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A b s t r a c t 

The luteal phase of the menstrual cycle is associated with augmented 

venti lation and possible increases in the hypoxic ventilatory response (HVR). 

However, responses to sustained hypoxia such as inter-exposure ventilatory 

recovery, and hypoxic ventilatory decline (HVD) have not been investigated. This 

study examined the effect of menstrual phase on ventilatory responses to 

progressive and two sustained hypoxic exposures. Nine pre-menopausal women 

used the Billings Ovulation Method (BOM) and basal body temperature (BBT) to 

chart their menstrual cycles. An isocapnic HVR test and two consecutive 25 

minute exposures of isocapnic hypoxia ( S p 0 2 * 80-84%) were conducted during 

the follicular and luteal phases. HVR was similar across phases. Inter-exposure 

ventilatory recovery was increased in the luteal phase, but HVD was less in 

exposure one (a = 0.05). HVR interacted with the magnitude and pattern of 

ventilatory responses. Responders (brisk HVR) had increased initial responses to 

hypoxia and greater HVD (a = 0.05). Both groups had similar initial responses 

across menstrual phases. All showed decreased HVD and increased ventilatory 

recovery in the luteal phase. In conclusion, HVR might provide a relative 

contribution to hypoxic ventilatory responses while menstrual phase exerts an 

independent effect. 
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CHAPTER ONE: INTRODUCTION 

A gender difference in hyperventilation at altitude was first noticed 88 

years ago. Fitzgerald and Haldane (1913) recorded consistently lower end tidal 

C 0 2 pressure ( P E T C 0 2 ) and higher end tidal 0 2 (PET0 2 ) in women at altitudes 

between 5,100 - 14,100 feet in Colorado residents. 1 This research suggested 

women venti late more than men at a given altitude, though hypobaria provoked a 

similar rise in ventilation in both genders. Others have made similar observations 

within women across follicular and luteal phases of the menstrual cycle at sea 

level (Griffith, Pucher, Brownell, Klein, & Carmer, 1929). Since then, increases in 

venti lation during the luteal phase have been attributed to elevated progesterone 

levels (England & Farhi, 1952; Dempsey, Olson, & Skatrud, 1986). 

Hyperventi lat ion has also been observed in pregnant women and 

attributed to changes in chemical respiratory control (Moore et al., 1984). 

Progesterone has been implicated as a key modulator for both C 0 2 (Dutton, 

Blanksby, & Morton, 1989) and hypoxic sensitivity, however the mechanism has 

not been fully elucidated. Hypoxic sensitivity changes are particularly intriguing 

as the literature has not determined whether a clear change in the hypoxic 

ventilatory response (HVR) occurs during different phases of the menstrual cycle 

(Muza et al., 1997). Many studies demonstrate increased HVR in the luteal 

phase (high progesterone), yet it is unknown if menstrual phase exerts an 

influence on other, t ime dependent aspects of acute ventilatory accommodation 

1 Paper was written by M. P. Fitzgerald and communicated to the Royal Society of London 
by J. S. Haldane. 
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to hypoxia. Although hypoxic ventilatory decline (HVD) has been noted to occur 

in acute hypoxic exposures in both genders, it is unknown if this phenomenon is 

influenced by endogenous ovarian hormone fluctuation during the menstrual 

cycle. 

Hyperventi lation is considered the cornerstone of altitude acclimatization, 

and therefore, any alteration in hypoxic venti latory response could influence the 

rate or magnitude of ventilatory acclimatization to altitude. Venti lation rises in 

response to a decreased gradient from ambient oxygen availability to cellular 

requirements. Decreased barometric pressure effects a decrease in the inspired 

partial pressure of oxygen ( P i 0 2 ) that results in decreased alveolar oxygen 

pressure ( P A 0 2 ) . Since P A 0 2 drives arterial oxygen pressure ( P a 0 2 ) which is a 

primary determinant of arterial oxygen saturation (SpO*2), hypobaric chal lenge 

results in hypoxemia (Guyton & Hall, 1996). Manipulat ing the inspired fraction of 

oxygen (F j0 2 ) below the atmospheric value of 20 .93% provides similar 

physiological stress by substituting nitrogen for oxygen. This results in decreased 

PO*2 despite no change in ambient barometric pressure (PB). Hyperventi lation 

improves P A 0 2 and guards blood oxygenation by increasing the volume of air 

available for gas exchange. 

Initial hyperventi lation on ascent to altitude is governed by the sensitivity 

of the carotid bodies (CB) to drops in arterial oxygen pressure ( P a 0 2 ) (Smith et 

al . , 1986). These are tiny chemosensit ive organs nestled in the bifurcation of the 

common carotid artery that synapse with medullary respiratory areas (Lumb, 



3 

2001). Consequently, CB mediated ventilatory adjustment is considered a 

peripheral response. More diffuse groups of chemosensit ive cells (aortic bodies) 

perform a similar function in the aortic arch (Guyton & Hall, 1996). C B sensitivity 

is a highly individual trait that is usually quantif ied via a progressive decrease in 

P i 0 2 as the hypoxic venti latory response (HVR). Progressive hypoxia provokes 

changes in ventilation that share a close relationship with CB neural output 

(Vizek, Pickett, & Wei l , 1987b). This test is typically conducted with an open-

circuit system where inspiratory gas mixtures are manipulated (Weil et al., 1970), 

or utilization of an apparatus where oxygen is progressively consumed (Rebuck 

& Campbel l , 1974). A key aspect of these methods includes control of end-tidal 

carbon dioxide pressure (PETCG*2) in order to isolate hypoxic drive from 

venti latory changes due to C 0 2 chemosensat ion. 

Initial acclimatization to altitude is characterized by a progressive increase 

in venti lat ion, however, the acute response has bimodal characteristics. On initial 

hypoxic exposure, venti lation abruptly increases, but shortly declines (hypoxic 

venti latory decline (HVD)) (Powell , Mi lsom, & Mitchell , 1998). This pattern is 

observable during sustained exposures where the hypoxic stimulus is of constant 

magnitude. Historically, this depression was attributed to ventilatory inhibition 

associated with respiratory alkalosis (Weiskopf & Gabel , 1975), however, this 

effect remains observable during isocapnic exposures where P A C 0 2 is held 

constant thereby preventing hyperventi latory alkalosis (Easton, Slykerman, & 

Anthonisen, 1986). Easton, Slykerman, & Anthonisen (1988) have suggested 
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that central release of an inhibitory neurotransmitter is responsible for acute HVD 

during isocapnic hypoxia, though respiratory alkalosis could play a role in 

venti latory increases during initial hours and days at altitude (poikilocapnic 

hypoxia). The primary drive to breathe originates in the medulla and other central 

influences on ventilatory changes include: 1) local neurotransmitter influence on 

medul lary areas associated with ventilatory control, and 2) C O 2 sensitivity via 

medul lary chemosensit ive areas (Guyton & Hall, 1996). 

After initial ventilatory increases hypoxic ventilatory control cont inues to 

exhibit t ime dependent changes with chronic hypoxia. Ventilatory acclimatization 

only occurs with extended exposure (days) and is characterized by a progressive 

increase in hypoxic sensitivity (Cruz et al. , 1980; Schoene et al. , 1990; Vizek, 

Pickett, & Wei l . , 1987a) that gradually overpowers transient venti latory inhibition. 

Hypoxic desensit ization is a secondary ventilatory decline only observed in long 

term (10 years, plus) residents at altitude (Schoene, 1997) and is probably 

accompanied by CB morphological changes and cellular adaptat ion. 

CB sensitivity governs acute hyperventi lation due to hypoxia, however, 

acute hypoxic drive is not simply a peripherally control led phenomenon. Within 

the context of ventilatory acclimatization, the acute phase of venti latory 

adaptation is a CB mediated response that is further modulated by hypoxic 

depression of central and/or peripheral origin (Edelman, Epstein, Lahiri, & 

Cherniack, 1973), and in some individuals, hypocapnic depression secondary to 

acute respiratory alkalosis (Moore et al., 1984). Although many hypoxic tests 
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exist, sustained exposures are required to isolate t ime dependent changes in 

hypoxic drive from overall CB responsiveness. Therefore, a sustained exposure 

must be used, in concert with HVR, if t ime dependent aspects of hypoxic 

venti latory drive are evaluated with overall CB sensitivity. This strategy 

acknowledges that CB sensitivity is a primary determinant of hypoxic 

hyperventi lat ion, while other processes with different t ime courses also contribute 

to the expression of this response. 

Hypoxic sensitivity, quantif ied as HVR, is extremely variable across 

individuals (Hirschman, McCul lough, & Wei l , 1975; Weil & Zwil l ich, 1976). This 

inter-individual variability can be considered a sum of genetic and environmental 

factors. A recent review by Fagan and Weil (2001) found current literature 

supported a strong genetic component within this trait based on several different 

methods of inquiry. A familial pattern of hypoxic sensitivity was noted in first 

degree relatives of patients with hypoxemic syndromes such as chronic 

obstructive pulmonary disease (COPD), Pickwickian syndrome, and idiopathic 

hypoventi lation (Fagan & Wei l , 2001), and in relatives of endurance athletes 

(Scoggin, Doekel, Kryger, Zwill ich & Wei l , 1978). Monozygotic twin research 

corroborates these results with observation of strong genetic influences on HVR 

despite a small sample size (Collins, Scoggin, Zwil l ich, & Weil , 1978). 

HVR has a strong genetic component, but some environmental plasticity is 

present. Chronic hypoxia up-modulates HVR during acclimatization (Sato et al. , 

1992; Steinacker, Haider, Liu, Thomas, & Stauch, 1996) and can initiate a 
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desensit ization response if hypoxic exposure spans many years or a lifetime 

(Wei l , Byrne-Quinn, Sodal, Filley, & Grover, 1971). Intermittent hypoxic 

exposures evoke transient increases in HVR, whereas endurance training tends 

to produce a depressive effect (Levine et al. , 1992; Katayama et al . , 1999). HVR 

values returned to baseline after training or hypoxic exposures ceased. Since 

permanent alterations in ventilatory control seem to require long-term hypoxic 

exposure, HVR can be considered a characteristic trait that is reasonably stable 

over t ime; barring acute changes in lifestyle or physiology. Indeed several studies 

have determined that HVR is a reproducible measure of an individual's hypoxic 

sensitivity during limited time frames (months) (Garcia-Rio et al. , 1998; Rebuck & 

Campbel l , 1974; Sahn et al. , 1977; Wei l et al., 1970). 

The magnitude of hyperventi lation determines the initial tolerance to 

hypoxia and possible development of respiratory alkalosis (Moore et al. , 1984). 

This progression has bearing on subsequent acid-base perturbation (Moore, 

McCul lough, & Wei l , 1987) and kidney diuresis/natriuresis (Hildebrandt, 

Ottenbacher, Schuster, Swenson, & Bartsch, 2000). Low levels of hypoxic 

responsiveness have been postulated to play a permissive role in the 

development of altitude related disorders such as pulmonary edema (Hackett, 

Roach, Schoene, Henson, & Mills, 1988; Hohenhaus, McCul lough, Kucherers, & 

Bartsch 1995; Matsuzawa et al. , 1989; Sel land et al., 1993) and chronic 

mountain sickness (Kryger et al. , 1978). The ability to sense and compensate for 

decreased oxygen availability is therefore a prerequisite for short and long-term 



sojourns to altitude that may also govern physiologic responses to intermittent 

hypoxia exposures. Characterizing the capacity to detect reduced oxygen 

pressure (PO2) which alter ventilatory rates gives insight into acute hypoxia 

tolerance and individual acclimatization potential. This information may be vital 

to both mountaineers venturing to extreme alt itudes and athletes using hypoxia 

as a training modality. 

Hypoxic hyperventi lation appears to be the cardinal response to altitude 

accl imatization, therefore understanding the unique changes in hypoxic 

venti latory drive in women may provide insight into several questions concerning 

the manipulat ion of accommodat ive responses. These might include: 1) Does 

cyclical f luctuation in ventilatory responsiveness impact the efficacy of 

intermittent hypoxic exposures as a training aid for athletes? 2) How do changes 

in t ime dependent aspects of ventilatory control (such as HVD) interact with 

overall hypoxic sensitivity in terms of hypoxic tolerance? 3) Should the t iming of 

short sojourns to altitude coincide with a particular menstrual phase for optimal 

performance or training benefit? This project may provide a physiological basis 

for exploring the above topics in more detail. 

Sta tement of the P r o b l e m 

Progesterone's action as a ventilatory stimulant has been recognized for 

many years, however, its potential role on the interplay of central and peripheral 

changes in ventilatory drive has not been considered. Changes in C O 2 sensitivity 
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have been documented, but the relationship between ovarian hormone changes 

and hypoxic ventilatory drive is less clear. Numerous animal models of ventilatory 

responsiveness have been proposed as convenient models of human ventilatory 

control (Bisgard & Neubauer, 1995). However, fewer studies have examined the 

central and peripheral aspects of ventilatory control in humans and there have 

been no investigations of this topic considering progesterone fluctuations over 

the menstrual cycle. 

P u r p o s e 

This investigation was designed to examine venti latory responsiveness to 

progressive and steady state hypoxia exposures over the menstrual cycle. Two 

protocols reflecting different t ime dependent aspects of hypoxic ventilatory 

control were selected to evaluate the effect of menstrual phase on the magnitude 

and source of alterations in hypoxic ventilatory drive. 

Research H y p o t h e s e s 

Three specific hypotheses were addressed: 

1. Venti latory responsiveness to hypoxia is increased during the mid-

luteal phase of the menstrual cycle. 

2. Venti latory recovery is similar across menstrual phases. 

3. HVR is related to magnitude of HVD. 
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CHAPTER T W O : L ITERATURE REVIEW 

Hyperventi lation is an integral part of altitude acclimatization and is crucial 

to acute hypoxia tolerance. In keeping with this fact, a great deal of scientific 

devotion has been appl ied to describing the hypoxic ventilatory response (HVR) 

and the myriad of factors that modulate HVR expression. A founding theme 

leading into this topic has been the exploration of ventilatory control over the 

menstrual cycle. Although changes in resting ventilation with menstrual phase 

have been recorded since 1915, current knowledge regarding potential 

mechanisms has primarily accumulated in the last 40 years. The question of 

hypoxic drive and ovarian hormone fluctuation has also been examined with a 

similar historical t imeline, but with a lesser volume of research. This topic was 

originally al luded to in 1913 when Fitzgerald and Haldane noted increased 

venti lation in women (compared to men) at alt itude. Contemporary opinions have 

diverged into several avenues of inquiry involving different physiological 

mechanisms that contribute to hypoxic adaptat ion. 

Griffith et al. (1929) postulated an ovarian hormone link to ventilatory 

changes based on longitudinal observation of cyclical changes in end tidal CO2 

tension (PETC02) in women over a three year period. Later research associated 

decreases in alveolar C 0 2 to increases in basal body temperature and 

progesterone rises during the luteal menstrual phase (Goodland & Pommerenke, 

1952). In the absence of metabolic changes, C 0 2 tension is an index of 

respiratory activity as ventilatory changes can markedly alter extra-cellular CO2 



stores (Guyton & Hall, 1996). A summary of PETC02 changes across different 

endogenous progesterone levels (Figure 2.1) illustrates altered resting ventilatory 

control (Machida, 1981). 

1 10 100 200 ng/ml 

Serum Prog. 

Figure 2 . 1 : Increases in serum progesterone are associated with decreases in 
P a C 0 2 (Machida, 1981, p. 1435). 

Today, progesterone's role as a respiratory stimulant is not disputed in the 

literature, even though the physiological processes behind this response are not 

fully understood (Dempsey, Olson, & Skatrud, 1986; Tatsumi, Hannhart, & 

Moore, 1995). However, progesterone's role in modulat ing the hypoxic drive to 

breathe is more contentious. The sum of current research demonstrates limited 

support for a causal relation between serum progesterone and HVR, and there 

are no studies that have extended this rationale to encompass ventilatory 
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responses to sustained exposures. This area of research is very complex, and is 

character ized by competing theories that incompletely explain venti latory 

response expression to hypoxic exposures. Each theory of underlying control has 

been expressed with contradictory results in the literature so that no unified 

theory of hypoxic control during sustained exposures is currently available. 

Exploring this topic with reference to menstrual phase adds further 

intricacy to this quest ion. Ensuring appropriate scheduling of laboratory visits with 

target days of the menstrual cycle requires careful maintenance of menstrual 

history, and an ability to accommodate last minute alterations in schedul ing. In 

addit ion, research has not determined if ventilatory sensitivity to hypoxia is 

measurably impacted by inter-individual differences in progesterone 

concentrat ion, or estrogen modulated receptor expression. Thus, an evaluation 

of the influence of menstrual phase on hypoxic ventilatory responses may 

provide a foundation for future research that may examine the hormonal basis of 

these responses in more detail. 

Ovar ian H o r m o n e s a n d H y p o x i c S e n s i t i v i t y 

Endogenous Hormone Changes and HVR 

The greatest volume of research has concentrated on progestational 

effects on pure chemical control where hypoxic drive is considered a single entity 

(HVR). Of these studies (see Table 2 . 1 , page 35), some have evaluated 

endogenous changes in progesterone during the menstrual cycle or pregnancy, 
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while others have administered synthetic progestins to subjects. Considering 

endogenous fluctuations during the menstrual cycle, five studies have attempted 

to draw a causal link between elevated progesterone and increased HVR. 

However, unequivocal conclusions were not apparent in the literature. Three of 

these studies noted a significant increase in HVR with the luteal phase of the 

menstrual cycle. Schoene et al. (1981) found HVR increased during the luteal 

phase in menstruating subjects, and no change in amennorheic women. HVR 

was blunted in women endurance athletes and the luteal rise in HVR was much 

less (28%) than in nonathletic women (100% rise). Whi te et al. (1983) and 

Takano (1984) l ikewise recorded increased HVR during the luteal phase (44% 

and 3 2 % respectively). In contrast, two studies failed to statistically demonstrate 

increased HVR (Dombovy, Bonekat, Wil l iams, & Staats, 1987; Regensteiner, 

McCul lough, McCul lough, Pickett, & Moore, 1990). However, Dombovy et al . 

(1987) demonstrated a 100% mean increase but also reported high variability 

which may have masked a true change in responsiveness. 

HVR appeared to increase with progesterone in most studies, but these 

changes in venti latory sensitivity must also be independent of metabolic changes 

for progesterone to be considered a respiratory stimulant. In men, HVR is 

correlated with metabolic rate (White et al., 1983) and increases proportionately 

with exercise intensity (Regensteiner et al . , 1988). However, in women, this is not 

true (Regensteiner et al., 1988) and luteal HVR increases are not associated with 

changes in oxygen consumption or C 0 2 production (White et al., 1983). These 
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studies reject the hypothesis that progesterone's effects on ventilation are 

attributable to rises in metabol ism (England & Farhi, 1976) and confirm 

progesterone's properties as a respiratory stimulant. 

Some support for progesterone as a respiratory stimulant exists, however, 

a dose-response relationship has been elusive. Menstrual cycle studies have 

been unable to associate magnitude of HVR changes with serum progesterone 

levels (Dombovy et al . , 1987; Schoene et al. , 1981 ; Takano, 1984). The lack of 

association for phase related changes in HVR have been attributed to the 

availability of progesterone receptor sites, local factors (Schoene et al. , 1981), 

and recognition that inter-individual differences exist in the t ime course of 

progesterone mediated ventilatory changes (Takano, 1984). 

Exogenous Hormone Changes and HVR 

Many studies have explored exogenous hormone administration as a 

method of separat ing hormonal effects from gender differences, and also as a 

therapy for hypoventi lation disorders. Two synthetic choices have been 

commonly util ized. Medroxyprogesterone acetate (MPA) has 15 times the 

progestational properties of progesterone, and chlormadinone acetate (CMA) has 

150 t imes the power of progesterone (Okita et al. , 1987). The reported increase 

in luteinizing activity of these compounds has not resulted in magnif ied increases 

in HVR, in fact most studies failed to demonstrate a statistical relation (Bonekat, 

Dombovy, & Staats, 1987; Kimura et al., 1989; Morikawa, Tanaka, Maruyama, 
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Nishiyabashi, & Honda, 1987; Regensteiner et al. , 1989; Tatsumi et al. , 1986). A 

trend for increased HVR was universal and three studies did note significant 

changes (Okita et al., 1987; Sutton et al. , 1975; Zwil l ich, Natalino, Sutton, & Weil , 

1978). In most cases, progestins ameliorated C 0 2 retention, edema and other 

symptoms related to poor oxygenation and congestive heart failure (Kimura et 

al . , 1989; Sutton et al., 1975; Tatsumi et al. , 1986): regression to pre-treatment 

values occurred on withdrawal of therapy (Sutton et al. , 1975). Other 

progestational effects such as augmented hypercapnic drive (Sutton et al. , 1975; 

Tatsumi et al. , 1986) and diuresis (Orr et al. , 1979) probably play a role with the 

trend for increased HVR in symptom reduction. 

Very few studies report ventilatory control patterns during sustained 

exposures in women (Sajkov et al . , 1997). One study reported that male and 

female (follicular phase) ventilatory responses were similar across a single 20 

minute exposure at 1 1 % oxygen ( S p 0 2 » 80%) (Sajkov et al., 1997). This study 

establ ished that women do exhibit a biphasic hypoxic ventilatory response to 

sustained hypoxia. Despite a substantial body of research investigating a 

possible progestational modulat ion of HVR, no study has evaluated ovarian 

hormone fluctuation and acute ventilatory control during sustained hypoxic 

exposures. 
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Mechanism of Effect 

The human mechanism of ovarian hormone changes in hypoxic 

responsiveness is unknown, but some studies have demonstrated changes in 

peripheral ventilatory control (HVR). Progestins appear to increase 

chemosensit ivi ty in men but combinat ion therapies of estrogen and progesterone 

produce more consistent increases in hypoxic sensitivity in women (Bonekat et 

a l . , 1987) and in cats (Hannhart, Pickett, & Moore, 1990). Increased consistency 

of responsiveness is probably due to the requirement of estrogen for 

progesterone receptor formation (Rao et al. , 1973). Direct proof of estradiol's 

importance of receptor formation was also recorded in rats where combined 

hormone treatment in ovariectomized animals was the most effective method of 

st imulating ventilation when compared to progestin or estrogen administration 

alone (Brodeur, Mockus, McCul lough, & Moore, 1986). Regarding a potential site 

of act ion, another animal study (cats) demonstrated that ovariectomy reduced 

shape parameter A, without altering central processing of carotid sinus nerve 

output (Tatsumi, Pickett, Jacoby, Wei l , & Moore, 1997). This implied that 

circulating hormones exert a peripheral effect (at CB) on hypoxic sensitivity. 

An interesting study in human patients with cirrhosis of the liver 

establ ished that hyperprogesteronemia and hyperestradiolemia were related to 

respiratory alkalosis (Lustik et al. , 1997). This association was only true for 

patients with severe hyperventi lation and scatter in this relation was attributed to 

variability in blood-brain barrier permeabil ity and the amount of act ive/unbound 
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hormones (Lustik et al. , 1997). Bayliss and Millhorn (1992) establ ished an animal 

model of central responsiveness based on the identification of estrogen-

dependent progesterone receptors in the hypothalamus. These studies may have 

identified a site of action for alterations in overal l , resting ventilatory 

responsiveness, but no specific process has been recognized for adjustments in 

hypoxic drive. Possible mechanisms might include: 1) Progesterone acting 

peripherally (at CB) to modulate acute hypoxic drive, 2) Progesterone acting 

centrally (at hypothalamus or medulla) to alter expression of venti latory response 

to hypoxia (CB neural output), 3) Progesterone acting centrally to modify 

metabol ism or uptake of neurochemicals involved in the control of venti lation 

(GABA, adenosine etc.), and 4) A combinat ion of the above processes. 

Vent i l a to ry R e s p o n s e s to Hypox ia 

The overall expression of ventilatory increases in response to a hypoxic 

chal lenge is t ime dependent. Differential features of observed responses include 

the relative contributions of tidal volume (Vj) and respiratory rate (RR) to 

venti lat ion, the physiological mechanisms operat ing during that time f rame, and 

whether the overall direction of effect is inhibitory or facilitative (Powell et al. , 

1998). Figure 2.2 illustrates a comparison between observable changes in 

venti lation with different time courses of hypoxic exposure (adapted from Powell 

et al. , 1998). Acute changes in ventilatory control include transient, inhibitory 

processes that seem to be over-ridden during longer duration hypoxic exposures. 
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CB sensitivity (usually measured via progressive hypoxia tests) is the 

primary determinant of ventilatory responses during the initial presentation of a 

hypoxic stimulus and during chronic exposures, but other physiological 

processes may also influence acute (minutes) hypoxic venti lation (Figure 2.2). 

C 0 2 sensitivity is a secondary factor that is operative during poikilocapnic 

exposures where hypocapnia occurs due to hyperventi lation (Moore et al. , 1984). 

Hypocapnia inhibits acute ventilatory responses to hypoxia (Weil et al. , 1970). 

However, this effect can be countered by adding C 0 2 to the inspired gas mixture 

to ensure maintenance of a constant, alveolar C 0 2 tension. HVD is an inhibitory 

process that may have multiple physiological mechanisms. Decreased CB 

sensitivity, central neurotransmitter release, and increased cerebral blood flow 

have been invoked with varying success to explain this phenomenon (Bascom 

Clement, Cunningham, Painter, & Robbins, 1990; Easton et al. , 1988; Poulin & 

Robbins, 1998). 

Short, progressive hypoxia tests (HVR) as a measure of overall CB 

sensitivity should be dist inguished from sustained, constant hypoxia exposures in 

terms of characterizing an individuals' responses to hypoxia. With respect to 

methodology, it is important to recognize that the speed and duration of hypoxic 

st imulus presentation alters the comparabil i ty of ventilatory responses. In 

particular, sustained, constant hypoxia exposures (minutes to hours) are required 

to observe physiological mechanisms that contribute to hypoxic ventilatory 

control as adjuncts to CB sensitivity. Therefore, measuring an individual's 
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venti latory response to hypoxia might involve several protocols that selectively 

assess different aspects of acute ventilatory control. 

ACUTE (min) CHRONIC (days, weeks) LONGTERM (years) 

C O 2 sensitivity 

HVD 

•< 

a d a p t a t i o n 

5 < 

a c c l i m a t i z a t i o n d e s e n s i t i z a t i o n 

Time 

Figure 2.2: Relationship between ventilatory adaptation to hypoxic stress of 
varying duration and changes in CB sensitivity. The upper graph describes 
typical ventilatory changes with hypoxic exposure of increasing duration (adapted 
from Powell et al., 1998). The lower graph illustrates concomitant alterations in 
CB sensitivity that may occur with other mechanisms that influence ventilatory 
control operative during acute exposures. A simultaneous decrease in CB 
sensitivity (indicated by smaller dashed line) represents a theoretical drop in CB 
sensitivity that may contribute to HVD. 
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P r o g r e s s i v e H y p o x i a 

Hypoxic responsiveness may be assessed either by quantifying overall 

sensitivity to a progressive stimulus, or via the magnitude of specific ventilatory 

control mechanisms during steady-state exposures. The first and most rigorously 

tested strategy is to establish an individual's overall responsiveness to changes 

in P i 0 2 . This method involves indirectly testing CB sensitivity via progressive 

hypoxia. The physiological f ramework support ing this method is well developed 

and based on the necessity of CB afferent output to ventilatory adaptat ion. CB 

denervated animals are incapable of demonstrat ing hypoxic hyperventi lation 

(Smith et al . , 1986), and CB neural output is related to ventilatory increases with 

short, progressive hypoxic exposures (Vizek et al. , 1987b). Honda (1992) 

reviewed available literature concerning CB resection in humans. Bilateral CB 

resection produced an almost complete loss of ventilatory responsiveness to 

hypoxia whereas unilateral resection produced a blunted response. This review 

provides corroborative evidence in humans that CB sensitivity is a prerequisite 

for hypoxic hyperventi lat ion. 

The CB is an organ that is especially suited to monitoring arterial oxygen 

levels. Located in the bifurcation of the carotid arteries, these organs are 

perfused in excess of 20 t imes their weight (Guyton & Hall, 1996). With highly 

disproport ionate blood flow, CBs are uniquely exposed to arterial oxygen tension 

at all t imes and animal studies where CB oxygenation can be manipulated 

independently of brain oxygenation has yielded a causal link between CB neural 
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output and ventilatory acclimatization to hypoxia (Busch, Bisgard & Forster, 

1985). This link has been further refined to exclude changes in central 

chemosensit ivi ty as a modulator in ventilatory acclimatization (Bisgard, Busch, & 

Forster, 1986). 

Unfortunately, it is not possible to separate brain, systemic and CB 

hypoxia in humans due to the invasive nature of these experiments. Progressive 

hypoxia elicits a hyperbolic ventilatory response in many mammals , even though 

the time course of venti latory adaptation during sustained exposures may differ 

across species (Bisgard, 1994). This key similarity allows a val id assessment of 

physiological mechanisms behind HVR, but may not permit inferences regarding 

t ime dependent aspects of hypoxic ventilatory control. 

Hypoxic Ventilatory Response 

HVR is assessed by plotting ventilation against decreasing end-tidal P O 2 

while end-tidal C 0 2 is maintained at resting, pre-test values (Weil et al. , 1970). 

The end product of HVR observation is a hyperbolic relation whose slope, shape 

parameter A, describes hypoxic responsiveness. Shape parameter A 

mathematical ly explains the hypoxic drive well across populations according to 

the fol lowing equation: 

V E = V E ° + A 

P E T 0 2 - 3 2 
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where VE refers to venti lation, VE° the venti latory asymptote, the value at which 

venti lation approaches infinity, and P E T 0 2 . However, the extrapolated portions of 

this curve, namely the P E T 0 2 at which V E becomes infinite, are artificial 

construct ions and do not predict true physiological responses (Weil et al. , 1970). 

Figure 2.3 is a graphical representation of the physiologic range of human 

hypoxic sensitivity in the literature, quantif ied as shape parameter A. 

40 45 50 55 60 65 70 75 

P E T 0 2 (mmHg) 

Upper Range 

Mean (SE) 

Lower Range 

Figure 2.3: Physiologic range of HVR (quantif ied as shape parameter A) in the 
literature (refer to section: Inter-individual Variability and Clinical Significance, 
page 26). 

The significance of this curve can be inferred from the oxy-hemoglobin 

dissociation curve; both show inflection over a similar P 0 2 range (Weil et al. , 

1970). The logical implication is that hyperventi lation defends blood oxygenation 
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as decreasing P i 0 2 chal lenges hemoglobin oxygen saturation. In keeping with 

this concept, mouth inclusion pressure (an index of central respiratory output) is 

highly correlated with oxygen saturation (R = 0.95: Garcia-Rio et al.,1998). 

Figure 2.4 illustrates that venti latory increases become most prominent when 

hemoglobin is most vulnerable to large drops in oxygen saturation with small 

decreases in P a 0 2 (adapted from Guyton & Hall, 1996; Weil et al., 1970). 

P E T 0 2 (mmHg) 

Figure 2.4: Relationship of progressive hypoxemia and venti lat ion, dashed lines 
indicate the physiologic range of P E T 0 2 . 

Experiments where CO inhalation decreased hemoglobin saturation 

(without altering arterial P 0 2 ) failed to stimulate chemoreceptor activity/ventilation 

(Duke, Green & Neil, 1952). Despite mathematical simplicity, it can be postulated 

that the response (ventilation) is not being related to the true stimulus of HVR 
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(PaC>2) when hemoglobin saturation is used as the independent variable against 

venti lation (Weil & Zwil l ich, 1976). An advantage of this method, however, is its 

mathematical simplicity. Statistical determination of linear relationships is more 

convenient and in this case, appears to yield similar information regarding 

hypoxic sensitivity. 

Hypoxic stimuli must elicit rapid changes in ventilatory control to permit 

non steady-state (progressive hypoxia) evaluation of HVR. Until 1967, the lack of 

a gas cell analyzer capable of detecting rapid responses precisely hampered the 

development of non steady-state protocols (Weil et al. , 1970). The CB response 

to changes in arterial oxygen tension is very quick, such that within one breath, 

an increase in ventilation is measurable. This corresponds to an approximately 

ten second lag t ime between hypoxic exposure and changes in ventilatory control 

(dependent on ventilatory wash in of gas and transit t ime between pulmonary 

artery and carotid artery) (Weil et al. , 1970). From these facts, progressive 

hypoxia can be considered an appropriate stimulus for determination of global 

responsiveness. 

Two methods of delivering a progressive, hypoxic st imulus have evolved. 

The HVR test was developed by Wei l et al. (1970) as an open-circuit system 

where the inspiratory oxygen fraction was reduced by adding nitrogen to an 

inspiratory reservoir of air. Eucapnia was maintained by the addit ion of C 0 2 to 

the reservoir. Hypoxic sensitivity was subsequently calculated as shape 

parameter A. Alternatively, Rebuck and Campbel l (1974) devised a partial 
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rebreathing system where resting oxygen consumption progressively reduced the 

inspired oxygen fraction. Partial diversion of this air through a C O 2 scrubber 

circuit al lowed maintenance of eucapnia. 

This method has met with some controversy as the initial gas mixture is 

hypercapnic ( 7 % C 0 2 ) with the intention of achieving equil ibrium with mixed 

venous P C 0 2 rapidly and then maintaining isocapnia at the corresponding 

P E T C 0 2 (Rebuck & Campbel l , 1974). Some authors feel this introduces an 

element of C O 2 chemosensat ion that artificially augments the observed HVR and 

therefore alters the validity and reproducibility of the measure (Robbins & Zhang, 

1999). However, the counterpoint was raised that repeatable results were 

obtained by standardizing the start of the hypoxic test across subjects, however 

the authors did note that subjects with high C 0 2 sensitivity produced right-shifted 

HVR curves (van Klaveren & Demedts, 1999). In addit ion, they claim initial 

stability of venti latory parameters indicate a lack of C O 2 mediated confounding, 

and that the overall reproducibil ity of HVR values using this method is higher 

than Weil et al.'s (1970) method. Others have avoided this controversy by 

adopting the rebreathing method without an initial hypercapnic step thereby 

capitalizing on a standardized rate of hypoxia development without compromising 

the validity of the test (Katayama et al. , 1999; Katayama, Sato, Ishida, Mori, & 

Miyamura, 1998). 

Each method is favoured in different laboratories worldwide. In terms of 

controll ing C 0 2 tension through out the test, the rebreathing method reports a 
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stability of eucapnic P E T C 0 2 ± 2 mmHg (Katayama et al . , 1998) which is 

comparable to the open-circuit method (Weil et al, 1970). A potential advantage 

of the rebreathing system is the achievement of a consistent decrement in P E T 0 2 

throughout the test. Kayayama et al . (1998) report a 10 mmHg/min drop in P E T 0 2 

during HVR tests. However, other research groups suggest that a consistent 

drop in S p 0 2 is important, necessitating progressively smaller decreases in 

P E T 0 2 as the degree of hypoxia increases (Personal Communicat ion: P. A. 

Robbins, March, 2001). These concerns notwithstanding, the literature does 

provide support for both protocols as reproducible methods of HVR assessment. 

Reliability 

In terms of reproducibil ity, HVR is considered reliable within subjects. According 

to Wei l et al. (1970), hyperbolic plots of HVR are highly reproducible for 

individuals. However, a statistical measure of reliability was not listed, and the 

interval between intra-subject tests was not reported. Rebuck and Campbel l 

(1974) ment ioned that "day to day replicates" of HVR testing were performed in 

f ive subjects and the within-subject coefficient of variability was 12% (compared 

to 4 0 % between subjects). However, the schedule of within subject testing was 

not listed. Two studies specifically addressed reproducibil ity. Sahn et al. (1977) 

evaluated HVR and found no change when assessed every 30 min over 2 h 

(mean coefficient of variation = 19.4%). Part of between day variability for HVR 

(measured on different days over seven months) was attributed to changes in 



pH. Finally, Garcia-Rio (1998) noted HVR measurement two months apart in 14 

men and 7 women and found variability was only 4 % . Although HVR seems 

relatively stable over short periods of t ime, one study noted decreased hypoxic 

sensitivity with age in men (Kronenburg & Drage, 1973). Thus HVR is probably a 

stable trait that may only change over long periods of t ime, or with presentation 

of an external stimulus (hypoxia, endurance training). 

Inter-individual Variability and Clinical Significance 

HVR assessment across individuals can be highly variable. Wei l and 

Zwill ich (1976) found that HVR values across 44 subjects was broad and had 

bimodal characteristics where shape parameter A ranged from 40 to 280 (mean 

127(SE: 8)). The authors inferred that departures from this range of values 

potentially implied increased risk of symptoms associated with ventilatory 

pathology. Subsequent research val idated a role for ventilatory stimulants that 

act on HVR as valuable tools to ameliorate symptoms of hypoxemic diseases 

(chronic obstructive pulmonary disease (COPD), obesity-hypoventi lation 

syndrome, and sleep apnea) (Tatsumi et al. , 1986; Sutton, Zwil l ich, Creagh, 

Pierson, & Wei l , 1975; Orr, Imes, & Mart in, 1979). Patients with these types of 

pathology typically present low HVR values. Sutton et al. (1975) reported a mean 

shape parameter A value of 9.4 (SE 5.4) in patients with obesity-hypoventi lat ion 

syndrome. Tatsumi et al. (1986) l ikewise observed low HVR values in COPD 

patients (mean slope B = 0.30 (SE 0.05)). Low hypoxic sensitivity is also a 



permissive factor in the development of alt itude-related disorders such as acute 

mountain sickness (AMS) and high altitude pulmonary edema (HAPE). Subjects 

with a history of AMS on altitude exposure presented lower HVR scores 

compared to those with no symptoms (Moore et al. , 1986). HAPE susceptible 

subjects also demonstrate lower HVR values compared to their healthy 

counterparts (Hackett, Roach, Schoene, Henson, & Mills, 1988; Matsuzawa et 

al . , 1989; Selland et al. , 1993). 

Alternatively, high hypoxic sensitivity confers protection of altitude 

disorders and allows improved tolerance of both hypoxia and hypoxic exercise. 

Shape parameter A positively correlates with altitude achieved on Mount Everest 

(Schoene et al. , 1984) and cl imbers capable of achieving 8000 m exhibited 

higher shape parameter A scores (693, SD 293) than those unable to continue 

cl imbing due to major AMS symptoms (264, SD 152) (Masuyama et al. , 1986). 

Schoene et al. (1981) postulated that low HVR in female endurance athletes 

gave a diminished sensation of dyspnea, which may be related to improved sea 

level exercise performance. Discomfort due to increased ventilation has been 

observed during pregnancy and women with this symptom had higher shape 

parameter A values than non-dyspneic women (Garcia-Rio et al., 1996). Finally, 

one study noted that sleep apneic patients with greater sensitivity to hypoxia 

were more likely to experience bradycardia during apneic episodes (Sato et al. , 

1997). This phenomenon is clinically associated with increased morbidity and 

mortality. Thus the human range of hypoxic sensitivity yields important 
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information for athletes and patients alike. High HVR values favour improved 

tolerance of hypoxia and hypoxic exercise while low scores may permit better 

endurance performance at sea level. Clinically, hypoxic sensitivity can be related 

to dyspnea whereas low sensitivity is associated with increased hypoxemia and 

C O 2 retention in patients with hypoventi latory disorders. 

Acute Measurement Confounds 

The carotid bodies are also sensitive to pH, and functionally contribute 

2 0 % of the hypercapnic drive to breathe (Lumb, 2001). Thus the control of C O 2 

tension by manipulat ing PETC0 2 con t r i bu tes most to the achievement of a pure 

test of HVR at rest. Rebuck and Woodley (1975) tested HVR where C 0 2 was 

maintained above, below and at resting values. Maintenance of hypocapnia 

compromised the linearity of the HVR relation, while hypercapnia resulted in 

subject discomfort and artificially augmented responses. Thus maintenance of 

isocapnia near resting, physiological values is crucial to separating hypoxic 

sensitivity from C 0 2 mediated control. Accordingly, the same relative C O 2 level 

must be maintained across repeated measurements. Gabel and Weiskopf (1975) 

publ ished similar results but manipulated C O 2 tension in conjunction with altitude 

exposure and specified the source of chemosensit ive interaction as [H+] changes 

(due to C O 2 manipulat ion). 

HVR measurement can be acutely altered by several factors that 

contribute to within-subject and inter-individual variation. Caffeine ingestion 



(D'Urzo et al . , 1990) and hyperthermia (Natalino, Zwil l ich, & Weil , 1977) augment 

HVR expression. Hyperthermic HVR increases were related to metabolic rate 

changes. Increases in metabolic rate, such as exercise produce a dose related 

increase in HVR (Weil, Byrne-Quinn, Sodal , Filley, & Grover, 1972) such that 

increasing exercise intensity results in greater augmentat ion. Similarly, semi-

starvation states (hypo-metabol ism) resulted in decreased HVR (Doekel, Zwil l ich, 

Scoggin, Kryger, & Wei l , 1976). Women seem less sensitive to metabolic 

changes: although HVR increased proportionately with exercise in men, this 

association was not true for women (Regensteiner, Pickett, McCul lough, Weil & 

Moore, 1988). Testosterone heightens HVR in hypogonadal men undergoing 

hormone replacement therapy (White et al., 1985) while progesterone is thought 

responsible for elevated HVR in pregnant women (Moore et al. , 1987) and 

perhaps during the luteal phase of the menstrual cycle (Eston, 1984; Schoene, 

1981 ; Takano, 1984). 

Some authors have used body surface area to correct for the tendency of 

HVR to be greater in larger men (Aitken, Frankl in, Pierson, & Schoene, 1986; 

White, Douglas, Pickett, Wei l , & Zwil l ich, 1983). This relationship did not exist in 

women (Aitken et al . , 1986) implying this correction is not valid for women. Since 

HVR does not correlate with metabolic changes in women, hypoxic sensitivity is 

probably an independent trait that does not require a corrective factor. Takano 

(1984) recommended alveolar C O 2 as a correction factor, but this may be 
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inappropriate since HVR can be considered a secondary component of resting 

venti latory drive. 

Environmental Effects 

HVR is augmented with altitude sojourns (Sato, Severinghause, Powell, 

Xu, & Spel lman, 1992), and via intermittent, hypoxic exercise training (Levine et 

al., 1992). Both cont inuous and intermittent exposures are capable of 

augment ing HVR (Garcia, Hopkins & Powell, 2000). Sea level endurance training 

counteracts HVR increases due to intermittent hypoxia exposure (Katayama et 

al., 1998) and can depress HVR compared to control values (Katayama et al., 

1999). HVR values returned to 'pre' values on cessation of training/hypoxic 

exposure. Some populations have characteristic responses that support the 

above observat ions, in that population differences are influenced by a 

combinat ion of genetic expression and long term stimulus exposure (hypoxia, 

endurance training). Long term hypoxia altitude exposure may blunt CB 

sensitivity (Tatsumi, Pickett, & Wei l , 1991). A recent review of ventilatory 

adaptat ion across different high altitude native populations noted that different 

populat ions did not demonstrate this effect to the same degree (compared to 

accl imatized lowlanders), and several studies have associated some loss of 

hypoxic sensitivity with lifelong exposure (Moore, 2000). 

Elite high altitude climbers tend to have brisk ventilatory responses which 

seem to confer some protection from altitude related disorders and allow for a 



greater work capacity at altitude (Masuyama et al., 1986; Schoene et al. 1982; 

Schoene et al. , 1984). Conversely, endurance athletes show a blunted drive and 

have a comparat ively lower tolerance for acute hypoxia (Byrne-Quinn, Wei l , 

Sodal, Filley, & Grover, 1971; Schoene, 1997). However, this response is 

considered beneficial for sea level performance as exercise related dyspnea is 

reduced (Schoene et al., 1984). Thus HVR demonstrates some environmental 

plasticity in addit ion to previously mentioned familial (genetic) traits. 

V e n t i l a t o r y R e s p o n s e s to S u s t a i n e d E x p o s u r e s 

Healthy adult humans show a biphasic pattern of ventilatory response to 

sustained hypoxia (Bascom, Clement, Cunningham, Painter, & Robbins, 1990; 

Bascom, Pandit, Clement, & Robbins, 1992; Bender et al., 1987, Easton et al., 

1986; Sajkov , Neill, Saunders, & McEvoy,1997). Time dependent features 

observable in exposures of 20-30 min duration include an initial rise in ventilation 

fol lowed by a gradual decline (HVD) as described in Figure 2.2. The magnitude 

of the initial ventilatory increase is associated with peripheral sensitivity (Vizek et 

al., 1987a) but the mechanisms behind HVD are not established. Mechanistic 

models have been developed according to: 1) indirect inferences based on 

awake human studies; 2) invasive experiments with animals; and 3) neonatal 

studies in humans and animals. Bisgard and Neubauer (1995) warn that 

inferences based on neonatal/small rodent models may not be as accurate in 

these instances because ventilatory depression reflects a decrease in ventilation 



32 

due to a fall in metabolic rate though this is not true for awake adults. Cats share 

key aspects of hypoxic responsiveness with human models, but the t ime course 

of venti latory observat ions is different, and some processes may be subject to 

inter-species differences (Robbins, 1995). 

Scientif ic literature is unclear whether central, peripheral mechanisms or a 

combinat ion of both potentially mediates HVD. Unfortunately, invasive 

manipulat ion of systemic and medullary environments is required to identify the 

relative contributions of these mechanisms. Due to the invasive nature of these 

techniques no complete analysis of human ventilatory control is possible. 

Al though Easton et al. (1988) presented evidence for central ventilatory inhibition 

during HVD via y-aminobutyric acid (GABA), his paper also lent support to a role 

for peripheral involvement (initial ventilatory response was related to degree of 

subsequent HVD). Khanmei (1989) corroborated his result suggesting a slow 

recovery of HVD. Several papers mathematical ly separated central and 

peripheral processes by appropriate t ime domains to evaluate peripheral 

sensitivity as a potential modulator of HVD (Bascom et al., 1990; Bascom et al., 

1992; Khanmei & Robbins, 1990). Each of these found that changes in peripheral 

sensitivity explained the greatest proportion of variability in HVD measurement. 

Pederson, Dorrington, & Robbins (1997) fortified this stance by showing no 

change in HVD with a centrally active dopamine antagonist. Their work therefore 

supports a role for CB mediated alterations in HVD. 
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Other studies do support central modulation of HVD via other 

neurochemicals. Easton (1988) demonstrated that ventilatory recovery was 

consistent with GABA re-uptake, while Georgopolous, Walker, & Anthonisen 

(1989) made similar f indings concerning adenosine. Only one study reported 

increased HVD in subjects with low HVR (Suzuki et al., 1989). This contradicts 

the literature presented thus far, and might be due to a shorter duration hypoxic 

exposure (15 min versus 25 min). In a review of ventilatory regulation during 

hypoxia, Bisgard and Neubauer (1995) suggest the conflicting evidence for 

central versus peripheral control might be reconciled by recognizing a 

peripherally modulated central process. This theory can be expressed further as 

a hypothesis that HVD suppresses synaptic paths activated by peripheral 

chemoreceptors (Powell e t a l . , 1998). Bascom, Clement, Dorrington, & Robbins 

(1991) lent credence to this view by disproving a peripheral mechanism yet 

observing HVD as an effect of modulations in CB sensitivity. It is clear from the 

conflicting results in current scientific reports that modern experimental methods 

cannot totally distinguish between these processes that may be acting either 

independently or synergistically. 

Hypoxia provokes an increase in cerebral blood flow, which could provide 

a hypocapnic depression of ventilation at central chemoreceptors due to an 

increased wash out of protons. Nishimura et al. (1987) suggest this does not 

occur based on observations of HVD with concomitant sampling of jugular and 

arterial blood for P C O 2 analysis. Nonetheless, this suggestion has been indirectly 



tested via Doppler technology in an effort to explain HVD (Poulin & Robbins, 

1997). Al though this approach led to a partial explanation of HVD, this result 

must be viewed tentatively as no data on vasoconstriction/dilation was reported. 

Even if a wash out effect existed, this effect could be considered constant in a 

repeated measure scenario providing the rate and magnitude of hemoglobin 

desaturat ion is consistent across exposures and isocapnia is maintained. 

L i m i t a t i o n s o f P r e v i o u s Research 

Discrepancies in the scientific literature might be related to variations in 

methodology and research design across studies evaluating a link between 

progesterone and hypoxic drive. Key concerns include pre-experimental 

menstrual histories, HVR protocols, and quantification of phasic hormone 

f luctuations. Inter-study differences are summarized in Table 2 .1 . and a source 

by source compilat ion of data is available in Appendix A. 

Extenuating factors must be considered with this research. The sample 

populat ions in some of these studies were very different f rom each other. 

Regensteiner et al. (1989) used post-menopausal women and included 

estrogen's modulatory effect on progestational ventilation changes and three 

studies (Bonekat et al., 1987; Morikawa et al., 1987; Okita et al., 1987) 

considered MPA's effects on healthy men. The remaining studies (Kimura et al., 

1989; Sutton et al., 1975; Tatsumi et al., 1986) considered progestin therapy for 

primarily male patients with hypoventilatory disorders/chronic obstructive 
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pulmonary disease and Sutton et al. (1975) reported particularly low control HVR 

values. These populations provoke some concerns. Progestins may have altered 

effects on individuals with pathologically different ventilatory drive. Individuals 

with extremely low sensitivity may exhibit smaller HVR increases compared with 

healthy populat ions; true hypoxic sensitivity changes might be more difficult to 

detect. 

Table 2 . 1 . 

Inter-study Discrepancies in HVR Methodology during Exogenous and 

Endogenous changes in Progestin Levels 

Topic Method Source of Hormone Fluctuation 

Exogenous Endogenous 

(8 studies) (7 studies) 

HVR Protocol Open-Circuit 4 5 
Rebreathing 4 1,1- N 2 breaths 

(no C 0 2 control) 

Quantif ication of Shape Parameter A 3 3 
HVR Slope B 4 2 

Both 1 2 

Isocapnic CO2 Eucapnic 3 5 

Control Eucapnic and 5 1 

Normocapnic 

Serum Hormone Progesterone 3 

Levels Reported Progesterone and Standardized 3 

Estrogen Dosage 

None 1 

Change in HVR Increased 3 3 

with t progesterone No Change 5 4 
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Addit ionally, there is potential for a metabolic interaction with 

progestational ventilatory measurement in men. There is a proven gender 

difference in HVR sensitivity to metabolic stimulation in men compared to 

women. Therefore, HVR changes in men (with progestin administration) might be 

secondary to progesterone's effect as a metabolic stimulant. Skatrud, Dempsey, 

& Kaiser (1978) observed that ventilatory changes persisted beyond BBT's return 

to control values (despite cont inued drug administration), but small increases in 

oxygen consumption and CO2 production concomitantly with exogenous 

progestin administration are common. Estrogen is a pre-requisite for 

progesterone receptor formation (Rao et al. , 1973) and exclusive administration 

of progestins may not result in HVR changes due to receptor unavailability. One 

study did f ind estrogen potentiated ventilatory responses in post-menopausal 

women (Regensteiner et al. , 1989), and no study has evaluated metabolic 

interaction with respiratory responses in men versus post-menopausal women 

(regarding exogenous hormone administration). 

Concomitant hypocapnia with progesterone administration has been 

invoked to explain non-significant changes in HVR. Three studies measured HVR 

during hormone administration at control and resting PETC02 values and found 

HVR increases were larger when isocapnia was maintained at control/placebo 

values (Okita et al, 1987; Regensteiner et al., 1989; Tatsumi et al., 1986). 

Although hypocapnia could provide an inhibitory confound to HVR 

measurements, all studies record a simultaneous drop in bicarbonate 
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concentrat ion. In this case, augment ing resting C O 2 tensions during hypoxic tests 

could overshoot bicarbonate levels and result in a hypercapnic increase in 

protons at peripheral chemoreceptors. This would result in a false increase in 

HVR, rather than an unmasking of hypoxic sensitivity. Skatrud et al. (1978) did 

not f ind this in males: within 24 hours of M P A administrat ion, both plasma and 

cerebrospinal fluid pH increased and remained slightly alkaline for the duration of 

administrat ion; despite a simultaneous drop in bicarbonate. Studies have not 

agreed on whether PETCO*2 should be held at placebo/control values during 

medicated HVR assessment and this strategy has not been employed during 

menstrual phase comparisons. 

Documentation of Menstrual History 

Schedul ing limitations in previous studies have been problematic in 

generating evidence for a causal relationship between progesterone and hypoxic 

drive. Luteal observat ions must be t imed to hit peak progesterone concentrat ions 

(in the absence of repeated measurements within a cycle) with confidence. 

Although most studies use a combinat ion of indirect and direct techniques for 

menstrual chart ing, laboratory observations sometimes fail to occur during peak 

hormone levels. Muza et al. (1997) reviewed six studies that reported plasma 

progesterone concentrat ion with ventilatory measures. Half of these listed mean 

luteal concentrat ions of progesterone below 10 ng/mL, whereas healthy luteal 

concentrat ions fall between 10 and 20 ng/mL (Balieu & Kelly, 1990). 
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These results could be explained by poor subject selection (women with 

underlying menstrual dysfunction such as luteal insufficiency), but it is more likely 

due to logistical confounds. It is also important to note that women with healthy 

menstrual histories experience cyclical abnormalit ies at an incidence of 

approximately one to two cycles per year (Weschler, 1999). Some of the most 

convenient methods of tracking cyclical changes (for example, basal body 

temperature (BBT) chart ing, calendar method) are vulnerable to confounding by 

other physiological events and lifestyle habits (Hilgers & Bailey, 1980). Al though 

these techniques can be valuable adjunctive methods of obtaining a menstrual 

history, considerable error may be present when these are used to schedule data 

collection to coincide with hormonal events. Assay kits for luteinizing hormone 

(LH) have been used to verify ovulation, however, these can be expensive and 

subject to some error if usage is not coincidental with the fertile phase. These kits 

capital ize on high LH concentrat ions associated with the ovulatory phase, 

however, LH levels do not provide direct proof of a healthy ovulation sequence. 

Cervical fluid can be considered a "clinical bioassay of estrogen activity" 

(Kenigsberg, 1989, p. 537). Changes in volume, viscosity and content have been 

associated with increasing estrogen levels prior to ovulation (Kenigsberg, 1989). 

Although women's cycles may differ, a changing pattern of cervical fluid has 

been associated with estrogenic f luctuations in hundreds of subjects (Personal 

Communicat ion: M. Corkil l , July 27, 2001). Fertile quality cervical fluid is 

character ized by changes in volume, sensation, and spinnbarkeit (stretchiness) 



and the exact pattern is extremely individual (Bill ings, Bill ings, & Catoronich, 

1989). The Billings Ovulation Method (BOM) is a scientifically val idated method 

of natural family planning that is based on patterns of cervical fluid quality and 

sensation at the vulva (Billings et al. , 1989). According to this method, the peak 

symptom is defined as the last day of sl ipperiness at the vulva, and this indicates 

imminent ovulat ion. Cortesi, Rigoni, Zen, & Sposetti (1981) verif ied ovulation by 

LH assay and found peak symptom occurred within a mean of 0.0 days from 

ovulation (range: -2 to +1 days). Figure 2.5 (next page) relates changes in 

cervical fluid to a normalized graph of women's reproductive hormone levels 

through the menstrual cycle. Thus BOM gives information regarding changes in 

estrogen levels throughout a cycle and a good estimate of ovulat ion. These two 

aspects of a menstrual cycle allow determination of menstrual phases, and 

indirect differentiation between anovulatory cycles, delayed ovulation, and short 

luteal phase defect. However, serial evaluation of hormone levels is required to 

assess luteal sufficiency (adequate luteal progesterone levels), and ovulation is 

not conf i rmed. Direct proof of ovulation requires ultrasound observation of 

follicular rupture. This technique is more expensive and is normally indicated 

when known abnormali t ies in fertility are observed. 

The effectiveness of BOM as a family planning aid has been established 

in different countr ies, and several studies have compared women's observat ions 

of cervical fluid with daily plasma levels of follicle stimulating hormone (FSH), 

luteinizing hormone (LH), 17p estradiol and progesterone. The relationship 



between increased, pre-ovulatory estrogen levels and changing cervical fluid as 

per Figure 2.5 has been corroborated (Cortesi et al. , 1981). Moreover, 8 9 % of 

first t ime users (N = 27) were able to correctly identify a fertile phase and peak 

day in ovulatory cycles (Cortesi et al. , 1981). Two women in this study who did 

not identify a peak day had anovulatory cycles (indirectly conf irmed by daily 

plasma assays of LH and progesterone). All were able to correctly interpret their 

menstrual cycle by the second observed cycle. The accuracy of this method, 

combined with its ease of use makes BOM an appropriate method of menstrual 

cycle description for scientific usage. Two articles in particular describe the 

physiological processes underlying BOM (Bill ings, 1991), and a review of user-

effectiveness studies in several countries (Hume, 1991). 

The most detai led information can be gained by using multiple methods to 

assess ovarian funct ion. However, charting BBT and daily fertility signs require a 

high degree of motivation from volunteers on a long-term basis. These factors in 

combinat ion with normal, human schedul ing constraints make careful t iming of 

mid-luteal observations a daunting task. Possibly for this reason, studies 

investigating phasic changes during the menstrual cycle are characterized by 

small sample sizes (N = 8-20). 
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Figure 2.5: Fertile quality cervical f luid is associated with increased estrogen levels; LH - luteinizing hormone, 
FSH - follicle stimulating hormone; days marked with an open circle indicate production of fertile quality cervical 
f luid, fol lowed by imminent ovulation (peak day marked with X and P) such that the egg is released and degrades 
within the fol lowing three days (marked 1, 2, 3) (adapted from Billings et al., 1989). 
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S u m m a r y 

Hypoxic responsiveness cannot be deemed exclusively a product of CB 

control of venti lat ion. Considerat ion of HVR alone neglects several alterations in 

venti latory control that occur during acute adaptation to hypoxia. The 

physiological basis of these changes is unresolved, and little research has 

investigated progestational influence. In addit ion, though population and time 

related variability in HVR measurement has been well mapped, newer aspects of 

venti latory control such as ventilatory decline have not been rigorously studied 

for population differences and sources of variability. 

In summary, quantifying hypoxic sensitivity in women must involve careful 

determination of each woman's menstrual history, and use multiple protocols that 

assess overall CB sensitivity and t ime-dependent aspects of ventilatory control. 

Each of these methodological issues can be solved in a number of ways, and 

research groups have differed in opinion on optimal strategies. The present study 

will employ multiple methods of obtaining a menstrual history while three hypoxic 

exposures will be utilized to examine different aspects of hypoxic ventilatory 

control to address these chal lenges. This project may be the first to examine 

acute, t ime-dependent ventilatory changes during sustained hypoxic exposures 

over the menstrual cycle. The results of this project may generate some insight 

into women's ability to tolerate acute bouts of hypoxia during follicular and luteal 

phases. 
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CHAPTER THREE: METHODOLOGY 

S u b j e c t R e c r u i t m e n t 

Recruitment was based on a convenience sampling schedule utilizing a 

bulk e-mail message to enlist volunteers from the University of Calgary 

populat ion. All 12 participants were null iparous, and of adequate cardio

respiratory health. None had taken any hormonal contraceptives for at least one 

year, and had regular menstrual cycles (menstruation occurred after a 

predictable interval). After an initial meeting to orient women to the study, 

interested volunteers gave informed consent (Appendix B) to participate in a 

natural family planning workshop, three laboratory observations, and provide 

urine samples for hormonal analysis. This study met ethical guidelines and was 

approved by the Conjoint Health Research Ethics Board, Office of Medical 

Bioethics, University of Calgary, October 13, 2000 (see Appendix C). 

S t u d y Des ign 

The experimental protocol had two phases: 1) pre-observation, and 2) 

laboratory observation. During pre-observation, subjects learned to map their 

menstrual cycle according to the BOM, and underwent a trial HVR test to 

become accustomed to the laboratory environment and equipment. The 

laboratory observation phase was organized as a one-group pretest-posttest 

design where each woman was her own control (Cook & Campbel l , 1979). 

Subjects came to the laboratory during the mid-follicular and mid-luteal phases of 



their menstrual cycle for hypoxic ventilatory response testing. During each visit, 

the same series of hypoxic exposures was performed and subjects gave urine 

samples for estradiol and progesterone analysis. Subjects cont inued to 

document menstrual changes in cervical fluid until the start of their next cycle 

(after all laboratory observations were completed. Figure 3.1 is an outline of the 

study design. 

P r e - O b s e r v a t i o n Phase 

Participation in the study began with a seminar regarding the principles of 

tracking the menstrual cycle by recording changes in cervical mucus (BOM) as 

per Billings et al. (1989). An accredited teacher (through Ovulation Method 

Research and Reference Centre of Australia) taught all seminars and conducted 

fol low up appointments with participants to ensure accurate chart ing. Subjects 

also recorded BBT each morning before arising and after at least five hours of 

rest as a secondary tracking method according to Hilgers and Bailey (1980). 

Volunteers were famil iarized with the three cyclical phases according to 

BOM (Bill ings et al., 1989). After menstruat ion, an unchanging pattern of either 

dryness, or discharge was identified as a basic infertile pattern for each woman. 



P R E - O B S E R V A T I O N : 
menstrual cycle tracking using BOM 

M e n s t r u a t i o n O v u l a t i o n 
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L A B O R A T O R Y O B S E R V A T I O N : 
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F igure 3 . 1 : Schemat ic of study protocols and t ime line. 
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The basic infertile pattern corresponds to low ovarian activity (low 

estrogen/progesterone) and is indicative of the follicular phase (Bill ings et al. , 

1989). Subjects then noted when a change in sensation/cervical fluid quality 

occurred and learned to recognize the fertile phase, characterized by a changing 

pattern of cervical fluid that ends with several signs associated with imminent 

ovulat ion. Peak day (defined as the last day of slippery sensation at the vulva) 

marks imminent ovulat ion/beginning of the luteal phase and documented 

retrospectively (the day after) (Hilgers, Abraham, & Cavanaugh, 1978). Since the 

luteal phase is relatively constant for a given woman, the largest source of error 

is accurate determination of ovulation. Hence accurate identification of peak day 

(Hilgers, Bailey, & Prebil, 1981), and a record of previous menstrual cycles is 

required to make a reasonable estimate of ovulation and the luteal phase length 

respectively. Observation during the basic infertile pattern consti tuted follicular 

observat ion, while luteal observations were scheduled to coincide with the 

approximate mid-point of the luteal phase (five to eight days fol lowing peak day). 

During pre-observation, women underwent one hypoxic test (not t imed 

with a particular menstrual phase) to become accustomed to the laboratory 

environment. Subjects were oriented to the experimental set up according to the 

HVR protocol, and introduced to the sensation of breathing hypoxic gas mixtures 

through a mouthpiece and instructed to remain relaxed and awake during 

ventilatory observations. 
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L a b o r a t o r y O b s e r v a t i o n Phase 

In the 24 hours prior to testing, subjects were asked to abstain from 

caffeine, alcohol, smoking and exercise and advised to stay well hydrated and 

rested. A morning urine sample was also requested for later estrogen/ 

progesterone analysis. Samples were frozen at - 8 0 degrees Celcius for later 

analysis after all laboratory observations were completed. Before testing 

commenced, resting heart rate and blood pressure were monitored. Subjects 

also completed a brief survey that explicitly rated their health status in terms of 

common cold/flu symptoms. Test ing was postponed if the volunteer felt unwell or 

excessively fat igued. 

Participants completed basal spirometry tests including forced vital 

capacity (FVC) and the proportion of the vital capacity expired in 1 s (FEVi) . 

Tests were conducted while sitting with an open-circuit, computer ized spirometer 

(Medical International Research, Roma, Italy). Resultant values were checked 

against a predicted value (based on age, gender and race) to ensure no subjects 

had lung function abnormali t ies. 

Appendix D contains a schematic of the equipment set up used for all 

hypoxic tests. Subjects breathed through a two-way mouthpiece (Hans-Rudolph, 

Kansas, MO) whose inspiratory side joined to a 170 L gas reservoir (Hans-

Rudolph, Kansas, MO) containing 75 L of room air. O2 and CO2 fractions were 

manipulated with tanks of pressurized gas (50% C 0 2 and 5% 0 2 ) connected to 

ports on the gas reservoir. Expired air was sampled for gas concentrat ions on a 
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breath by breath basis and f low measured by a pneumotach present on the 

expired limb of the mouthpiece. The Truemax 2400 (Parvomed, Salt Lake City, 

UT) metabol ic cart performed gas analysis and metabolic calculations. A second 

metabol ic cart (MMC; Sensormedics, Pleasanton, CA) sampled inspiratory gas 

from the reservoir at 15 s intervals. Both carts were cal ibrated/checked before 

and after each exposure. 

Subjects were seated and instructed to f ind a relaxed position and asked 

to remain awake for all testing. The lights were dimmed and relaxing music was 

played via headphones to mask sounds associated with changing the gas 

concentrat ions within the inspiratory reservoir. SpC>2 was monitored continuously 

via a forehead probe held in place with a headband (Nellcor PB-295, St. Louis, 

MO). The initial hypoxic exposure was preceded by five to eight min of resting 

data collection; hypoxic exposure commenced when ventilation and P E T C 0 2 

reached a stable baseline. 

HVR 

The fol lowing protocol is in accordance with the validated HVR protocol 

first designed by Wei l et al. (1970). Once ventilatory parameters were stable 

(breath by breath P E T C 0 2 did not vary by more than two mmHg) , the inspiratory 

limb was joined to the gas reservoir, and 5% 0 2 gas (balance Nitrogen) was 

added in a stepwise pattern to progressively reduce the fraction of inspired 0 2 . At 

the same t ime, 5 0 % C 0 2 was added to the reservoir in order to prevent 



hyperventi lation induced hypocapnia and thus maintain baseline PETC02 

according to pre-test, resting values (eucapnia). Real-time graphs and breath by 

breath values of P E T 0 2 / P E T C 0 2 were used to guide manual addition of gas to 

ensure the test ended in less than 10 min with a final S p 0 2 of 7 5 % or P E T 0 2 of 40 

mmHg. 

Dual Hypoxic Exposures 

After the HVR test f inished, the line connected to 5% 0 2 was exchanged 

for a Y-shaped open valve to accommodate an additional gas tank of room air. 

The reservoir was fi l led with a gas mixture of approximately 12% 0 2 . Otherwise, 

the equipment was conf igured as per the previous HVR test. After three to five 

minutes of breathing room air, the inspiratory limb was connected to the 

reservoir. As previously, 5 0 % C 0 2 was added as needed in order to maintain the 

original, pre-HVR resting P E T C 0 2 levels. Cont inuous S p 0 2 monitoring guided the 

addition of either room air or 5% 0 2 in order to reach and uphold a target S p 0 2 

range of 80 -84% for 25 min. At three t imes (5 min, 15min, end) the subject was 

asked to indicate on a 10 point scale if she was experiencing any discomfort due 

to the hypoxia and whether she wished to continue with the exposure. Specific 

symptoms included headache, nausea, fatigue, and dizziness. Appendix E 

contains this visual questionnaire. At 25 min, the subject was disconnected and 

al lowed to remove the mouthpiece. The reservoir was capped and the second 

exposure commenced after a15 min interval of breathing room air. Resting 



venti latory data was col lected for two to five minutes (as a portion to the 15 min 

break) before the inspiratory limb was re-connected to the reservoir. The second 

hypoxic exposure fol lowed the same protocol. The dual exposure protocol was 

designed to be similar to Easton et al.'s double, sustained hypoxic exposure 

protocol (1988). 

Determination of Hormone Concentrations 

Progesterone and estradiol were measured using a competit ive binding 

assay where the hormone of interest competes with a known concentrat ion of 

hormone-enzyme conjugate for a limited number of binding sites. The wells are 

then washed to remove unbound reagents and incubated with a reagent. This 

reaction is characterized by a yel low colour that is strongly absorbed at a 

wavelength of 412 nm. A spectrophotometer then measures the intensity of this 

colour, which is proportional the amount of hormone tracer bound to the well. The 

concentrat ion of hormone tracer is inversely proportional to the free hormone 

available during incubation (Cayman Chemical Co., 2001). 

The kits contained instruction booklets that guided the reconstitution of 

sample diluant, hormone tracer, anti-serum, standard, and wash buffer. 

Directions were fol lowed carefully with addit ional guidance from a technician 

trained in enzymatic immunoassays. 

Eight known concentrat ions of progesterone were included in the wells, in 

order to determine a standard curve. Sample absorbances were compared to this 



logarithmic relation in order to establ ish a hormone concentrat ion. The known 

hormone concentrat ions, and study samples were assayed in duplicate. Luteal 

progesterone was assayed at two dilutions, 1:10, and 1:40 in order to achieve 

wel l concentrat ions that could be read within the standard curve. Table 3.1 lists 

the est imated dilutions associated with predicted hormone levels (Baulieu & 

Kelly, 1990; Chattoraj , Rankin, Turner, & Lowe, 1976) during each phase of the 

menstrual cycle (P. C : H. Cope, Cayman Chemical Co., July, 2001). 

Tab le 3 . 1 . 

Estimated Hormone Concentrat ions and Required Sample Dilutions for  

Enzymatic Analysis 

Est imated [Hormone] Projected Dilution 

Progesterone Estradiol Progesterone Estradiol 

Foll icular 200-800 pg/mL 60 pg/mL None None 

Luteal 4000-20,000 pg/mL 200 pg/mL 1:10, 1:40 None 

Note: est imated hormone concentrat ions from Baulieu & Kelly, 1990; Chattoraj et 
a l . , 1976, and projected dilutions from: Personal Communicat ion: H. Cope, 
Cayman Chemica l , July, 2 0 0 1 . 

Plates were incubated in reagent for 40 minutes, before they were washed and 

read at 405 nm by an automated spectrophotometer (Beckman, Schil ler Park, 

ILL). 
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Sta t is t ica l M e t h o d o l o g y 

Sample Size Calculation 

The calculation of sample size was based on the relationship between the 

detectable difference in HVR (shape parameter A) and increasing sample sizes 

as formatted by Garcfa-Rfo et al. (1998). Based on this curve (Appendix F), a 

sample size of 20 maximizes statistical power (a=0.05; (3=0.80) in consideration 

of the variability associated with hypoxic responsiveness. However, due to 

logistical l imitations, a sample size of 10 was pursued. 

Quantification of HVR 

Two regression techniques, non-linear curve estimation and linear 

regression were used to determine HVR. Both methods relate ventilation to a 

predictor variable ( P E T 0 2 and S p 0 2 respectively). Venti latory data was exported 

using a four-breath average and further smoothed using a four-case rolling 

average. In addit ion, only data points where P E T 0 2 < 85 mmHg were included in 

order to allow residual normoxic air additional t ime to wash out of the lungs. Thus 

analyzed data points include only the time when the subject is venti lating from 

the inspiratory reservoir. Shape parameter A was est imated using a known 

equation (VE = Vo + A / P E T 0 2 ) whereas slope B was calculated via linear 

regression. An R 2 value of 0.80 or higher was required for inclusion of HVR data 

in further analyses. 
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Dual Hypoxic Exposures 

Descriptive statistics and case study presentation of ventilatory patterns 

were used to initially describe data. Altman (1997) suggests serial variables can 

be broken into summary measures in order to compare specific features of 

interest in t ime dependent variables. This rationale was adopted for analysis of 

the dual exposure protocol and is graphically presented in Figure 3.3. Specific 

aspects included pre exposure ventilation (A, D = final two minutes of interval 

before exposures one and two), initial ventilatory drive (B, E = three min average 

after achievement of target S p 0 2 ) , and final ventilatory drive (C, F = final three 

minutes of exposure). HVD was evaluated as a percent decl ine in ventilation 

from B to C (and E to F). 
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Figure 3.3: Quantif ication of ventilatory pattern during dual exposures (Striped 
bars indicate the sampling t imes used to determine specific aspects of the 
venti latory pattern in chronological order). 
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Other physiological variables ( H R , tidal volume (VT), and respiratory rate 

( R R ) ) were compared using five minute averages. This choice was arbitrary, 

based on clarity of presentat ion. Due to the small sample size and the high 

degree of variability inherent to hypoxic responsiveness, 9 5 % confidence 

intervals for the mean were used to determine whether significant differences 

existed amongst variables (a = 0.05). 

Equivalency of hypoxic exposures was assessed using mean data 

separated by exposure and menstrual phase. As methodological tolerance for 

agreement across exposures was greater than the precision of common 

statistical methods, initial evaluation was accompl ished through line graphs of 

mean Sp02. This preserved transient disagreement that could affect ventilatory 

measures without altering mean values of broader t ime intervals. 

P E T C 0 2 control throughout HVR/exposures was evaluated by contrasting 

mean venti lation against mean PETC02 agreement (pre-exposure, resting 

P E T C 0 2 - exposure values) for each subject. Usage of mean values (rather than 

serially col lected variables) al lowed for the appropriate correlation of independent 

variables using Pearson's R (Altman, 1997). Ideally, precise maintenance of 

eucapnia should result in random ventilatory changes with f luctuations in P E T C 0 2 

agreement. Since P E T C 0 2 demonstrates a strong, positive relationship with 

venti lat ion, an association between P E T C 0 2 agreement and ventilation would 

imply that CO2 is providing some chemical influence on ventilation during hypoxic 

exposures. As the maintenance of eucapnia over hypoxic exposures is intended 



to isolate hypoxic sensitivity from C O 2 responsiveness, any relationship implies 

that observat ions regarding hypoxic ventilatory control during hypoxic exposures 

were confounded by C O 2 chemosensat ion. 
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CHAPTER FOUR: RESULTS 

An attrition rate of 2 5 % occurred over the study period; nine women 

completed all experimental phases. Partial data (HVR only) was col lected for one 

subject, while two could not complete laboratory tests on requisite days and 

withdrew from the study. Appendix G contains each subject's menstrual charts, 

also noting logistical barriers and cycle anomalies. BBT observation was variable 

and often incomplete for subjects. Many found this method somewhat 

inconvenient. In addit ion, several subjects noted that their lifestyle necessitated 

inconsistent amount and t iming of sleep. 

Laboratory observations were well t imed with target menstrual days (as 

per BOM) within the same cycle in four cases. Two subjects had follicular and 

luteal observations made during consecutive cycles due to logistical constraints, 

and two other luteal observat ions may have preceded peak progesterone 

concentrat ions due to schedul ing limitations. The last two cases exhibited luteal 

abnormali t ies, short luteal phase and doubtful peak (possibility of anovulatory 

cycle) respectively. 

Analysis of urine samples did not yield interpretable absorbance values, 

therefore, no hormone concentrat ions could be determined. This data is listed in 

appendix H. Unfortunately, it was impossible to determine whether this error was 

due to experimental technique (e.g. pipetting style), spectrophotometer error, 

solvent impurity (water quality), or contamination of the kits. 

Mean (SE) age, height, and weight were 28 years (5.07), 167 cm (4.66) 

and 63.8 kg (5.09) respectively. Lung parameters FVC and FEVi were within a 
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normal range for all subjects (mean 4.16 L (0.46) and 3.49 L (0.39) respectively). 

Subject characterist ics of body weight, blood pressure, Sp02, and venti latory 

parameters across foll icular and luteal menstrual phases are listed in Table 4 . 1 . 

Al though there was a non-signif icant t rend for increased venti lation during 

luteal observat ions, PETC02 was lower during the luteal phase (a = 0.05) without 

other venti latory or cardiovascular changes. 

Tab le 4 . 1 . 

Body Weight and Resting Venti latory and Cardiovascular Parameters during  

Foll icular and Luteal Menstrual Phases 

N = 1 0 Follicular 

Mean (SE) 

Luteal Mean 

(SE) 

9 5 % C I (difference) 

Body Weight (kg) 6 3 . 8 ( 5 . 0 9 ) 6 3 . 6 ( 4 . 7 2 ) 0 . 7 9 - 0 . 2 3 

Systol ic B P 1 1 2 ( 7 . 9 0 ) 1 1 2 ( 3 . 5 7 ) 3 . 6 6 - 4 . 8 6 

(mmHg) 

Diastolic B P 7 2 ( 6 . 8 9 ) 7 3 ( 4 . 6 9 ) 2 . 9 0 - 4 . 5 0 

(mmHg) 

HR (bpm) 7 2 ( 5 . 1 6 ) 7 2 ( 5 . 5 9 ) 4 . 7 0 - 3 . 7 0 

S p 0 2 (%) 9 8 ( 1 . 8 6 ) 9 8 ( 0 . 8 7 ) 0 . 2 7 - 1 . 6 7 

V E (L/min) 9 . 0 9 ( 1 . 3 2 ) 9 . 5 6 ( 1 . 1 9 ) 0 . 4 5 - 1 . 3 8 

V T ( L ) 0 . 6 0 6 ( 0 . 1 0 ) 0 . 6 0 5 ( 0 . 0 8 ) 0 . 0 5 - 0 . 0 5 

RR (breaths/min) 1 5 ( 3 . 0 4 ) 1 6 ( 2 . 7 9 ) 1 . 1 6 - 2 . 3 6 

P E T 0 2 (mmHg) 9 5 ( 4 . 8 8 ) 9 8 ( 3 . 6 2 ) 0 . 4 3 - 5 . 6 3 

P E T C 0 2 T (mmHg) 3 8 ( 2 . 4 6 ) 3 5 ( 1 . 7 9 ) 3 . 5 8 1 .62 

Note: f - significant difference; a = 0.05 
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HVR 

HVR was quanti f ied as shape parameter A and slope B using PET02 and 

S p 0 2 as predictors. In all cases, save one, the statistical curve fitting procedure 

resulted in an R 2 value above 0.80. This subject ( R 2 < 0.80) was not included in 

the analysis. Table 4.2 includes all hypoxic responsiveness results; there was no 

dif ference across menstrual phases. It is interesting to note that in all four cases 

where lab observat ions coincided with predicted target days, an increase in HVR 

was demonstrated. These subjects are f lagged (*) in the table below. 

T a b l e 4 .2 . 

Changes in HVR quantif ied as Shape Parameter A and Slope B over Two  

Menstrual Phases 

Shape Parameter A (R 2 ) Slope B (R 2 ) 

Subject Foll icular Luteal Follicular Luteal 

1 26 (0.81) 40 (0.86) 0.073 (0.86) 0.098 (0.86) 

2 166 (0.97) - 0.593 (0.97) -
3 315 (0 .98 ) 119(0 .97) 0.760 (0.97) 0.352 (0.95) 

4* 9 1 8 ( 0 . 9 3 ) 1123 (0.90) 2.82 (0.97) 3.59 (0.95) 

5* 35 (0.90) 51 (0.87) 0.108 (0.94) 0.155 (0.87) 

6 290 (0.89) 148 (0.94) 0 .719(0 .93) 0.360 (0.97) 

7 217 (0 .92 ) 52 (0.85) 1.80(1.0) 0.154 (0.88) 

8* 113 (0 .95 ) 129 (0.97) 0.340 (0.94) 0.368 (0.97) 

9 387 (0.91) 291 (0.98) 0.923 (0.90) 0.697 (0.99) 

10* 86 (0.94) 118 (0 .97 ) 0.292 (0.90) 0.329 (0.99) 

Mean (SE) 265 (261) 230 (324) 0.773 (0.79) 0.775 (1.04) 

Note: * (bolded font) - subjects whose luteal laboratory visits coincided with target 
days (BOM) 
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Adequacy of PETC02 Control 

Figure 4.1 depicts agreement between target and test P E T C 0 2 values 

through follicular and luteal HVR tests. Mean agreement was 0.42 mmHg (0.24) 

and - 0 . 1 0 mmHg (0.24) for follicular and luteal tests respectively. There was no 

association between venti lation and P E T C 0 2 agreement in both menstrual phases 

(follicular R = 0.47 (p > 0.05) and luteal R = 0.11 (p > 0.05)). Appendix I contains 

associated scatterplots. 

Follicular HVR Luteal HVR 

151 1 I 

10 

CD 
I 

-10 

-15 1 1 1  

Figure 4 . 1 : Agreement between target and observed P E T C 0 2 during 
HVR tests (N = 10) over the menstrual cycle; • -mean agreement. 
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Dual H y p o x i c E x p o s u r e s 

Ventilatory Accommodation 

Resting venti lation (A) was not different across menstrual phases, but 

other differences were observed (Figure 4.2, a = 0.05). Initial venti lation was 

significantly higher in follicular exposure one (B), but not in exposure two (E). 

Post follicular exposure ventilation was not depressed and was augmented in the 

luteal phase. HVD was greatest in follicular exposure one, but was otherwise 

similar across exposures. (Appendix J contains confidence interval analysis). 

Incomplete ventilatory recovery was observed in follicular, but not luteal 

exposures (B - E, p < 0.05). Inter-exposure, resting ventilation during normoxia 

was not depressed in either phase and was augmented in the luteal phase (p < 

0.05). 
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Figure 4 .2: Changes in ventilatory response to hypoxia over two consecutive 
exposures during foll icular and luteal menstrual phases (• - follicular means; ° 
luteal means; whiskers indicate SE; F - follicular phase, L - luteal phase). 

Though mean venti latory patterns seem consistent, inter-individual results 

were highly variable. Figures 4.3 and 4.4 illustrate inter-individual differences in 

follicular and luteal observations. Interestingly, some individuals did not exhibit 

HVD and in one case, demonstrated augmented venti lat ion. Two subjects (1 and 

3) accounted for two-thirds of observed cases, and overall hypoxic 

responsiveness (HVR) was low (shape parameter A < 120) for all subjects 

demonstrat ing this phenomenon. 
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F igure 4.3: Changes in ventilatory response to hypoxia, foll icular phase. 
Subjects whose luteal laboratory visits coincided with target days (BOM) are 
indicated with a dashed line. 
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F igure 4.4: Changes in ventilatory response to hypoxia, luteal phase. Subjects 
whose luteal laboratory visits coincided with target days (BOM) are indicated with 
a dashed line. 
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When changes in ventilatory components are summarized as initial and 

final ventilation (in Table 4.3), tidal volume decreases whereas respiratory 

frequency changes little during exposures. Changes in tidal volume contr ibuted 

more to venti latory changes than respiratory rate during hypoxic exposures. 

Table 4.3. 

Mean Change in Tidal Volume and Breathing Frequency over Dual Hypoxic  

Exposures 

B C E F 

V T ( L ) 

(SE) 

Follicular 

Luteal 

1.22 (0.37) 

1.04 (0.10) 

0.972 (0.35) 

0.838 (0.12) 

1.017 (0.07) 

0.984 (0.13) 

0.841 (0.04) 

0.792 (0.04) 

RR (B/min) 

(SE) 

Follicular 

Luteal 

19(1 .1 ) 

19(0 .86) 

17(0 .60) 

20 (0.93) 

19(0 .87) 

18(1 .1 ) 

18(0 .68) 

18(0 .36) 

Hypoxic Tolerance 

The observed pattern in FiG*2 tolerance was similar to ventilatory changes 

in exposure one. Figure 4.5 demonstrates mean changes in F i 0 2 using the same 

summary criteria as ventilatory changes, no phasic differences were observed (a 

= 0.05). Subjects were initially able to tolerate a similar F i 0 2 during exposure 

one in both menstrual phases, but by the end of the first follicular exposure, 

subjects had a comparat ive decline in hypoxic tolerance. Subjects were able to 

consistently tolerate a lower F i 0 2 during follicular exposure two although the 

relative decline in hypoxic tolerance was similar during follicular and luteal 

observations. 
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Figure 4 .5 : Fi02 required to maintain target S p 0 2 of 80 -84% during two 
consecut ive hypoxic exposures (• - follicular m e a n s ; ' - luteal means; 
whiskers indicate SE). 

Heart Rate Response 

A within phase comparison of dual exposures revealed a small (~ 2bpm) 

but significant (a = 0.05) depression in HR response in follicular exposure two. 

This pattern was not evident in the luteal phase. Figure 4.6 demonstrates this 

pattern using 9 5 % confidence interval box plots. 
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Figure 4 .6 : HR response during two consecut ive hypoxic exposures across two 
menstrual phases (middle line indicates mean, box = range of 9 5 % C I ) . 

Perceived Hypoxic Tolerance 

Throughout all exposures, subjects experienced minimal discomfort 

(median < 1 all variables) due to hypoxia. Both the frequency of participants with 

symptoms and magnitude of discomfort were similar over the menstrual cycle. 

Figure 4.7 shows the frequency of subjects reporting symptoms during the 

consecut ive exposures. 
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Figure 4 .7 : Frequency of reported symptoms due to hypoxia across menstrual 
phases (N = 9). 

Equivalency of SpCb Control 

Although some variations across subjects occurred in terms of adhering to 

target Sp02 values, these differences were consistent across both exposures 

and menstrual phases. Figure 4.8 demonstrates the close similarity in mean 

S p 0 2 profi les across exposures and menstrual phases. Appendix K contains the 

S p 0 2 profi les for each subject and addresses inter-individual alterations in S p 0 2 

control . 
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F igure 4 .8 : Maintenance of SpC>2 across exposures and menstrual phases (N = 9). 
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Adequacy of PETC02 Control 

Changes in mean P E T C 0 2 agreement were not associated with ventilatory 

changes in either follicular or luteal dual exposures. Table 4 . 4 lists mean 

agreement values and corresponding R values (p > 0 . 0 5 in all cases). See 

Appendix I for associated scatter plots. Follicular exposure two exhibited a 

tendency toward associat ion, however, mean PETC02 agreement was well within 

the a priori 2 mmHg tolerance from perfect agreement. 

T a b l e 4 .4. 

Adequacy of CO? Maintenance: Associat ion between Venti lat ion and PFTCOP 

Agreement during Two Consecut ive, Hypoxic Exposures 

PHASE Hypoxic Interval Mean Agreement 

(SE) 

R 

Foll icular Exposure 1 0 . 0 6 ( 0 . 6 2 ) 0 . 2 7 

Exposure 2 - 0 . 0 9 ( 0 . 4 0 ) 0 . 6 2 

Luteal Exposure 1 - 0 . 2 5 ( 0 . 5 3 ) 0 . 1 0 

Exposure 2 - 0 . 2 4 ( 0 . 4 8 ) 0 . 5 3 

Figure 4 . 9 depicts agreement between target and test P E T C 0 2 values through 

foll icular and luteal dual exposures protocol for all subjects. 
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Figure 4 .9 : M e a n agreement between target and observed PETCC«2 during two consecut ive hypoxic exposures 
over the menstrual cycle (N = 9) . 
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HVR and Ventilatory Accommodation 

Subjects were classified as responders (n = 6) or non-responders (n = 3) 

based on HVR, Figure 4.10 shows mean HVR for each group. A follicular shape 

parameter A value of less than 100 was the criterion for selection into the non-

responder group. 
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F igure 4.10: Mean HVR, quantif ied as shape parameter A, for subjects grouped 
as responders (n = 6) and non-responders (n = 3). 

Group differences by phase are graphically presented in Figure 4.11 (CI 

analysis in Appendix J). Responders had greater ventilation and greater 

ventilatory decline than non-responders except for follicular exposure two where 
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responders experienced a significant (p < 0.05) drop in ventilatory decline 

compared to exposure one. 

Exposure 1 Exposure 2 Exposurel Exposure 2 

F igure 4 . 1 1 : Interaction between level of HVR (non-responder versus responder) 
and venti latory response (initial ventilation and ventilatory decline) across two 
phases of the menstrual cycle ( • - non-responder foll icular mean, o - non-
responder luteal mean; • - responder, follicular mean, • -responder, luteal mean; 
whiskers indicate SE). 

Both groups venti lated (B, E) less during luteal exposure one. Save for 

responders under follicular observation, no depressive effect on initial ventilation 

was noted across exposures one and two. 

Responders decreased HVD dramatically from foll icular exposure one to 

two (a = 0.05), but HVD was similar from luteal exposure one to two. Non-

responders showed increased HVD in exposure two during all observations. Both 

groups exhibited less HVD in the luteal phase, except responders in exposure 

two. The phase related displacement in ventilatory characteristics was similar for 
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groups, but responders exhibited a much greater ventilatory depressive effect (in 

terms of initial ventilation and subsequent HVD) during follicular exposures. This 

observation manifests itself as a difference in ventilatory pattern (Figure 4.9) over 

the menstrual cycle between responders and non-responders. 
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CHAPTER FIVE: DISCUSSION 

The key f indings of this study were: 1) HVR was not increased during the 

luteal phase, and 2) sustained hypoxic exposures elicited a weaker depressant 

effect on ventilation during the luteal phase. The depressant effect of hypoxia 

was quantif ied as HVD, and the capacity to exhibit an equal, initial ventilatory 

response to hypoxic exposure two (E) compared to exposure one (B). Since 

urinary hormone assays fai led to yield interpretable results, progesterone's role 

as a potential mediator of these changes in venti latory control is speculative and 

cannot be confirmed except via indirect methods of chart ing hormonal changes in 

the menstrual cycle. 

Phas ic C h a n g e s in HVR 

HVR did not change over the menstrual cycle. Though a trend for 

increased luteal HVR existed in subjects accurately scheduled for laboratory 

observation with BOM data, this trend could not be confirmed in the sample 

populat ion. The coefficient of variation for HVR measurements was much greater 

than values commonly reported in the literature, observed values (103; 149% in 

follicular and luteal phases) were higher than literature observations (19-68%). 

The large variability in this sample can be attributed to one subject's very high 

level of responsiveness. When this subject is removed from the data set, the 

variability becomes 3 5 % and 5 0 % during follicular and luteal observations 

respectively. Variability increased by approximately 4 0 % during the luteal phase; 
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this has been previously reported in some studies (Dombovy et al . , 1 9 8 7 ; White 

et al. , 1 9 8 3 ) , but not in others (Schoene e ta l . , 1 9 8 1 ; Takano, 1 9 8 4 ) . 

The results of phasic HVR comparison and variability changes might be 

partly explained by scheduling inconsistency. Several luteal observations may 

not have occurred during peak progesterone concentrat ions, leading to similar 

follicular and luteal measurements. Even though laboratory observations may not 

have occurred at the mid-point of the luteal phase, this does not mean luteal 

observat ions did not coincide with elevated progesterone. Luteal progesterone 

levels undergo a progressive rise (see Figure 2 . 5 ) and no research to date has 

identified a concentration threshold for ventilatory effects. However, fail ing to t ime 

observat ions with maximum progesterone levels could make the identification of 

a significant trend in ventilatory control changes more difficult. This scenario may 

have occurred in 4 subjects. 

Almost all subjects ( 8 9 % ) exhibited decreased PETC02 in the luteal phase 

which may be a property of progesterone mediated changes in resting control of 

venti lation during normoxia (Dempsey et al. , 1 9 8 6 ; Machida, 1 9 8 1 ; Tatsumi et al., 

1 9 9 5 ) . Some support for accurate luteal scheduling might be inferred from this 

observat ion, however, resting ventilation was only slightly increased from 

foll icular measurement. 

Two contributing factors include the nature of the sample population and 

potential variability in progesterone's effect on HVR. The sample was highly 

heterogeneous in HVR magnitude, with brisker responses exhibiting much 

greater variability across phases. Increased measurement variability in 



responsive individuals could obscure smaller changes in less responsive 

subjects. Differences in sensitivity to ovarian hormone changes might also exist 

whereby progesterone sensitivity interacts with estrogenic fluctuation in the 

follicular phase. Since estrogen is required for progesterone receptor expression 

(Rao et al. , 1973), cyclical anomalies such as delayed ovulation might alter 

progesterone mediated processes despite subsequent ovulation. 

Luteal maintenance of isocapnia during hypoxic exposures also requires 

addit ional discussion. Exogenous progestin studies have al luded to a possible 

hypocapnic confounding of HVR measurement (Okita et al, 1987; Regensteiner 

et al. , 1989; Tatsumi et al. , 1986) due to decreased chemical stimuli (H+, arterial 

P C 0 2 ) . However, increased C 0 2 sensitivity and decreased C 0 2 threshold 

(Dutton et al. , 1989) probably balance any potential for hypocapnic inhibition at 

peripheral receptors. Nonetheless, this topic has not been empirically tested 

during endogenous hormone fluctuation (during the menstrual cycle or 

pregnancy). 

Phasic D i f fe rence in Dual E x p o s u r e s 

Similar hypoxic sensitivity levels were observed across menstrual phases, 

but phasic differences in ventilatory magnitude and pattern existed. Follicular 

observations had a similar pattern to previous findings (Easton et al. , 1988), save 

that resting, normoxic venti lation was not depressed after 25 minutes exposure to 

moderate hypoxia. This study's research hypotheses were not upheld during 

luteal ventilatory observations. Initial venti latory responses were lower than 



follicular values, and no residual ventilatory depression was observed in 

exposure two. Follicular data seemed congruent with Easton et al.'s (1988) 

theory of central, GABA-mediated genesis of HVD, but luteal phase exposures 

provoked an equal degree of initial hyperventi lat ion. This is not consistent with a 

residual depression of ventilatory sensitivity due to neurotransmitter release and 

re-uptake. However, progesterone could alter neurotransmitter expression at a 

central level so this theory cannot be ruled out. In fact, a review of animal 

research that studied neuromodulators associated with hypoxic ventilatory 

control in the brain concluded that the interplay of neurotransmitters (GABA is 

one among several) in the medulla is critical to the expression of peripherally 

mediated hypoxic ventilation (Burton & Kazemi, 2000). If HVD does reflect a 

central, neurotransmitter component of ventilatory expression, then it seems 

possible this process is inf luenced by menstrual phase. This view is consistent 

with progesterone's ability to cross the blood-brain barrier (Skatrud et al, 1978) 

and central mechanism of action in augment ing resting ventilation (Bayliss and 

Mil lhorn, 1992). 

There was no difference in HVR across menstrual phases, but HVD 

decreased. This suggests HVD changes may not be entirely due to peripheral 

sensitivity changes as per Bascom et al . (1990) and Khanmei and Robbins 

(1990). The phasic decrement in HVD seemed independent of individual 

chemosensit ivi ty, suggesting progesterone is an independent modulator. Yet 

hypoxic sensitivity appeared to exert an effect as responders showed a greater 

decline as a group than the non-responders did. In addit ion, HVD decreased in 



follicular exposure two, which was also characterized by decreased initial 

hyperventi lat ion. This description suggests CB sensitivity is a relative 

determinant of HVD while progesterone may provide a second, independent 

modulatory effect. 

HR R e s p o n s e a n d Vent i l a to ry Pat tern 

The biphasic HR pattern observed in the luteal phase is congruent with 

other studies (Ahn, Honda, Masuda, Peterson, & Sakaki-Bara, 1989; Tanaka et 

al . , 1992). HR depression is present in both menstrual phases, but attenuated in 

luteal observations. This is in agreement that relates HR depression relates to 

venti latory decline as HVD was less during luteal observations as wel l . Tanaka et 

al . (1992) suggest HR decline relates to CB sensitivity and another sleep apnea 

study has related apneic bradycardia with HVR (Sato et al. , 1997). Al though 

apneic bradycardia is operative during sleep, the study supports a link between 

CB sensitivity and HR. 

The mechanism behind changes in HR is still under debate, however 

adrenal stimulation has been ruled out (Tanaka et al. , 1992) as the t ime course 

of HR decline did not coincide with changes in adrenaline. Also, women's 

adrenaline response to hypoxia at altitude is similar over the menstrual cycle 

(Mazzeo et al. , 1998), which therefore fails to account for this study's observed 

phasic difference in HR pattern. Future research may determine if the observed 

difference in HR response across menstrual phases is a product of similar 

physiological processes to changes in ventilatory control. 
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H y p o x i c T o l e r a n c e 

During exposure one, changes in ventilatory control were paralleled in 

Fi02 tolerance in an inverse relationship. However, this was not true for exposure 

two: luteal exposure two had a higher F i 0 2 levels despite increased ventilatory 

and heart rate responses compared to follicular exposure two. Perhaps this was 

due to changes in venti lation-perfusion matching in the lung, but such changes 

are purely speculative. All participants subjectively tolerated the dual exposures 

without discomfort. Three subjects verbally indicated a higher comfort level 

during luteal sustained exposures. This feedback seemed to be related to 

decreased dyspnea rather than an observable improvement in oxygenation 

defense (SpC»2, venti lation). Overal l , there was no difference in tolerance across 

menstrual phases. 

L i m i t a t i o n s 

Scheduling Constraints 

This study intended to evaluate the contribution of luteal phase hormone 

changes to central and peripheral aspects of ventilatory adaptation to acute 

hypoxia, therefore, the t iming of laboratory observations was critical. Several 

techniques (BBT, BOM) were used to develop a menstrual history for 

participants. Although aspects of the BBT pattern in healthy women have been 

well-correlated with fertility changes, accurate identification of an ovulatory phase 

during BBT observation can be confounded by changes in amount and timing of 

sleep, stress, illness, or alcohol (Hilgers & Bailey, 1980). All subjects ment ioned 
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changes in lifestyle pattern that potentially invalidated BBT measurement. This 

method is known to retrospectively identify ovulatory cycles in 90 .5% of cases 

with careful observation, other studies have reported accuracy rates closer to 

8 0 % (Bauman, 1981 ; Moghessi , 1976; Morris et al. , 1976). 

Subjects found this method inconvenient and data was consequently 

inconsistent or missing in some cases. Even with complete data sets where 

subjects abided by BBT measurement guidel ines, this method was less effective 

in accurately identifying the time of ovulat ion. Morris et al. (1976) found a nadir in 

BBT preceded ovulation in 8 1 % of their subjects, but Bauman (1981) found the 

same in only 2 2 . 1 % of 77 cycles. She then ascribed several l imitations to BBT 

observation for fertility chart ing: 

1) 2 2 . 1 % of ovulatory cycles exhibited a monophasic BBT: identification of 

ovulatory phase and thermogenic (luteal) phase was then impossible. 

2) BBT indication of ovulation is retrospective: different patterns of luteal BBT 

increases may result in a time lag before an ovulatory phase can be 

identified (two days or longer). 

3) 9 8 . 1 % of ovulatory cycles with a short luteal phase present monophasic 

BBT patterns: no differentiation between anovulation and menstrual 

anomaly is possible. 

Thus dependence on BBT may result in significant misclassification of cycles and 

should only be used as an adjunct to an alternative method. 

In contrast, BOM yielded a higher quality of information and subjects were 

better able to self-assess their cycles (in terms of recognizing differences from 
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their normal pattern). BOM was originally proposed in 1972 as a natural family 

planning method, and has been continually refined since (Billings et al. , 1989). A 

greater level of precision for determining luteal observation schedules was 

realized using this method compared to BBT. However, the subject who fai led to 

attend follow up sessions was notably less confident and exhibited poorer 

chart ing precision compared to those who completed at least one meeting. 

BOM was able to identify common menstrual abnormali t ies occasionally 

present in healthy, pre-menopausal women. Anomal ies were failure to define 

peak symptom and/or short luteal phase. Because serial hormone determinations 

were not performed, recognit ion of luteal insufficiency (low luteal progesterone 

levels) was not possible. Nonetheless, two subjects exhibited signs of menstrual 

abnormality in isolated cycles, and one showed multiple anomalies over seven 

months of pre-study observat ion. 

A constant dialogue was required with each subject throughout cycle 

observations. In two cases, equipment, technical help, and volunteers' personal 

schedules could not be matched and follicular and luteal observations were 

separated by a full cycle. As each cycle's estrogen levels can vary (and this in 

turn alters progesterone receptor expression), an unavoidable source of error 

was introduced. Of all subjects, only three were scheduled congruently with BOM 

identified target days, so the assumption of peak progesterone levels over luteal 

observations cannot be held with confidence even though luteal hypocapnia was 

observed. In three cases, luteal observations occurred before the mid-point of the 

phase. As ment ioned before, this could mean that ventilatory measurements did 
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not coincide with peak progesterone levels though some increase in 

progesterone concentrat ions may have occurred. 

Immense flexibility in equipment, technical personnel, and participant 

availability was required. Plus the known variability in hypoxic responses, 

repeated determinations across several cycles with plasma hormone levels 

would yield the highest quality of data. These considerations did not balance the 

added precision of using BOM to track menstrual phases in favour of a shorter 

study t imeline. 

Sample Population 

The accurate determination of menstrual history was difficult in this 

sample of women. Seven were university students, and all subjects reported 

variable sleeping habits, travel, or periodic stress during the study period. 

Intervals of stress or lifestyle changes can invalidate BBT observat ion, or result in 

cyclical anomal ies. Unfortunately, this is a common scenario for research 

oriented toward young people since university students are a convenient 

sampl ing populat ion. Greater logistical success might be obtained by targeting 

other women who have more consistent lifestyle habits (non-students). However, 

students likely provide the most flexibility in scheduling laboratory visits. Others 

might be less interested in committ ing to planned visits that involve multiple trips 

to the laboratory during regular work hours. 

Some effort was made through the BOM instructor to recruit women 

already practiced in this method of family planning, but none were able to commit 



to the time commitments of the study. The short interval between recognition of 

peak day and identification of a mutually acceptable laboratory time (three to five 

days) limited participants to those with extremely flexible work or class 

schedules. Future projects might therefore consider either targeting a different 

sample populat ion, or requesting additional t ime commitment f rom participants 

for an increased frequency of ventilatory measurement or observation of 

consecut ive cycles. 

Hormone Measurement 

Although single urinary progesterone sampling has been val idated as an 

indicator of corpus luteal function (Chattoraj et al. , 1976), the competit ive binding 

assay used in this study did not yield interpretable results. The assay was 

conducted with the help of a trained technician, but error could have entered the 

process at several points. High values for blank wells indicate either poor 

pipetting technique or contaminated water. Since these wells were the first f i l led, 

and the reservoirs were kept to the right of the wells, the former cause is unlikely. 

Enzymatic immuno-assay kits require distilled water that has undergone 

additional filtration to remove any trace, organic contaminants. This grade of 

water was available. Other possible explanations include spectrophotometer 

error, and kit error. These kits passed internal quality control tests at Cayman 

Chemical Co. (P.C.: Technical Services, Cayman Chemical , July, 2001), and the 

spectrophotometer was automatically calibrated as per manufacturer 

recommendat ions. There was no indication any malfunction occurred. 
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Sample absorbance values were unexpectedly small. If no other indication 

of error existed, this could mean that samples were not diluted sufficiently despite 

best possible predictions of healthy hormone ranges for women in each 

menstrual phase and manufacturer recommendat ion. Absorbance values did not 

fall within the range def ined by standard progesterone dilutions, and therefore 

could not be predicted from the measured, logarithmic relation between standard 

progesterone concentrat ions and associated absorbances. However, since blank 

wells gave extremely high absorbance readings, error may have been associated 

with multiple aspects of the protocol. 

Serum hormone determination would better provide a direct quantif ication 

of hormone levels. Estrogen can fluctuate during the follicular phase and thereby 

alter progesterone receptor expression (Rao et al., 1973) such that serial 

estrogen measurements might be especially helpful in understanding luteal 

alterations in hypoxic sensitivity. 

Adequacy of PETC02 Control 

End tidal C O 2 tension was maintained within 2 mmHg of resting mean 

values. Though some fluctuations occurred outside this range, there was no 

relationship between venti lation and PETC02 control (agreement between target 

and maintained values). There was a non-significant tendency toward 

association during follicular exposures that was partly due to the higher degree of 

venti latory decline observed. As ventilation decreased, it is possible that 

inspiratory C O 2 tensions appropriate for the first portion of the exposure were not 
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diluted in tandem with the rate of decl ine. A larger inspiratory reservoir might 

offset this trend in future studies. The overall lack of association suggests the 

precision of C 0 2 control was adequate during the experiment, but other research 

groups have published much finer control of end-tidal gases than achieved here 

(Robbins, Swanson, Micco, & Schubert, 1982). Since ventilatory responses are 

subject to many sources of variability, minimizing methodological inconsistencies 

is of paramount importance. The method of determining statistical adequacy of 

P E T C 0 2 control was very blunt and therefore, choosing a more precise method of 

gas manipulat ion remains appropriate for future experiments. 

Equivalency of SpCk Control 

During progressive hypoxia exposures, increased rate of desaturation can 

provoke increased expression of ventilatory response in low sensitivity 

individuals, while the opposite trend is seen in high responders (Sugimori , Amin, 

Esposito, Seedat, & Camporesi , 1996). Although individual profiles differed, rate 

of desaturation to 8 4 % and pattern of S p 0 2 maintenance was similar in within-

subject exposures. Two low-responder subjects had faster desaturation rates 

(one to two minutes) but exhibited ventilatory responses consistent with the 

expected biphasic pattern and S p 0 2 control was reproducible across exposures. 

However, one subject underwent an exposure characterized by a very slow rate 

of desaturation (7 minutes) and failed to show HVD. As this subject also 

exhibited a low HVR response, the lack of roll off was probably due to the gross 



decrease in desaturation rate rather than a reproducible alteration in ventilatory 

control (Sugimori et al. 1996). 

Bascom et al . (1992) studied isocapnic ventilatory responses to differing 

levels of end-tidal oxygen tension and found Sp02 was linearly related to initial 

venti lation at induction of hypoxia and magnitude of HVD. These results imply 

phasic comparisons are appropriate in this data despite inter-individual 

differences in S p 0 2 control because reasonable consistency was achieved for 

within-subject exposures. However, interpretations based on between subject 

comparisons regarding magnitude of effect may be suspect. 

C o n c l u s i o n s 

Luteal increases in HVR have been noted in some studies, but this study 

did not corroborate those findings. Factors contributing to unchanged HVR over 

the menstrual cycle included errors in scheduling luteal laboratory visits, high 

inter-individual variability, and possible menstrual anomal ies in two cases. BOM 

was an effective method of obtaining menstrual histories and had higher 

compl iance than BBT observation in subjects. Combined with normal logistical 

chal lenges, a single cycle observation of follicular and luteal ventilatory 

responsiveness was insufficient to reliably determine individual changes in 

hypoxic sensitivity with endogenous hormone f luctuation. 

A luteal decrease in hypoxic depression was noted in luteal observations 

that were not explained by a decrease in HVR. The amelioration of ventilatory 

depression was observed as decreased HVD and improved recovery of initial 
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venti latory sensitivity to hypoxia during exposure two (compared to exposure 

one). However, CB sensitivity was also related to HVD in that responders tended 

to show increased HVD and therefore exhibited a different inter-exposure pattern 

of venti latory change than non-responders. The observed pattern of ventilatory 

control supports a relative contribution of CB sensitivity to ventilatory depression. 

Since phasic differences in ventilatory control (initial hyperventi lation and 

subsequent HVD) were similar across responders and non-responders during 

exposure one, it is possible the luteal phase is associated with an independent, 

anti-depressive influence on hypoxic venti lation. 

Since ovarian hormone level could not be measured, this change cannot 

be exclusively due to a potential increase in progesterone. It is difficult to assign 

central, peripheral, or a combinat ion of mechanisms to the trend in phasic 

venti latory change. Compared to previous data prescribing alterations in 

peripheral versus central control of HVD, this methodology does not finely control 

end-tidal gas tensions. Inconsistency in stimulus presentation may allow 

interaction of processes and is certainly related to the high variability found in the 

data. Some studies observed male subjects up to six t imes with a given protocol 

to establish conclusively that person's characteristic pattern of ventilatory control 

(Bascom et al . , 1990; Bascom et al . , 1992). Compared to these studies, the data 

presented seems less reliable, and comments regarding underlying physiological 

processes must necessarily be tentative. Conversely, these findings seem 

congruent with recent research that suggests ventilatory acclimatization is similar 

in magnitude and time course over follicular and luteal phases of the menstrual 
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cycle (Muza et al. , 2001). From a practical perspective, these data suggest long 

duration exposures (days) provide a hypoxic st imulus that overwhelms 

comparatively subtle changes in ventilatory control over the menstrual cycle that 

may only be observable during acute responses to short duration (minutes) 

exposures. 

R e c o m m e n d a t i o n s 

The process of designing and implementing this study generated additional 

quest ions that could not be answered with the present data set. Unfortunately, 

estrogen and progesterone levels were not conf i rmed, so a dose-response 

relationship between luteal changes in hypoxic venti latory control and ovarian 

hormones must remain speculative. Due to the ment ioned limitations of this 

research, the observed trends merit further investigation to determine if the data 

reflect true alterations in ventilatory control or artifacts of this subject pool and 

methodology. In particular, four topics integral to understanding phasic changes 

in hypoxic ventilatory responses require clarif ication: 

1) Could a grouping strategy based on HVR control some of this variability 

and allow evaluation of a dose-response relation between hypoxic 

responsiveness and ovarian hormones? This question must be addressed 

as less sensitive individuals tend to show smaller changes in ventilatory 

control compared to highly sensitive subjects. 

2) Should isocapnia during luteal hypoxia exposures be defined according to 

follicular PETC02 levels (normocapnia) or atmospheric (eucapnic) levels? 
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This validity of this measure, as the best-known indicator of overall CB 

sensitivity, influences the subsequent inference that changes in HVR 

account for HVD magnitude. 

3) What are the relative contributions of estrogen and progesterone to a 

relationship between ovarian hormone fluctuations and hypoxic ventilatory 

responses? Since estrogen is required for progesterone receptor 

expression, estrogenic fluctuation in the follicular phase (e.g. ovulatory 

stress cycle) could impact progesterone's magnitude of effect despite 

subsequent ovulation. Additionally, there may be a t ime lag between 

progesterone changes and HVR increases. Previous studies, including 

this one, have typically adopted an observational, pretest-posttest study 

design where each woman is her own control (follicular observations). Not 

only does this strategy fail to acknowledge an estrogenic role in ventilatory 

control, no opportunity is al lowed to better define changes in hormone 

concentrat ion with changes in ventilatory control. This can only be 

achieved by conduct ing multiple laboratory observations per menstrual 

cycle, with serum hormone analysis. 

4) Can phasic changes in HVD be explained by CB sensitivity alone, or are 

ovarian hormones an independent modulator of hypoxic ventilatory 

control? With greater accuracy in HVR measurement and hormone 

analysis, this question can be addressed with more conf idence. A dual 

exposures protocol can give information regarding HVD and the recovery 

of initial hypoxic sensitivity, however, the current experimental set-up 
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(open-circuit, manual control of inspired gases) does not allow sufficient 

measurement precision (maintenance of target P E T C 0 2 and S p 0 2 values) 

to allow inferences regarding central versus peripheral control. 

In conclusion, this study identified an interesting trend for altered hypoxic 

venti latory control between follicular and luteal menstrual phases. The 

methodological and logistical l imitations encountered during the study period 

generated strategies for future collection of valid and reproducible data regarding 

hypoxic ventilatory responses in women. 
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When changes in venti latory components are summar ized as initial and 

final venti lat ion (in Table 4.3), t idal volume decreases whereas respiratory 

f requency changes little during exposures. Changes in tidal volume contr ibuted 

more to venti latory changes than respiratory rate during hypoxic exposures. 
. 

Tab le 4 .3. 

Mean Change in Tidal Volume and Breathing Frequency over Dual Hypoxic  

Exposures 

B C E F 

V T ( L ) 

(SE) 

Foll icular 

Luteal 

1.22 (0.37) 

1.04 (0.10) 

0.972 (0.35) 

0.838 (0.12) 

1.017(0.07) 

0.984 (0.13) 

0.841 (0.04) 

0.792 (0.04) 

RR (B/min) 

(SE) 

Foll icular 

Luteal 

1 9 ( 1 . 1 ) 

19(0 .86) 

17(0 .60) 

20 (0.93) 

19(0 .87) 

18 (1 .1 ) 

18(0 .68) 

18(0 .36) 

Hypoxic Tolerance 

The observed pattern in F i 0 2 to lerance was similar to venti latory changes 

in exposure one. Figure 4.5 demonstrates mean changes in FiO*2 using the same 

summary criteria as venti latory changes, no phasic differences were observed (a 

= 0.05). Subjects were initially able to tolerate a similar FiC^ during exposure 

one in both menstrual phases, but by the end of the first follicular exposure, 

subjects had a comparat ive decline in hypoxic tolerance. Subjects were able to 

consistently tolerate a lower F i 0 2 during foll icular exposure two although the 

relative decline in hypoxic tolerance was similar during follicular and luteal 

observat ions. 
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APPENDIX A: In te r -S tudy D i s c r e p a n c i e s in M e t h o d o l o g y 

Tab le A.1 

A Study by Study Compar ison of HVR Methods across Exogenous and Endogenous Variations in Ovarian Hormone 

Concentrat ions 

Population 

HVR Method HVR Quantification C 0 2 Control Change in 
HVR 

Serum [P] 
Reported 

Source Population Open 
Circuit 

Re
breathing 

Shape 
Parameter 

A 

Slope 
B atmospheric eucapnic 

High [P]* > 
Low [P] 
Yes/No 

Yes/No 
Source 

8 women V V No Yes Beidleman et al., 1999 

20 pregnant 
women V V V V Yes Yes Moore et al., 1987 

8 sedentary 
women V V V No Yes Dombovy et al., 1987 

6 women: control 
6 athletes 
6 amenhorreic 

V V Yes Yes Schoene et al., 1981 

10 women V V No No White et al., 1983 

12 women Transient N 2 

Breaths 
No C 0 2 control Yes Yes Takano et al., 1984 

12 women V V V V No Yes Regensteiner et al., 
1990 

16 men V V V V Standardized 
Dose 

Morikawa et al., 1987 



10 men V V V No Standardized 
Dose 

Bonekat et al., 1987 

10 men V V V Yes Standardized 
Dose 

Okita etal., 1987 

7 men 
2 post
menopausal 
women with 
sleep apnea 

V V V No Standardized 
Dose 

Kimura et al., 1989 

10 men with 
obesity-
hypoventilation 

V V V Yes Standardized 
Dose 

Sutton etal., 1975 

11 men 
1 woman with 
COPD 

V V V V No Standardized 
Dose 

Tatsumi et al., 1986 

12 women post-
hysterectomy V V V No Standardized 

Dose 
Regensteiner et al., 
1989 

11 men V V V V Yes Standardized 
Dose 

Zwillich et al., 1978 

Note:' [P] indicates serum progesterone concentraton. 
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L . I .UJ UNIVERSITY OF JSjfo CALGARY 
l||P KINESIOLOGY 

CONSENT FORM 

Pro jec t T i t l e : HVR, hypoxic hyperventi lat ion, and venti latory recovery over the 
menstrual cycle. 

P r i n c i p a l I n v e s t i g a t o r : J . Kolb 

C o - I n v e s t i g a t o r s : F. Hillis, S. Norris, P. Farran, P. K. Doyle-Baker 

This consent form, a copy of which has been given to you , is only part of the 
process of informed consent. It should give you the basic idea of what the 
research is about, and what your participation will involve. If you would like more 
detail about something ment ioned here, or information not included here, you 
should feel free to ask. Please take time to read this carefully, and to understand 
any accompanying information. 

Your participation in this study is voluntary, and you may wi thdraw at any t ime. 

This investigation will examine two procedures for measur ing the effect of low 
oxygen on breathing twice during your menstrual cycle. This study will explore 
whether or not venti latory adaptat ion to low oxygen is altered by changing 
hormone levels, specifically, progesterone and estrogen. 

Should you decide to participate as a subject in this study, you will need to 
observe your menstrual cycle using natural family planning methods for the 
duration of your involvement as a subject. You will be asked to give your 
personal opinions on menstrual cycle health and natural family planning, before 
start ing the study. You will also be requested to participate in a similar interview 
at the end of the study. As a study participant, you will be invited to attend an 
informational session where you will learn to observe yourself with natural family 
planning methods, taught by a certif ied instructor. 

You will be required to come in three times on specif ied days to the Human 
Performance Laboratory, University of Calgary to be determined by your natural 
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family planning instructor. The first visit's duration will be approximately 1 hour, 
while the second and third visits will take approximately 2.5 hours. The first visit's 
purpose will be to introduce you to the equipment and procedures that will be 
used in the experiment. One low oxygen test will be conducted so that you have 
a better idea of what to expect on the fol lowing two visits. On each of the next 
two visits, we will also ask you to give a urine sample for measurement of 
progesterone and estrogen levels. Two low oxygen tests will be performed on 
subsequent visits. The first will involve a progressive decrease in inspired 
oxygen, whereas the second will consist of two 25 min steady-state hypoxia 
exposures separated by a 15 min. interval of normoxic breathing. All tests are 'at 
rest', meaning you will be sitting and relaxed for all procedures. W e will ask you 
to breathe through a mouthpiece, and use a noseclip. W e will also ask you to 
wear a pulse oximeter sensor on your forehead. 

During each test, there is a possibility that you will experience discomfort 
associated with low inspired oxygen concentrat ions such as: laboured breathing, 
dizziness, nausea, lethargy, or headache. These effects should stop on the end 
of each test. W e will have 100% 0 2 available at all t imes if you feel faint or sick. 
Your participation will directly contribute new scientific knowledge about the 
effects of low oxygen on breathing during different phases of the menstrual cycle. 

All personal information obtained in this study will be kept in the strictest 
conf idence, and your name will not appear on any published report of the 
f indings. You will have access to all of your personal testing results once you 
finish the study. You will also have an opportunity to discuss your study results 
and ask any questions about your participation or menstrual health after you 
have completed the study. 

In the event you suffer injury as a result of participating in this research, no 
compensat ion will be provided for you by the investigators. You still have all your 
legal rights. Nothing said here about treatment or compensat ion in any way alters 
your right to recover damages. 

Your signature on this form indicates that you have understood to your 
satisfaction the information regarding participation in the research project and 
agree to participate as a subject. In no way does this waive your legal rights nor 
release the investigators, sponsors, or involved institutions from their legal and 
professional responsibil it ies. You are free to withdraw from the study at any t ime 
without jeopardizing your health care. Your cont inued participation should be as 
informed as your initial consent, so you should feel free to ask for clarification or 
new information throughout your participation. If you have further questions 
concerning matters related to this research, please contact: 

F lora Hi l l is at 220-3457. 
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If you have any questions concerning your rights as a possible participant in this 
research, please contact Pat Evans, Associate Director, Internal Awards, 
Research Services, University of Calgary, at 220-3782. 

(name of subject) (date) (signature of subject) 

(name of witness) (date) (signature of witness) 

(name of investigator) (date) (signature of investigator) 

A copy of this consent form gas been given to you to keep for your records and 
reference. 
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APPENDIX C: E t h i c s A p p r o v a l 

See attached page (p. 109). 
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Office of Medical Bioethics 
Heritage Medical Research Building/Rm 93 

Telephone: (403) 220-7990 
Fax: (403) 283-8524 

2000-10-13 

Dr. J. Kolb 
Faculty of Kinesiology 
University of Calgary 
KNB238 
Calgary, Alberta. 

Dear Dr. Kolb: 

Re: HVR, Hypoxic Hyperventilation, and Ventilatory Recovery Over the Menstrual Cvcle  
Student: Ms. Flora Hillis Degree: MSc 

The above-noted thesis proposal has been submitted for Committee review and found to be ethically acceptable. 
Please note that this approval is subject to the following conditions: 

(1) a copy of the informed consent form must have been given to each research subject, if required for this 

(2) a Progress Report must be submitted by 2001-10-13, containing the following information: 
(i) the number of subjects recruited; 
(ii) a description of any protocol modification; 
(iii) any unusual and/or severe complications, adverse events or unanticipated problems involving 

risks to subjects or others, withdrawal of subjects from the research, or complaints about the 
research; 

(iv) a summary of any recent literature, finding, or other relevant information, especially 
information about risks associated with the research; 

(v) a copy of the current informed consent form; 
(vi) the expected date of termination of this project; 

(3) a Final Report must be submitted at the termination of the project. 

Please note that you have been named as a principal collaborator on this study because students are not permitted 
to serve as principal investigators. Please accept the Board's best wishes for success in your research. 

Yours sincerejy^_^ 

study; 

Christopher J. Doig, MD, MSc, FRCPC 
Chair, Conjoint Health Research Ethics Board 

cc: Dr. W. Herzog (information) 
Ms. Flora Hillis 



APPENDIX D: E q u i p m e n t Schema t i c 

C O : 
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Fig u re D .1 : Schematic of experimental set-up. 
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Please let us know if y o u are deve lop ing any s y m p t o m s dur ing the test. 

Mark the fol lowing lines according to how you feel. 

HEADACHE 

6 8 9 10 

None Severe 

NAUSEA 

8 9 10 

None Severe 

DIZZY/LIGHT- HEADED 

8 9 10 

None Severe 

TIRED 

8 9 10 

None Severe 

Do you want to stop the test? YES NO 
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Figure F.1 describes the detectable difference in shape parameter A versus 

increasing sample sizes as formatted by Garc ia-Rio et al. (1998). Based on this 

curve, a sample size of 20 participants maximizes statistical power in 

consideration of variability associated with shape parameter A. However, due to 

logistical and financial constraints, a sample size of ten was targeted. 

250] 

200 

£ 1501 
D 

1 10OI 
CD 
Q 

50 

N = 2o 2 (Z i . „ / , + Z i . ^ 2 

N = sample size 
o = populat ion standard 
deviation 
Z = zed score 
A = detectable difference 
p = 0.80 
a = 0.05 

10 15 20 25 30 35 40 45 50 55 60 65 

Sample Size (N) 

Figure F . 1 : Sample size determination for HVR assessment. 
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APPENDIX G: BOM Data d u r i n g L a b o r a t o r y O b s e r v a t i o n 

Legend for Menstrual Chart Symbols 

Bleed 

Spott ing 

Dry (no mucus, or sensation at the vulva) 

Non-changing pattern of discharge (based on observation of previous 

cycles) 

Changing pattern of mucus indicating increased fertility 

Peak day: last day of slippery sensation at the vulva indicating imminent 

ovulation 

All subjects charted their cycles for three to six months prior to laboratory 

observat ion. In addition to chart ing fertility changes, nine of ten subjects 

participated in fol low up meetings with the BOM instructor to clarify any questions 

that arose as women mapped their cycles. The fol lowing f igures and table list 

each subjects menstrual data and comments specific to the cycle under 

observat ion. 

Figures G.1 to G.10 describe each subject's menstrual history during cycles 

during laboratory observation while Table G.1 mentions signs of potential 

menstrual anomal ies as ment ioned by the subjects themselves. 
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Figure G.1: BBT and cervical mucus patterns for subject 1 during laboratory observation. 
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Figure G.2: BBT and cervical mucus patterns for subject 2 during laboratory observation. 
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Figure G.3: BBT and cervical mucus patterns for subject 3 during laboratory observation. 



38 i 
w 
zz 
'o 37 
0) 
O 36 -

h- 35 
CD 
CD 34 -

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 

Time (days) 

• • • • 1 F 1 1 o o 0 o o X 1 1 1 1 1 1 1 1 L 1 1 1 1 = = 

Figure G.4: BBT and cervical mucus patterns for subject 4 during laboratory observation. 
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Figure G.5: Cervical mucus patterns for subject 5 during laboratory observation. 
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Figure G.6: BBT and cervical mucus pattern for subject 6 during laboratory observation. 
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Figure G.7: Cervical mucus pattern for subject 7 during laboratory observation 
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Figure G.8: Cervical mucus pattern for subject 8 during laboratory observation. 
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Figure G.9: Cervical mucus pattern for subject 9 during laboratory observation. 
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Figure G.10: Cervical mucus patterns for subject 10 during laboratory observation. 

Tab le G . 1 . 

Logistical and Menstrual Chart Addendum 

Sub jec t C o m m e n t s 

1 Unsure of quality of self-observation; no follow up meeting 

2 1- "odd" cycle: decreased breast soreness, 

change in sensation at vulva difficult to identify 

= possible delayed ovulation/anovulatory cycle 

6 Good initial charting, poor final two cycles 

Previous cycle was very long, delayed ovulation 

= Doubtful peak, possible anovulatory cycle 

9 "Different" cycle, doubtful peak 

= possible delayed ovulation/anovulatory cycle 
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APPENDIX H: H o r m o n a l A n a l y s i s R e s u l t s 

Tables H.1 and H.2 list raw absorbance values . Highl ighted values are blank 

wel ls that gave erroneous readings (appropriate values would be closer to 

0.003). High values could be related to water purity (although the water used in 

this assay protocol was disti l led and scavenged for organic/mineral 

contaminants) , spectrophotometer error, or contaminat ion via poor pipetting 

technique. Sample absorbances did not correspond to hormone concentrat ions 

within the standard curve. Because sample absorbances were much lower than 

standard curve values, it is also possible the urine samples were too 

concentrated to yield interpretable results, and should have been diluted more 

(eg. 1:100 dilution). Unfortunately, it is impossible to distinguish between these 

sources of error. 

The listed absorbance readings fell well below the val idated measurement range 

on the standard curve, therefore, no hormone concentrat ions could be 

calculated. 



Tab le H.1. Raw Absorbance Readings for Estradiol Assay Kit 

B lank Binding 
Limits 

Standard Curve 
(in duplicate) 

Sample Wel ls (in duplicate) 

1 2 3 4 5 6 7 8 9 10 11 12 
A 0.2 0.786 0.402 0.479 0.19 0.192 0.175 0.186 0.23 0.186 0.175 0.183 
B 0.194 0.763 0.369 0.414 0.187 0.181 0.181 0.179 0.18 0.182 0.18 0.17 
C 0.159 0.177 0.186 0.53 0.175 0.18 0.168 0.168 0.156 0.165 0.169 0.18 
D 0.189 0.177 0.208 0.489 0.184 0.18 0.171 0.17 0.174 0.176 0.182 0.167 
E 0.174 0.537 0.263 0.526 0.171 0.171 0.165 0.166 0.169 0.168 0.197 0.165 
F 0.159 0.541 0.274 0.535 0.174 0.168 0.168 0.165 0.176 0.167 0.185 0.168 
G 0.209 0.615 0.283 0.582 0.2 0.204 0.204 0.201 0.202 0.199 0.214 0.206 
H 0 . 2 1 ' 0.546 0.276 0.597 0.208 0.213 0.209 0.205 0.21 0.216 0.219 0.214 

Tab le H.2. Raw Absorbance Readings for Progesterone Assay Kit 

B lank Binding 
Limits 

Standard Curve 
(in duplicate) 

Sample Wel ls (in duplicate) 

1 2 3 4 5 6 7 8 9 10 11 12 
A 0.202 0.525 0.277 0.473 0.289 0.188 0.3 0.174 0.246 0.201 0.194 0.231 
B 0.203 0.52 0.274 0.47 0.198 0.215 0.222 0.188 0.246 0.232 0.186 0.251 
C 0.184 0.165 0.261 0.509 0.177 0.205 0.164 0.18 0.165 0.165 0.173 0.315 
D 0.181 0.165 0.282 0.513 0.187 0.209 0.175 0.185 0.17 0.174 0.178 0.31 
E 0.165 0.705 0.324 0.573 0.209 0.173 0.191 0.169 0.21 0.198 0.184 0.186 
F 0.174 0.687 0.336 0.596 0.232 0.184 0.195 0.175 0.221 0.201 0.205 0.187 
G 0.192 0.691 0.409 0.635 0.182 0.199 0.185 0.204 0.198 0.249 0.185 0.205 
H 0.229 0.752 0.472 0.684 0.234 0.247 0.226 0.255 0.253 0.316 0.249 0.286 



APPENDIX I: Veri f icat ion of Adequate End-tidal Carbon Dioxide Control 

Figures 1.1 to 1.3 verify the lack of association between end-tidal Carbon Dioxide and ventilation across 

HVR and sustained exposures. 
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Figure 1.1: Verification of Carbon Dioxide control across HVR tests. 



Follicular Exposure 1 (N = 9) 
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Figure 1.2: Verification of Carbon Dioxide control across sustained exposure one. 

Follicular Exposure 2 (N = 9) 
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Figure 1.3: Verification of Carbon Dioxide control across sustained exposure two. 
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APPENDIX J : CI A n a l y s i s of V e n t i l a t o r y A c c o m o d a t i o n 

Tables J.1 and J.2 descr ibe conf idence interval analysis of venti latory pattern 

changes across the menstrual cycle in terms of % of pre-exposure resting 

vent i lat ion. 

Tab le J . 1 . 

Initial Hypoxic Venti lat ion and Subsequent Decline by Menstrual  

Phase 

N = 9 Phasic Mean Difference (SE) 9 5 % CI (difference) 

Difference Follicular - Luteal Upper 

Bound 

Lower 

Bound 

B t F > L 120% (29) 5 3 % 186% 

% decl ine C - B t F > L - 7 5 % (25) - 132% -18% 

E t F = L - 8 5 % (39) -176% 5% 

% decl ine F - E F = L 2 3 % (20) - 1 7 % 6 8 % 

Recovery B - E t F > L 2 0 5 % (163) 9 2 % 3 1 8 % 

t - signif icant difference (a = 0.05) F-follicular, L-luteal 
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Tab le J .2 . 

Phasic Difference in Venti latory Pattern in Non-Responders and  

Responders to HVR 

N = 9 Group Mean Difference: 9 5 % CI (difference) 

NR=3, R=6 Follicular - Luteal 

B Non-Responder 1.74 -0.80 4.29 

Responder 3.47 -5.94 12.87 

% decl ine B - C Non-Responder f 0.16 0.03 0.28 

Responder f 0.20 0.03 0.38 

E Non-Responder f 2.59 0.26 4.92 

Responder -0.43 -8.92 8.06 

% decl ine E - F Non-Responder f 0.18 0.15 0.21 

Responder -0.04 -0.17 0.09 

% Recovery B - E Non-Responder f 7 0 % (58) 2 4 % 116% 

Responder f 2 7 2 % (45) 160% 3 8 4 % 

t - significant difference (a = 0.05) 



APPENDIX K: I n d i v i d u a l S p 0 2 C o n t r o l Pro f i l es 
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The fol lowing nine f igures contrast the pattern of S p 0 2 control across exposures 

one and two and menstrual phase for each subject (N = 9). Observable 

discrepancies in Sp02 control were most prominent in subjects 1 and 2. SpO*2 

control was particularly difficult in subject 1's case as her ventilatory response 

was very low, such that the effect of Fi02 changes on Sp02 was separated by a 

considerable interval (30 s to one minute). In addit ion, S p 0 2 was very unstable 

(subject to abrupt drops) especially around 8 0 % S p 0 2 during follicular 

observat ions, so a conscious effort was made to hold S p 0 2 levels approximately 

2 % higher in exposure two. 

Subject 2 demonstrated variability in exposure two (follicular versus luteal) and 

across exposures in the luteal phase. Part of this variability likely arose from an 

unexpectedly low response in the luteal phase (in contrast to previous follicular 

measurement) so that previous Fi02 values became an inappropriate guide for 

gas manipulat ion. A similar scenario where F i 0 2 manipulat ion lagged behind 

S p 0 2 changes developed. 

S p 0 2 control for the remaining subjects was equivalent; no major discrepancy 

was observed across rate of S p 0 2 drop or maintenance of target Sp02 range on 

a within-subject basis. 
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F i g u r e K . 1 : SpC>2 control over exposures and menstrual phase for subject 1. 
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F i g u r e K.2: S p 0 2 control over exposures and menstrual phase for subject 2. 



fol l icular Luteal 

10 15 
Time (min) 
Exposure 1 

5 10 15 
Time (min) 

Exposure 2 

10 15 
Time (min) 

10 15 
Time (min) 

25 

Exposure 1 
Exposure 2 

25 

Follicular 
Luteal 

F i g u r e K.3: SpC^ control over exposures and menstrual phase for subject 3. 
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F i g u r e K.4: SpC>2 control over exposures and menstrual phase for subject 4. 
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F i g u r e K.5: S p 0 2 control over exposures and menstrual phase for subject 5. 
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F i g u r e K.6: S p 0 2 control over exposures and menstrual phase for subject 6. 
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F i g u r e K.7: S p 0 2 control over exposures and menstrual phase for subject 7. 
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F i g u r e K.8: Sp02 control overexposures and menstrual phase for subject 8. 
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F i g u r e K.9: S p 0 2 control over exposures and menstrual phase for subject 9. 
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