
men and women and there was no gender by time interaction effect. Similarly the
normoxic ventilation between hypoxic exposures and during recovery was not
different between genders (Figure 7). There was no significant change over time in
minute ventilation during normoxic periods of the protocol indicating that no
depression or facilitation of ventilation occurred in either gender. There were also
no gender differences in Vr (Figure 7), T, Te (Figure 8) and Tror during the hypoxic
periods, or in the normoxic periods during or following repetitive hypoxia indicating
these variables also showed no facilitation or depression. When the minute
ventilation data were analysed by the method described by Babcock et al. [(9) see
Data and statistical analysis, page 59] to determine whether individual subjects
demonstrated long-term facilitation, only one male and one female subject were

identified that fit their criteria for long-term facilitation of ventilation.
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The upper airway resistance, genioglossus and diaphragm muscle responses were
more variable than the minute ventilation data, however the same patterns existed.
There were no gender differences or gender by time interaction effects in any of
these variables during the hypoxic periods or in the 2-minute normoxic periods
between hypoxic exposures. However, the inspiratory phasic genioglossus muscle
activity was lower in women than in men at 5 and 20 minutes after the 10™ hypoxic
exposure (Figure 9). This occurred despite unchanged ventilation, diaphragm

muscle activity and upper airway resistance (Figure 10) during this recovery time.
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Table 4 Anthropometric Data

Men (n=12) Women (n=10) p value
Age (yrs) 253+0.7 25.0+0.8 0.926
BMI (kg-m?) 23.6+0.9 22.3+04 0.245
FEV, (%predicted) 112 +4 106 + 1 0.380
FVC (%predicted) 107 £ 4 96 £ 1 0.091

Age, Body Mass Index (BMI), and lung function (FEV4 and FVC) in the men and

women studied. Data are means = SEM, p<0.05 considered significant.

63



Table 5 Resting breathing characteristics in men and women.

Men (n=12) Women (n=10) p value
V; (I'min™) 7.67 £0.32 7.59+0.49 0.893
PETco, (Torr) 40.92+0.67 36.77 £ 0.68 <0.001
V() 0.56 + 0.04 0.43+£0.03 0.021
Fg (breaths-min™) 14.34 £+1.03 17.76 £ 1.06 0.031
T (s) 2.04 £0.15 1.63 £ 0.06 0.025
Te (s) 2.41 £ 0.21 1.85+0.14 0.038
Phasic EMGgg (% maximum)# 491+ 1.61 7.34 +2.63 0.443
Tonic EMGgg (% maximum)# 1.68 £ 0.51 2.91+1.01 0.300
Pepi (cmH20)* -265+0.33 -2.75+0.35 0.837
Pcho (cmH20)* -244+033  -240+0.39 0.932
Rua (cmH,0-1"-s)* 2.67 +0.69 3.00+0.63 0.732

Resting minute ventilation (V.), end-tidal partial pressure of carbon dioxide
(PETcO0y), tidal volume (V7), Breathing frequency (Fg), inspiratory (T,) and expiratory
times (Tg), inspiratory phasic (Phasic EMGgg) and end expiratory tonic (Tonic
EMGgg) genioglossus activity, epiglottic (Pepi) and choanal (Pcho) pressures and

upper airway resistance (Rya). Data are means + SEM. *1=10 men, *n=7 men.
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Figure 6 Changes in arterial oxygen saturation and PETCO; levels during

and following repetitive hypoxia
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Arterial oxygen saturation (SaO;) and end-tidal partial pressure of CO, (PETco,) at

rest, during and 5 and 20 minutes following repetitive hypoxia in men (n=12) and

women (n=10). Data are means + SEM. There was a significant effect of gender on

PETco,. There was no significant change in PETco, over time in either gender.

There were no other significant gender or gender by time interaction effects.
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Figure 7 Minute ventilation and tidal volume during and following
repetitive hypoxia
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Minute ventilation (\7|) and tidal volume (V1) at rest, during and 5 and 20 minutes
following repetitive hypoxia in men (n=12) and women (n=10). Data are means +

SEM. There were no significant gender or gender by time interaction effects.
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Figure 8 Inspiratory and expiratory times during and following repetitive
hypoxia
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Inspiratory (T;) and Expiratory (Te) times at rest, during and 5 and 20 minutes
following repetitive hypoxia in men (n=12) and women (n=10). Data are means +

SEM. There were no significant gender or gender by time interaction effects.
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Figure 9 Inspiratory phasic diaphragm and genioglossus muscle activity

during and following repetitive hypoxia
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or gender by time interaction effects.
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Figure 10  Upper airway resistance during and following repetitive hypoxia
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Upper airway resistance (Rya) at rest, during and 5 and 20 minutes following
repetitive hypoxia in men (n=7) and women (n=10). Data are means £ SEM. There

were no significant gender or gender by time effects.
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4.4 Discussion

In this study, the ventilatory and respiratory muscle responses to repetitive
eucapnic hypoxia have been compared between healthy young men and women
during wakefulness. No long-term facilitation of ventilation, diaphragm or
genioglossus muscle activity was identified during or following repetitive hypoxia.
The genioglossus muscle activity was depressed in women during recovery from

repetitive hypoxia, however this was not apparent in men.

4.41 Resting gender differences

Although resting minute ventilation was not different between genders, there were
significant differences in the pattern of breathing in the young men and women
studied. The resting tidal volume was lower in women than in men, however
breathing frequency was higher in women due to lower inspiratory and expiratory
times (Table 5). The end-tidal partial pressure of CO, was lower in women than in
men consistent with the respiratory stimulating effects of progesterone. The
relevance, if any, of these differences in resting breathing pattern to the current
study and to the high male prevalence of sleep disordered breathing syndromes is
uncertain. There were no gender differences in the resting genioglossus muscle

activity or upper airway resistance.
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4.4.2 Long-term facilitation of ventilation.

Long-term facilitation of ventilation is the prolonged increase in ventilation following
repetitive stimulation of the carotid bodies that has been proposed to stabilise
breathing patterns. Although long-term facilitation has been extensively studied in
various animal models, there have been relatively few studies in humans. In the
early 1990’s there were two abstract reports from the same laboratory, one
showing long-term facilitation in 14 healthy volunteers (130), the second showing
LTF in 14 OSA patients but not in 5 healthy controls (88). Since these initial reports
McEvoy et al. (87) studied 11 male volunteers during wakefulness and failed to find
evidence of LTF. These three studies all used the same “2-minute on, 2-minute off’
hypoxia protocol causing desaturation to approximately 80-85%. More recently
Babcock et al. (9) have used a “3-minute on, 5-minute off” hypoxia protocol (FiO; =
8%) during sleep in healthy subjects, and reported no long-term facilitation of
ventilation in the group, although some individuals appeared to demonstrate LTF.
These authors commented that the presence or absence of LTF in an individual
subject appeared to be related to whether the subjects snored and had inspiratory
flow limitation (LTF existed in snorers). More recently the same laboratory has
conducted a similar study in OSA patients with optimal or sub-optimal continuous
positive airway pressure (CPAP, sub-optimal to allow inspiratory flow limitation)
levels during sleep. Using the same “3-minute, on 5-minute off” protocol, the
authors were unable to demonstrate LTF in either CPAP condition. In the present
study long-term facilitation was not found to occur in men during wakefulness and
this has been extended to awake women. Given the results of this and previous

studies | feel it likely that LTF does not exist, or is rare in healthy humans when
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exposed to repetitive hypoxia of a few minutes duration and at physiologically
significant levels. These negative findings contrast the many awake animal studies

(1, 10, 26, 47, 92, 138) and may be related to species differences.

4.4.3 Respiratory muscle activity and upper airway resistance

The genioglossus and diaphragm muscles both show inspiratory phasic activity that
increases during respiratory stimulation and decreases with generalised respiratory
depression. These relative changes in muscle activity are often proportional
suggesting that the hypoglossal and phrenic motor neurone outputs are coupled.
However, there are situations when the activity of the two muscles differ. These
include following alcohol (75) and benzodiazepene (79) ingestion in humans, and
following anaesthesia and cyanide brain hypoxia in animals (128). Repetitive
eucapnic hypoxia has previously been reported to also cause preferential
depression of genioglossal activity in healthy men during wakefulness without
altering diaphragmatic activity (87). In the current study of normal individuals during
wakefulness there was a statistically significant reduction in genioglossus muscle
activity after the 10" hypoxic exposure in women but not in men. Given the variable
nature of genioglossus EMG signals, power calculations were performed to
determine the minimum detectable difference of genioglossus activity in both men
and women. These calculations revealed that with the coefficient of variation of
genioglossal activity measured at rest in the 10 women studied, a change in
genioglossal activity below 87% of the resting level could be detected with 80%
power (hence the power was adequate). In men however, the coefficient of

variation in genioglossal activity was almost twice that of women (20.9 in men, 12.8
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in women) such that only changes below 79% of baseline could be detected with
80% power. It is therefore possible that the non-significant result in men was the
result of Type Il error. However, it must be noted that the genioglossal data in men
did not appear to show a trend toward depression during the 5 and 20 minute

recovery times despite being below baseline for the last three hypoxic episodes.

Repetitive (87) and sustained (98) isocapnic hypoxia have been shown to
disproportionately suppress genioglossal compared with diaphragm activity. Why
the current findings differ from the earlier studies using repetitive hypoxia (87) is
uncertain. The current protocol was almost identical to this previous study with the
exception that the hypoxic gas used in my study was a 9% O in N> gas compared
with an 11% O, gas in the earlier study. Despite this, the level of hypoxemia was
similar between studies (85% SaO; in the earlier study and 82% in the current
study) probably reflecting the fact that the earlier study was conducted at moderate
altitude. In the earlier study each hypoxic period was terminated with one breath of
100% O, whereas in the current study each hypoxic period was terminated with
one breath of 50% O,. | feel it unlikely that these differences would give rise to the
different findings between studies. If anything, the subjects in the current protocol
would be likely to experience more central depression because of the lower
saturation levels achieved. There are some differences in the subject
characteristics between studies. Notably, the 11 subjects used in the earlier study
had a mean age of 36 yrs compared to 25 yrs in the current study. This may
contribute to the inability of the current study to detect a reduction in genioglossal

activity in men if this phenomenon is, at least in part, age related as it is in rats
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(162, 163). Therefore, it is possible that the inability to demonstrate depression of
the respiratory phasic genioglossal activity in the men in the current study results
from either the high variability of the genioglossus in these men and/or the age of

the experimental subjects.

Previous studies in humans during NREM sleep (2, 9) have indicated that upper
airways resistance decreases following repetitive hypoxia perhaps implying
facilitation of upper airway dilator muscles, although muscle activity was not
measured in either study. Data from this and a previous study during wakefulness
(87) do not support relative augmentation of genioglossal activity with repetitive

hypoxia in healthy human subjects. .

444 Methodological considerations

There are several important methodological issues to consider when interpreting
these results. Firstly, the level of inspired oxygen was adjusted in the current study
to target an arterial saturation of 80% in both men and women. If the hypoxic
ventilatory response was different between men and women then one gender may
have received a lower oxygen concentration in the inspirate than the other.
However, Sa0, and ventilation were not different between genders indicating that

the stimuli for LTF was probably not different between genders.

The second consideration regards the recording of genioglossal and diaphragmatic
EMGs. The electrical activity of any muscle may not represent the functional

changes in muscle force or movement. If the electromechanical coupling of the
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genioglossus and diaphragm muscle differed between genders then any EMG
comparison would be of limited significance regarding muscle force generation or
perhaps upper airway caliber. However, 1 am unaware of any data showing a
gender difference in electromechanical coupling of upper airway dilator muscles.
The surface recording of diaphragm muscle activity can be confounded by
activation of abdominal muscles during respiration, however diaphragm EMG

electrodes were placed in positions to minimise abdominal muscle contamination.

Finally, this study was conducted during wakefulness and so the findings may not
persist in sleep. This limits the significance of the findings with regard to sleep
disordered breathing. However, if a gender difference was identified during
wakefulness, it would appear likely to persist in sleep and therefore be important in

the pathogenesis of sleep disordered breathing.

445 Summary

In summary, no evidence of long-term facilitation of ventilation, genioglossal or
diaphragm muscle activity was found in healthy men or women during wakefulness.
The present finding in awake men and women are consistent with previous reports
in awake males (87), sleeping normal subjects (9) and OSA patients (2) and
suggest that long-term facilitation of ventilation is either absent or at least difficult to
elicit in humans. Genioglossus muscle activity was depressed in women during
recovery from repetitive hypoxia, as it has previously been shown in men (87). The

results do not support the hypothesis that different ventilatory or respiratory muscle
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responses to repetitive hypoxia could explain the gender difference in OSA and

other related sleep breathing disorders.
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CHAPTER 5. THE VENTILATORY RESPONSE TO BRIEF
AROUSAL FROM SLEEP IS GREATER IN
MEN THAN IN WOMEN

5.1 Introduction

Obstructive sleep apnea (OSA) and central sleep apnea (CSA) associated with
congestive heart failure are more common in men than in women (125, 159). The
cause for this gender difference in prevalence is not known. Respiratory control
instability has been proposed as a mechanism for sleep disordered breathing. It is
possible therefore that some central respiratory control components differ between
genders and help explain the difference in prevalence. Arousal from sleep is
believed to have a destablising influence on the control of breathing (12, 70, 151).
In support of this theory, Xie and colleagues (151) found in CSA patients, 37 of 48
episodes of periodic breathing arising from stable sleep were preceded by arousal,

brief hyperventilation and a reduction in transcutaneous COs..

The increase in ventilation following arousal from sleep is thought to arise from
increased chemoresponsiveness on return to the waking state, a relatively high
PaCO, that develops in sleep prior to arousal (see (109) for review), and a sudden
reduction in upper airway resistance (70). Given that there is some evidence that
the hypercapnic ventilatory response is higher in men than in women (3, 140, 146),
men may be expected to have a larger ventilatory response on awakening for a

given sleep related increase in PaCO,. However, Khoo and colleagues have
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suggested that the ventilatory response to arousal is largely determined by upper
airway resistance changes, with central drive only playing a small part in the
response. Evidence for this suggestion comes from a study of ventilatory changes
following tone-induced arousals from stage 2 sleep in 9 healthy men (70). In this
study, mean inspiratory flow and tidal volume were increased above the pre-
arousal level for seven breaths following the start of a 5s tone. In three subjects
upper airway resistance was measured and found to decrease immediately and
remain reduced for approximately 30s following the tone, whereas Py (measured
in the other 6 individuals) was increased only on the second and third breaths
following the tone. The authors therefore suggest that the increased mean
inspiratory flow on the 1% and 4" through 7" breaths is likely to be due to reduced
upper airway resistance. During NREM sleep, upper airway resistance has been
reported to be higher in men than in women in one study (136) but not different
between genders in another (120). If upper airway resistance were higher in men
than in women during sleep, the ventilatory response to arousal may also be

elevated in men, secondary to a release of resistance.

Horner and colleagues have measured ventilatory responses to auditory arousal
from NREM sleep in tracheostomised dogs and compared this to ventilatory
changes during wakefulness following 1) the application of a tone used to arouse
the dogs during sleep and 2) addition of CO, to match the sleeping level (56).
During wakefulness, tone presentation did not affect ventilation. Also the change in
ventilation caused by increasing CO; to the sleeping level was smaller than the

increase in ventilation following tone-induced arousal. Since their dogs breathed
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through an endotracheal tube, changes in upper airway resistance were not likely
to have contributed to the result. These findings provide evidence for an
independent stimulus to ventilation following arousal from sleep, or a “waking
reflex”. This concept is further supported by the finding that healthy human
volunteers increase diaphragm muscle activity following spontaneous arousal from
sleep, when sleep related changes in ventilation and PETco, are prevented by
passive ventilation (137). Furthermore, the magnitude of the diaphragm response
following arousal was the same during mechanical ventilation as during
spontaneous ventilation. Khoo and colleagues have also determined that the
ventilatory response to arousal from sleep persists in OSA patients while treated
with nasal CPAP despite upper airway resistance changing minimally (72). This
provides additional evidence for a reflex stimulation of respiration following brief
arousal from sleep. If the waking reflex is similar to a startle reflex, it may be higher
in men than in women, as Reyes del Paso and Vila (118) reported a greater
increase in breathing amplitude (pneumatic transducer) in response to a brief
startling tone (100dB) in men compared to women. This study was designed to test
the hypothesis that the ventilatory response to arousal from sleep is greater in men

than women due to one or more of the above-mentioned factors.

If the ventilatory response to arousal importantly contributes to respiratory
instability, a period of hypopnea would be expected to follow hyperpnea. Hypopnea
could occur due to low central respiratory drive following hyperventilation, loss of
the waking stimulus to breathe and increased upper airway resistance following

resumption of sleep. The upper airway has been proposed to be prone to collapse
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during periods of low respiratory drive (103). Therefore, arousal with secondary
-brief hyperpnea followed by hypopnea could be an important component of the
pathophysiological sequence in OSA. However, Badr and colleagues have been
unable to demonstrate hypopnea (with Respitrace) following tone-induced arousal
from sleep (12). Khoo and colleagues reported that 3 normal subjects occasionally
developed periodic breathing following tone-induced arousal (70). Furthermore,
modeling analysis predicted that arousal is capable of inducing respiratory
instability. Khoo et al. also reported that the degree of hyperpnea and the rate of
decline of ventilation following arousal are important determinants of the
subsequent reduction in ventilation (70). It may therefore be expected that if men
show an elevated ventilatory response to arousal, they may also have a greater

subsequent hypopnea and develop greater respiratory and upper airway instability.

Most of the studies mentioned have measured responses to tone-induced arousal
from sleep. These responses may differ from spontaneous arousals. Previous
studies have generally been conducted in stage 2 NREM or stages 2-4 NREM
sleep combined, with subjects in the supine position. However, stage of sleep and
position may influence the ventilatory response to arousal. The relevance of
previous findings to the normal sleeping situation may therefore be limited. The
current study was conducted to investigate the influence of gender, sleep stage and
body position on the ventilatory and upper airway responses to brief arousal from
sleep. In addition, ventilatory responses following tone-induced arousal were

compared to spontaneous arousal in healthy young men and women.
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5.2 Methods

15 men and 18 women gave informed written consent and participated in the study.
No subject reported any auditory, cardiovascular or sleeping problems and no
subjects reported regular (>1 night/week) snoring. Female subjects were tested in

the follicular menstrual phase (days 5-14 following the first day of menses).

5.2.1 Measurements

A nasal mask (Gel mask, Respironics, PA) was fixed to the subjects’ face with
double-sided tape and a head strap. The mouth was taped closed and subjects
were instructed on how to remove the tape if required. A perforated tube was
threaded around the outside of the nasal mask and was connected to a CO;
analyser (POET Il model 602-1, Criticare Systems Waukesha, WI) to serve as a
leak detector. The expirate was sampled to determine the end-tidal partial pressure
of CO, (PETco,, POET Il model 802-3, Criticare systems Waukesha, WI) via tubing
incorporating a 30-cm length of Nafion (Permapure, NJ) tubing to prevent
condensation from blocking the sample line. The experimental setup is shown in

Figure 11.

Epiglottic pressure (Pepi) was measured in the first 8 subjects with a Millar pressure
tipped catheter (MPC-500, Millar, Houston, TX), however build up of secretions on
this catheter caused the signal to be intermittent across the night and unusable in 2
subjects (both male). Air perfused catheters (see. GENERAL METHODS, page 24)

were used for the remainder of subjects to avoid this problem.
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In addition to the equipment described above and in the GENERAL METHODS
(page 24), subjects were also instrumented with two channel
electroencephalography (EEG, C3-A2 and C4-A1), left and right electrooculograms
(EOG-L and EOG-R respectively) and submental electromyogram (EMGsug) for
sleep staging and arousal scoring. Immediately prior to the start of recording,
subjects were fitted with ear-insert headphones (E-A-Tone, Cabot Saftey
Corporation/Auditory Systems Division, Indianapolis, USA) through which 11
computer generated auditory tones could be presented (1 kHz, 0.5s duration, 5dB

increments range 55-105dB; Cool Edit, Syntrillium Software Corporation, AZ, USA).

Data were acquired on two separate recording systems. The first system
(Compumedics S series, Abbotsford, Victoria, Australia) was used for recording of
EEGs, left and right EOG, EMGgys, ECG, Sa0,, sound and an event channel. The
sampling rates varied between 250Hz for event, sound and EEG to 50Hz for EOGs.
Sleep staging and arousal scoring were performed on this system. The second
system is described in the GENERAL METHODS, (page 24). The signals recorded
on this system were: inspiratory flow, inspired volume, CO2, one EEG, EOG-R,
ECG, Pgpi, Puask, sound, leak, event and raw, rectified and averaged EMGgg and
EMGp. These data were used for breath-by-breath calculations of ventilation,
upper airway resistance and muscle activity. An event mark was simultaneously
placed on both recording systems coincident with the onset of each auditory tone

allowing both data acquisition systems to be accurately linked in time.

82



Figure 11 The experimental setup for study 3 (Chapter 5)
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Subjects wore a nasal CPAP mask with two-way non-rebreathing valve attached.
The pneumotachograph was attached to the inspiratory side of the breathing valve
and inspiratory tubing was directed above the subjects’ head so that position could

be changed with relative ease.
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5.2.2 Protocol

Subjects presented to the laboratory in the evening approximately 2 hours before
their normal bedtime (bedtime range 9:30-12:30pm) having abstained from caffeine
for at least 8 hrs. They were instrumented and lay on their left side with one pillow.
Maximal electromyographic activity of the genioglossus muscle was determined
(see GENERAL METHODS, page 24). Following this, earphones were inserted and
two sample tones were played (60dB and 95dB). Subjects were then requested to
lie on their left side, keep their eyes open and stay awake for 10 minutes before
allowing themselves to fall asleep. The light was left on for the first 10 minutes to
facilitate this and baseline wakefulness data were collected at this time. Subjects
were instructed to sleep as much as possible on their left hand side, however when
they became uncomfortable they could sleep on their back. Sleep was restricted to
these two positions. The primary objective was to compare ventilatory responses to
arousal with subjects in the lateral position to minimise any effects of sleep-induced

increases in UA resistance on the arousal response.

Auditory tones were administered at intervals during sleep according to the
following protocol. Following 5 minutes of stable stage 2 sleep (or higher) a 55dB
tone was played. If this failed to arouse the subject the next highest volume tone
was played a minimum of 2 minutes later. If subjects had a spontaneous arousal
the next tone was played at least 2 minutes after the re-establishment of stable
sleep. After a full awakening from sleep, 5 minutes of stable stage 2 sleep (or
higher) was required before another tone was played. All tones were played during

expiration since ventilatory responses to arousal have been shown to be more
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reproducible when given in expiration rather than inspiration (70). Tone
presentation continued in all sleep stages and body positions until sufficient data
were collected, the subject reached the end of their sleep period or otherwise
requested the study be terminated. On terminating data collection, subjects were
awoken fully and maximal tongue maneuvers were repeated. Several practice trials
of each maneuver were used to ensure the subjects were fully alert and correctly
performed the maneuvers. The highest activity recorded during the maneuvers

(morning or evening) was taken to be the maximal activity of the genioglossus.

5.2.3 Data analysis

5.2.3.4 Sleep staging and arousal scoring

A single trained sleep observer, blinded to all event, sound and respiratory signals,
scored the sleep stages and arousals in 30s epochs in the standard manner (5,
115). Following analysis of the whole study, arousals that fit the following criteria
were identified: 1) the sleep stage in the epoch prior to the arousal was scored as
stage 2 or higher, 2) The arousal did not represent a full awakening (arousal
duration <15s and the epochs during and immediately following arousal not scored
as wake), 3) there was only one arousal identified in the epoch of the arousal, 4)
there were no arousals or auditory tones in the epoch preceding or the epoch
following this epoch. In addition, if the arousal occurred in the same epoch as a
tone, it was only considered suitable for analysis if the arousal occurred within 5s of
the onset of the tone and did not precede it. In this case the arousal was assumed

to be a tone-induced arousal. The times at which suitable tone-induced and
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spontaneous arousals occurred were noted for breath-by-breath analysis of
respiratory and EMG data. The position and sleep stage corresponding to the time

of the arousal was also noted.

5.2.3.5 Ventilatory, resistance and EMG analysis

Breath-by-breath data were determined for the whole recording period. Data during
the period of resting wakefulness were averaged and compared to data during the
30s prior to all suitable arousals in a given sleep stage on the left side. Data for 30s
prior to and 60s after an arousal were interpolated at 4s intervals from the start of
the arousal (time zero). The raw data was visually checked before and after every
arousal in all subjects and excluded from analysis if snoring, inspiratory flow
limitation and/or mask leak was detected. If rapid drift of the Pgp catheter occurred
Rua and Pgp data were excluded for that arousal, however, ventilation data were
retained. If the arousal was followed by a swallow genioglossal, Pep; and Rya data
were excluded. This usually occurred only after the first few arousals at the
beginning of the night. Diaphragm data were excluded if ECG blanking was no
longer adequate due to a change in body position. Genioglossal data was excluded
for the whole night in one subject in whom a wire electrode became dislodged
during the night. Interpolated data from remaining trials were expressed as a
percent of the pre-arousal level and averaged within a type of arousal
(spontaneous or tone-induced) for a given sleep stage and body position for 60s
following arousal. There were too few arousals that fit these criteria during REM

sleep to allow analysis in this sleep stage.
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5.24 Statistical analysis

Resting data during wakefulness and sleep were compared between genders and
sleep stages with ANOVA for repeated measures. ANOVA for repeated measures
were also used to compare the percent changes in all variables for 60s following an
arousal between men and women, sleep stages, body positions and type of

arousal.

5.3 Results
5.3.1 Anthropometric characteristics and sleep architecture

Four female subjects had markedly abnormal sleep. The average sleep onset
latency in these subjects was 186.6 = 112.5 minutes, sleep efficiency was 22.9 +
7.7%, arousal index was 47.4 + 8.1 arousals-hr’ and none of these subjects had
any REM sleep. There were no arousals that fit the criteria for analysis in these
subjects, so all of their data were excluded. One female and one male subject
snored for a large portion of the night and there were no suitable spontaneous or
tone-induced arousals without snoring in these subjects, hence these subjects were
also excluded from further analysis. Nine other subjects (4 men) were found to
snore at some time during the night and data during periods of snoring or flow

limitation were discarded.

13 men and 13 women had adequate sleep and arousal data. The men and women
did not differ in terms of age, body mass index or respiratory function (FEV4 or

FVC), however the women studied had significantly smaller mean body surface
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area (Table 6). The sleep architecture did not differ between men and women
(Table 6) and an average of 63 tones were played to each subject (range 37-99,

not significantly different between genders).

5.3.2 Resting data.

The resting characteristics during wakefulness and stable NREM sleep are
displayed in Table 7. V), V1 and peak inspiratory flow (PIF) were significantly higher
and Pgp lower in men than in women in wakefulness and sleep. During NREM
sleep, V. was reduced and PETco, levels increased from the waking level.
Breathing frequency was reduced in NREM sleep due to lengthening of both T, and
Te, while V1 did not differ from the waking level. Upper airway resistance also rose
from wakefulness to stage 2 sleep, as PIF decreased despite unchanged Pgp. A
similar trend was observed from wakefulness to stages 3/4 but did not reach
/statistical significance. There were no significant changes in phasic or tonic EMGgg
from wakefulness to NREM sleep. The sleep related changes in all variables were

similar in both genders and no gender by stage interaction effects were observed.

5.3.3 Ventilatory response to spontaneous arousal in the left

lateral position

25 subjects (13 men) had suitable (see Sleep staging and arousal scoring, page
85) spontaneous arousals from NREM sleep while in the left lateral position
(average 15.6 + 1.9 arousals per subject). The average duration of arousal was not

different between men and women (6.8 + 0.3 and 6.3 + 0.4s respectively). The
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reduction in ventilation and rise in PETco, and Rya from wakefulness to sleep in the
30s prior to arousal did not differ between genders. Following arousal from sleep, V|
rose briefly, before rapidly declining below the pre-arousal level (Figure 12). This
was primarily related to changes in Vr (Figure 13), however significant changes
over time were also found in Fg (Figure 13), T, and Te. Corresponding to the
increase in V, there was an increase in phasic EMGp, (Figure 14) and reductions in
PETco; (Figure 12) and Rya (Figure 14). Both phasic and tonic EMGgg (Figure 15),
and tonic EMGp, failed to showed statistically significant changes over time

following arousal from sleep.

The changes in V, were more marked in men than in women (significant gender
and gender by time interaction effects, Figure 12). Vy (Figure 13) and PETco,
(p=0.053, Figure 12) also showed more pronounced responses in men than women
while no other variables differed between genders over time. The absolute values
for V|, PETco, and Rya are compared between men and women in wakefulness,
pre-arousal and at 4s (peak V.) and 20s (trough V.) post-arousal (Figure 16).
Although men had a greater ventilatory increase after arousal than women,
ventilation did not exceed the level during wakefulness in either men or women.

Following arousal Rya did not decrease to the wakefulness level.

5.34 Ventilatory responses to spontaneous arousal: stage 2

versus stage 3/4 NREM

Seven women and nine men had arousals from both stage 2 and stages 3/4 NREM

sleep. The duration of arousal was not different between stages (6.7 £ 0.3s in stage
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2, 6.2 + 0.5s in stages 3/4) or genders (6.6 = 0.4s in women, 6.4 + 0.4s in men).
The average pre-arousal V, and Rya did not differ between sleep stages and Rya
was not different between genders. The pre-arousal PETco, was slightly but
significantly higher in stages 3/4 than stage 2 sleep (44.2 £ 0.7 and 43.8 + 0.6 Torr
respectively) but not different between genders (43.9 £ 0.6 Torr in women, 44.1 +
0.7 Torr in men). There were no significant differences between arousal responses
from stage 2 and stages 3/4 NREM sleep for any variable (no stage by time, stage
by gender or stage by time by gender interactions). The gender differences
observed in the analysis of all NREM data persisted with significant gender by time

interaction effects found for V|, V+ and PETco;.

5.3.5 Spontaneous versus Tone-induced arousal responses

Ten women and 13 men had suitable spontaneous and tone-induced arousals from
NREM sleep while in the left lateral position. The duration of arousal did not differ
between genders (6.2 + 0.3 in women and 7.0 = 0.2 in men) or type of arousal (6.5
+ 0.3s spontaneous and 6.8 + 0.3s tone-induced). The average volume of the tone
used to induce arousal was 65.4 £ 1.6 dB and the average latency to arousal was
0.95 + 0.1s. Neither the tone volume nor latency to arousal differed between
genders. The time course of changes in Vi (Figure 17), PIF, T,, PETco, and both
phasic and tonic EMGgg differed between tone-induced and spontaneous arousal
(type by time effect). Vr showed a trend to a similar effect (p=0.066). Gender by

time effects persisted for Vi (p=0.057), V1 and PETco,.
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5.3.6 The effect of body position on resting ventilation and

arousal responses

22 subjects (11 men) had spontaneous arousals from sleep that met the inclusion
criteria in both the left lateral and supine positions. The duration of arousal did not
differ between positions (6.5 + 0.3s left and 6.3 + 0.3s supine) or between men and
women (6.6 + 0.6s and 6.2 + 0.3s respectively). The pre-arousal characteristics for
these subjects in both left and supine positions are presented in Table 8. Rya was
increased in the supine position and T, prolonged, however Te was reduced
resulting in Fg remaining unchanged. PIF and Vr also fell in the supine position. Vi
fell on assuming the supine position in the whole group, however this was related to
a reduction in men but not in women (significant gender by position interaction).
Correspondingly, PETco, rose slightly in men and fell in women when assuming the

supine position.

Following arousal, T, PIF and Rya (Figure 19) demonstrated significant position by
time interaction effects with similar trends seen in Y (p=0.055, Figure 18), Vt
(p=0.056), PETco, (p=0.073 Figure 18) and tonic EMGge (p=0.09, Figure 19).
Gender by time interaction effects were again found for Vi (p=0.051), Vt and
PETco, (p=0.055) as was found when examining the arousal response from NREM
in the left lateral posture alone. Tonic EMGgg also showed a significant gender by
time interaction effect (larger responses in men) when both positions were

considered.
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While the normalisation process used (expressing post-arousal data as a percent of
the pre-arousal level) was required to assess the effect of arousal per se, it does
not allow valid comparison of the effect of position on arousal responses in men
compared to women, because change in position from left to supine affected the
pre-arousal conditions differently between genders. Repeated measures ANOVA
was therefore performed on the absolute changes in ventilation from pre-arousal, to
the maximum (4s post-arousal) and minimum (20s post-arousal) levels in men and
women in both left and supine positions (Figure 20). This analysis showed that the
effect of position on the ventilatory response to arousal was not different between
genders (Figure 20). That is, although ventilation was reduced pre-arousal in the
supine position versus the left in men and not different between body positions in
women, the effect of position on the ventilatory response to arousal was not

different between the genders.
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Table 6 Anthropometric and sleep architecture data

Men (n=13) Women (n=13) p value
Age (years) 26.2+1.9 24.1+1.8 0.440
BMI (kg'm?) 22.6+0.5 23.2+0.9 0.561
BSA (m?) 1.99 + 0.04 1.74 £ 0.05 <0.01
FEV, (% predicted) 110.2 + 3.1 106.0 + 4.1 0.420
FVC (% predicted) 105.8 £ 3.1 99.3+3.7 0.194
SOL (minutes) 155+ 3.8 32.0+7.3 0.060
TST (minutes) 317.7+214 321.3£17.9 0.899
Sleep efficiency (%) 69.5+3.8 69.1+ 3.6 0.932
Al (arousals-hr) 289+2.4 247 +25 0.243
% NREM 88.4+2.1 87.7+21 0.810
% REM 11.6+21 13.3+£2.0 0.555

Age, body mass index (BMI), body surface area (BSA), lung function (FEV1 and
FVC), sleep onset latency (SOL), total sleep time (TST), sleep efficiency, arousal
index (Al) and percentage of time spent in NREM (% NREM) and REM sleep (%

REM) in men and women studied. Means + SEM are presented, p<0.05 considered

significant.
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Table 7 Respiratory and upper airway characteristics during wakefulness

and sleep

Men Women

Wake Stage 2 Stage 3/4 Wake Stage 2 Stage 3/4

S 8.48 7.50 7.54 6.65 5.81 5.93
Vi(Imin7) * T (0.30)  (0.19)  (0.20)  (0.36)  (0.28)  (0.27)
. 0.55 0.54 0.53 0.42 0.41 0.41
Vr(l) (0.01)  (0.02)  (0.01)  (0.02)  (0.01)  (0.01)
» 15.4 13.9 14.3 16.3 14.3 14.6

Fs (breathsmin™)t1 65  (0.39) (043) (1.11)  (0.70)  (0.73)
1.81 1.90 1.87 1.73 1.87 1.83

Ti(s) T3 (0.06)  (0.04)  (0.05)  (0.08)  (0.08)  (0.06)
217 2.44 2.37 2.13 2.41 2.38

Te(s) T3 0.11)  (0.08)  (0.09)  (0.23)  (0.13)  (0.14)
. 42.0 43.9 44.2 41.9 43.9 44.0

PETco, (Torr) " t 1 (0.5) (0.7) (0.8) (0.8) (0.6) (0.6)
s 28.9 25.1 25.4 23.4 20.1 20.8

PIF (I'min”) " t 1 (1.1) (0.9) (1.1) (1.4) (0.9) (0.9)
. 3.1 3.3 3.4 2.3 2.5 2.3

Pepi (cmH20) (0.4) (0.3) (0.3) (0.2) (0.2) (0.2)
. 26 4.2 4.3 2.3 3.7 2.9

Rua (cmH0-1"-s) t (0.5) (0.8) (0.9) (0.3) (0.9) (0.5)
4.5 3.2 3.1 45 4.4 4.1

Phasic EMGgg (% max) (4 4) (1.1) (1.0) (0.9) (1.2) (1.1)

_ . 1.8 1.3 1.2 24 2.1 2.0
Tonic EMGgg (% max) g 5) (0.3) (0.2) (0.5) (0.5) (0.5)

Minute ventilation (V|), tidal volume (V7), breathing frequency (Fg), inspiratory (T))
and expiratory (Tg) times, end-tidal CO, (PETcoz), peak inspiratory flow (PIF),
minimum epiglottic pressure (Pep), upper airway resistance (Rua), phasic (Phasic
EMGgg) and tonic (Tonic EMGgg) genioglossal activity during wakefulness and
sleep. Means (SEM), * gender difference, T wake different to Stage 2 and 1 wake

different to Stages 3/4.
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Table 8 The influence of body position on respiratory variables during
sleep.
Left Back
Men Women Men Women

V, (bmin) * + 75102 59+0.3 7.0+£0.2 6.0+0.3
Vr()*t 0.54+0.01 0.41+0.01 052£001 0.40+0.01
Fg (breaths-min™) 141+05 144+£07 138+05 149+10
Ti(s) T 190+0.06 1.85£0.06 2.03+0.07 1.90+0.08
Te(s) T 242+01 240+014 237+0.08 2.27+0.17
PETco, (Torr) £ 450+07 438+06 452107 433106
PIF (I-min") * + 245+12 204+07 212+10 189x09
Pep (cmH20) T -3.1+£0.3 -24+0.2 -3.6 0.6 -3.2+04
Rua (cmH;0-1"-s) t 41£1.0 34+0.6 58x1.5 6.6+1.2
Phasic EMGgg (Yomax) ¥ 3.4+1.3 55+1.3 55+1.9 6.3+1.7
Tonic EMGgg (%emax) t 1.4+0.4 2707 2.3+0.7 3.1+£0.7

Resting variables in left lateral and supine positions in men and women. See Table

7 for definitions. Means * presented. * significantly different between genders, t

significantly different between body positions, T significant gender by position

interaction effect.
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Figure 12  Ventilation and PETCO, following spontaneous arousal from

NREM sleep in the lateral position in men and women
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Ventilation (V) and end-tidal CO, (PETCO;) interpolated at 4s intervals for 60s after
spontaneous arousal from sleep in 13 men and 12 women. The duration of arousal
was not different between genders. Significant gender by time interaction effects
were found for V,. PETCO, showed a similar trend (p=0.053). Means + SEM are

presented.
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Figure 13
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Tidal volume and breathing frequency following spontaneous

arousal from sleep in the lateral position in men and women
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Tidal volume (V+) and breathing frequency (Fg) interpolated at 4s intervals for 60s

after spontaneous arousal from sleep in 13 men and 12 women. Time effects were

observed for both variables but only Vi showed a significant gender by time

interaction. Means + SEM are presented.
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Figure 14 Inspiratory phasic diaphragm activity and upper airway
resistance following spontaneous arousal from NREM sleep in

the lateral position in men and women
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Inspiratory phasic (Phasic EMGp,) diaphragm activity and upper airway resistance
(Rua) interpolated at 4s intervals for 60s after spontaneous arousal from NREM
sleep in 11 men and 12 women. A significant time effect was found for Rya but no

gender or interaction effects were found. Means + SEM are presented.
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Figure 15 Inspiratory phasic and tonic genioglossus muscle activity
following spontaneous arousal from NREM sleep in the lateral

position in men and women
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Inspiratory phasic (Phasic EMGgs) and expiratory tonic (Tonic EMGeg)
genioglossal activity interpolated at 4s intervals for 60s after spontaneous arousal
from NREM sleep in 12 men and 12 women. No significant gender or time effects

were found. Means = SEM are presented.
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Figure 16  Ventilation, PETco, and upper airway resistance in wakefulness,

before and after arousal from NREM sleep in the lateral position

in men and women
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Ventilation (V,), PETCO, and upper airway resistance (Rua) in the left lateral position
during wakefulness, stable sleep (pre-arousal) and 4 and 20s post-arousal in men

and women. Means + SEM are presented.
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Figure 17  Ventilation following spontaneous and tone-induced arousals

from NREM sleep in the left lateral position
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Ventilation (V)) interpolated at 4s intervals for 60s after spontaneous and tone-
induced arousal from sleep in 23 subjects. The duration of arousal was not different
between tone-induced or spontaneous arousal types. Significant type of arousal by

time interaction effects were found. Means + SEM are presented.
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Figure 18
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Ventilation (V)) and end-tidal partial pressure of CO, (PETCO,) interpolated at 4s

intervals for 60s after spontaneous arousal from sleep in 22 subjects in the left

lateral and supine body positions. The duration of arousal did not differ between the

body positions. Both V, and PETCO; tended to differ between body positions

(p=0.055 and 0.073 respectively). Means + SEM are presented.
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Figure 19 The effect of body position on upper airway resistance and

genioglossal EMG activity following arousal from NREM sleep
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Upper airway resistance (Rua, n=18) and expiratory tonic genioglossal EMG (Tonic
EMGge, n=22) activity interpolated at 4s intervals for 60s after spontaneous arousal
from sleep in the left lateral and supine positions. Significant position by time
interaction effects were found for Rya and a similar trend observed for Tonic EMGgg

(p=0.09). Means + SEM are presented.
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Figure 20  Ventilation, PETco, and airway resistance before, during and

following arousal from sleep in men and women in the left lateral

and supine positions
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Ventilation (V.), PETCO, and upper airway resistance (Rya) in the left lateral and
supine positions during stable NREM sleep (pre-arousal) and 4 and 20s post-

arousal in men and women. Means + SEM are presented.
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54 Discussion

In this study, the ventilatory response to brief spontaneous arousal from NREM
sleep has been compared between genders, sleep stages and lateral and supine
body positions. In addition, spontaneous arousal responses were compared to
tone-induced arousals during NREM sleep. The ventilatory response to arousal
was higher in men than in women and men developed greater subsequent
hypopnea. This occurred in both the lateral and supine positions and in stage 2 and
stages 3/4 NREM sleep. The gender difference was independent of whether the
arousal was induced by a tone or occurred spontaneously. These gender, type of
arousal and position related differences occurred despite the duration of arousal
being equivalent in all comparisons. The magnitude of the initial hyperventilation
following arousal from sieep is thought to be related to a combination of the
hypercapnic drive (chemoresponsiveness and degree of CO. at arousal), the
waking reflex (56) and the upper airway resistance changes (70). The subsequent
ventilatory pattern on return to sleep appears to be largely determined by the time
course of recovery of upper airway resistance but is also influenced by central drive
such that the magnitude of the initial hyperventilation and degree of subsequent
hypocapnia, also influence recovery from arousal (70). The findings of this study
appear consistent with this model, and the gender, position and type of arousal

differences can be explained in these terms.
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5.4.1 Resting data

Previous comparisons of upper airway resistance between healthy men and
women during both wakefulness and sleep have reported mixed findings (68, 111,
120, 134, 136, 148). During wakefulness, resistance has been reported to be
higher in men (148) and not different between genders (111). During sleep onset
resistance is reported to fluctuate, but similarly between genders (68, 136) and in
established sleep resistance is reported to be either higher in men (136) or not
different between genders (120, 134). In the current study upper airway resistance
was measured in men and women and found to be comparable between genders
during both wakefulness and sleep. The differences between this and some
previous findings (136, 148) are difficult to explain based on the methodologies
used and may reflect slight differences in body mass between genders or the

variable nature of upper airway resistance measurements.

Previous reports of resting genioglossus muscle activity in men and women are
also somewhat controversial with one report that it is higher in women (111) and
others suggesting no difference between genders (110, 147). In the two previous
studies described in this thesis (Chapters 3 and 4), no gender differences in resting
genioglossal activity were detected while awake. This study again failed to identify
a gender difference in genioglossal activity either awake or asleep. The balance of
evidence therefore suggests that a gender difference in the resting activity of the
genioglossus muscle probably does not exist. The techniques for measurement of
genioglossal activity were near identical in all studies and the number and

characteristics (BMI, age) of subjects were also similar. The initial report suggesting
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women had elevated genioglossal activity (111) may have differed from subsequent
studies because it was conducted at moderate altitude (Denver ~ 1,600m) whereas

all other studies were conducted at sea level.

5.4.2 The influence of gender on ventilatory response to arousal

The initial increase in ventilation following arousal from NREM sleep was higher in
men than in women. This occurred despite the sieep related changes in ventilation,
PETco, and upper airway resistance being very similar between genders (Figure
16). Given these similarities, it seems unlikely that the increased ventilatory
response to arousal observed in men is related to a difference in the pre-arousal
conditions. The increased ventilatory response to arousal from sleep in men may
therefore have occurred because of an elevated hypercapnic ventilatory response
in men, such that the approximately 3 Torr rise in PETco, during sleep subsequently
stimulated ventilation more in men than in women on the return of wakefulness.
Alternatively, men may have an increased waking reflex which stimulates
ventilation following arousal from sleep more than in women. It was not possible, in

this study, to differentiate these two possibilities.

Following the initial hyperpnea and the return to sleep (after 6s), a reduction in
ventilation was observed which was more pronounced in men than in women and
reached a nadir at approximately 20 seconds after the onset of arousal. During the
period of hypoventilation (from 15-35s post-arousal), airway resistance was still
lower than the pre-arousal level although it was gradually returning to the sleeping

level during this time (Figure 12). The changes in resistance following arousal were
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not different between genders. It therefore seems unlikely that the more marked
hypoventilation in men was due to elevated upper airway resistance. It is possible
that the greater hypocapnia that developed following arousal (approximately 0.5
Torr and 0.1 Torr below pre-arousal level in men and women respectively), when
combined with the sleep related fall in chemoresponsiveness, contribute to a
reduction of central respiratory drive. However, the small reduction in PETco, may
not totally account for the reduction in ventilation found (8% in men, 5% in women)
particularly in women who have a lower threshold for apnea (164). The small
reduction in ventilation observed following arousal-induced hyperventilation in the
current study may also in part be explained by neural inhibition of respiration
secondary to the arousal. There is controversy whether neural inhibition of
respiration occurs in humans following mechanical ventilation during sleep (37,
152). However if a brief hyperpnea can activate such an inhibition, it could influence
the magnitude of ventilation following arousal. It is also possible that the waking

reflex itself has a more delayed inhibitory component.

5.4.3 The influence of position on arousal responses

All variables except breathing frequency were different between the left lateral and
supine body positions during sleep. Upper airway resistance was increased,
inspiratory time prolonged and expiratory time shortened in the supine position
suggesting a load compensation response. Despite this, tidal volume was reduced
in the supine position as was minute ventilation for the whole group. However, the
reduction in minute ventilation occurred only in men suggesting load compensation

may not have been as effective in men as in women. This proposal is somewhat
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different to that reported in the study of Pillar and colleagues (110) who
demonstrated that men decreased tidal volume more than women in response to
external resistive loading during sleep. However, these authors suggested that the
reduced tidal volume was related to a greater increase in pharyngeal resistance
during external loading in men than in women. The relationship between the
change in ventilation versus total load applied (pharyngeal + external resistance)
was similar between genders suggesting that load compensation was comparable
between genders. An alternative explanation for the reduction in ventilation from left
to supine postures in men in the current study is that central respiratory drive fell in

men on assuming the supine posture.

The ventilatory response to arousal from sleep was larger in the supine than the left
position. This may be related to the pre-arousal ventilation being lower supine than
left, or the larger decrease in resistance following arousal in the supine position
compared to the left (Figure 20). Alternatively, the neural waking reflex may be
influenced by posture. The subsequent undershoot in ventilation did not appear to
be greater in the supine than the lateral position when expressed as a percent of
the pre-arousal level. In the supine position, there was a greater post-arousal
reduction in upper airway resistance than occurred in the lateral position, which
gradually returned to the pre-arousal level over 30 seconds (Figure 19).
Genioglossus muscle activity showed a similar time course of change (Figure 19),
however differences between body positions were not statistically significant. It is

possible that the more prolonged reduction in airway resistance reflects greater
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upper airway stability in the supine position (compared to pre-arousal) which

protects against more marked hypoventilation following arousal.

It may appear somewhat surprising that changes in ventilation and PETcoz, on
assuming the supine posture were greater in men than in women, and yet men did
not have a more marked position related change in the arousal response when
compared to women. One explanation for this result is that the ventilatory response
to arousal may be more determined by the waking reflex than the pre-arousal
conditions. In this way, the waking reflex may mask the effect of the small
differences in pre-arousal conditions found in the current study. This is consistent
with the finding that the magnitude of diaphragm activation following arousal from
sleep was not different between spontaneous breathing and mechanical ventilation
despite PETco, and ventilation being markedly different between conditions (137).
Also, Carley and colleagues (27) have reported steady-state hypercapnia does not
alter the ventilatory response to tone-induced arousal from sleep, providing

additional support for this hypothesis.

544 Possible relevance to sleep apnea syndromes

The ventilatory response to arousal has been postulated to contribute to the
development of periodic breathing in patients with central sleep apnea syndrome
(151). In the current study, men were observed to have an increased initial
ventilatory response to arousal and greater subsequent hypopnea than in women.
This may be an important factor contributing to the male prevalence of CSA,

particularly when combined with the observation that men appear to require a
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smaller reduction in PETco, than women to develop central apnea (164). In
addition, some patients with CSA have been reported to have apneas only in the
supine position in sleep (22). The finding in the current study that the ventilatory
response to arousal was greater in the supine position may also contribute to this

effect.

The relevance of the findings presented in this study to obstructive sleep apnea are
unclear. Obstructive sleep apnea patients have large increases in resistance during
sleep and might be expected to develop obstructive apnea during hypoventilation
following a brief arousal from sleep. However, following arousal from sleep in the
supine position (when pre-arousal resistance was elevated compared to left) a
larger initial response was observed but the subsequent hypopnea was not more
marked when compared that seen on the left. This may reflect the slow return of
resistance to the sleeping level. If OSA patients are simply further along this
continuum of increased upper airway resistance in sleep, they might be expected to
simply show a larger initial ventilatory response without greater undershoot.
However, if the time course of change in resistance is shorter in OSA patients then
an obstruction may develop during the period of low respiratory drive. Clearly the
role of arousal from sleep in the pathogenesis and high male prevalence of sleep

apnea syndromes requires further investigation.

5.4.5 Tone-induced versus spontaneous arousal from sleep

Most previous studies examining the ventilatory and airway responses to arousal

from sleep have examined responses following tone-induced arousal (12, 27, 28,
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56, 70, 72). As mentioned by several of these authors (12, 28, 56, 70), it is possible
that the response following tone-induced arousal differs from normal spontaneous
arousal from sleep, although this had not been tested previously. In the current
study, the initial increase in ventilation following tone-induced arousal was higher
than following spontaneous arousal despite the pre-arousal conditions and duration
of arousal being similar. This most likely results from an increased waking reflex
following arousal from sieep because the hypercapnic ventilatory response would
not be expected to differ with the type of arousal. Following return to sleep, subjects
developed greater hypopnea following tone-induced than spontaneous arousal.
The time course of change in resistance was very similar between arousal types so
it appears likely the reduction in ventilation is a result of more pronounced

hypocapnia following the initial increase in ventilation, or more neural inhibition.

The ventilatory response to tone-induced arousal reported in the current study
appeared smaller and followed a different time course than some (12, 70), but not
all (27) previous studies conducted in healthy individuals. Khoo et al. (70)
investigated the ventilatory response to arousal from stage 2 sleep in nine healthy
men while in the supine position. These authors reported that mean inspiratory flow
and tidal volume were elevated for 7 breaths following the presentation of a 5s
tone. It is possible that the 5-second auditory stimulus used in their study
(compared to 0.5s tone in the current study) contributed to the larger and more
prolonged respiratory changes observed. Badr and colleagues (12) measured the
change in ventilation, as measured by calibrated Respitrace, in 8 healthy subjects

following arousal from NREM sleep. Arousal was induced with a 0.5s auditory tone
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presented during inspiration and all subjects were studied supine. These authors
reported that ventilation was increased for 2 breaths after the tone, but they did not
observe a subsequent hypopnea within 6 breaths of the tone. Subjects did not
appear to differ markedly from the current study in terms of age and BMLI. It appears
likely that the slightly larger increase in ventilation observed by Badr et al. may
reflect larger arousals than in the current study, because when Badr et al. analysed
only EEG arousals (no submental EMG increase), ventilation was found to be
elevated for only 1 breath. It is difficult to explain the lack of undershoot reported in
their study. There were significant methodological differences which may have a
bearing: In this study tones were presented in expiration, compared with inspiration
in the study of Badr et al. In this study ventilation was measured with a mask and
pneumotachograph whereas Badr et al. used the less accurate but less intrusive
method of inductive plethysmography. Both Khoo et al. and Badr et al. measured
ventilatory responses following the onset of the tone, not the onset of arousal as in
the current study. However, given that the latency to arousal from sleep following
the tone was approximately 1 second in the current and a previous study (27), it

would seem unlikely to significantly effect the time course of ventilatory changes.

Another notable difference is that in the current study breath-by-breath
measurements were interpolated following arousal whereas previous studies have
averaged data by breath number following arousal (12, 27, 28, 70, 137).
Interpolation was performed so that men and women could be compared
regardless of possible breathing frequency differences. Given that breathing

frequency did change following arousal, it appears likely that breath-by-breath
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averaging would distort the time course of recovery. However, the interpolation
method used in the current study underestimates the magnitude of the first breath.
Importantly, to minimise this effect, interpolation was not performed across the
arousal. Also, interpolation would tend to an underestimate rather than exaggerate
the magnitude of hypopnea. The method of interpolation may therefore contribute
to the reduced initial ventilatory response observed in the current study (compared
to previous reports), but would not account for the hypopnea found following return

to sleep.

Carlson and colleagues measured diaphragm (oesophageal electrode catheter)
and genioglossus (intramuscular electrodes) muscle activity following arousal from
stage 2 sleep induced by a 0.5s tone (28). All 6 subjects were studied supine and
the average duration of arousal was reported to range from 7 and 10s between
subjects. These authors reported an increase in the activity of both muscles for 4
breaths following tone-induced arousal. These changes appear very similar to the
current study for the phasic and tonic genioglossus muscle activity following
arousals in the supine position (Figure 19), however the phasic diaphragm activity
measured in the current study did not appear to be increased for this long and more
closely followed the decline in ventilation. The difference in diaphragm muscle
changes may be related to different measurement techniques as in the current

study diaphragm activity was measured with surface electrodes.
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5.4.6 Methodological considerations

There are several important methodological considerations with regard to this
study. Firstly, the subjects studied were heavily instrumented and it is possible that
the arousal response may be altered as a result. The inspiratory circuit added a
small (~1 cmH,O-I""s) resistance to inspiration and all subjects breathed nasally.
Nevertheless, given that all subjects experienced the same conditions, these
factors are unlikely to account for the gender, position and type of arousal

differences observed.

The epiglottic pressure catheter was prone to drift, presumably because of build up
of airway secretions on the catheter. However, the raw data for every arousal
identified for breath-by-breath analysis was visually inspected for baseline drift and
both epiglottic pressure and upper airway resistance data were removed from trials
in which this occurred. This resulted in some subjects having fewer post-arousal
measurements of resistance than ventilation. If the arousal duration of trials
included for analysis of resistance differed from those included in analysis of
ventilation, then the time course of changes in these variables may also appear to
differ. The duration of arousal in trials included for analysis of resistance were
therefore compared to the duration of trials included in analysis of ventilation and
were found to be <0.1s different, suggesting that the results for resistance and

ventilation were not likely to be influenced by this problem.

With regard to tone-induced arousals from sleep, it is possible that stage modifies

the arousal response to this type of arousal even though it does not appear to
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modify the response to spontaneous arousal. There were insufficient tone-induced
arousals from stages 3/4 NREM sleep to investigate this possibility. However, if
tone-induced arousals were different in stage 2 compared to stages 3/4 sleep, then
the fact that tone-induced arousals occurred predominantly from stage 2 sleep may
contribute to the observed difference between spontaneous and tone-induced
arousal. When type of arousal comparisons were conducted only on arousals from
stage 2 sleep, a significant difference for type of arousal was still observed. It
therefore seems unlikely that the difference observed between spontaneous and
tone-induced arousal from NREM sleep was related to a sampling bias in sleep

stage.

If in the case of spontaneous arousals ventilation increased prior to EEG changes,
the pre-arousal baseline level of ventilation may be artificially elevated. However if
the data immediately prior to arousal (-4s) were excluded the average baseline
ventilation would have been only 0.03 I-min”" lower. This would shift the whole
spontaneous arousal response curve down by 0.6% and is unlikely to importantly

contribute to the results observed.

5.4.7 Summary

In summary, the ventilatory response following brief arousal from NREM sleep is
higher in men than in women, and men develop a greater subsequent reduction in
ventilation on return to sleep. The ventilatory response to arousal is increased in
both genders supine but this postural effect on ventilatory response is not different

between genders. The ventilatory response to arousal is greater when induced by
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an auditory tone than when occurs spontaneously, and is presumably related to a
larger waking reflex component to the arousal following an auditory stimulus. The
tendency for men to augment their ventilation more than women immediately after
arousal from sleep and to have greater compensatory undershoot in ventilation on
resumption of sleep, may contribute to the male predominance of sleep apnea

syndromes.
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CHAPTER 6. SUMMARY AND CONCLUSIONS

The prevalence of both obstructive and central sleep apnea syndromes is higher in
men than in women (17, 40, 74, 100, 116, 159). It has been suggested that this
may relate to differences in the anatomy or physiology of the upper airway because
patients with sleep apnea are reported to have small (57, 121, 124), compliant (21,
24, 30) upper airways, and OSA patients have abnormal muscle control (90). The
stability of the respiratory controller has also been implicated, and patients with
obstructive and central sleep apnea have altered respiratory control (60, 150, 154).
However, consistent gender differences in airway anatomy, physiology and
respiratory control that could explain the high male prevalence of sleep apnea
syndromes have not been demonstrated. The studies presented in this thesis were
designed to assess several previously untested or controversial aspects of

respiratory and upper airway muscle control in healthy men and women.

In male obstructive sleep apneic patients, respiratory afterdischarge of ventilation
has been reported to be shorter than in healthy males (49). This effect is believed
to reflect an unstable respiratory controller in patients with OSA (153). The duration
of respiratory afterdischarge of ventilation has been compared between healthy
men and women and found to be similar (67). Whether the upper airway muscles
also exhibit respiratory afterdischarge in humans and whether this is similar
between men and women was unknown, although respiratory afterdischarge of
hypoglossal nerve activity has previously been shown in animals (65). In the first

study presented in this thesis, the genioglossus and diaphragm muscle activities
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were compared between genders at rest and following brief hypoxia. The resting
activity of the genioglossus was not different between men and women and the
epiglottic pressure-genioglossus muscle activity relationship were also comparable.
The respiratory afterdischarge of both genioglossus and diaphragm muscles were
similar in men and women. These findings suggest that a gender difference in
genioglossal activity at rest or following removal of a brief respiratory stimulus is
unlikely to contribute to the high male prevalence of sleep apnea. However, these
experiments were conducted in young subjects during wakefulness. It is possible
that gender differences in respiratory afterdischarge in the different motorneurone

pools could emerge in sleep or in older subjects.

In the second study presented in this thesis (Chapter 4), repetitive isocapnic
hypoxia was given to healthy men and women in an attempt to elicit long-term
facilitation of ventilation and genioglossus muscle activity. Long-term facilitation is
the progressive rise in respiratory motor output during and following repeated
carotid body stimulation that has been shown to occur in a large number of animal
species (92, 99, 138). In humans however, long-term facilitation of ventilation has
proven more difficult to elicit (2, 9, 87) and although long-term facilitation has been
proposed to occur in upper airway dilator muscles (2, 9), healthy male subjects
have been shown to have depression, not facilitation of the genioglossus muscle
during wakefulness (87). In this thesis, repetitive isocapnic hypoxia was not found
to elicit long-term facilitation of ventilation or genioglossus muscle activity in men or
women while awake. The lack of long-term facilitation of ventilation is consistent

with previous reports in men during wakefulness (87), in men and women during
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sleep (9) and OSA patients (2). These studies indicate that long-term facilitation of
ventilation is either not present in humans or is difficult to elicit with levels of
hypoxia typically experienced by sleep apnea patients. Whether long-term

facilitation of upper airway muscles occurs during sleep requires further study.

In the final experiment presented (Chapter 5), the ventilatory and upper airway
muscle responses to brief arousal from sleep were compared between healthy men
and women. Arousal from sleep has been suggested to contribute to respiratory
instability (70), particularly in the central sleep apnea syndrome where an increase
in ventilation with arousal appears pivotal to the perpetuation of cyclical respiratory
events (151). The ventilatory response to arousal was found to be elevated in men
compared to women despite similar wake to sleep changes in baseline ventilation,
CO, levels and upper airway resistance. Furthermore, men were observed to have
a greater reduction in ventilation on return to sleep. These differences persisted
whether arousal from sleep occurred spontaneously or following an auditory tone,
and whether the subjects were in the left lateral or supine body positions. The role
of this gender difference in the pathogenesis of sleep related breathing disorders
requires further investigation. Nevertheless, this would appear, at least
theoretically, to render men prone to respiratory instability following brief arousal.
Genioglossus muscle responses following arousal were in general smaller and
more variable than changes in ventilation. In contrast to the ventilatory responses,
the genioglossal activity following arousal was generally not different between men

and women. However, when arousal responses from both body positions were
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combined a significant gender difference in tonic genioglossal activity was

observed.

During NREM sleep in the supine position, upper airway resistance was increased
by a similar amount in both men and women compared to sleep in the lateral
position. However, men were found to have lower ventilation supine than in the
lateral position, while there was no apparent difference in ventilation between body
positions in women. This may indicate that men compensate for the added resistive
load imposed by lying supine less well than women. Alternatively, central

respiratory drive may be altered in the supine position in men.

In all three studies the resting activity of the genioglossus muscle was compared
between genders. During both wakefulness (all experiments) and sleep
(experiment 3, Chapter 5) the genioglossal activity was found to be similar between
genders. These findings, when combined with two previous reports showing no
gender difference in genioglossal activity (110, 147), indicate that the resting
activity of the genioglossus muscie probably does not differ between genders.
There is also controversy as to whether the resting upper airway resistance is
different between genders (68, 111, 120, 134, 136, 148). In all three studies
presented in this thesis, upper airway resistance was found to be similar between
men and women. These findings add to the literature suggesting upper airway

resistance does not differ between genders.
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Several questions have arisen from these studies. Firstly, it would appear important
to determine whether long-term facilitation of the genioglossus or other upper
airway dilator muscles occurs during sleep. Secondly, the significance of an
elevated ventilatory response to arousal from sleep in men, for upper airway and
respiratory stability and the pathogenesis of sleep apnea syndromes requires
further investigation. Finally it would appear important to determine the mechanism
responsible for the increased ventilatory response to arousal in men, if this plays a
role in the male predominance of sleep apnea syndromes and whether it is

amenable to modification.
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