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ABSTRACT 

Human pregnancy is characterized by significant increases in central ventilatory drive 

and perceived respiratory discomfort (breathlessness).  The physiological mechanisms of 

hyperventilation and breathlessness in pregnancy remain unknown and largely 

understudied. 

Objective:  The main purpose of this research was to elucidate the mechanisms of 

maternal hyperventilation, and to systematically examine the contribution of alterations in 

central ventilatory drive, static/dynamic respiratory mechanics and their interaction with 

respect to the intensity of perceived breathlessness during exercise in pregnancy. 

General Methods:  Experiments were conducted between 34-38 wks gestation and again 

4-5 months post-partum in a total of 35 healthy, young women.  A comprehensive 

mathematical model of ventilatory control was used to examine the role of alterations in 

wakefulness and central chemoreflex drives to breathe, acid-base balance and female sex 

hormones in maternal hyperventilation.  The effects of pregnancy on detailed ventilatory 

(breathing pattern, airway function, operating lung volumes, esophageal pressure-derived 

indices of respiratory mechanics) and perceptual (breathing and leg discomfort) responses 

to incremental cycle exercise to the limits of tolerance were also examined. 

Results:  Maternal hyperventilation resulted from a complex interaction between 

alterations in arterial and central acid-base balance and other factors that directly affect 

ventilation, including increased wakefulness and central chemoreflex drives to breathe, 

increased metabolism and decreased cerebral blood flow.  Mechanical adaptations of the 

respiratory system, including recruitment of resting inspiratory capacity and reduced 

airway resistance, accommodated the increased demand for tidal volume expansion 

during exercise in pregnancy, while preserving effort-displacement and breathlessness-
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ventilation relationships.  Variation in the severity of gestational breathlessness could not 

be explained by respiratory mechanical/muscular factors, but ultimately reflected 

variation in the amplitude of maternal hyperventilation and temporal desensitization to 

the sensory consequences of increased ventilation. 

Conclusion:  Our results indicated that 1) the hyperventilation and attendant 

hypocapnia/alkalosis of pregnancy can be explained by alterations in wakefulness and 

central chemoreflex drives to breathe, acid-base balance, metabolic rate and cerebral 

blood flow; 2) mechanical adaptations of the respiratory system obviated the anticipated 

rise in perceived breathlessness for a given ventilation during exercise in pregnancy, and 

helped to ensure that peak aerobic working capacity was admirably preserved, even in 

late gestation; and 3) gestational breathlessness ultimately reflected the normal awareness 

of increased ventilation and contractile respiratory muscle effort.  
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CHAPTER 1 

 

GENERAL INTRODUCTION & REVIEW OF LITERATURE 



GENERAL INTRODUCTION 

Human pregnancy is characterized by profound changes in the function of several 

integrated physiological control systems (i.e., respiratory, cardiovascular, metabolic, 

renal, thermoregulatory) both at rest and during exercise (Weinberger et al. 1980; 

Lotgering et al. 1984; Lotgering et al. 1985; Wolfe et al. 1989; Elkus & Popovich 1992; 

Wolfe & Mottola 1993; Crapo 1996; O’Day 1997; Bessinger & McMurray 2003; 

O’Toole 2003; Wolfe & Weissgerber 2003; Wolfe et al. 2005; Weissgerber & Wolfe 

2006; Wise et al. 2006; Torgersen & Curran 2006).  It is well established that these 

changes are 1) initiated and maintained by gestational hormones, 2) almost fully 

established by the end of the first trimester and 3) necessary to support fetal growth and 

development (Weissgerber & Wolfe 2006). 

As described in detail below, the respiratory effects of human pregnancy are 

particularly striking and include significant increases in central ventilatory drive as well 

as consistent alterations in baseline pulmonary function.  Conventional wisdom suggests 

that such marked changes in ventilatory control and in dynamic ventilatory mechanics 

would predispose women to greater respiratory discomfort (breathlessness) and activity 

limitation.  Indeed, breathlessness is reported during activities of daily living (e.g., stair 

climbing) by as many as 60-75% of healthy pregnant women with no history of cardiac or 

pulmonary disease by approximately the 30th week of gestation (Milne et al. 1978).  

However, the majority of available research suggests that neither pregnancy nor 

advancing gestation alters peak aerobic working capacity during both weight-bearing 

(e.g., treadmill) and weight-supported (e.g., cycling) exercise (Sady et al. 1989; Lotgering 

et al. 1991; McMurray et al. 1991; Wolfe et al. 1994; Lotgering et al. 1995; Spinnewijn et 

al. 1996; Lotgering et al. 1998; Heenan et al. 2001).  The physiological mechanisms of 
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this remarkable preservation of exercise capacity are poorly understood and represent the 

primary focus of the original research in this dissertation. 

The number of women whose daily lives involve participation in regular 

recreational/competitive aerobic-type physical activity and/or occupations requiring 

strenuous work performance (e.g., military service, police work, firefighting) continues to 

increase (Pivarnik et al. 2003).  Therefore, acquisition of new information on the 

interactive effects of exercise and pregnancy is required.  More specifically, we need to 

better understand how the anatomical and physiological changes of pregnancy affect 

ventilatory, cardio-metabolic, respiratory mechanical/muscular and perceptual responses 

to strenuous exercise.  This information becomes crucial to: 1) enhance our general 

understanding of maternal-fetal physiology; 2) formulate evidence-based guidelines for 

occupational and recreational physical activity in pregnancy; and 3) help primary care 

givers effectively manage and treat their pregnant patients who present with troublesome 

activity-related breathlessness.       

In proceeding, I will review the literature regarding the chemical and mechanical 

adaptations of the respiratory system at rest and during exercise in healthy human 

pregnancy.  I will then consider how these dramatic physiological alterations in 

ventilatory control and in the mechanics of breathing interact to alter perceptual 

responses to physical activity.  Finally, I will outline the specific hypotheses of the 

studies undertaken to explore these questions as part of this thesis.   
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REVIEW OF LITERATURE 

Section 1 

1.1. Effects of human pregnancy on ventilatory control and acid-base balance 

Arguably the most consistent physiological effect of human pregnancy is that of an 

increased minute ventilation (V· E) both at rest (by 3-5 L/min or 35-55%) and during 

standard submaximal exercise (by 5-15 L/min or 10-40%), secondary to increased tidal 

volume (VT) expansion with little or no change in breathing frequency (fR) (Guzman and 

Caplan 1970; Knuttgen and Emerson 1974; Pernoll et al. 1975; Edwards et al. 1981; Sady 

et al. 1989; Field et al. 1991; Lotgering et al. 1991; Pivarnik et al. 1992; Spatling et al. 

1992; Pivarnik et al. 1993; Wolfe et al. 1994; Jacque-Fortunato et al. 1996; Spinnewijn et 

al. 1996; Lotgering et al. 1998; Ohtake & Wolfe 1998; Heenan & Wolfe 2000; Heenan & 

Wolfe 2003; Charlesworth et al. 2006; Weissgerber et al. 2006).  Ventilation at the 

symptom-limited peak of exercise during pregnancy is either unchanged (McMurray et 

al. 1991; Wolfe et al. 1994; Jacque-Fortunato et al. 1996; Spinnewijn et al. 1996; Heenan 

et al. 2001) or slightly increased (Sady et al. 1989; Lotgering et al. 1991; Lotgering et al. 

1998). 

Pregnancy-induced increases in V· E are greater than those typically observed for 

the metabolic rate of O2 consumption (V· O2) and CO2 production (V· CO2), respectively; 

therefore, the ventilatory equivalents for O2 (V
· E/V· O2) and CO2 (V

· E/V· CO2) are consistently 

increased both at rest and during exercise in pregnancy (Knuttgen & Emerson 1974; 

Lotgering et al. 1991; Pivarnik et al. 1992; Pivarnik et al. 1993; Wolfe et al. 1994; 

Jacque-Fortunato et al. 1996; Ohtake & Wolfe 1998; Heenan & Wolfe 2000; Heenan et 

al. 2001; Heenan & Wolfe 2003; McAuley et al. 2005; Charlesworth et al. 2006; 
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Weissgerber et al. 2006; Jensen et al. 2007b).  Consequently, resting arterial (PaCO2), 

end-tidal (PETCO2) and cerebrospinal fluid (PCSFCO2) PCO2 are reduced by 5-10 mmHg 

during pregnancy (Lyons & Antonio 1959; Eng et al. 1975; Machida 1981; Hirabayashi 

et al. 1996; Moore et al. 1987; Pivarnik et al. 1992; Spatling et al. 1992; McAuliffe et al. 

2001; Heenan & Wolfe 2003; Jensen et al. 2005b; Charlesworth et al. 2006; Weissgerber 

et al. 2006), while arterial PO2 (PaO2) is either unchanged (Eng et al. 1975; Hannhart et 

al. 1989) or slightly increased (Templeton & Kelman 1976; Machida 1981; McAuliffe et 

al. 2001).  Direct and indirect measures of PaCO2 are consistently reduced during steady-

state (Pernoll et al. 1975; Pivarnik et al. 1992; Spatling et al. 1992; Ohtake & Wolfe 

1998, Charlesworth et al. 2006) and incremental (Heenan et al. 2001) exercise in the 

pregnant compared with non-pregnant state.  Nevertheless, neither pregnancy nor 

advancing gestation has an effect on the exercise-induced change in PaCO2 (or PETCO2) 

from rest (Pernoll et al. 1975; Ohtake & Wolfe 1998, McAuley et al. 2005). 

In accordance with conventional (i.e., Henderson-Hasselbach) acid-base theory, 

the respiratory alkalosis of human pregnancy is only partly compensated for by a 

lowering of plasma and cerebrospinal fluid (CSF) [HCO3
-] such that arterial and CSF 

[H+] is reduced by 2-5 nEq/L, respectively (Eng et al. 1975; Lim et al. 1976; Templeton 

& Kelman 1976; Machida 1981; Pivarnik et al. 1992; Blechner 1993; Kemp et al. 1997; 

Heenan & Wolfe 2000; McAuliffe et al. 2001; Heenan & Wolfe 2003; Jensen et al. 

2005b; Charlesworth et al. 2006; Weissgerber et al. 2006).  Application of Stewart’s 

(1981; 1983) physicochemical approach to acid-base analysis, however, suggests that the 

alkalizing effects of pregnancy-induced reductions in resting PaCO2, PCSFCO2 and plasma 

[ATOT] (the total concentration of weakly dissociated anions, namely albumin ([Alb]) and 

total inorganic phosphate ([PiTot]), in solution) are only partly compensated for by the 
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acidifying effects of a reduced resting plasma and CSF [SID] (strong ion difference 

concentration; the concentration difference of strongly dissociated positive and negative 

ions in solution), such that arterial and CSF [H+] are still reduced (Mitchell et al. 1965; 

Machida 1981; Hirabayashi et al. 1996; Kemp et al. 1997; Heenan & Wolfe 2000; 

Heenan & Wolfe 2003; Charlesworth et al. 2006; Weissgerber et al. 2006).   

Controlled-longitudinal studies have demonstrated that pregnancy-induced 

changes in each of the abovementioned variables are almost fully established by the end 

of the first trimester (Clapp et al. 1988; Rees et al. 1990; Spatling et al. 1992; 

Weissgerber et al. 2006; Weissgerber & Wolfe 2006) with smaller progressive changes 

continuing through to term (Guzman & Caplan 1970; Contreras et al. 1991; Lotgering et 

al. 1991; Wolfe et al. 1994; McAuley et al. 2005).     

 

1.2. Physiological mechanisms of maternal hyperventilation: role of female sex 

hormones  

The physiological mechanism(s) of maternal hyperventilation remain only partially 

delineated, but increases in the concentration of circulating progesterone ([P4]) and 

estrogen ([E2]) have been implicated.  In this regard, significant negative correlations 

between serum [P4] and resting PaCO2 have been observed in healthy pregnant and non-

pregnant women (Machida 1981; Heenan & Wolfe 2003; Jensen et al. 2005b; Slatkovska 

et al. 2006; Weissgerber et al. 2006).  Similarly, many human and animal studies have 

found that the administration of a synthetic progesterone (either medroxyprogesterone 

acetate or chlormadinone acetate), alone and in combination with conjugated estrogen, 

consistently increases both resting and exercise V· E with attendant reductions in PaCO2, 
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PETCO2 and PCSFCO2 (Lyons & Antonio 1959; Skatrud et al. 1978; Zwillich et al. 1978; 

Schoene et al. 1980; Robertson et al. 1982; Hosenpud et al. 1983; Kimura et al. 1984; 

Hohimer et al. 1985; Tatsumi et al. 1986; Bonekat et al. 1987; Morikawa et al. 1987; 

Okita et al. 1987; Mikami et al. 1989; Regensteiner et al. 1989; Javaheri & Guerra 1990; 

Vos et al. 1994; Orr-Walker et al. 1999; Saaresranta et al. 1999; Saaresranta et al. 2002a;  

Saaresranta et al. 2002b; Wagenaar et al. 2002; Wagenaar et al. 2003).  Although these 

observations support a role of female sex hormones in the ventilatory stimulation of 

human pregnancy, they fail to explain the physiological mechanism(s) of their action. 

The presence of progesterone and estrogen in the arterial blood and CSF 

(Backstrom et al. 1976; Skatrud et al. 1978; Hirabayashi et al. 1995) permits their 

interaction with both central and peripheral sites involved in the chemoreflex and non-

chemoreflex control of breathing (Dempsey et al. 1986; Bayliss & Millhorn 1992; 

Tatsumi et al. 1995; Wolfe et al. 1998; Saaresranta & Polo 2002; Behan et al. 2003; 

Behan & Wenninger 2008).  According to current models of ventilatory control 

(Cunningham et al. 1986; Duffin 1990; Duffin et al. 2000; Duffin & Mahamed 2003; 

Duffin 2005), resting steady-state V· E and PaCO2 depend on central and peripheral 

chemoreflex as well as other, non-chemoreflex or ‘wakefulness’ (Fink 1961; Shea 1996) 

drives to breathe and their intersection with the metabolic hyperbola (i.e., PCO2 

equilibrium point), which represents the curvilinear relation between alveolar ventilation 

and PaCO2 at a given V· CO2 (Figure 1.1).  In this regard, Mahamed et al. (2001) recently 

demonstrated that central, peripheral and wakefulness drives to breathe account for 

~40%, 25% and 35% of resting steady-state V· E in healthy non-pregnant humans, 

respectively.  It is reasonable to posit therefore, that female sex hormones may contribute 
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Figure 1.1.  A graphical representation of the working of the respiratory control system 
in the steady-state.  Refer to text for details. 
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to the hyperventilation of human pregnancy through some direct and/or indirect 

facilitatory effect on central, peripheral and/or wakefulness drives to breathe.  

In keeping with the results of earlier reports (Lyons & Antonio 1959; Eng et al. 

1975; Liberatore et al. 1984; Moore et al. 1987; Hannhart et al. 1989), a preliminary 

cross-sectional study by Jensen et al. (2005b) reported a 60% increase in the sensitivity 

(slope) and a 5 mmHg decrease in the ventilatory recruitment threshold (VRTCO2) of the 

central chemoreflex response to hyperoxic-hypercapnia in healthy pregnant (36.5 ± 0.4 

wks gestation) compared to non-pregnant women.  In that study, pooled cross-sectional 

data from both groups revealed significant correlations between resting PaCO2 and 

central chemoreflex sensitivity; central chemoreflex VRTCO2; [P4]; [E2]; and the [P4]-to-

[E2] ratio (a crude index of progesterone-receptor availability).  Significant associations 

were also observed between the central chemoreflex VRTCO2 and each of [P4] and the 

[P4]-to-[E2] ratio; however, no such relationships were observed between central 

chemoreflex sensitivity and female sex hormone concentrations. 

The peripheral chemoreflex response to hypoxia also increases by as much as 

115% during healthy human pregnancy (Moore et al. 1987; Garcia-Rio et al. 1996).  

Results from several studies in animals suggest that this change may due to a direct 

facilitatory effect of progesterone and estrogen on the carotid body (i.e., peripheral 

chemoreceptor) neural output response to hypoxia (Hannhart et al. 1989; Hannhart et al. 

1990; Tatsumi et al. 1997).  Collectively, these data support the dogmatic view that the 

increased V· E and reduced PaCO2 and PCSFCO2 of human pregnancy reflects some direct 

stimulatory effect of progesterone and estrogen on central and peripheral chemoreflex 

drives to breathe.  Nevertheless, it is difficult to justify how the hyperventilation of 
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human pregnancy could be the result of hormone-mediated increases in central and 

peripheral chemoreflex drives to breathe since the increased V· E occurs despite significant 

reductions in central and peripheral chemoreceptor stimuli (i.e., arterial and CSF [H+] are 

reduced, while PaO2 either increases or does not change).   

Several lines of evidence (discussed in detail below) suggest that pregnancy-

induced changes in resting V· E, PaCO2 and PCSFCO2 may be due, in part, to an estrogen-

dependent progesterone-receptor mediated facilitation of central and peripheral 

neuromodulatory sites involved in the control of breathing (e.g., medulla, diencephalon, 

respiratory motoneurons), independent of arterial and CSF [H+] and therefore the 

respiratory chemoreflexes (Skatrud et al. 1978; Brodeur et al. 1986; Dempsey et al. 1986; 

Bayliss et al. 1987; Regensteiner et al. 1989; Bayliss et al. 1990; Bayliss & Millhorn 

1991; Bayliss & Millhorn 1992; Behan et al. 2003; Behan & Thomas 2005; Jensen et al. 

2005b; Behan & Wenninger 2008).  Indeed, the majority of published studies have found 

that, in humans, neither medroxyprogesterone acetate nor chlormadinone acetate 

administration alter the threshold or sensitivity of the central chemoreflex response to 

hypercapnia, despite significant increases in resting V· E and reductions in PETCO2 and 

PaCO2 (Schoene et al. 1980; Kimura et al. 1984; Tatsumi et al. 1986; Bonekat et al. 1987; 

Morikawa et al. 1987; Regensteiner et al. 1989; Wagenaar et al. 2002; Wagenaar et al. 

2003).  Furthermore, most studies in humans have found that medroxyprogesterone 

acetate and chlormadinone acetate therapy only increase the ventilatory response to 

progressive hypoxia when PETCO2 is restored to pre-treatment (or normocapnic) levels 

(Zwillich et al. 1978; Schoene et al. 1980; Tatsumi et al. 1986; Morikawa et al. 1987; 

Regensteiner et al. 1989; Wagenaar et al. 2003).  Although these data suggest that 
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progesterone may increase peripheral chemoreflex sensitivity, one must be cognizant of 

the fact that the respiratory alkalosis induced by medroxyprogesterone acetate and 

chlormadinone acetate therapy initiates a compensatory (i.e., renal) decrease in arterial 

and CSF [SID] (or [HCO3
-]), which in turn alters the relationship between PCO2 and the 

actual stimulus to the central and peripheral chemoreceptors, [H+] (Stewart 1981; Stewart 

1983; Dempsey et al. 1986; Duffin 2005).  Therefore, the increased ventilatory response 

to hypoxia following progesterone therapy in resting humans may not reflect a 

progesterone-mediated increase in peripheral chemoreflex sensitivity per se but rather the 

normal physiological response to an increased arterial and CSF [H+] stimulus, secondary 

to restoration of PETCO2 to normocapnic levels. 

An important study by Skatrud et al. (1978) reported that the acute administration 

(i.e., 14 days) of medroxyprogesterone acetate to 5 healthy men significantly increased 

resting V· E and decreased both arterial and CSF PCO2 and [H+], despite having no 

demonstrable effect on measures of central and peripheral chemoreflex responsiveness.  

In keeping with these observations, Slatkovska et al. (2006) found, in healthy 

eumennorheic women, that menstrual cycle phase had no significant effect on the central 

or peripheral chemoreflex response to hypercapnia, despite cyclic changes in resting V· E, 

PaCO2, [P4] and [E2].  In a similar study, Nettlefold et al. (2007) demonstrated that 

suppression of the normal phasic changes in [P4] and [E2] across the menstrual cycle in 

monophasic oral contraceptive users had no effect on measures of central or peripheral 

chemoreflex responsiveness, even though cyclic changes in resting V· E and PaCO2 were 

completely attenuated.   
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Finally, a series of detailed and elegant studies from Dr. Doug Bayliss’ group at 

the University of North Carolina (Chapel Hill) observed dose-dependent increases in 

phrenic nerve activity – the neural equivalent of V· E – following the administration of 

physiological doses of progesterone to anaesthetized, paralyzed, carotid and vagus 

denervated, and ovariectormized cats pre-treated with estrogen under controlled isocapnic 

conditions, i.e., in the complete absence of central and peripheral chemoreceptor 

feedback influences (Bayliss et al. 1987; Bayliss et al. 1990; Bayliss & Millhorn 1992).  

In these studies, the ventilatory effects of progesterone and estrogen were completely 

abolished when the cats were pre-treated with either an estrogen- or progesterone-

receptor antagonist.  The results of a recent study by Behan and Thomas (2005) suggest 

that, in rats, female sex steroid hormones are capable of directly modulating the output of 

respiratory (i.e., phrenic and hypoglossal) motoneurons.  The collective results of the 

abovementioned studies support the novel hypothesis that female sex hormones may 

contribute to the hyperventilation of human pregnancy via their direct and/or indirect 

facilitatory effects on non-chemoreflex drives to breathe.  

Indeed, a preliminary cross-sectional study by Jensen et al. (2005b) found that V· E 

in the presence of hyperoxic-hypocapnia, an estimate of non-chemoreflex (or 

wakefulness) drives to breathe, was consistently higher (by an average of 5.5 L/min or 

~60%) in healthy pregnant compared with non-pregnant women.  In that study, estimates 

of wakefulness drives to breathe correlated negatively with resting PaCO2 and positively 

with both [P4] and [E2] within the pooled cross-sectional data.  Nevertheless, the 

contribution of wakefulness drives to breathe to the hyperventilation of human pregnancy 

has not been systematically examined. 
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1.3. Role of acid-base balance in the control of breathing during human pregnancy 

Consistent with Stewart’s (1981; 1983) physicochemical approach to acid-base analysis 

(Figure 1.2), Duffin (2005) recently demonstrated that the acidifying effects of a reduced 

arterial and CSF [SID], such as occurs during human pregnancy (Mitchell et al. 1965; 

Machida 1981; Hirabayashi et al. 1996; Kemp et al. 1997; Heenan & Wolfe 2000; 

Heenan & Wolfe 2003; Charlesworth et al. 2006; Weissgerber et al. 2006), alters the 

often neglected relationship between the measured, PCO2, and actual, [H+], stimulus to 

the chemoreceptors such that arterial and CSF [H+] are increased at any given PaCO2 and 

PCSFCO2, respectively (Figure 1.2).  Consequently, the chemoreflex VRTCO2 is reduced, 

which in turn increases resting V· E and decreases both resting PaCO2 and PCSFCO2 (Figure 

1.3).  Duffin’s observations are consistent with the results of several studies in animals 

(Jennings 1993; Jennings 1994a; Jennings 1994b) and human subjects (Oren et al. 1981; 

Oren et al. 1991). 

 

1.4. Summary 

In summary, the physiological mechanisms of maternal hyperventilation remain 

incompletely understood.  Several investigators have hypothesized that it may be due to 

the combined facilitatory effects of progesterone and estrogen on central and peripheral 

chemoreflex drives to breathe; however, experimental confirmation of this hypothesis has 

yet to be obtained.  There is convincing evidence to suggest that hormone-mediated 

increases in non-chemoreflex (or wakefulness) drives to breathe may contribute 

independently to the hyperventilation of human pregnancy.  Nevertheless, this has not yet 

been comprehensively examined.  Finally, although the effects of human pregnancy on  
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Figure 1.2.  Summary of Stewart’s physicochemical approach to acid-base analysis.  (A)  
In contrast to conventional (i.e., Henderson-Hasselbach) acid-base theory, Stewart’s 
physicochemical approach (1981; 1983) states that the hydrogen ion concentration ([H+]) 
in any biological fluid (e.g., blood plasma, cerebrospinal fluid (CSF)) is determined by 
changes in any one or combination of 3 independent variables:  PCO2, [SID] and [ATOT], 
where PCO2, [SID], [ATOT], [PiTot] and [Alb] represent the partial pressure of carbon 
dioxide; the concentration difference of strongly dissociated positive and negative ions; 
the total weak acid concentration; total inorganic phosphate concentration; and albumin 
concentration, respectively.  [Na+], [Ca2+], [K+], [Mg2+], [Cl-] and [La-] = sodium, 
calcium, potassium, magnesium, chloride and lactation ion concentrations, respectively.  
(B)  Effect of alterations in [SID] on the PCO2-[H+] relationship in both the blood and 
CSF (reproduced without permission from Stewart, 1983). 
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Figure 1.3.  Role of acid-base balance in the chemoreflex control of breathing.  In this example, the acidifying effects of a reduced 
[SID], alters the relationship between the measured, PCO2, and actual, [H+], stimulus to the chemoreceptors, such that [H+] is increased 
at any given PCO2.  Consequently, the chemoreflex ventilatory recruitment threshold for PCO2 is reduced (even though the threshold 
for [H+] does not change), which in turn increases resting ventilation with attendant reductions in arterial PCO2 (PaCO2).  PaO2, partial 
pressure of O2 in the arterial blood at sea level in healthy resting humans; VCO2, metabolic rate of carbon dioxide production. 
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acid-base adaptations are well established, no published study has considered their role in 

maternal hyperventilation.   

The purpose of Study 1 (Chapter 2) therefore was to elucidate the physiological 

mechanisms of maternal hyperventilation.  This is the first controlled, longitudinal study 

to systematically examine the contribution of alterations in 1) female sex steroid 

hormones, 2) chemoreflex and non-chemoreflex (or wakefulness) drives to breathe, 3) 

acid-base balance and 4) their physiological interaction(s) to maternal hyperventilation.  

A comprehensive mathematical model of ventilatory control (Duffin 2005) was employed 

for this purpose. 

 

Section 2 

2.1. Incidence and severity of activity-related breathlessness in pregnancy 

Perceived respiratory discomfort (breathlessness) is reported during activities of daily 

living (e.g., stair climbing) by as many as 75% of healthy pregnant women by ~30 weeks 

gestation (Milne et al. 1978; Moore et al. 1987).  The normal physiological breathlessness 

of pregnancy is rarely severe enough to be of any clinical significance, and does not 

usually interfere with activities of daily living or limit peak aerobic working capacity 

(Weinberger et al. 1980; Tenholder & South-Paul 1989; Elkus & Popovic, 1992; Zeldis 

1992; Crapo 1996; Wise et al. 2006).  Nevertheless, experimental evidence suggests that 

the severity of activity-related breathlessness (measured by the Medical Research Council 

scale) varies considerably among otherwise healthy pregnant women (Milne et al. 1978; 

Moore et al. 1987).  Clinical experience also tells us that some pregnant women with no 

history of heart or lung disease actively seek medical attention for troublesome persistent 

activity-related respiratory discomfort.  



 

Despite the high prevalence and variable severity of activity-related breathlessness 

in pregnancy, detailed physiological studies of its etiology are limited and available 

results are conflicting (Bader et al. 1959; Gilbert et al. 1962; Gilbert & Auchincloss 1966; 

Lehman 1975; Field et al. 1991; Garcia-Rio et al. 1996; Jensen et al. 2007b).  Thus, it is 

often difficult for the care giver faced with a symptomatic pregnant patient to differentiate 

between physiological (e.g., normal awareness of maternal hyperventilation), patho-

physiological (e.g., airway hyper-responsiveness; cardiovascular or peripheral muscle 

dysfunction; pulmonary hypertension; anaemia etc.) and/or psycho-physiological (e.g., 

anxiety) causes of this potentially disabling symptom. 

The purpose of Studies 2 and 3 (Chapters 3 and 4, respectively) therefore was to 

elucidate the physiological mechanisms of breathlessness during exercise in pregnancy, 

and also to identify the sources of it’s variability in this population.  These controlled, 

longitudinal studies systematically examined the contribution of alterations in 1) central 

ventilatory drive, 2) static and dynamic respiratory mechanics and 3) their interaction to 

the quality and intensity of perceived respiratory discomfort during strenuous exercise in 

healthy human pregnancy. 

 

2.2. Ventilatory responses to exercise in pregnancy and their sensory consequences 

The adenosine triphosphate (ATP) requirements of exercise result in increased V· O2 and    

V· CO2 by the active peripheral locomotor muscles.  During heavy intensity exercise, 

anaerobic metabolism also contributes to the production of ATP resulting in lactic 

acidosis.  Exercise requires an increase in alveolar ventilation (V· A) that is directly 

proportional to muscle metabolic requirements (i.e., exercise intensity) to replenish the O2 
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extracted from the blood, to eliminate the CO2 added to the blood, and to partially 

compensate for the lactic acidosis.  The increase in V· A required to meet these metabolic 

demands must be achieved efficiently to minimize the mechanical work (metabolic cost) 

of breathing as well as the intensity of perceived respiratory discomfort (breathlessness).   

The physiological mechanisms underlying the precise matching of V· A to muscle 

metabolism during exercise in humans are poorly understood and have been reviewed in 

detail elsewhere (Dempsey et al. 1979; Eldridge & Waldrop 1991: Duffin 1994; Eldridge 

1994; Forster & Pan 1994; Jennings 1994a; Ward 1994; Forster & Pan 1995; Mateika & 

Duffin 1995; Kaufman & Forster 1996; Haouzi et al. 2004; Bell 2006; Dempsey et al. 

2006; Haouzi 2006; Poon et al. 2007).  Briefly, these include: 1) a feed-forward 

mechanism whereby motor output from higher (cortical) brain centers (“central motor 

command”) to the peripheral locomotor muscles provides a parallel stimulus to the 

medullary (brainstem) respiratory control center; 2) afferent feed-back signals from the 

exercising muscles to the medullary respiratory control centre, which drives V· A in 

proportion to the neural activation of Type III and IV mechano- and metaboreceptors 

residing within the active locomotor muscles and their vasculature; 3) a behavioural- and 

arousal-related mechanism whereby neural activation of cortical structures involved in the 

planning and anticipation of the motor act of exercise contribute to the voluntary control 

of the inspiratory pump muscles; and 4) afferent feed-back signals from the central and 

peripheral chemoreceptors in response to central and arterial acid-base disturbances 

during heavier exercise. 

As previously discussed (refer to Section 1.1 above), V· E is consistently higher both 

at rest (by 35-55%) and during standard submaximal exercise (by 10-40%) in pregnancy.  
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Pregnancy-induced increases in exercise V· E cannot be easily explained by concomitant 

increases in metabolic demand since 1) V· E/V· O2 and V· E/V· CO2 ratios are significantly 

increased (with attendant reductions in PaCO2) during exercise in pregnancy (Knuttgen & 

Emerson 1974; Lotgering et al. 1991; Pivarnik et al. 1992; Pivarnik et al. 1993; Wolfe et 

al. 1994; Jacque-Fortunato et al. 1996; Ohtake & Wolfe 1998; Heenan & Wolfe 2000; 

Heenan et al. 2001; Heenan & Wolfe 2003; Charlesworth et al. 2006; Weissgerber et al. 

2006; Jensen et al. 2007b) and 2) V· E during exercise at the ventilatory threshold is 

significantly increased in the pregnant compared with non-pregnant state, despite no 

demonstrable change in V· O2 and V· CO2 (Wolfe et al. 1994; Lotgering et al. 1995; Heenan 

and Wolfe 2001).  It is reasonable to postulate that the amplified ventilatory response to 

exercise in pregnancy reflects increases in 1) central and peripheral chemoreflex drives to 

breathe (Moore et al. 1986; Moore et al. 1987; Hannhart et al. 1989; Garcia-Rio et al. 

1996; Jensen et al. 2005b); 2) behavioural- and arousal-related (i.e., wakefulness) feed-

forward drives to breathe (Jensen et al. 2005b); and 3) feed-back from Type III and IV 

sensory afferents in the vasculature of maternal exercising muscles, secondary to a 40-

50% increase in plasma volume (Walters & Lim 1975; Duvekot et al. 1993; Chapman et 

al. 1998).  If this is so, then the change in PETCO2 from rest during exercise at any given 

work rate would be greater in the pregnant compared with non-pregnant state; however, 

this does not appear to be the case (Pernoll et al. 1975; Ohtake & Wolfe 1998, McAuley 

et al. 2005). 

Oren et al. (1981) found that chronic dietary-induced metabolic acidosis, which 

decreased both resting PaCO2 (by ~7.5 mmHg) and the threshold of the ventilatory 
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response to hypercapnia (Oren et al. 1991), consistently increased V· E by 10-20 L/min (or 

10-30%) at any given submaximal V· CO2 during both incremental and constant-load cycle 

exercise in healthy men.  Similarly, both Skatrud et al. (1978) and Robertson et al. (1982) 

found that the administration of medroxyprogesterone acetate to healthy men decreased 

resting PaCO2 (by ~5-6 mmHg) and increased the ventilatory response to mild (V· CO2 = 

1-2 L/min) and heavy (V· CO2 = 2-3 L/min) intensity cycle exercise by ~15-20% and 

~25%, respectively.  Based on these observations, we postulate that pregnancy-induced 

reductions in the respiratory control system’s resting PCO2 equilibrium point (i.e., point 

of intersection between the V· E-PCO2 response curve and the metabolic hyperbola (Figures 

1.1 and 1.3)), are likely responsible for the increased V· E during exercise in pregnancy.  

The resting PCO2 equilibrium point in turn likely results from a complex interaction of 

alterations in chemoreflex and non-chemoreflex drives to breathe; arterial and central 

acid-base balance; and female sex hormone concentrations. 

 

2.3. Central corollary discharge: the proximate cause of gestational breathlessness? 

Regardless of the mechanism(s) of maternal hyperventilation, it is reasonable to assume 

that increases in exercise V· E and therefore contractile respiratory muscle effort may 

contribute to the increased perception of breathlessness during exercise in pregnancy 

(Field et al. 1991).  It follows that variation in the severity of gestational breathlessness 

may be related to variation in the amplitude of maternal hyperventilation (Lehman 1975; 

Moore et al. 1987; Field et al. 1991; Garcia-Rio et al. 1996). 
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 During exercise in health, the intensity of perceived breathlessness (measured by 

validated scales) increases in proportion to V· E (expressed in L/min or as a % of maximal 

ventilatory capacity), contractile respiratory muscle effort (tidal esophageal pressure 

swing expressed as a % of maximum inspiratory pressure) and power output (expressed 

in absolute terms or as a % of predicted maximum) (Killian et al. 1984; LeBlanc et al. 

1988; Killian 1992b; Killian et al. 1992; O’Donnell et al. 2000).  Effort has been defined 

as the “intensity of willed motor command” and is believed to be the expression or 

conscious appreciation of the central respiratory motor output command required to drive 

the active skeletal muscle (Killian et al. 1984; Killian 1992b).  Several studies have 

demonstrated that the intensity of perceived respiratory “effort” is increased when 1) V· E is 

increased (with exercise, voluntary or reflexly driven hyperventilation) (O’Donnell et al. 

2000), 2) the respiratory muscle load is increased (el-Manshawi et al. 1986) or 3) when 

the inspiratory pump muscles are functionally weakened by fatigue (Gandevia et al. 

1981), acute partial paralysis (Moosavi et al. 2000) or lung hyperinflation (Killian et al. 

1984).  Breathlessness, in qualitative terms, is commonly described as a heightened sense 

of “effort”, “work” or “heaviness” of breathing at the symptom-limited peak of exercise 

in health (Simon et al. 1989; O’Donnell et al. 2000; Ofir et al. 2007; Ofir et al. 2008a).  

At this point during exercise, central respiratory motor drive and the force and velocity of 

respiratory muscle contraction are approaching maximal levels.  In general, these 

sensations are not inherently unpleasant as they represent, based on learning and 

experience, the anticipated ventilatory response to heavy exercise.  In this regard, 

intolerable breathlessness is rarely selected as the symptom limiting peak exercise in 

healthy young individuals (Killian 1992a; Killian et al. 1992; Jones & Killian 2000).  By 
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contrast, in cardio-pulmonary disease states, contractile respiratory muscle effort is 

increased at relatively low levels of V· E during exercise, reflecting the higher ventilatory 

demand, weakness and overloading of the inspiratory pump muscles (Killian et al. 1984; 

Killian 1992b; O’Donnell et al. 1997).  In this situation, effort may be sensed as 

inappropriately high for the physical task being undertaken and may be perceived as 

unpleasant. 

 The neuro-physiological basis of increased “work”, “effort” or “heaviness” of 

breathing is thought to be increased central corollary discharge to the somatosensory 

cortex, secondary to increased cortical (voluntary or willful) respiratory motor drive 

(Gandevia 1988; O’Donnell et al. 2007) (Figure 1.4).  The role of increased brainstem 

(autonomic or reflex) respiratory motor drive in the genesis of perceived effort is less 

certain, but is likely integral to the “global” sense of increased central respiratory motor 

drive and corollary discharge (Chen et al. 1991; Chen et al. 1992; Killian 1992b; Eldridge 

& Chen 1996) (Figure 1.4).  Sensory afferent information arising from muscle spindles 

and Golgi tendon organs as well as Type III and IV mechano- and metaboreceptors 

(which project directly to the somatosensory cortex) in the vigorously contracting 

respiratory muscles may also contribute to the sense of increased “work”, “effort” or 

“heaviness” of breathing during exercise when the ventilatory requirements are high 

(Killian 1992b; O’Donnell et al. 2007) (Figure 1.4).  However, this possibility is more 

contentious since alterations in the mechanical/muscular response of the respiratory 

system are not obligatory to evoke breathlessness in the setting of increased brainstem 

respiratory motor drive (Banzett et al. 1989; Banzett et al. 1990; Gandevia et al. 1993). 
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Figure 1.4.  Neurophysiological basis of increased “effort/work” of breathing.  Refer to 
text for details.  PSRs, pulmonary stretch receptors (i.e., slowly and rapidly adapting 
receptors); J-receptors, juxtapulmonary capillary receptors; GTOs, Golgi tendon organs; 
Type III & IV afferents, respiratory muscle mechano- and metaboreceptors. 
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 Moore et al. (1987) previously found that the severity of activity-related 

breathlessness (measured by the Medical Research Council (MRC) scale) correlated 

positively (r=0.58, p<0.01) with resting measures of peripheral chemoreflex sensitivity at 

week 36 of pregnancy.  In that study, women with the most severe symptoms of 

gestational breathlessness (defined as a change in MRC score > 2 units) experienced a 3-

fold greater rise in resting measures of peripheral chemoreflex sensitivity than their 

relatively asymptomatic counterparts (i.e., those with a change in MRC score ≤ 2 units).  

In a similar study, Garcia-Rio et al. (1996) found that resting measures of V· E, VT, V· E/ V· O2, 

central and peripheral chemoreflex sensitivity were consistently higher, while resting 

PETCO2 was lower in 11 women with gestational breathlessness (defined as a resting Borg 

score of ≥ 1 at 12 wks gestation) at 12, 24 and 36 wks gestation compared to 12 women 

without breathlessness.  In keeping with the results of these studies, Schoene et al. (1980), 

Robertson et al. (1982) and Okita et al. (1987) found that, compared with placebo, the 

acute (7-14 day) administration of either medroxyprogesterone acetate or chlormadinone 

acetate consistently increased 1) resting measures of central and peripheral chemoreflex 

sensitivity and 2) the self-reported intensity of activity-related breathlessness in as many 

as 65-70% of their healthy young male participants.  Interestingly, Robertson et al. (1982) 

reported that 5 of 6 men identified breathlessness as the symptom limiting their maximal 

exercise performance during progesterone therapy, while no subject made this complaint 

during the placebo period, when leg discomfort was the universal limiting factor.  

Unfortunately, Robertson et al. (1982) did not quantify the intensity of breathing and leg 

discomfort throughout exercise nor did they ask their subjects to describe the quality of 

their breathing discomfort at end-exercise.   
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 A mechanistic study by Field et al. (1991) found that V· E, tidal esophageal pressure 

swings (an index of contractile inspiratory muscle effort) and Borg ratings of perceived 

breathlessness were consistently higher during exercise at a standardized submaximal 

cycle work rate of only 48 watts in late gestation compared with the post-partum state.  In 

that study, 92% of the women in late gestation described their breathing as an increased 

sense of respiratory “effort” during exercise at 70% of their predicted maximum heart 

rate.  The collective results of the abovementioned studies suggest that the normal 

conscious awareness of pregnancy-induced (hormone-mediated) increases in brainstem 

(autonomic or reflex) respiratory motor output command remains a plausible mechanistic 

explanation of gestational breathlessness. 

 

2.4. Corollary discharge and sense of effort:  not the whole story!  

Although the increased cortical motor drive/central corollary discharge (i.e., sense of 

“effort”) hypothesis of exertional breathlessness is attractive and relatively well 

established in the literature, there are several experimental observations that it fails to 

explain.  Willful enhancement of V· E to the same level as that achieved spontaneously with 

hypercapnia (Adams et al. 1985) or during exercise (Lane et al. 1987) was not associated 

with perceived breathlessness.  This suggests that increased brainstem (autonomic or 

reflex) rather than cortical (voluntary) respiratory motor drive is the main source of 

perceived respiratory discomfort.  Resumption of spontaneous breathing at the ‘break-

point’ of a maximal voluntary breath-hold maneuver quickly ameliorates the perception 

of respiratory discomfort in healthy resting humans, despite persistent (or even increased) 

brainstem respiratory motor output command (Hill & Flack 1908; Fowler 1954; Flume et 
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al. 1994; Flume et al. 1995).  It is believed that peripheral sensory afferent inputs from the 

respiratory muscles, lungs, airways and chest wall normally suppress sensations of “air 

hunger” generated as a result of excessive chemostimulation (Hill & Flack 1908; Fowler 

1954; Flume et al. 1994; Flume et al. 1995; Vovk & Binks 2007).  

If the intensity of perceived breathlessness was solely a function of the amplitude 

of cortical respiratory motor drive and attendant corollary discharge, then it would be 

expected to vary only in intensity and not quality.  However, this is not the case!  Humans 

reliably detect, quantify and discriminate qualitatively distinct sensations of 

breathlessness provoked by different respiratory stimuli applied experimentally or 

resulting from cardiopulmonary disease (Zechman & Wiley 1986; Simon et al. 1989; 

Simon et al. 1990; Elliot et al. 1991; American Thoracic Society 1999; Scano et al. 2005).  

For example, the intensity of perceived “unsatisfied inspiration” or “air hunger” (but not 

respiratory “effort/work”) increases precipitously to intolerable levels when V· E and 

therefore the mechanical/muscular response of the respiratory system is constrained 

below the spontaneous level dictated by brainstem respiratory motor output command 

(Banzett et al. 1989; Banzett et al. 1990; Manning et al. 1992; Lansing et al. 2000; 

O’Donnell et al. 2000).  Taken together, these observations imply that alterations in the 

relationship between central (brainstem) respiratory motor drive and the simultaneous 

mechanical/muscular response of the respiratory system (i.e., neuromechanical 

(un)coupling) contribute importantly to the quality and intensity of perceived respiratory 

discomfort (Figure 1.5).  It is reasonable to postulate that such a disparity between central 

(brainstem) respiratory motor output command and the simultaneous ventilatory response 
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may develop during exercise at the limits of tolerance in pregnancy; however, this 

requires scientific validation (see below). 

 

2.5. Respiratory mechanical and perceptual responses to exercise in healthy humans   

During exercise in health, several acute physiological adaptations ensure harmonious 

neuromechanical coupling of the respiratory system and minimization of perceived 

respiratory discomfort, despite dramatic and progressive increases in ventilatory demand.  

These adaptations include the precise control of dynamic operating lung volumes; 

reductions in intra- and extra-thoracic airway resistance; breathing pattern optimization; 

and enhanced matching of ventilation and perfusion (Dempsey et al. 1996; Sheel et al. 

2002; Dempsey et al. 2006; Poon et al. 2007; Dempsey et al. 2008).  Collectively, these 

adaptations maximize pulmonary gas exchange and ensure that tidal volume (VT) expands 

(by encroaching on both inspiratory and expiratory reserve volumes) within the most 

compliant portion of the respiratory system’s sigmoid pressure-volume relation (Younes 

1991), where the relationship between contractile respiratory muscle effort and thoracic 

volume displacement is preserved (i.e., neuromechanical coupling) and perceived 

respiratory discomfort is minimized.  As previously discussed, under these conditions 

breathlessness intensity increases in proportion to the level of V· E and contractile 

respiratory muscle effort; subjects generally become aware of an increased sense of 

“effort”, “work” or “heaviness” of breathing; and intolerable breathlessness is rarely 

identified as the proximate cause of exercise cessation (Killian 1992a; Killian et al. 1992; 

O’Donnell et al. 2000).    
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Figure 1.5.  Neuromechanical uncoupling hypothesis of perceived “unsatisfied 
inspiration/air hunger.”  Refer to text for details.  PSRs, pulmonary stretch receptors (i.e., 
slowly and rapidly adapting receptors); J-receptors, juxtapulmonary capillary receptors; 
GTOs, Golgi tendon organs; Type III & IV afferents, respiratory muscle mechano- and 
metaboreceptors. 
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Harty et al. (1999) previously demonstrated that imposing a mechanical constraint 

to VT expansion (by chest wall strapping (CWS)) significantly increased (compared with 

control) breathlessness intensity ratings at any given V· E during constant-load cycle 

exercise in healthy men.  A more detailed mechanistic study by O’Donnell et al. (2000) 

found that CWS dramatically increased (compared with control) neuromechanical 

uncoupling of the respiratory system with attendant intensification of “unsatisfied 

inspiration” at any given work rate and V· E during incremental cycle exercise in healthy 

men.  In that study, the combination of CWS and increased central (brainstem) respiratory 

motor output command (by dead space loading), further increased neuromechanical 

uncoupling and perceived “unsatisfied inspiration” with attendant reductions in peak 

aerobic working capacity.  Based on these observations, O’Donnell and colleagues (2000) 

advanced the hypothesis that neuromechanical uncoupling forms the physiological basis 

of exertional breathlessness under conditions of increased respiratory mechanical loading 

either experimentally imposed or resulting from disease (Figure 1.5).  This hypothesis is 

bolstered by several studies in chronic obstructive pulmonary disease, which have shown 

that mechanical respiratory unloading and release of VT restriction by pharmacological or 

surgical lung volume reduction consistently improves neuromechanical coupling, 

exertional breathlessness intensity and exercise tolerance (Belman et al. 1996; O’Donnell 

et al. 1996; Martinez et al. 1997; Laghi et al. 1998; O’Donnell et al. 1998; Young et al. 

1999; O’Donnell et al. 2004a; O’Donnell et al. 2004b; O’Donnell et al. 2006b; Peters et 

al. 2006; Jensen et al. 2008a). 

As reviewed in detail elsewhere (Paintal 1973; Sant’Ambrogio 1982; Zechman & 

Wiley 1986; Sant’Ambrogio et al. 1995; Lee & Pisarri 2001; Sant’Ambrogio & 
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Widdicombe 2001; Schelegle & Green 2001; Widdicombe 2001; Undem & Kollarik 

2005; Yu 2005; Widdicombe 2006), multiple sensory afferents in the respiratory muscles, 

lungs, airways and chest wall (including slowly and rapidly adapting pulmonary stretch 

receptors, bronchopulmonary C-fibres, juxtapulmonary capillary or J-receptors, muscle 

spindles and Golgi tendon organs) are ideally positioned to provide precise proprioceptive 

and kinesthetic feedback about the appropriateness (or lack thereof) of the 

mechanical/muscular response of the respiratory system relative to the prevailing level of 

central respiratory motor drive (Figure 1.5).  Indeed, several studies in paralyzed and/or 

mechanically ventilated patients; pharmacologically paralyzed healthy subjects; and 

double-lung and heart-lung transplant recipients have highlighted the importance of 

respiratory sensory afferents in ‘modulating’ both the quality and intensity of perceived 

breathlessness (Banzett et al. 1989; Banzett et al. 1990; Manning et al. 1992; Gandevia et 

al. 1993; Flume et al. 1996; Harty et al. 1996; Lougheed et al. 2000; Zhoa et al. 2002a; 

Zhoa et al. 2002b; Zhoa et al. 2003; Davenport et al. 2006; Vovk & Binks 2007).  

 

2.6. Role of respiratory mechanical/muscular factors in gestational breathlessness 

Very little is known about the role of altered static and dynamic ventilatory mechanics in 

the perception of exertional breathlessness in pregnancy.  Bader et al. (1959) found that, 

compared with only 3 healthy non-pregnant controls, the V· O2 required to achieve a given 

level of voluntary hyperventilation was consistently higher in 11 healthy resting pregnant 

women (7-9 months gestation) who presented with “dyspnea on exertion.”  These data 

suggest, albeit indirectly, that respiratory mechanical/muscular factors may be 

contributory.   
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The effects of pregnancy and advancing gestation on resting pulmonary function 

have been reviewed in detailed elsewhere (Milne 1979; Weinberger et al. 1980; Elkus & 

Popovich 1992; Crapo 1996; Wise et al. 2006) and will be considered only briefly here.  

Progressive changes in the shape and configuration of the abdomen, diaphragm and chest 

wall (secondary to the gravid uterus) are only partially compensated for by relaxation of 

ligamentous attachments of the ribs (secondary to increased circulating relaxin 

concentrations (Goldsmith et al. 1995)) such that chest wall and therefore total respiratory 

system compliance are reduced (Farman & Thorpe 1969; Marx et al. 1970).  

Consequently, resting end-expiratory lung volume (EELV), expiratory reserve volume 

and residual volume decrease (Cugell et al. 1953; Gee et al. 1967; Knuttgen & Emerson 

1974; Eng et al. 1975; Baldwin et al. 1977; Alaily & Carrol 1978; Craig & Toole 1978; 

Gilroy et al. 1988; Berry et al. 1989; Norregaard et al. 1989; Contreras et al. 1991; 

Puranik et al. 1994; McAuliffe et al. 2002).  Reductions in resting EELV are compensated 

for by reciprocal increases in resting inspiratory capacity (IC) such that total lung 

capacity (TLC) does not change (Cugell et al. 1953; Gee et al. 1967; Knuttgen & 

Emerson 1974; Baldwin et al. 1977; Craig & Toole 1978; Gilroy et al. 1988; Berry et al. 

1989; Contreras et al. 1991; Puranik et al. 1994).  Despite progressive thoraco-abdominal 

distortion, static inspiratory and expiratory muscle strength is well preserved (Gilroy et al. 

1988; Contreras et al. 1991) and diaphragmatic excursion is reportedly unimpaired 

(McGinty 1938; Thomson & Cohen 1938).  Although the combination of pregnancy-

induced reductions in resting EELV and PaCO2 would be expected to increase both 

airway resistance (Briscoe & DuBois 1958; Newhouse et al. 1964; Sterling 1968) and 

airway hyper-responsiveness (Ding et al. 1987; Torchio et al. 2006), the majority of 

available research suggests that neither pregnancy nor advancing gestation alters FEV1 or 
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peak and mid-maximal expiratory flow rates (Rubin et al. 1956; Knuttgen & Emerson 

1974; Eng et al. 1975; Baldwin et al. 1977; Milne et al. 1977; Alaily & Carrol 1978; 

Berry et al. 1989; Norregaard et al. 1989; Das & Jana 1991; Puranik et al. 1994; Garcia-

Rio et al. 1997; McAuliffe et al. 2002; Kolarzyk et al. 2005).  In fact, several studies have 

found that airway resistance actually decreases in pregnancy, suggesting 

bronchodilatation (Rubin et al. 1956; Gee et al. 1967; Garrard et al. 1978).   

Although the effects of pregnancy on resting pulmonary function are well 

documented, none have examined detailed sensory-mechanical relationships during 

exercise to the limits of tolerance in this population.  In particular, it remains unclear 

whether 1) dynamic airway function and the behaviour of operating lung volumes is 

different during exercise in pregnancy, 2) the resistive and/or elastic work of breathing is 

increased at any given work rate and V· E during exercise in pregnancy and/or 3) dynamic 

mechanical ventilatory constraints on VT expansion (with attendant neuromechanical 

uncoupling) are realized near the limits of tolerance in pregnancy. 

Conventional wisdom suggests that the progressive thoraco-abdominal distortion 

of pregnancy would alter the normal mechanical response of the respiratory system to 

exercise, thereby constraining VT expansion.  It is reasonable to assume that an impaired 

ability to reduce dynamic EELV during exercise in pregnancy (secondary to the 

mechanical effects of the gravid uterus) would compromise power-sharing between the 

inspiratory and expiratory muscles, and force dynamic end-inspiratory lung volume closer 

to TLC where there is increased elastic loading of the inspiratory pump muscles.  These 

restrictive changes, in the setting of an increased central respiratory motor output 

command, would be expected to increase neuromechanical uncoupling of the respiratory 

 - 32 -  



 

system, as discussed in detail previously (refer to Section 2.5 above).  It is possible that 

during strenuous exercise in late gestation (that is, when the mechanical encumbrance of 

the gravid uterus is greatest) breathlessness intensity ratings will increase at any given V· E 

reflecting some degree of neuromechanical uncoupling. 

In contrast to the above, and in keeping with the results of Ohtake and Wolfe 

(1998) and Field et al. (1991), we recently found that neither pregnancy nor advancing 

gestation altered breathlessness-V· E relationships during incremental cycle exercise 

(Jensen et al. 2007b).  This suggests, albeit indirectly, that respiratory mechanical factors 

do not contribute importantly to exertional breathlessness in pregnancy and/or that 

physiological adaptations are in place during pregnancy to minimize the sensory 

consequences of increased respiratory mechanical loading and central ventilatory drive.   

The lack of anticipated change in breathlessness-V· E relationships during exercise 

in pregnancy may reflect mechanically advantageous adaptations of the respiratory 

system, which help preserve cardio-pulmonary interactions during exercise and allow 

pregnant women to achieve the same peak aerobic working capacity as their non-pregnant 

counterparts (Sady et al. 1989; Lotgering et al. 1991; McMurray et al. 1991; Wolfe et al. 

1994; Lotgering et al. 1995; Spinnewijn et al. 1996; Lotgering et al. 1998; Heenan et al. 

2001).  We reasoned that recruitment of resting IC and reduced airway resitance during 

exercise were two testable mechanical adaptations that deserved scrutiny.  Both of these 

adaptations would be expected to help the respiratory system accommodate the increased 

demand for VT expansion during exercise in pregnancy, while preserving 

neuromechanical coupling and breathlessness-V· E relationships.  Although these 

respiratory mechanical adaptations are well established in the literature, Studies 2 and 3 
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of this thesis are the first to consider their potential relevance to perceived respiratory 

discomfort during exercise to the limits of tolerance in healthy human pregnancy.  

 

SPECIFIC HYPOTHESES 

Study 1 (Chapter 2):  The purpose of the first study was to elucidate the physiological 

mechanisms of hyperventilation in healthy human pregnancy.  We hypothesized that 1) 

pregnancy-induced increases in central chemoreflex and non-chemoreflex (or 

wakefulness) drives to breathe contribute importantly to the increased resting V· E and 

reduced PaCO2 of pregnancy, and that these changes are associated with increased female 

sex hormone concentrations; and 2) pregnancy-induced reductions in [SID] contribute 

significantly to the hyperventilation of human pregnancy by altering the relationship 

between the measured, PCO2, and actual, [H+], stimulus to the chemoreceptors, and 

thereby the central chemoreflex ventilatory recruitment threshold for PCO2 (VRTCO2). 

 

Study 2 (Chapter 3): The purpose of the second study was to identify the physiological 

mechanisms of gestational breathlessness by comparing detailed sensory-mechanical 

relationships during incremental cycle exercise to the limits of tolerance in young healthy 

women in the third trimester (TM3) and again 4-5 months post-partum (PP).  We 

hypothesized that 1) breathlessness intensity ratings would be consistently higher at any 

given work rate in TM3 compared with PP, reflecting the normal awareness of increased  

V· E and contractile respiratory muscle effort; 2) breathlessness-V· E relationships would be 

preserved throughout exercise in TM3 compared with PP, reflecting recruitment of resting 

inspiratory capacity and reduced airway resistance; and 3) mechanical ventilatory 
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constraints on VT expansion would contribute importantly to perceived respiratory 

discomfort during exercise near the limits of tolerance in TM3. 

 

Study 3 (Chapter 4):  The primary objective of the third study was to identify the sources 

of variability in the severity of gestational breathlessness by comparing the ventilatory 

and perceptual responses to symptom-limited incremental cycle exercise in healthy young 

women with and without clinically significant pregnancy-induced persistent activity-

related breathlessness in TM3 and PP.  The second objective was to examine the effects of 

human pregnancy on factors that directly and/or indirectly affect V· E at rest and during 

exercise, including central chemoreflex and non-chemoreflex (or wakefulness) drives to 

breathe, female sex steroid hormone concentrations and acid-base status in these two 

groups of women.  We hypothesized that during pregnancy, breathlessness intensity 

ratings would be consistently higher at any given work rate and V· E during exercise in 

symptomatic compared to asymptomatic women, reflecting the combined physiological 

effects of an increased central ventilatory drive and mechanical maladaptation (i.e., 

inadequate inspiratory capacity recruitment and/or failure to reduced airway resistance) of 

the respiratory system. 
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CHAPTER 2 

 

PHYSIOLOGICAL MECHANISMS OF HYPERVENTILATION DURING 

HUMAN PREGNANCY 

 

(Respiratory Physiology and Neurobiology 161(1): 76-86, 2008)    
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ABSTRACT 

This study examined the role of pregnancy-induced changes in wakefulness (or non-

chemoreflex) and central chemoreflex drives to breathe, acid-base balance and female sex 

hormones in the hyperventilation of human pregnancy.  Thirty-five healthy women were 

studied in the third trimester (TM3; 36.3 ± 1.0 wks gestation; mean ± SD) and again 20.2 

± 7.8 wks post-partum (PP).  An iso-oxic hyperoxic rebreathing procedure was used to 

evaluate wakefulness and central chemoreflex drives to breathe.  At rest, arterialized 

venous blood was obtained for the estimation of arterial PCO2 (PaCO2) and [H+].  Blood 

for the determination of plasma strong ion difference ([SID]), albumin ([Alb]), as well as 

serum progesterone ([P4]) and 17β-estradiol ([E2]) concentrations was also obtained at 

rest.  Wakefulness and central chemoreflex drives to breathe, [P4] and [E2], ventilation 

and V· CO2 increased, whereas PaCO2 and the central chemoreflex ventilatory recruitment 

threshold for PCO2 (VRTCO2) decreased from PP to TM3 (all p<0.01).  The reductions in 

PaCO2 were not related to the increases in [P4] and [E2].  The alkalinizing effects of 

reductions in PaCO2 and [Alb] were partly offset by the acidifying effects of a reduced 

[SID], such that arterial [H+] was still reduced in TM3 vs. PP (all p<0.001).  A 

mathematical model of ventilatory control demonstrated that pregnancy-induced changes 

in wakefulness and central chemoreflex drives to breathe, acid-base balance, V· CO2 and 

cerebral blood flow account for the reductions in PaCO2, [H+] and VRTCO2.  This is the 

first study to demonstrate that the hyperventilation and attendant hypocapnia/alkalosis of 

human pregnancy results from a complex interaction of pregnancy-induced changes in 

wakefulness and central chemoreflex drives to breathe, acid-base balance, metabolic rate 

and cerebral blood flow.  
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INTRODUCTION 

Human pregnancy is characterized by significant increases in minute ventilation (V· E) with 

attendant reductions in arterial (PaCO2) and cerebrospinal fluid (CSF) PCO2 at rest 

(Machida 1981; Hirabayashi et al. 1996; Jensen et al. 2005b).  The underlying 

mechanisms of these changes remain highly conjectural, but several investigators have 

suggested that they may be due to the combined facilitatory effects of progesterone and 

estrogen on central and peripheral chemoreflex drives to breathe (Moore et al. 1986; 

Moore et al. 1987; Hannhart et al. 1989; Jensen et al. 2005b).  Nevertheless, experimental 

confirmation that maternal hyperventilation can be attributed solely to hormone-mediated 

increases in chemoreflex responsiveness has not yet been obtained.  

As reviewed in detail elsewhere (Dempsey et al. 1986; Bayliss & Millhorn 1992; 

Jensen et al. 2007a), female sex hormones may also contribute to the increased V· E of 

human pregnancy via an estrogen-dependent progesterone-receptor mediated facilitation 

of central neural mechanisms, independent of [H+] and therefore the respiratory 

chemoreflexes.  Skatrud et al. (1978) found that medroxyprogesterone acetate (a synthetic 

progestin) significantly increased V· E and reduced arterial and CSF [H+] in healthy men at 

rest, despite having no effect on the central or peripheral chemoreflex response to CO2 

([H+]) and O2, respectively.  Similarly, we recently found that, in healthy eumennorheic 

women, menstrual cycle phase had no demonstrable effect on the central or peripheral 

chemoreflex response to CO2, despite cyclic changes in V· E, PaCO2 and female sex 

hormone concentrations (Slatkovska et al. 2006).  The most convincing evidence comes 

from a series of studies by Bayliss et al. (1987; 1990) and Bayliss and Millhorn (1992) 

who observed dose-dependent increases in phrenic nerve activity – the neural equivalent 
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of V· E – following the administration of progesterone to anaesthetized, paralyzed, carotid 

and vagus denervated, and ovariectomized cats pre-treated with estradiol under controlled 

isocapnic conditions, i.e., in the absence of central and peripheral chemoreceptor 

feedback influences.  In keeping with these observations, a recent cross-sectional study 

from our laboratory found that estimates of wakefulness (or non-chemoreflex) drives to 

breathe were significantly greater in healthy pregnant compared with non-pregnant 

women (Jensen et al. 2005b).  Nevertheless, the contribution of wakefulness drives to 

breathe to the hyperventilation of human pregnancy has not been previously examined.   

Duffin (2005) recently demonstrated that the acidifying effects of a reduced 

plasma and CSF strong ion difference concentration ([SID]), such as occurs during 

human pregnancy (Machida 1981; Hirabayashi et al. 1996; Heenan & Wolfe 2000; 

Charlesworth et al. 2006; Weissgerber et al. 2006), alters the obvious but often neglected 

relationship between PCO2 (the measured stimulus to the chemoreceptors) and [H+] (the 

actual stimulus to the chemoreceptors) such that arterial and central [H+] are increased at 

any given PaCO2 and CSF PCO2, respectively (refer to Figures 7 and 14 in Stewart 1983).  

Consequently, the chemoreflex ventilatory recruitment threshold for PCO2 (VRTCO2) is 

reduced, which in turn increases V· E and decreases PaCO2 (Duffin 2005).  To date, no 

published study has examined how pregnancy-induced changes in acid-base balance 

affects the chemoreflex control of breathing, and in this manner resting steady-state V· E 

and PaCO2.  

Therefore, our primary objective was to test the hypothesis that pregnancy-

induced increases in central chemoreflex and wakefulness (or non-chemoreflex) drives to 

breathe contribute importantly to the increased V· E and reduced PaCO2 of human 
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pregnancy, and that these changes are associated with increased circulating female sex 

hormone concentrations.  Our second objective was to test the hypothesis that pregnancy-

induced reductions in [SID] contribute significantly to the hyperventilation of human 

pregnancy by altering the relationship between PCO2 and [H+], and thereby the central 

chemoreflex VRTCO2.  A mathematical model of ventilatory control (Duffin 2005) was 

employed to test this hypothesis. 
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METHODS  

Subjects 

Subjects included 35 healthy women, 20–40 years, parity ≤ 2, who were experiencing 

uncomplicated singleton pregnancies; had no history of smoking or cardiorespiratory 

disease; and were not taking medications (other than prenatal vitamins) that could affect 

ventilatory control or acid-base balance.  Subjects were recruited via posted 

announcements, newspaper advertisements and contact with local obstetricians, midwives 

and health care providers.  Prior to participation, subjects completed the Physical Activity 

Readiness Medical Examination for Pregnancy (available at http://www.csep.ca 

(Appendix A)) and obtained medical clearance from their primary care giver (Appendix 

B).  Approximately 1-2 wks prior to experimental testing, subjects underwent a routine 

fetal ultrasound and biophysical profile examination to accurately date their pregnancy 

and verify normal fetal development.  The study protocol and consent form (Appendix C) 

were approved by the local university/hospital research ethics committee and informed 

consent was obtained from all subjects prior to study participation. 

 

Experimental design 

Experimental testing was conducted in the third trimester (TM3) between 34 and 40 wks 

gestation, and again ~4-5 months post-partum (PP).  No attempt was made to control for 

menstrual cycle status, lactation or oral contraceptive use during PP.  Subjects abstained 

from exercise, caffeine and alcohol on each test day.  Arterialized venous blood for the 

estimation of PaCO2, arterial [H+] and bicarbonate concentration ([HCO3
-]) was obtained 

from all subjects after ~20-min at rest.  Blood for the determination of serum 
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progesterone ([P4]) and 17β-estradiol ([E2]) concentrations was also obtained from all 

subjects under the same resting conditions.  Additional blood samples for the 

measurement of plasma electrolyte, protein and osmolality concentrations were drawn 

from 12 of 35 volunteers.  Approximately 30-min after blood sampling, each subject 

performed a modified iso-oxic hyperoxic rebreathing procedure.  TM3 and PP tests were 

conducted at the same time of day to minimize the effects of circadian rhythm on 

respiratory control (Stephenson et al. 2000).   

 

Baseline measurements 

In addition to measurement of body height and mass, routine spirometry was conducted in 

accordance with standard techniques (Miller et al. 2005a; Miller et al. 2005b) using 

automated equipment (Vmax 229d; SensorMedics, Yorba Linda, CA).  Breath-by-breath 

measurements of V· E, tidal volume (VT), breathing frequency (fR), oxygen uptake (V· O2) 

and carbon dioxide production (V· CO2) were collected using automated equipment (Vmax 

229d) during steady-state breathing at rest in 26 of 35 volunteers who also participated in 

cardiopulmonary exercise testing on another occasion within the same week of TM3 and 

PP rebreathing experiments.     

 

Modified rebreathing protocol 

A modified version of Read’s (1967) rebreathing procedure that included 5-min of prior 

hyperventilation and maintenance of a constant (iso-oxic) hyperoxic end-tidal PO2 

(PETO2) of 150 mmHg was employed to evaluate the effects of human pregnancy on 

central chemoreflex and wakefulness (or non-chemoreflex) drives to breathe (Duffin et al. 
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2000; Jensen et al. 2005a; Jensen et al. 2005b).  Before rebreathing, subjects voluntarily 

hyperventilated room air for 5-min and were coached to maintain an end-tidal PCO2 

(PETCO2) between 19 and 23 mmHg using a deep and deliberate breathing pattern to 

avoid the induction of short-term potentiation (Folgering & Durlinger 1983).  Prior 

hyperventilation permits measurement of sub-VRTCO2 ventilation, representing 

wakefulness (or non-chemoreflex) drives to breathe (Fink 1961; Shea 1996), as well as 

measurement, rather than extrapolation, of the chemoreflex VRTCO2.   

Following hyperventilation, subjects expired to residual volume and were then 

switched from breathing room air to a rebreathing bag containing a hyperoxic-

hypercapnic gas mixture (24% O2, 6% CO2, N2 balanced).  Rebreathing began with 3-5 

deep breaths causing rapid equilibration of the PCO2 in the bag, lungs and arterial blood 

to that of the mixed-venous blood, thereby minimizing the central (or brain tissue)-to-

arterial PCO2 difference.  This equilibration ensures that changes in PETCO2 accurately 

reflect changes in central PCO2/[H+], and that hypercapnia-induced increases in cerebral 

blood flow have little or no effect on central PCO2/[H+] and therefore measurement of the 

ventilatory response to CO2.  Equilibration was verified by the observance of a plateau in 

PETCO2 and was a prerequisite for continuing the test.  Upon equilibration, subjects were 

asked to relax and breathe as they felt the need.   

During rebreathing, PETCO2 increased progressively from hypo- to hypercapnia 

while iso-oxia was maintained at a hyperoxic PETO2 of 150 mmHg by providing a 

computer-controlled flow of 100% O2 to the rebreathing bag.  Arterial O2 saturation and 

heart rate were monitored continuously with an ear oximeter (OXI; Radiometer 

Copenhagen, Copenhagen, Denmark).  Rebreathing was terminated when V· E exceeded 
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100 L/min, PETCO2 exceeded 60 mmHg and/or subject discomfort.  Fetal heart rate was 

monitored and recorded before, during and immediately after TM3 experiments as 

described in detail elsewhere (Fraser et al. 2008).   

During rebreathing, subjects were comfortably seated, wore nose clips and 

breathed through a mouthpiece connected to a 3-way T-shaped wide-bore manual 

directional valve (Model 2100a; Hans Rudolph, Inc., Kansas City, MO) that permitted 

switching from room air to the rebreathing bag.  Subjects rebreathed from a 10 L plastic 

bag connected to a low resistance bi-directional volume turbine (VMM-2A; Alpha 

Technologies, Laguna Niguel, CA).  End-tidal PCO2 and PO2 were measured at the 

mouth using a respiratory mass spectrometer (Perkin Elmer MGA 1100) at a sampling 

flow rate of 64 mL/min.  The rebreathing system was calibrated with precision analyzed 

gases of known concentrations and a 3 L volume syringe prior to each test. 

A 12-bit analog-to-digital converter (DAQCard-6062E; National Instruments, 

Austin, TX) digitized the analog output signals from all monitoring devices for computer 

analysis using custom written software (Labview 6.1, National Instruments, Austin, TX).  

The data acquisition software calculated V· E, VT, fR, PETCO2 and PETO2 on a breath-by-

breath basis. 

Data from rebreathing experiments were imported into an analysis program 

designed specifically for this purpose (Labview 6.1, National Instruments, Austin, TX).  

Measured volumes were corrected to body temperature and pressure, saturated with water 

vapor.  Data from the first equilibration at the start of rebreathing and any aberrant points 

were excluded from further analysis.  Breath-by-breath PETCO2 was then plotted against 

time and fitted with a least-squares regression line whose slope depends on V· CO2.  The 
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equation for this line provided a predicted value of PETCO2 vs. time, thereby minimizing 

inter-breath variability.  Thereafter, V· E was plotted against predicted PETCO2 and fitted 

with a model made up of the sum of two segments separated by one breakpoint.  All 

segments were fitted through an iterative process whereby the breakpoint and other 

parameters were varied to obtain an optimal fit to the observed data by minimizing the 

sum of squares (Levenberg-Marquardt algorithm).  The ventilatory response to 

hyperoxic-hypocapnia below the VRTCO2 was modeled as an exponential decay to a 

final value (Duffin et al. 2000).  This sub-VRTCO2 value was taken as an estimate of the 

wakefulness (or non-chemoreflex) drives to breathe (Fink 1961; Shea 1996).  The PETCO2 

at which V· E increased with progressive increases in PETCO2 was identified as the 

VRTCO2.  Finally, the slope of the linear relation between V· E and PETCO2 above the 

VRTCO2 was taken as an estimate of chemoreflex sensitivity.  We assumed that the 

ventilatory response to CO2 recorded under iso-oxic hyperoxic rebreathing conditions was 

mediated by the central chemoreflex alone, since hyperoxia virtually abolishes all 

peripheral chemoreceptor afferent activity (Cunningham 1987).  The non-chemoreflex 

drives to breathe are those drives present at rest that are independent of the chemoreflexes 

and dependent on the “state” of the subject, one of which is the “wakefulness” drive (Fink 

1961), so named because it is withdrawn during sleep.    

 

Blood biochemistry 

An indwelling catheter was inserted into a dorsal hand vein situated as far from the thumb 

as possible.  The hand and lower arm were placed in a plexiglass box and heated for at 

least 5-min to promote vasodilation and arterialize the venous blood.  The close 
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agreement between simultaneous measurement of arterial and arterialized venous PCO2 

(r2 = 0.90-0.94) and [H+] (r2 = 0.96-0.98) has been demonstrated previously (Forster et al. 

1972; McLoughlin et al. 1992). 

Blood for the estimation of PaCO2, [H+] and [HCO3
-] was drawn into a syringe 

containing lyophilized heparin (PICO70, Radiometer Copenhagen, Copenhagen, 

Denmark) and analyzed immediately using a Radiometer-Copenhagen ABL-5 acid-base 

analyzer at a standard temperature of 37°C.  Samples were analyzed in duplicate and 

averaged for each subject.  The remaining blood was centrifuged at 4°C for 10 min at 

2500 rev/min.  The plasma was then removed and frozen at -80°C for later analysis of 

plasma electrolyte and protein concentrations.  Precision and accuracy of the ABL-5 was 

verified prior to each test by comparing sample measurements of four quality control test 

solutions (Qualicheck 1+; Radiometer Copenhagen, Copenhagen, Denmark) to 

predetermined values. 

Plasma electrolyte and protein analyses were performed in duplicate and averaged 

for each subject.  Total protein ([TP]) and albumin ([Alb]) concentrations were 

determined using the direct Biuret method and a conventional dye-binding procedure, 

respectively.  Inorganic phosphate concentration ([PiTot]) was determined using a 

phosphomolybdate complex.  Concentrations of sodium ([Na+]), potassium ([K+]) and 

chloride ([Cl-]) were analyzed using ion-selective electrodes.  Total calcium concentration 

([CaTOT]) was determined using a dye-binding assay.  The mean difference (±SD) 

between duplicate measurements of [TP], [Alb], [PiTot], [Na+], [K+], [Cl-] and [CaTOT] 

were:  0.40 ± 0.70 g/L, 0.03 ± 0.30 g/L, 0.01 ± 0.03 mEq/L, 0.11 ± 0.74 mEq/L, 0.00 ± 

0.00 mEq/L, 0.45 ± 0.46 mEq/L and 0.00 ± 0.02 mEq/L, respectively.  The day-to-day 

and sample-to-sample coefficients of variation for each of these analyses were <3%.      
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Blood for the determination of plasma lactate concentration ([La-]) was collected 

in a vacutainer containing potassium oxalate and sodium fluoride and analyzed using an 

automated analyzer (Model 2300; Yellow Springs Instruments, Yellow Springs, OH).  

Samples were analyzed in duplicate and averaged for each subject.  The mean difference 

between duplicate [La-] measurements was 0.01 ± 0.03 mEq/L, and the sample-to-sample 

coefficient of variation was <3%.  The analyzer was calibrated with 5 and 15 mEq/L 

standard lactate solutions before and during analysis.     

Ionized calcium ([Ca2+]) was calculated from [CaTOT] using the equation:  (((0.02 

x (43 - [Alb])) + [CaTOT]) x 0.469).  Plasma [SID] was calculated as ([Na+] + [K+] + 

2[Ca2+]) – ([Cl-] + [La-]).  Total weak acid concentration ([ATOT]) was calculated from 

[TP] and converted from g/L to mEq/L using a conversion factor of 0.243 (Kowalchuk & 

Scheuermann 1994).   

Blood for the determination of plasma osmolality was drawn into a syringe 

containing lithium heparin and analyzed immediately using an osmometer that utilizes the 

freezing point depression technique (Model 5002; Osmette A, Precision Systems, Natick, 

MA).  Samples were analyzed in triplicate and averaged for each subject.  The osmometer 

was calibrated using standard liquids of 100 and 500 mOsm/kg/H2O prior to each test. 

Blood for the determination of serum [P4] and [E2] was collected in a vacutainer 

containing no additive and placed in ice to allow time to clot.  The samples were 

centrifuged, and the serum was then removed and frozen at -80°C for later analysis using 

an electrochemiluminescence immunoassay (Roche Diagnostics Elecsys 2010 Analyzer 

System, Laval, QC).  Samples were analyzed in duplicate and averaged for each subject.  

Samples with [P4] and/or [E2] outside the assays measurable range were diluted manually 

(1:20) with Elecsys Diluent Estradiol/Progesterone (Roche Diagnostics, Laval, QC), and 
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the result was multiplied by the dilution factor.  The assays used for the determination of 

[P4] and [E2] in this study have an analytical sensitivity of 0.095 nmol/L and 18.4 pmol/L, 

respectively.  The mean difference (±SD) between duplicate measurements of [P4] and 

[E2] in TM3 and PP were 32 ± 56 pmol/L and 3705 ± 4471 nmol/L, and 0.04 ± 0.08 

pmol/L and 1.97 ± 15.30 nmol/L, respectively.  There was close agreement between 

duplicate measures of [P4] (r2 = 0.995) and [E2] (r2 = 0.996).  The intra-assay coefficients 

of variation for [P4] and [E2] in the TM3 and PP were 6.5% and 5.3%, and 9.4% and 

6.5%, respectively.  The inter-assay coefficients of variation for both [E2] and [P4] were 

<5%. 

 

Physicochemical analysis of [H+] 

An “effective” [SID], which represents the actual contribution of all measured and 

unmeasured strong organic and inorganic ions (Figge et al. 1992; Kowalchuk & 

Scheuermann 1994), was calculated for each subject by solving Watson’s equation 

(Watson 1999; Duffin 2005) using measured values of PaCO2, [Alb], [PiTot] and [H+].  

The relative contributions of pregnancy-induced changes in PaCO2, effective [SID], [Alb] 

and [PiTot] to the reduction in arterial [H+] were assessed by solving Watson’s equation 

(Watson 1999; Duffin 2005) with each variable being changed singly or in combination, 

as previously described by Lindinger et al. (1992). 

 

Modeling the ventilatory adaptations of human pregnancy 

We employed a comprehensive mathematical model of ventilatory control (described in 

detail by Duffin 2005) to examine the relative contributions of mean measured changes in 

central chemoreflex and wakefulness drives to breathe, effective [SID], plasma [Alb] and 
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V· CO2 to concomitant reductions in PaCO2, arterial [H+] and VRTCO2.  Pregnancy-

induced changes in measured parameters were applied to the model serially in a sequence 

appropriate for advancing gestation.  The resulting control system equilibrium (or 

predicted) values were compared to those measured directly.   

 

Statistical analysis 

A p<0.05 level of statistical significance was used for all analyses.  Data are presented as 

means ± SD.  A one-way repeated measures analysis of variance was used to examine the 

effects of human pregnancy on measured variables (SigmaStat for Windows Version 

3.10, Systat Software, Inc., San Jose, CA).   

To test the hypothesis that female sex hormones contribute to the hyperventilation 

of human pregnancy, we performed a multiple linear regression analysis (Statistical 

Analysis System, Ver. 8.2, SAS Institute, Cary, NC) using the pregnancy-induced change 

in PaCO2 as the dependent variable and concomitant changes in [P4] and [E2] as 

independent variables.  If this relationship was significant, a similar regression analysis 

would be used to relate pregnancy-induced increases in female sex hormone 

concentrations to changes in the factors that directly affect ventilation, i.e., sub-VRTCO2 

(wakefulness) ventilation, VRTCO2 and central chemoreflex sensitivity.  Partial 

(adjusted) correlation coefficients were calculated to evaluate the relationships between 

pregnancy-induced changes in measured variables.  Serum [P4] and [E2] were log-

transformed prior to analysis to ensure uniformity within the data.   
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RESULTS 

Thirty-five young, healthy, non-smoking, regularly active women with no history of 

cardiorespiratory disease completed the study.  Twenty-five women were nulliparous, 

seven were para 1, and three were para 2.  Mean gestational age at the time of TM3 testing 

was 36.3 ± 1.0 wks, and PP testing was conducted 20.2 ± 7.8 wks after delivery.  

Pregnancy-induced changes in baseline measurements are shown in Table 2.1:  body 

mass and body mass index increased; forced expiratory volume in one sec and forced 

vital capacity increased, with no associated change in their ratio; and V· E, VT, V· O2 and       

V· CO2 increased.     

 

Iso-oxic hyperoxic rebreathing responses and blood biochemistry 

Pregnancy-induced changes in iso-oxic hyperoxic rebreathing responses and blood 

biochemistry parameters are presented in Table 2.2:  sub-VRTCO2 (wakefulness) 

ventilation and central chemoreflex sensitivity increased, and VRTCO2 decreased in TM3 

compared with PP (Figure 2.1).  PaCO2, [H+] and [HCO3
-] decreased; and serum [P4] and 

[E2] increased from PP to TM3.     

     

Correlates of change 

Figure 2.2(A) demonstrates that PaCO2 decreased and [P4] increased from PP to TM3 

within all subjects (r=-0.90); a similar relationship was shown between PaCO2 and [E2] 

(r=-0.90).  However, the correlations between PaCO2 and each of [P4] and [E2] only 

indicate a consistent change in the variables across the two time periods and fail to 

demonstrate whether or not the magnitude of intra-subject changes from PP to TM3 are
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Table 2.1.  Baseline Measurements 
 TM3 

(36.3 ± 0.2 wks) 
PP 

(20.2 ± 1.3 wks) 
Δ 

(TM3 minus PP) 
Physical Characteristics:  
Age (yrs) 30.8 ± 3.8 31.2 ± 3.7 n/a 
Height (cm) 163.6 ± 7.5 n/a n/a 
Weight (kg) 77.4 ± 12.3 66.4 ± 12.0‡ 11.0 ± 3.3 
Body mass index (kg/m2) 28.9 ± 3.6 24.8 ± 3.8‡ 4.1 ± 1.2 
Pulmonary Function:     
FEV1 (L) 3.00 ± 0.43 2.92 ± 0.42‡ 0.09 ± 0.14 
FVC (L) 3.78 ± 0.59 3.72 ± 0.59* 0.07 ± 0.17 
FEV1/FVC (%) 79.7 ± 5.6 78.9 ± 7.3 0.8 ± 3.5 
Respiratory and Metabolic Responses at Rest: 

         V· E (L/min) 11.6 ± 2.2 9.4 ± 2.3‡ 2.2 ± 2.2 

VT (L) 0.73 ± 0.13 0.58 ± 0.13‡ 0.15 ± 0.14 
fR (breaths/min) 16.4 ± 3.8 16.6 ± 3.1 -0.2 ± 3.3  

V· O2 (L/min) 0.33 ± 0.06 0.27 ± 0.04‡ 0.06 ± 0.05 

V· CO2 (L/min) 0.28 ± 0.05 0.23 ± 0.05‡ 0.05 ± 0.05 

FEV1, forced expiratory volume in one sec; FVC, forced vital capacity; V· E, minute ventilation; VT, tidal 

volume; fR, breathing frequency; V· O2, metabolic rate of O2 consumption; V· CO2, metabolic rate of CO2 
production.  Values are means ± SD.  ‡ p<0.001; * p<0.05.   

 



 

 
Table 2.2.  Effects of human pregnancy on iso-oxic hyperoxic rebreathing responses, and blood 
biochemistry variables (n = 35).  
Variable TM3 

(36.3 ± 0.2 wks) 
PP 

(20.2 ± 1.3 wks) 
Δ 

(TM3 minus PP) 
Rebreathing Responses:     
Sub-VRTCO2 ventilation (L/min) 14.8 ± 4.4 12.9 ± 5.1† 1.9 ± 4.3 
VRTCO2 (mmHg) 41.2 ± 2.5 47.3 ± 3.3‡ -6.1 ± 3.9 
Central chemoreflex sensitivity 
(L/min/mmHg) 

4.58 ± 2.16 2.42 ± 0.95‡ 2.22 ± 1.90 

Blood Biochemistry:     
PaCO2 (mmHg) 32.0 ± 1.7 39.9 ± 2.5‡ -7.9 ± 2.7 
[H+] (nEq/L) 36.0 ± 1.0 38.5 ± 1.4‡ -2.5 ± 1.6 
[HCO3

-] (mEq/L) 21.5 ± 1.2 25.0 ± 1.5‡ -3.4 ± 1.8 
[P4] (nmol/L) 925.5 ± 412 1.2 ± 0.8‡ 924 ± 412 
[E2] (pmol/L) 79,386.0 ± 23,774 124 ± 181‡ 79,262 ± 23,721 
VRTCO2, central chemoreflex ventilatory recruitment threshold for PCO2; PaCO2, arterial PCO2; [H+], 
arterial hydrogen ion concentration; [HCO3

-], arterial bicarbonate ion concentration; [P4], serum 
progesterone concentration; [E2], serum 17ß-estradiol concentration.  Values are means ± SD. † p<0.01; ‡ 
p<0.001.   
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Figure 2.1.  Effects of human pregnancy on the central ventilatory chemoreflex response 
to progressive iso-oxic hyperoxic hypercapnia in a representative subject.  Note the 
pregnancy-induced decrease in the central chemoreflex ventilatory recruitment threshold 
for PCO2 (VRTCO2) as well as the increased ventilatory response above and below this 
threshold, representing central chemoreflex sensitivity and wakefulness (or non-
chemoreflex) drives to breathe, respectively.  TM3, third trimester; PP, post-partum; 
PETCO2, end-tidal PCO2. 



 

 
 
Figure 2.2.  (A) Intra-subject relationships between arterial PCO2 and the concentration 
of serum progesterone (in log10 scale) in the third trimester (lower right) and post-partum 
(upper left) conditions.  Data for each volunteer are plotted separately for each condition.  
(B) Relationship between the pregnancy-induced reductions in arterial PCO2 and 
concomitant increases in the concentration of serum progesterone (in log10 scale).  PaCO2, 
arterial PCO2. 
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related.  In this regard, Figure 2.2(B) demonstrates that the magnitude of the pregnancy-

induced increase in [P4] (and [E2], not shown) was not related to the magnitude of the 

decrease in PaCO2.  In a subsequent analysis, pregnancy-induced reductions in PaCO2 

were not related to increases in [P4] after accounting for differences in [E2] (partial 

r=0.020, p=0.910).   

 

Physicochemical determinants of [H+] 

Pregnancy-induced changes in iso-oxic hyperoxic rebreathing responses and blood 

biochemistry parameters for the subgroup of 12 women with blood collected for the 

determination of [SID] are presented in Table 2.3:  central chemoreflex sensitivity 

increased and VRTCO2 decreased.  Arterial [H+] and [HCO3
-] decreased from PP to TM3.  

Reductions in [H+] resulted from the alkalinizing effects of lowered PaCO2 and [Alb] 

(with no change in [PiTot]), which were partly offset by the acidifying effects of a 

decreased effective [SID] (Figure 2.3).  Measured [SID] (38.8 ± 1.7 mEq/L vs. 36.1 ± 1.6 

mEq/L), [ATOT] (17.2 ± 0.6 mEq/L vs. 15.2 ± 0.8 mEq/L), [Na+] (139.5 ± 1.6 mEq/L vs. 

135.3  ± 1.8 mEq/L,), [Cl-] (105.9 ± 1.9 mEq/L vs. 104.4 ± 1.8 mEq/L) and plasma 

osmolality (283.5 ± 3.9 mOsm/kg/H2O vs. 274.2 ± 2.1 mOsm/kg/H2O) decreased; and 

[Ca2+] (1.08 ± 0.03 mEq/L vs. 1.13 ± 0.04 mEq/L) and serum [P4] and [E2] increased 

from PP to TM3 (all p<0.05). 

 

Modeling the ventilatory adaptations of human pregnancy 

The parameter values used in the model calculations as well as the resulting control 

system equilibrium (or predicted) values are presented in Table 2.4.  Sub-VRTCO2
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Table 2.3.  Effects of human pregnancy on iso-oxic hyperoxic rebreathing responses, and blood biochemistry 
variables (n = 12).   
Variable TM3 

(36.5 ± 0.3 wks) 
PP 

(23.2 ± 3.5 wks) 
Δ 

(TM3 minus PP) 
Rebreathing Responses:    
Sub-VRTCO2 ventilation (L/min) 15.2 ± 5.4 14.6 ± 5.5 0.6 ± 4.2 
VRTCO2 (mmHg) 42.4 ± 2.4 47.7 ± 4.0‡ -5.2 ± 3.4 
Central chemoreflex sensitivity 
(L/min/mmHg) 

5.03 ± 2.81 2.38 ± 0.61† 2.89 ± 2.89 

Blood Biochemistry:    
PaCO2 (mmHg) 32.3 ± 1.6 40.1 ± 2.4‡ -7.8 ± 2.1 
[H+] (nEq/L) 35.8 ± 1.0 38.5 ± 1.4‡ -2.8 ± 1.7 
[HCO3

-] (mEq/L) 21.8 ± 1.1 25.0 ± 1.3‡ -3.2 ± 1.3 
Effective [SID] (mEq/L) 33.9 ± 0.7 39.9 ± 1.7‡ -6.0 ± 2.1 
[ATOT] (mEq/L) 15.2 ± 0.7 17.2 ± 0.6‡ -2.0 ± 0.7 
[Alb] (g/L) 34.1 ± 1.6 42.6 ± 2.3‡ -8.4 ± 2.2 
[PiTot] (mEq/L) 1.2 ± 0.2 1.4 ± 0.8 -0.2 ± 0.7 
[P4] (nmol/L) 1037.4 ± 582 1.1 ± 0.9‡ 1036 ± 581 
[E2] (pmol/L) 91493.9 ± 26440 169.8 ± 303.2‡ 90324 ± 26311 
Refer to Table 2.2 footnote for definition of abbreviations.  [SID], strong ion difference concentration; [ATOT], 
total weak acid concentration.  Values are means ± SD.  ‡ p<0.001; † p<0.01. 
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Figure 2.3.  Physicochemical determinants of the pregnancy-induced decrease in arterial 
[H+].  [H+], arterial hydrogen ion concentration; [SID], plasma strong ion difference 
concentration; PaCO2, arterial PCO2; [Alb], plasma albumin concentration; [PiTot], plasma 
inorganic phosphate concentration.  Values are means ± SD. 
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Table 2.4.  Modeling the ventilatory adaptations of human pregnancy.   
MODEL PARAMETERS a A B C D E F G H I 
Sub-VRTCO2 ventilation (L/min) 9.4 11.6 11.6 11.6 11.6 11.6 11.6 11.6 11.6 
Central-to-arterial PCO2 difference 
(mmHg) b 

7.8 7.8 7.8 7.8 7.8 7.8 9.3 9.3 9.3 

Plasma:          
     Effective [SID] (mEq/L) 39.9 39.9 33.9 33.9 33.9 33.9 33.9 33.9 33.9 
     [Alb] (g/L) 42.6 42.6 42.6 34.1 34.1 34.1 34.1 34.1 34.1 
     [PiTot] (mEq/L) 1.4 1.4 1.4 1.2 1.2 1.2 1.2 1.2 1.2 
Central:          
     [SID] (mEq/L) c 33.18 33.18 33.18 33.18 33.18 33.18 33.18 31.84 31.84 
     [Alb] (g/L) d 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 1.25 
     [PiTot] (mEq/L) d 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 
Central chemoreflex sensitivity 
(L/min/mmHg PCO2) 

2.38 2.38 2.38 2.38 5.03 5.03 5.03 5.03 5.03 

Peripheral chemoreflex sensitivity 
(L/min/mmHg PO2/mmHg PCO2) f 

17.8 17.8 17.8 17.8 17.8 17.8 17.8 17.8 36.5 

V· CO2 (L/min) 0.23 0.23 0.23 0.23 0.23 0.28 0.28 0.28 0.28 

Constants:          
     PaO2 (mmHg) e 100 100 100 100 100 100 100 100 100 
     Tc  (mmHg PCO2) f 34.1 34.1 34.1 34.1 34.1 34.1 34.1 34.1 34.1 
     Tp (mmHg PCO2) f 34.1 34.1 34.1 34.1 34.1 34.1 34.1 34.1 34.1 
     TD (L/min) d 18.5 18.5 18.5 18.5 18.5 18.5 18.5 18.5 18.5 
     K  g 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67 
     Po d 30 30 30 30 30 30 30 30 30 
     So (L/min/mmHg PCO2) d 0 0 0 0 0 0 0 0 0 
Predicted Control System Equilibrium Values: 

V· E (L/min) 9.40 11.6 11.6 11.6 11.6 12.9 13.4 14.1 14.1 

PaCO2 (mmHg) 40.1 32.5 32.5 32.5 32.5 36.1 34.8 33.0 32.9 
Arterial [H+] (nEq/L) 38.5 31.6 40.5 36.0 36.0 39.6 38.3 36.4 36.3 



 

Central [H+] (nEq/L) 41.2 34.8 34.8 34.8 34.8 37.8 37.9 38.2 38.1 
VRTCO2 (mmHg) 40.5 40.5 39 39.5 35.8 35.8 34.5 32.5 32.5 
Corrected VRTCO2 (mmHg) h 48.3 48.3 46.8 47.3 43.6 43.6 43.8 41.8 41.8 
Refer to Tables 2.1, 2.2 and 2.3 footnotes for definition of abbreviations. PaO2, arterial PO2; Tc, central 
chemoreceptor threshold for PCO2; Tp, peripheral chemoreceptor threshold for PCO2; TD, chemoreflex 
drive threshold; K, proportionality constant; Po, vertical asymptote of the rectangular hyperbola between 
peripheral chemoreceptor sensitivity to PCO2 and PO2; So, peripheral chemoreceptor sensitivity to PCO2 in 
hyperoxia, i.e., horizontal asymptote of the rectangular hyperbola between peripheral chemoreceptor 
sensitivity to PCO2 and PO2. 
a = Columns A and I represent the PP and TM3 conditions, respectively.  
b = Calculated as the difference between mean measured values of PaCO2 (Table 2.3) and CSF PCO2 from 
Hirabayashi et al. (1996) in healthy pregnant and non-pregnant women.  
c = Calculated as ([Na+] + [K+] + 2[Ca2+] + 2[Mg2+]) – ([Cl-] + [La-]) using mean data from Machida (1981) 
in healthy pregnant and non-pregnant women.  
d = Parameter values assumed to be the same as those described by Duffin (2005). 
e = Resting arterial PO2 does not change during human pregnancy (Templeton & Kelman 1976) and 
therefore it was kept constant at 100 mmHg.   
f = Parameter values assumed to be the same as those described by Duffin et al. (2000). 
g = The proportionality constant, K, adjusts for the conversion of ventilation to alveolar ventilation and 
partial pressures to fractional concentrations (Duffin 2005) and was arbitrarily calculated so that at a resting 

V· CO2 of 0.23 L/min (Table 2.1) and a resting PaCO2 of 40.1 mmHg (Table 2.3), ventilation was 9.4 L/min 
(Table 2.1), representing the PP condition.   
h = VRTCO2 corrected for the central-to-arterial PCO2 difference (or the decrease in cerebral blood flow). 
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ventilation was 3-5 L/min higher than resting V· E in both TM3 and PP conditions; 

however, the pregnancy-induced increase in these parameters was nearly identical (1.9 

L/min vs. 2.2 L/min, respectively).  Based on these observations, we concluded that our 

subjects were not completely restful during rebreathing experiments and therefore the 

mean measured value of V· E was applied to the model as an estimate of the change in 

wakefulness drive.  Increasing the wakefulness drive to breathe by 2.2 L/min reduced the 

predicted PaCO2 by 7.6 mmHg (with no change in predicted VRTCO2), which reduced 

both the predicted arterial and central [H+] (Table 2.4; Column B). 

Pregnancy-induced reductions in plasma [SID] and PaCO2 follow a similar time-

course (Weissgerber et al. 2006) and we reasoned that the former compensates for the 

alkalinizing effects of the latter in this population.  Decreasing plasma [SID] by 6.0 

mEq/L increased the predicted arterial [H+] by 8.9 nEq/L (with no change in the predicted 

central [H+]), which decreased the predicted VRTCO2 by 1.5 mmHg (Table 2.4; Column 

C).  The acidifying effects of reduced plasma [SID] were partly compensated for by 

reductions in plasma [Alb] (Table 2.4; Column D).   

Increasing central chemoreflex sensitivity by 2.55 L/min/mmHg decreased the 

predicted VRTCO2 by ~4.5 mmHg, with no change in the predicted V· E, PaCO2, arterial 

and central [H+] (Table 2.4; Column E).  Finally, increasing V· CO2 by 0.05 L/min 

increased the predicted V· E, PaCO2, arterial and central [H+] by 1.3 L/min, 3.6 mmHg, 3.6 

nEq/L and 3.0 nEq/L, respectively (Table 2.4; Column F). 

When pregnancy-induced changes in wakefulness drives to breathe, central 

chemoreflex sensitivity, plasma [SID] and [Alb], and V· CO2 were considered together they 



 

decreased the predicted VRTCO2 and PaCO2 by 4.7 mmHg and 4 mmHg, and increased 

the predicted arterial [H+] by 1.1 nEq/L representing 90%, 50% and 0% of the measured 

change (Table 2.3) in these parameters, respectively.  The discrepancy between measured 

and predicted changes in these parameters may be due to the effects of human pregnancy 

on cerebral blood flow, central (or brain tissue) [SID] and peripheral chemoreflex 

sensitivity.   

Pregnancy-induced reductions in PaCO2, in the presumed absence of changes in 

cerebrovascular reactivity (Riskin-Mashiah et al. 2001; Bergersen et al. 2006) and brain 

tissue V· CO2, would be expected to decrease cerebral blood flow, thereby increasing the 

central-to-arterial PCO2 difference so as to protect central [H+].  Indeed, cerebral blood 

flow is reduced at rest during human pregnancy (Zeeman et al. 2003; Bergersen et al. 

2006) and the time-course of this change closely parallels that of PaCO2 (Bergersen et al. 

2006; Wessigerber et al. 2006).  Increasing the model central-to-arterial PCO2 difference 

by 1.5 mmHg (calculated as the difference between mean measured values of PaCO2 

(Table 2.3) and CSF PCO2 from Hirabayashi et al. 1996) increased the predicted V· E (with 

no change in predicted central [H+]), and decreased the predicted PaCO2, arterial [H+] and 

VRTCO2 (Table 2.4; Column G). 

Pregnancy-induced reductions in CSF PCO2 are partly compensated since CSF 

[HCO3
-] and [H+] are reduced (the latter by ~4 nEq/L) in healthy pregnant compared with 

non-pregnant women (Machida 1981; Hirabayashi et al. 1996).  Using mean data from 

Machida (1981), we calculated a pregnancy-induced decrease in CSF [SID] of 1.34 

mEq/L, which when applied to the model increased the predicted V· E and central [H+], and 
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further decreased the predicted PaCO2 (by 2 mmHg), arterial [H+] (by 1.9 nEq/L) and 

VRTCO2 (by 1.8 mmHg) (Table 2.4; Column H). 

Peripheral chemoreflex sensitivity is reportedly increased by 100-115% during 

human pregnancy (Garcia-Rio et al. 1996; Moore et al. 1987); therefore, we modeled the 

effects of a presumed 105% increase in this parameter.  Nevertheless, the model 

predictions did not support a significant role of the increased peripheral chemoreflex 

sensitivity in the hyperventilation of human pregnancy at normal O2 tensions, i.e., sea 

level (Table 2.4; Column I). 
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DISCUSSION 

This is the first study to demonstrate that the hyperventilation and attendant 

hypocapnia/alkalosis of human pregnancy results from a complex interaction between 

alterations in acid-base balance and other factors that directly affect ventilation, including 

increased wakefulness drives to breathe, increased central chemoreflex sensitivity, 

increased metabolism and decreased cerebral blood flow.  We also found that the 

alkalinizing effects of pregnancy-induced reductions in PaCO2 and plasma [Alb] were 

only partly offset by the acidifying effects of a reduced plasma [SID], such that arterial 

[H+] was still reduced in TM3 compared with PP; and pregnancy-induced reductions in 

PaCO2 were unrelated to the increased concentrations of female sex hormones.  

 

Critique of methods 

Although environmental factors (i.e., lights and noise) known to influence the state of 

wakefulness (Shea 1996) were strictly controlled in this study, it could be argued that 

performing a novel task without familiarization increased our subjects’ state of arousal, 

particularly during TM3 trials, and that this may explain, at least in part, the pregnancy-

induced increase in sub-VRTCO2 (wakefulness) ventilation.  Sub-VRTCO2 ventilation 

was 3-5 L/min higher than resting V· E during both TM3 and PP trials.  However, further 

increases in both sub-VRTCO2 ventilation (by 2.2 L/min) and V· E (by 1.9 L/min) were 

evident (and similar in magnitude) in TM3 vs. PP, suggesting that increases in the former 

may be explained by a direct (or indirect) facilitatory effect of human pregnancy on 

wakefulness drives to breathe.  Nevertheless, we cannot preclude the possibility that 

subject naïveté contributed to our results.   
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Mechanisms of ventilatory stimulation during human pregnancy 

Consistent with the results of previous studies (Machida 1981; Moore et al. 1986; Moore 

et al. 1987; Hirabayashi et al. 1996; Heenan & Wolfe 2000; Jensen et al. 2005b; 

Charlesworth et al. 2006; Weissgerber et al. 2006), we found that PaCO2 was reduced, 

and that central chemoreflex sensitivity was higher and the VRTCO2 lower in TM3 

compared with PP.  Pregnancy-induced reductions in PaCO2 have been attributed to the 

stimulatory effects of progesterone on V· E (Skatrud et al. 1978; Morikawa et al. 1987; 

Mikami et al. 1989; Regensteiner et al. 1989), and many investigators have implied that 

these changes may be due to a direct (or indirect) facilitatory effect of female sex 

hormones on the respiratory chemoreflexes (Moore et al. 1987; Hannhart et al. 1989; 

Jensen et al. 2005b).  However, it is difficult to justify how the hyperventilation of human 

pregnancy could be the result of hormone-mediated increases in central and peripheral 

chemoreflex responsiveness, since the increased V· E occurs despite reductions in 

chemoreceptor stimuli (i.e., reduced arterial and CSF [H+]).    

As reviewed in the introduction, several lines of evidence suggest that pregnancy-

induced changes in V· E and PaCO2 may be due, at least in part, to the combined facilitatory 

effects of estrogen and progesterone on central neuromodulatory sites involved in the 

control of breathing (e.g., medulla, diencephalon, respiratory motoneurons), independent 

of [H+] and therefore the respiratory chemoreflexes (Skatrud et al. 1978; Dempsey et al. 

1986; Bayliss et al. 1987; Bayliss et al. 1990; Bayliss & Millhorn 1992; Behan et al. 

2003; Behan & Thomas 2005; Slatkovska et al. 2006; Jensen et al. 2007a).  In keeping 

with these observations, as well as the mean results of a recent cross-sectional study from 
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our laboratory (Jensen et al. 2005b) we found that sub-VRTCO2 ventilation increased by 

1.9 L/min (or 15%) during human pregnancy.   

PaCO2, [P4] and [E2] changed consistently from PP to TM3 across all subjects 

(Fig. 2(A), [E2] not shown).  In contrast to our original hypothesis, however, we failed to 

demonstrate a significant relationship between the pregnancy-induced (intra-subject) 

change in resting PaCO2 and each of [P4] (Figure 2.2(B)) and [E2].  This is in keeping 

with the collective results of Skatrud et al. (1978), Morikawa et al. (1987) and Mikami et 

al. (1989) who demonstrated that neither the dose, duration of treatment nor luteinizing 

activity of the synthetic progestin administered to healthy men was related to the 

magnitude of the decrease in PaCO2.  Human pregnancy is characterized by significant 

changes in the function of several integrated physiological control systems (i.e., 

respiratory, cardiovascular, metabolic), and it is well established that these changes are 

initiated and maintained by gestational hormones (Weissgerber & Wolfe 2006).  

Therefore, it is certainly reasonable to suggest that the lack of statistical correlation 

between [P4] (and [E2]) and PaCO2 underscores the complexity of humoral mechanisms 

of ventilatory stimulation during human pregnancy. 

 

Modeling the ventilatory adaptations of human pregnancy 

The chemoreflex model accurately predicted the measured changes in VRTCO2, as well 

as resting PaCO2 and arterial [H+] from measured (and calculated) changes in central 

chemoreflex and non-chemoreflex drives to breathe; plasma [SID] and [Alb]; central 

[SID]; cerebral blood flow; and V· CO2 (Figure 2.4).  Therefore, the model predictions 

implicate the following factors in the hyperventilation of human pregnancy:  1) increases 
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Figure 2.4.  The chemoreflex model accurately predicts pregnancy-induced changes in 
the central chemoreflex ventilatory recruitment threshold for PCO2, as well as in resting 
ventilation and arterial PCO2 based on measured (and calculated) changes in wakefulness 
drives to breathe; central and peripheral chemoreflex sensitivity; plasma [SID] and [Alb]; 
central [SID]; cerebral blood flow; and metabolic rate.  Open circles = predicted control 
system equilibrium points, i.e., intersection between ventilation-PCO2 response and 
metabolic hyperbola; Shaded stars = mean measured values of resting ventilation and 
arterial PCO2.  TM3, third trimester; PP, post-partum; PaO2, arterial PO2. 
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in wakefulness drives to breathe; 2) changes in arterial (and central) acid-base balance 

that lower the central chemoreflex VRTCO2; 3) increases in central chemoreflex 

sensitivity; 4) decreases in cerebral blood flow; and 5) increases in V· CO2.  The results of 

the model predictions also support our contention that pregnancy-related changes in these 

factors masked any statistical relationship between the increase in female sex hormone 

concentrations and decrease in PaCO2.  

To our knowledge, no controlled, longitudinal study (in humans or animals) has 

been conducted to conclusively determine the time-course of pregnancy-induced changes 

in female sex hormone concentrations; chemoreflex and non-chemoreflex drives to 

breathe; arterial and central acid-base balance; cerebral blood flow; and metabolic rate.  

Nevertheless, based on the collective results of the present study, as well as those of 

several previous studies (Skatrud et al. 1978; Dempsey et al. 1986; Bayliss et al. 1987; 

Bayliss et al. 1990; Bayliss & Millhorn 1992; Behan et al. 2003; Behan and Thomas 

2005; Jensen et al. 2005b; Weissgerber et al. 2006; Jensen et al. 2007a), we hypothesize 

that increases in [P4] and [E2] are likely responsible for the early and progressive rise in    

V· E during human pregnancy via stimulation of wakefulness (or non-chemoreflex) and 

perhaps also central chemoreflex drives to breathe.  The attendant arterial and central 

respiratory alkalosis initiates compensatory reductions in arterial [SID], central [SID] and 

cerebral blood flow, which partially restores arterial and central [H+], thereby altering the 

relationship between PCO2 and [H+], such that arterial and central [H+] are significantly 

increased at any given PaCO2 and CSF PCO2, respectively.  Consequently, the 

chemoreflex VRTCO2 is reduced, even though the threshold in terms of [H+] does not 
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change.  Finally, progressive increases in V· CO2 after mid-gestation are likely responsible 

for concomitant increases in V· E.  Further study is required to confirm this hypothesis. 

 

Conclusion 

This is the first longitudinal study, in humans, to employ a novel, integrative approach to 

elucidate the physiological mechanisms underlying the ventilatory adaptations of healthy 

human pregnancy.  We concluded that the hyperventilation and attendant 

hypocapnia/alkalosis of human pregnancy results from a complex interaction between 

alterations in acid-base balance and other factors that directly affect ventilation, including 

increased wakefulness drives to breathe, increased central chemoreflex sensitivity, 

increased metabolism and decreased cerebral blood flow.  The findings of the present 

study, therefore, have important clinical and physiological implications for the 

understanding of ventilatory control and acid-base balance across the female reproductive 

life span (i.e., puberty, menstruation, oral contraceptive use, pregnancy, and menopause) 

and in response to hormone replacement therapy. 
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CHAPTER 3 

 

MECHANICAL VENTILATORY CONSTRAINTS DURING INCREMENTAL 

CYCLE EXERCISE IN HUMAN PREGNANCY:  IMPLICATIONS FOR 

RESPIRATORY SENSATION 

 

(Journal of Physiology doi:10.1113/jphysiol.2008.158154) 
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ABSTRACT 

The aim of this study was to identify the physiological mechanisms of exertional 

respiratory discomfort (breathlessness) in pregnancy by comparing ventilatory (breathing 

pattern, airway function, operating lung volumes, esophageal pressure (Pes)-derived 

indices of respiratory mechanics) and perceptual (breathlessness intensity) responses to 

incremental cycle exercise in fifteen young, healthy women in the third trimester (TM3; 

between 34-38 wk gestation) and again 4-5 months post-partum (PP).  During pregnancy, 

resting inspiratory capacity (IC) increased (p<0.01) and end-expiratory lung volume 

decreased (p<0.001), with no associated change in total lung capacity (TLC) or static 

respiratory muscle strength.  This permitted greater tidal volume (VT) expansion 

throughout exercise in TM3, while preserving the relationship between contractile 

respiratory muscle effort (tidal Pes swing expressed as a % of maximum inspiratory 

pressure (PImax)) and thoracic volume displacement (VT expressed as a % of vital 

capacity) and between breathlessness and ventilation (V· E).  At the highest equivalent work 

rate (HEWR = 128 ± 5 watts) in TM3 compared with PP:  V· E, tidal Pes/PImax and 

breathlessness intensity ratings increased by 10.2 L/min (p<0.001), 8.8 %PImax (p<0.05) 

and 0.9 Borg units (p<0.05), respectively.  Pulmonary resistance was not increased at rest 

or during exercise at the HEWR in TM3, despite marked increases in mean tidal 

inspiratory and expiratory flow rates, suggesting increased bronchodilatation.  Dynamic 

mechanical constraints on VT expansion (p<0.05) with associated increased 

breathlessness intensity ratings (p<0.05) were observed near peak exercise in TM3 

compared with PP.  In conclusion: 1) pregnancy-induced increases in exertional 

breathlessness reflected the normal awareness of increased V· E and contractile respiratory 
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muscle effort; 2) mechanical adaptations of the respiratory system, including recruitment 

of resting IC and increased bronchodilatation, accommodated the increased VT while 

preserving effort-displacement and breathlessness-V· E relationships; and 3) dynamic 

mechanical ventilatory constraints contributed to respiratory discomfort near the limits of 

tolerance in late gestation.   
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INTRODUCTION 

Perceived respiratory discomfort (breathlessness) is reported during activities of daily 

living by as many as 75% of healthy pregnant women (Milne et al. 1978; Moore et al. 

1987).  The etiology of gestational breathlessness, however, remains poorly understood 

and it is often difficult to differentiate physiological from patho-physiological 

breathlessness in this population.  Purported mechanisms of gestational breathlessness 

include: 1) the normal awareness of increased minute ventilation (V· E) (Moore et al. 1987; 

Field et al. 1991; Garcia-Rio et al. 1996); 2) an exaggerated central perception of 

discomfort at any given V· E (Gilbert et al. 1962; Gilbert & Auchincloss 1966); 3) increased 

O2 cost of breathing, secondary to progressive thoraco-abdominal distortion (Bader et al. 

1959); or 4) any combination of the above. 

 A mechanistic study by Field et al. (1991) found that tidal volume (VT), 

inspiratory esophageal pressure (Pes) swings and breathlessness intensity ratings were 

consistently higher during exercise in the third trimester (TM3) compared with the post-

partum (PP) state, suggesting that pregnancy-induced increases in breathlessness reflect 

the normal awareness of increased V· E and contractile inspiratory muscle effort.  Thus, 

increased central respiratory motor output command and the attendant increase in central 

corollary discharge to the somatosensory cortex (Chen et al. 1991; Chen et al. 1992; 

Manning & Schwartzstein 1995; O’Donnell et al. 2007) remains a plausible mechanistic 

explanation of gestational breathlessness.  In the study of Field et al. (1991), however, 

comparisons were made at a standardized submaximal cycle work rate of only 48 watts, 

corresponding to breathlessness intensity ratings of “very slight” to “slight” (i.e., 1–2 

Borg units) in TM3 and PP, respectively.  The concern remains that the exercise testing 
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protocol was too conservative to unmask potential mechanical ventilatory constraints 

relevant to the origin of exertional respiratory discomfort in this population.  The present 

study is the first to examine detailed sensory-mechanical relationships at the limits of 

tolerance in human pregnancy. 

Very little is known about the role of altered dynamic ventilatory mechanics in the 

perception of exertional breathlessness in pregnancy (Bader et al. 1959; Field et al. 1991).  

Conventional wisdom suggests that pregnancy-induced changes in the shape and 

configuration of the abdomen, diaphragm and chest wall may alter the normal mechanical 

response of the respiratory system to exercise, thereby constraining VT expansion 

especially when ventilatory requirements are high.  Hypothetically, it is possible that an 

impaired ability to reduce end-expiratory lung volume during exercise in pregnancy 

(secondary to the mechanical effects of the gravid uterus) would compromise power-

sharing between the inspiratory and expiratory muscles, and force dynamic end-

inspiratory lung volume closer to total lung capacity.  These restrictive changes, in the 

setting of an increased central ventilatory drive (Jensen et al. 2007a; Jensen et al. 2008b), 

would be expected to uncouple the otherwise harmonious relationship between contractile 

respiratory muscle effort and thoracic volume displacement with attendant increases in 

perceived breathlessness.  Accordingly, based on our previous work on the impact of 

mechanical restriction on exercise performance, we can predict that in the presence of 

significant restrictive ventilatory constraints, the ratio of contractile effort (tidal Pes swing 

expressed as a % of maximal inspiratory pressure (PImax)) to volume displacement (VT 

expressed as a % of vital capacity) will increase (O’Donnell et al. 1997; O’Donnell et al. 

2000; O’Donnell et al. 2006a).  This increased effort-displacement ratio, an index of 

neuromechanical (un)coupling of the respiratory system, would in turn be associated with 

 - 73 -  



 

greater perceived respiratory discomfort at any given V· E particularly during strenuous 

exercise in late gestation when the mechanical encumbrance of the gravid uterus is 

greatest.  Contrary to our expectations, however, we recently found that neither 

pregnancy nor advancing gestation altered breathlessness-V· E relationships during 

incremental cycle exercise (Jensen et al. 2007b).  These results strongly suggested the 

existence of specific respiratory mechanical adaptations that accommodate the increased 

central ventilatory drive (i.e., VT expansion) of pregnancy while preserving 

neuromechanical coupling during exercise.  The present study is the first to consider the 

potential relevance of resting inspiratory capacity recruitment and bronchodilatation 

(Rubin et al. 1956; Gee et al. 1967; Garrard et al. 1978; Gilroy et al. 1988; Berry et al. 

1989; Contreras et al. 1991; Garcia-Rio et al. 1996; Garcia-Rio et al. 1997) to respiratory 

sensation during exercise in pregnancy.  

The aim of the present study therefore was to identify the physiological 

mechanisms of exertional breathlessness in pregnancy by comparing ventilatory 

(breathing pattern, airway function, operating lung volumes, Pes-derived indices of 

respiratory mechanics) and perceptual (breathlessness intensity) responses to incremental 

cycle exercise in 15 young, healthy women in TM3 (between 34-38 wks gestation) and 

again 4-5 months PP.  We hypothesized that: 1) breathlessness intensity would be 

consistently higher at any given work rate in TM3 compared with PP, reflecting the 

normal awareness of increased V· E and contractile respiratory muscle effort; 2) effort-

displacement and breathlessness- V· E relationships would be preserved throughout exercise 

in TM3 compared with PP, indicating the existence of respiratory mechanical adaptations; 
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and 3) mechanical ventilatory constraints would contribute importantly to perceived 

respiratory discomfort during exercise near the limits of tolerance in TM3. 
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METHODS 

Subjects 

Subjects included 15 healthy women, 20–40 yrs, parity ≤ 2, who were experiencing 

uncomplicated singleton pregnancies; had no history of smoking or cardiovascular, 

respiratory, neuromuscular, musculoskeletal, metabolic or haematological (i.e., 

[haemoglobin] ≥ 10 g/dl) disease; and were not taking medications (other than prenatal 

vitamins) that could affect the ventilatory or perceptual response to exercise.  Subjects 

were recruited via posted announcements, newspaper advertisements and contact with 

local obstetricians, midwives and health care providers.  Prior to participation, subjects 

completed the Physical Activity Readiness Medical Examination for Pregnancy (available 

at http://www.csep.ca (Appendix A)) and obtained medical clearance from their primary 

care giver (Appendix B).  Approximately 1-2 wks prior to TM3 tests, subjects underwent 

a fetal ultrasound and biophysical profile examination to ensure appropriate fetal growth, 

behaviour and amniotic fluid volume.  As an incentive for study participation, subjects 

were given the opportunity to take part in a closely monitored prenatal muscle 

conditioning program designed specifically to maintain (not improve) general muscular 

fitness, promote proper posture, and prevent urinary incontinence and diastasis recti, 

without causing improvement in the aerobic energy system.  Fourteen women participated 

in 1.3 ± 0.1 classes/wk (mean ± SEM) for an average of 19.1 ± 1.1 wk prior to TM3 

testing; these classes were not continued in the post-partum period.  The study protocol 

and consent form (Appendix C) were approved by the Queen’s University and Affiliated 

Teaching Hospitals Health Sciences Human Research Ethics Board in accordance with 

the Declaration of Helsinki; written informed consent was obtained from all participants.  
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Experimental design   

This was a controlled, longitudinal study in which experimental tests were conducted at 

36.6 ± 0.3 wk gestation (i.e., when the mechanical encumbrance of the gravid uterus is 

greatest) and again 17.9 ± 0.9 wk post-partum (i.e., long enough after delivery to ensure a 

complete return to the non-pregnant control state).  The majority of available research 

suggests that menstrual cycle phase and oral contraceptive use has little or no effect on 

ventilatory control at rest and during exercise in healthy young women (Redman et al. 

2003; Itoh et al. 2007; Nettlefold et al. 2007; Smekal et al. 2007).  Therefore, no attempt 

was made to control for menstrual cycle status, lactation and/or oral contraceptive use in 

PP.  Experimental visits included: evaluation of anthropometry (i.e., body height and 

mass) and persistent activity-related breathlessness using the modified Baseline Dyspnea 

Index (BDI) scale (Stoller et al. 1986 (Appendix D)); pulmonary function tests; and an 

incremental cycle exercise test.  The BDI is a validated, reliable multidimensional 

discriminative instrument (Mahler et al. 1984):  a focal score of “0” indicates severe 

impairment and breathlessness at rest, while a score of “12” indicates breathlessness only 

with intense physical activity.  Subjects abstained completely from exercise, caffeine, 

heavy meals and alcohol for at least 12 hr before TM3 and PP tests, which were 

conducted at the same time of day for each subject.  Blood for the estimation of arterial 

PCO2 (PaCO2), [H+] and [HCO3
-]; and serum progesterone ([P4]) and 17β-estradiol ([E2]) 

concentrations was collected from each subject on a separate day, within the same week 

as previously described (Jensen et al. 2008b (Chapter 2)).       
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Pulmonary function testing 

Pulmonary function measurements, including routine spirometry, constant volume body 

plethysmography, single breath diffusing capacity for carbon monoxide (DLCO), and 

maximum inspiratory (MIP) and expiratory (MEP) mouth pressures measured at 

functional residual capacity (FRC) (i.e., MIP was not corrected for the change in FRC 

during pregnancy) and total lung capacity (TLC), respectively, were collected according 

to recommended techniques (ATS/ERS 2002; MacIntyre et al. 2005; Miller et al. 2005a; 

Miller et al. 2005b; Wanger et al. 2005) using automated equipment (Vmax 229d with 

Autobox 6200 DL; SensorMedics, Yorba Linda, CA) and expressed in absolute terms.  

Static lung recoil pressure (Pst) as well as both static (Cst) and dynamic (Cdyn) lung 

compliance was measured in a subgroup of 7 volunteers using automated equipment 

(Vmax 229d with Autobox 6200 DL) according to recommended techniques (Gibson & 

Pride 1976).    

   

Cardiopulmonary exercise testing 

Evidence-based guidelines for exercise during pregnancy (Davies et al. 2003) recommend 

that women participate in weight-supported exercise (e.g., stationary cycling) and avoid 

activities that increase the risk of loss of balance and fetal trauma (e.g., treadmill 

running).  Therefore, incremental exercise tests were conducted on an electronically 

braked cycle ergometer (Ergometrics 800S; SensorMedics, Yorba Linda, CA) by use of a 

cardiopulmonary exercise testing system (Vmax229d; SensorMedics).  Prior to TM3 tests, 

the bicycle seat height was adjusted so that the subject’s legs were almost completely 

extended when the pedals were at the lowest point; the seat was adjusted to the same 

height at PP.  Exercise tests consisted of a steady-state resting period of at least 6-min 
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followed by 25 watt increases in cycle work rate every 2-min to the point of symptom-

limitation. Pedalling cadence was maintained between 60 and 70 rpm.  Subjects were 

verbally encouraged to cycle to the point of symptom-limitation.   

Measurements were collected at rest and during exercise while subjects breathed 

through a mouthpiece and a low-resistance flow transducer with nasal passages occluded 

by a noseclip.  Measurements included: standard cardiorespiratory and breathing pattern 

parameters (V· E, oxygen uptake (V· O2), carbon dioxide production (V· CO2), end-tidal PO2 

and PCO2 (PETCO2), tidal volume (VT), breathing frequency (fR), inspiratory (TI) and 

expiratory time (TE), inspiratory duty cycle (TI/TTOT), and mean tidal inspiratory (VT/TI) 

and expiratory (VT/TE) flow) were collected on a breath-by-breath basis and compared 

with predicted normal values based on age and height (Jones 1997); oxygen saturation by 

finger pulse oximetry; heart rate (HR) by 12-lead ECG; blood pressure by auscultation of 

the brachial artery using a sphygmomanometer with an arm cuff; intensity of perceived 

breathing and leg discomfort; dynamic operating lung volumes; and esophageal pressure-

derived indices of respiratory mechanics.   

 

Symptom evaluation 

Respiratory discomfort (breathlessness) was defined as the “sensation of laboured or 

difficult breathing” and leg discomfort as “the level of leg discomfort experienced during 

pedalling.”  Before exercise testing, subjects were familiarized with Borg’s 0-10 category 

ratio scale (Borg 1982 (Appendix E)) and its endpoints were anchored such that “0” 

represented “no respiratory (leg) discomfort” and “10” was “the most severe respiratory 

(leg) discomfort you have ever experienced or could ever imagine experiencing.”  By 
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pointing to the Borg scale, subjects rated their intensity of perceived breathlessness and 

leg discomfort at rest, within the last 30-sec of each 2-min interval during exercise, and at 

the symptom-limited peak of exercise.  Symptom ratings preceded IC maneuvers by at 

least 5 breaths to avoid interference with pre-IC breathing patterns, and to avoid the 

possible influence that the performance of an IC manoeuver might have on perceived 

breathlessness.  Upon exercise cessation, subjects were asked to verbalize their main 

reason for stopping exercise (i.e., respiratory discomfort, leg discomfort, combination of 

respiratory and leg discomfort or other) and this reason was documented.  Finally, 

qualitative descriptors of respiratory discomfort at the symptom-limited peak of cycle 

exercise were collected by questionnaire (O’Donnell et al. 2000 (Appendix F)).   

 

Operating lung volumes 

Changes in end-expiratory lung volume (EELV) were estimated from IC measurements 

collected at rest, at the end of each 2-min interval during exercise and at end-exercise.  

Assuming that TLC does not change during exercise (Stubbing et al. 1980), changes in IC 

and inspiratory reserve volume (IRV) reflect changes in dynamic EELV (EELV = TLC – 

IC) and end-inspiratory lung volume (EILV = TLC – IRV), respectively.  This has been 

found to be a reliable method of tracking acute changes in operating lung volumes (Yan 

et al. 1997; O’Donnell et al. 1998).  Confirmation of satisfactory technique and 

reproducibility of IC maneuvers for each subject was established during an initial practice 

session at rest by evaluating the consistency of volume and peak inspiratory Pes 

measurements, as described in detail previously (O’Donnell et al. 1997; O’Donnell et al. 

2001).  Subjects were given a few breaths warning before an IC maneuver, a prompt for 

the maneuver (i.e., “at the end of the next normal breath out, take a big, deep breath all 
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the way IN”) and then strong verbal encouragement to make a maximal inspiratory effort 

(i.e., “IN…, IN…, IN…”).  To verify that TLC was attained with each IC maneuver 

during exercise we confirmed that peak inspiratory Pes values matched those obtained at 

rest.  When subjects indicated the desire to stop exercise, an end-exercise IC maneuver 

was performed within 15-sec; or if an acceptable IC had been performed within the 

preceding 30-sec and the breathing pattern had not restabilized, then the value from that 

IC was used as the end-exercise value.  The resting IC was recorded as the mean of the 

two best reproducible efforts.   

 

Esophageal pressure derived respiratory mechanics: measurement and analysis 

Esophageal pressure (Pes)-derived measures of respiratory mechanics were collected on a 

breath-by-breath basis using an integrated data-acquisition setup.  Briefly, an adult 

balloon-tipped esophageal catheter (Ackrad Laboratories, Cranford, NJ) containing 0.5 ml 

of air was positioned according to an accepted technique (Baydur et al. 1982).  We have 

previously determined (unpublished observations) that 0.5 ml of air represents the 

minimal balloon volume for zero pressure using our testing setup and this particular 

esophageal catheter.  The placement and position (i.e., right/left nostril, distance from the 

nare) of the catheter was identical at TM3 and PP for each subject.  Esophageal pressure 

was sampled continuously at a rate of 100 Hz using a differential pressure transducer 

(MP45; Validyne Engineering, Northridge, CA), a signal conditioner (Carrier amplifier; 

Gould Electronics, Chandler, AZ) and computer data-acquisition software (Advanced 

CODAS; Dataq Instruments, Akron, OH).  The continuous flow signal from the 

Vmax229d system was simultaneously input into this system for further analysis.  

Maximum inspiratory sniff maneuvers against an occluded airway at EELV were 
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performed at rest and within 30-sec of exercise cessation to obtain maximal values for 

inspiratory Pes (PImax).  In our experience, performance of PImax maneuvers during 

exercise is not practical because it disrupts the pattern of breathing, thereby increasing 

breathlessness intensity ratings.  Therefore, values for PImax at each submaximal work 

rate during exercise were calculated at iso-time (i.e., at the concurrent exercise time 

corresponding to minutes 2, 4, 6, etc.) by linear interpolation between simultaneous PImax 

and exercise time measurements taken at rest and at end-exercise.  All tidal Pes swing 

measurements were subsequently compared with iso-time values of PImax.  

 Campbell diagrams were constructed to calculate: expiratory (WEres) and 

inspiratory (WIres) flow resistive work of breathing; inspiratory elastic work of breathing 

(WIel); and total inspiratory (WOB = WIel + WIres) and resistive (WRES = WEres + WIres) 

work of breathing (Otis 1964).  We assumed that pregnancy had no effect on static (or 

dynamic) chest wall compliance (Cw), which we estimated as 4% predicted vital capacity 

(VC)/cmH2O (Agostoni & Mead 1964).  The Cw curve was anchored using the predicted 

normal FRC (Crapo et al. 1982), i.e., resting relaxation volume of the respiratory system 

for each subject in PP and TM3.  We must point out, however, that if our assumption is 

wrong and Cw decreased from PP to TM3 (Marx et al. 1970), then TM3 values for WIel 

and thus WOB at any given work rate and V· E would tend to be overestimated.  Work of 

breathing measurements were multiplied by fR and expressed as joules/min.  The tension-

time index of the inspiratory muscles was calculated as the product of mean inspiratory 

Pes/PImax and TI/TTOT (Baydur et al. 1982).  Pulmonary resistance was calculated as the 

average of 5 breaths at rest, at the highest-equivalent work rate and at end-exercise for 

each subject in PP and TM3 using the iso-volume method (Tobin 1998).  The ratio of 
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contractile respiratory muscle effort (tidal Pes/PImax) to thoracic volume displacement 

(VT/VC) was calculated for each subject and used as an index of neuromechanical 

(un)coupling of the respiratory system (O’Donnell et al. 1997; O’Donnell et al. 2000; 

O’Donnell et al. 2006a).  

 

Analysis of exercise endpoints 

All breath-by-breath measurements were averaged in 30-sec intervals at rest and during 

exercise.  Volume (integrated flow) and Pes signals were also averaged in 30-sec intervals 

for reconstruction of Pes-volume loops.  Cardiorespiratory and Pes-derived measurements 

collected over the first 30-sec period of every second minute during exercise were linked 

with symptom ratings and IC measurements collected in the latter 30-sec of the respective 

minute so as to avoid contamination of averaged breath-by-breath data by irregular 

breaths surrounding IC manoeuvers.   

Five main time points were used for the evaluation of exercise parameters: 1) pre-

exercise rest; 2) the ventilatory threshold (Tvent); 3) the highest equivalent work rate 

(HEWR); 4) the VT/ V· E inflection; and 5) peak exercise.  Pre-exercise rest was defined as 

the steady-state period after at least 3-min of breathing on the mouthpiece while seated on 

the cycle ergometer at rest before exercise was initiated: cardiorespiratory and Pes-

derived measurements were averaged over the last 30-sec of this period; and IC 

measurements for this period were collected during breathing on the same circuit 

immediately after completion of the quiet breathing period.  Tvent was detected and 

verified individually using the V-slope and dual criterion methods (Beaver et al. 1986; 

Wasserman et al. 2005).  HEWR was defined as the highest equivalent cycle work rate 
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achieved during each of the symptom-limited incremental cycle exercise tests performed 

by a given subject (i.e., iso-work for each subject).  The relationship between VT and V· E 

(Hey et al. 1966) was examined and a point of inflection (i.e., VT/ V· E inflection) was 

determined for each subject at TM3 and PP.  Finally, peak exercise was defined as the last 

30-sec of loaded pedalling: cardiorespiratory and Pes-derived measurements were 

averaged over this time period; and IC measurements and Borg ratings of breathlessness 

and leg discomfort were collected immediately at the end of this period.  Peak work rate 

was defined as the highest cycle work rate that the subject was able to maintain for at 

least 30-sec; endurance time was defined as the duration of loaded pedalling.  Ventilation 

was compared with the maximal ventilatory capacity (MVC), which was estimated by 

multiplying the measured FEV1 by 35 (Gandevia & Hugh-Jones 1957).  Mean arterial 

blood pressure was estimated as the diastolic pressure plus one third of the pulse pressure.    

 

Statistical analysis 

A one-way repeated measures analysis of variance (ANOVA) was used to examine the 

effects of human pregnancy on measured variables at each measurement time (SigmaStat 

for Windows Version 3.10, Systat Software, Inc., San Jose, CA).  Pregnancy- and 

exercise-induced changes in PImax and in peak inspiratory Pes recorded during sequential 

IC maneuvers were compared using a two-way repeated measures ANOVA with Tukey 

(HSD) post-hoc test, respectively.  Reasons for stopping exercise and qualitative 

descriptors of breathlessness at end-exercise were analyzed using Fisher’s exact test.  

The effects of pregnancy on cardiorespiratory, perceptual and respiratory 

mechanical responses during exercise near the limits of tolerance were examined by 
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comparing 1) measurements at the VT/V· E inflection and at peak exercise both within- and 

between-conditions using a two-way repeated measures ANOVA with Tukey (HSD) 

post-hoc test and 2) the change in parameter values from the VT/V· E inflection to end-

exercise between PP and TM3 using a one-way repeated measures ANOVA.  A p<0.05 

level of significance was used for all analyses.  Results are reported as means ± SEM. 
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RESULTS 

Fifteen young, healthy, non-smoking, regularly active women with mild-to-moderate 

pregnancy-induced persistent activity-related breathlessness completed the study (Table 

3.1).  Nine women were nulliparous and six were primiparous.  As expected, body mass 

and body mass index increased; [P4] and [E2] increased; and resting PaCO2, [H+] and 

[HCO3
-] decreased from PP to TM3.  Serum [P4] and [E2] values at PP were not 

significantly different (p>0.05) than those previously reported from our laboratory in a 

group of 14 healthy eumennorheic women in the follicular phase of their menstrual cycle 

(Slatkovska et al. 2006), suggesting that women had returned to their non-pregnant 

control state. 

  

Resting pulmonary function 

Pregnancy-induced changes in resting pulmonary function are shown in Table 3.1 and 

Figure 3.1.  In TM3 compared with PP:  FEV1 and FVC increased, with no associated 

change in the FEV1/FVC ratio; specific airway resistance (sRaw) decreased by ~9% 

(p=0.072); IC increased; FRC, residual volume (RV) and expiratory reserve volume 

(ERV) decreased; and peak expiratory flow, TLC, slow vital capacity, DLCO, MIP, MEP, 

Cst and Cdyn did not change.  The fact that TLC did not change with pregnancy is further 

supported by the observation that Pst was similar in TM3 and PP (Table 3.1).   

 

Physiological responses to symptom-limited cycle exercise 

Ventilatory and metabolic responses to exercise are shown in Figure 3.2.  At rest and 

throughout exercise in TM3 compared with PP:  V· E increased significantly as a result of
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Table 3.1. Subject characteristics and resting pulmonary function 

 PP TM3 Δ (TM3 - PP) p value 

Age (yrs) 30.6 ± 1.0 - - - 

Height (cm) 166.4 ± 1.9 - - - 

Body mass (kg) 69.6 ± 3.1 80.9 ± 3.0 11.3 ± 0.8 <0.001 

Body mass index (kg/m2) 25.0 ± 0.8 29.1 ± 0.7 4.1 ± 0.3 <0.001 

Baseline Dyspnea Index (focal score) 11.9 ± 0.1 8.6 ± 0.4 -3.3 ± 0.4 <0.001 

Blood Biochemistry:     

   PaCO2 (mmHg) 39.5 ± 0.6 31.6 ± 0.4 -7.9 ± 0.7 <0.001 

   [H+] (nEq/L) 38.7 ± 0.4 35.8 ± 0.2 -2.9 ± 0.4 <0.001 

   [HCO3
-] (mEq/L) 24.6 ± 0.3 21.3 ± 0.3 -3.3 ± 0.4 <0.001 

   Progesterone (nmol/L) 1.1 ± 0.2 877 ± 73 876 ± 73 <0.001 

   17β-Estradiol (pmol/L) 106 ± 17 123,397 ± 47,068 123,291 ± 47,071 0.020 

Pulmonary Function:     

   FEV1 (L) 3.14 ± 0.09 3.28 ± 0.09 0.14 ± 0.04 0.002 

   FEV1/FVC (%) 79.7 ± 2.1 80.2 ± 1.5 0.6 ± 0.9 0.527 

   FVC (L) 3.98 ± 0.15 4.11 ± 0.15 0.13 ± 0.03 0.001 

   PEF (L/sec) 6.82 ± 0.23 6.80 ± 0.28 -0.02 ± 0.14 0.898 

   FEF25%-75% (L/sec) 3.07 ± 0.20 3.26 ± 0.16 0.19 ± 0.09 0.061 

   IC (L) 2.92 ± 0.11 2.65 ± 0.11 0.28 ± 0.08 0.003 

   FRC (L) 2.36 ± 0.14 2.71 ± 0.14 -0.36 ± 0.06 <0.001 



 

   sRaw (cmH2O/sec) 6.59 ± 0.60 6.08 ± 0.54 -0.52 ± 0.27 0.072 

   DLCO (ml/min/mmHg) 21.3 ± 0.9 20.6 ± 0.8 -0.7 ± 0.4 0.136 

   MIP (cmH2O) 76 ± 4 76 ± 5 0.1 ± 2.1 0.975 

   MEP (cmH2O) 113 ± 6 104 ± 6 -9 ± 5 0.102 

   Cst (cmH2O/L) 0.25 ± 0.03 0.30 ± 0.06 0.04 ± 0.07 0.561 

   Cdyn (cmH2O/L) 0.17 ± 0.02 0.21 ± 0.04 0.04 ± 0.04 0.360 

   Pst (cmH2O) 30.6 ± 4.5 31.0 ± 2.3 0.4 ± 2.4 0.864 

Values are means ± SEM.  PP, post-partum; TM3, third trimester; Δ, pregnancy-induced change; PaCO2, 
arterialized venous partial pressure of CO2; [H+], arterialized venous hydrogen ion concentration; [HCO3

-], 
plasma bicarbonate concentration; FEV1, forced expiratory volume in 1 sec; FVC, forced vital capacity; 
PEF, peak expiratory flow rate; FEF25%-75%, forced expiratory flow from 25% to 75% of the FVC 
maneuver; IC, inspiratory capacity; FRC, functional residual capacity; sRaw, specific airway resistance; 
DLCO, single breath diffusing capacity for carbon monoxide; MIP and MEP, maximal inspiratory and 
expiratory pressure, respectively; Cst and Cdyn, static and dynamic lung compliance, respectively (n=7); 
Pst, static lung recoil pressure (n=7).  
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Figure 3.1.  Effects of pregnancy on static lung volumes and capacities.  In TM3 
compared with PP:  FRC, ERV and RV decreased, while IC increased with no associated 
change in TLC.  PP, post-partum; TM3, third trimester; TLC, total lung capacity; ERV, 
expiratory reserve volume; IC, inspiratory capacity; FRC, functional residual capacity; 
SVC, slow vital capacity; RV, residual volume; VT, tidal volume, IRV, inspiratory 
reserve volume; Δ, pregnancy-induced change (i.e., mean difference ± SEM between 
values at TM3 and PP); ↑, increase; ↓, decrease. 
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Figure 3.2.  Effects of pregnancy on oxygen uptake, ventilation, breathing pattern and 
respiratory mechanical/muscular responses to incremental cycle exercise.  Data points are 
mean ± SEM values at rest, at standardized cycle work rates during exercise and at peak 

exercise.  PP, post-partum; TM3, third trimester; V· O2, metabolic rate of oxygen uptake;    

V· E/V· CO2, ventilatory equivalent for carbon dioxide; PETCO2, end-tidal partial pressure of 
carbon dioxide; VT, tidal volume; IRV, inspiratory reserve volume; fR, breathing 
frequency; Pes, esophageal pressure; Tidal Pes (%PImax), tidal esophageal pressure 
expressed as a % of maximum inspiratory pressure (an index of contractile respiratory 
muscle effort). * p<0.05; # p≤0.07 TM3 vs. PP; † Tidal Pes swings increased from PP to 
TM3 (p<0.05) during exercise at cycle work rates ≥ 75 watts. 



 

an increase in VT with no change in fR; and PETCO2 decreased significantly (Figure 3.2).  

As expected, HR increased at rest (by 12 ± 3 beats/min, p<0001) and reached a peak 

value that was 6 ± 1 beats/min lower (p<0.001) in TM3 compared with PP (Table 3.2).  

Measurements at peak exercise and at the HEWR are provided in Table 3.2.  Peak work 

rate, V· O2 and V· E were similar, although the duration of loaded pedaling decreased by 0.6 

± 0.3 min (p=0.046) in TM3 compared with PP.  At the HEWR during exercise in TM3 

compared with PP (Table 3.2):  V· O2 increased; V· E and VT increased by 10.2 L/min (20%) 

and 0.35 L (19%), respectively, with no associated change in fR or breath timing (TI, TE, 

TI/TTOT).  The V· O2 at Tvent was not different despite a greater V· E in TM3 compared with 

PP:  V· O2 averaged 1.10 ± 0.03 and 1.05 ± 0.04 L/min in TM3 and PP, respectively; and V· E 

at Tvent averaged 32.4 ± 1.3 vs. 27.1 ± 1.1 L/min in TM3 vs. PP, respectively (p=0.005). 

 

Respiratory mechanical responses to symptom-limited cycle exercise 

The assumption that TLC did not change during exercise was supported by the fact that 

peak inspiratory Pes values did not change during sequential IC maneuvers from rest 

(TM3, -26 ± 2 cmH2O; PP, -25 ± 2 cmH2O) and throughout exercise (e.g., TM3 at peak,    

-24 ± 2 cmH2O; PP at peak, -21 ± 2 cmH2O) both within- and between-conditions.  These 

observations validate the use of serial IC measurements to track changes in operating lung 

volumes during exercise in healthy pregnant and non-pregnant women.  We also found 

that PImax was not significantly different from its resting value at end-exercise within PP 

(-59 ± 4 vs. -58 ± 5 cmH2O, respectively; p=0.827) and TM3 (-57 ± 4 vs. -53 ± 4 cmH2O, 

respectively; p=0.316); in this regard, pregnancy had no effect on pre-exercise, end-

exercise or the exercise-induced change in PImax. 
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Table 3.2.  Effects of pregnancy on perceptual, cardio-metabolic, ventilatory and respiratory 
mechanical/muscular responses at the symptom-limited peak (i.e., last 30 sec of loaded pedaling) and at the 
highest equivalent work rate (HEWR) of cycle exercise. 

 Peak exercise HEWR 

 PP TM3 PP TM3 
Breathlessness (Borg scale) 5.4 ± 0.6 6.5 ± 0.5 * 3.2 ± 0.4 4.1 ± 0.3 * 
Leg discomfort (Borg scale) 6.6 ± 0.7 6.5 ± 0.6 4.1 ± 0.5 4.5 ± 0.5 
Work rate (watts) 155 ± 7 148 ± 5 128 ± 5 128 ± 5 

V· O2 (L/min) 2.13 ± 0.08 2.12 ± 0.08 1.67 ± 0.06 1.82 ± 0.07 † 

V· O2 (% predicted max) 111 ± 4 110 ± 3 87 ± 2 94 ± 3 † 

V· CO2 (L/min) 2.58 ± 0.08 2.40 ± 0.08 * 1.91 ± 0.07 1.99 ± 0.08 
HR (beats/min) 174 ± 3 168 ± 3 ‡ 158 ± 4 157 ± 2 
O2 pulse (ml/beat) 12.3 ± 0.5 12.7 ± 0.5 10.7 ± 0.5 11.6 ± 0.5 * 
MAP (mmHg) 104 ± 1 107 ± 1 102 ± 2 105 ± 5 

V· E (L/min) 79.1 ± 2.6 81.5 ± 4.1 52.5 ± 2.6 62.7 ± 3.2 ‡ 

V· E/MVC (%) 72.8 ± 3.2 71.5 ± 3.5 48.3 ± 2.7 54.7 ± 2.4 † 
VT (L) 2.08 ± 0.08 2.22 ± 0.07 † 1.88 ± 0.09 2.22 ± 0.12 ‡ 
VT/IC (%) 71.8 ± 2.2 72.4 ± 2.3 * 61.8 ± 2.0 71.2 ± 2.8 ‡ 
IC (L) 2.92 ± 0.11 3.08 ± 0.08 3.04 ± 0.12 3.11 ± 0.08 
IC change from rest (L) 0.21 ± 0.09 -0.00 ± 0.10 # 0.33 ± 0.10 0.03 ± 0.09 † 
IRV (L) 0.84 ± 0.08 0.86 ± 0.08 1.16 ± 0.08 0.89 ± 0.09 † 
fR (breaths/min) 38.7 ± 1.9 37.2 ± 2.0 28.4 ± 1.3 28.6 ± 1.3 
TI/TTOT (%) 50.4 ± 0.9 48.7 ± 0.8 46.5 ± 0.7 47.3 ± 0.8 
VT/TI (L/sec) 2.57 ± 0.11 2.77 ± 0.13 1.87 ± 0.07 2.20 ± 0.10 † 
VT/TE (L/sec) 2.61 ± 0.09 2.65 ± 0.16 1.65 ± 0.10 1.98 ± 0.11 ‡ 
SpO2 (%) 94.5 ± 1.0 95.1 ± 0.6 95.5 ± 0.4 95.0 ± 0.6 
PETCO2 (mmHg) 35.3 ± 0.9 32.6 ± 1.1 * 39.9 ± 1.1 35.1 ± 1.0 ‡ 



 

V· E/ V· O2 37.5 ± 1.4 38.6 ± 1.4 31.5 ± 1.2 34.5 ± 1.1 † 

V· E/ V· CO2 30.8 ± 0.9 33.8 ± 1.0 † 27.4 ± 0.8 31.5 ± 0.8 ‡ 
Peak inspiratory Pes (cmH2O) -12.1 ± 0.9 -14.4 ± 0.9 -11.0 ± 0.9 -13.3 ± 0.8 # 
Peak expiratory Pes (cmH2O) 9.3 ± 0.9 10.5 ± 1.2 5.6 ± 1.0 7.0 ± 0.9 
Tidal Pes (cmH2O) 21.4 ± 1.3 24.8 ± 1.7 * 16.9 ± 1.2 20.3 ± 1.2 † 
Tidal Pes/PImax (%) 40.6 ± 4.3 49.8 ± 4.4 # 31.5 ± 3.9 40.2 ± 3.1 * 
Tidal Pes/ PImax : VT/VC 0.81 ± 0.11 0.94 ± 0.09 0.69 ± 0.09 0.76 ± 0.06 
Tension time index 0.08 ± 0.01 0.08 ± 0.01 0.06 ± 0.01 0.07 ± 0.01 
WIres (joules/min) 45.1 ± 3.3 54.1 ± 8.2 23.0 ± 3.5 30.4 ± 5.4 * 
WEres (joules/min) 76.2 ± 6.6 79.2 ±11.2 30.4 ± 5.8 41.8 ± 6.5 ‡ 
WRES (joules/min) 121.3 ± 9.2 133.3 ± 8.8 53.5 ± 9.1 72.1 ± 11.5 † 
WIel (joules/min) 110.3 ± 6.5 132.2 ± 13.5 # 77.5 ± 4.1 109.1 ± 11.4† 
WOB (joules/min) 155.5 ± 8.2 186.3 ± 18.6 # 110.6 ± 6.3 139.5 ±14.2† 
RL (cmH2O/L/sec) 2.55 ± 0.15 2.65 ± 0.17 2.41 ± 0.16 2.55 ± 0.29 
*p<0.05; †p<0.01; ‡p<0.001; #p≤0.07 TM3 vs PP. 
 

Values are means ± SEM.  PP, post-partum; TM3, third trimester; O2, oxygen; CO2, carbon dioxide;  V· O2, 

metabolic rate of O2 uptake; V· CO2, metabolic rate of CO2 production; HR, heart rate; MAP, mean arterial 

pressure; V· E, minute ventilation; MVC, maximal ventilatory capacity estimated as FEV1 x 35; VT, tidal 
volume; IC, inspiratory capacity; IRV, inspiratory reserve volume; fR, breathing frequency; TI/TTOT, 
inspiratory duty cycle; VT/TI and VT/TE, mean tidal inspiratory and expiratory flow, respectively; SpO2, arterial 

O2 saturation; PETCO2, end-tidal CO2 tension; V· E/ V· O2 and V· E/ V· CO2, ventilatory equivalent for O2 and CO2, 
respectively; Pes, esophageal pressure; PImax, maximum inspiratory (negative) esophageal pressure; VC, vital 
capacity; WIres, inspiratory flow resistive work of breathing; WEres, expiratory flow resistive work of 
breathing; WRES, total resistive work of breathing; WIel, inspiratory elastic work of breathing; WOB, total 
inspiratory work of breathing; RL, pulmonary resistance.  
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Dynamic operating lung volumes are shown in Figure 3.2 (upper right panels) and 

Figure 3.3.  In contrast to PP where VT continued to increase throughout exercise, a 

plateau in the VT response was noted at the upper work rates in TM3 secondary to a 

corresponding plateau in dynamic IRV at its minimal level (Figure 3.2).  In TM3 

compared with PP, IC increased by 0.37 L (p<0.001) at rest (pre-exercise) and remained 

consistently larger during exercise up to 100 watts, with no difference observed at the 

HEWR or at peak exercise (Table 3.2).  Consequently, IC remained relatively constant 

throughout exercise in TM3 and did not progressively increase from its resting value 

during exercise as it did in PP.  Pregnancy-induced increases in VT were accommodated 

from below (decreased EELV) at rest and throughout exercise (Figure 3.3), and 

comprised a similar proportion (~72%) of the available IC at end-exercise in TM3 

compared with PP (Table 3.2).   

  The effects of pregnancy on Pes-derived measures of respiratory mechanics 

during exercise are shown in Figures 3.2 and 3.4; measurements at the HEWR and at 

peak exercise are presented in Table 3.2.  Tidal Pes, tidal Pes/PImax, WEres, WIres, WIel, 

WRES and WOB were consistently higher at any given submaximal cycle work rate in 

TM3 compared with PP, reflecting pregnancy-induced increases in exercise V· E.  The ratio 

of contractile respiratory muscle effort (tidal Pes/PImax) to thoracic volume displacement 

(VT/VC), an index of neuromechanical (un)coupling of the respiratory system, was not 

significantly different at any given work rate during incremental cycle exercise in TM3 

compared with PP (Figure 3.5).  Pulmonary resistance was not significantly different at 

rest, at the HEWR or at end-exercise in TM3 compared with PP (Table 3.2).   



 

 

Figure 3.3.  Effects of pregnancy on the behaviour of dynamic operating lung volumes 
during incremental cycle exercise.  Data points are mean ± SEM values at rest, at 
standardized cycle work rates during exercise and at peak exercise.  PP, post-partum; 
TM3, third trimester; TLC, total lung capacity; IRV, inspiratory reserve volume; VT, tidal 
volume; IC, inspiratory capacity.   
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Figure 3.4.  Effects of pregnancy on the relationship between ventilation and the total 
inspiratory work of breathing (WOB); total resistive work of breathing (WRES); and 
inspiratory elastic work of breathing (WIel) during incremental cycle exercise.  Data 
points are mean ± SEM values at rest, at standardized cycle work rates during exercise 
and at peak exercise.    Measurements of WOB, WRES and WIel were significantly higher 
in TM3 compared with PP during exercise at the highest equivalent work rate (HEWR = 
128 ± 5 watts); however, these differences were no longer significant when expressed 
against ventilation.  PP, post-partum; TM3, third trimester.  * p<0.05 TM3 vs. PP during 
exercise at the HEWR. 
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Figure 3.5.  Effects of pregnancy on the relationship between contractile respiratory muscle effort (tidal Pes/PImax) and thoracic 
volume displacement (VT/VC), an index of neuromechanical (un)coupling of the respiratory system; and Borg ratings of perceived 
breathlessness at the limits of exercise tolerance.  Data points are mean ± SEM values at rest, at standardized cycle work rates and the 

VT/V· E inflection point (    ) during exercise and at peak exercise.  Effort-displacement ratios were similar at any given work rate during 
incremental cycle exercise in TM3 compared with PP.  The effort-displacement ratio and breathlessness intensity ratings were similar 

during exercise at the VT/V· E inflection point in TM3 and PP.  However, there was a progressively greater rise in the effort-displacement 

ratio and breathlessness intensity ratings after the VT/V· E inflection point was exceeded in TM3 compared with PP, despite similar 
continued increases in ventilation.  PP, post-partum; TM3, third trimester; tidal Pes/PImax, tidal esophageal pressure expressed as a % 
of maximum inspiratory pressure; VT/VC, tidal volume expressed as a % of vital capacity. 
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A VT/V· E inflection point was identified for all subjects in both TM3 and PP.  This 

inflection occurred at a lower cycle work rate during exercise in TM3 compared with PP 

(120 ± 4 vs. 133 ± 7 watts; p=0.013).  Despite similar V· E (56 ± 3 vs. 53 ± 2 L/min at TM3 

vs. PP, respectively) and Pes-derived mechanical measurements at this point, VT was 

larger (p<0.05) by an average of 0.26 L or 14% and occupied a greater (p<0.05) 

proportion of both the available IC and VC in TM3 than PP.  Beyond the VT/ V· E inflection 

point in TM3, there was no further change (i.e., a plateau in the exercise response) in VT, 

IC and IRV, despite continued increases in work rate, V· O2, V· CO2, V· E, tidal Pes, tidal 

Pes/PImax and work of breathing measurements.  This is in contrast to PP, where VT 

continued to increase after this inflection point as IRV continued to decline until it 

reached a similarly reduced level at end-exercise.  As a result, further increases in the 

tidal Pes/VT (by 2.64 and 1.41 cmH2O/L, p=0.041) and effort-displacement ratios (by 

0.22 and 0.13 units, p=0.060) were consistently greater during exercise beyond the VT/ V· E 

inflection point in TM3 compared with PP (Figure 3.5). Interestingly, the VT/V· E inflection 

point coincided with an inflection in the IRV/V· E relationship, indicating that respiratory 

mechanical constraints likely contributed to the saturation of VT expansion near the limits 

of tolerance in TM3. 

 

Perceptual responses to symptom-limited incremental cycle exercise 

Pregnancy had no effect on the distribution of the reasons for stopping exercise.  In TM3, 

2 women stopped primarily due to breathing discomfort, 8 due to leg discomfort and 5 

due to a combination of both breathing and leg discomfort.  In PP, one woman stopped 



 

due to breathing discomfort, 13 due to leg discomfort and one due to a combination of 

breathing and leg discomfort.  The selection frequency of breathlessness descriptor 

phrases at end-exercise was similar in TM3 and PP.  The majority (80%) of women in 

both TM3 and PP described their breathlessness at this point as an increased sense of 

respiratory “work/effort.”   

Borg ratings of perceived leg discomfort were not significantly different at any 

given work rate during exercise in TM3 compared with PP (Figure 3.6).  Breathlessness 

intensity ratings were significantly greater at 100 watts (by 0.6 Borg units, p=0.045), at 

the HEWR and at peak exercise in TM3 compared with PP (Figure 3.6, Table 3.2).  

Breathlessness-V· E relationships, however, were essentially superimposed throughout 

much of exercise in TM3 and PP (Figure 3.5).  Breathlessness intensity was similar at the 

VT/V· E inflection point during exercise in TM3 and PP (Figure 3.5).  Similar to the 

response pattern seen with the tidal Pes/VT and effort-displacement ratios (discussed 

above), progressive increases in breathlessness intensity ratings (by 2.9 and 2.1 Borg 

units, p=0.024) were significantly greater during exercise beyond the VT/ V· E inflection 

point in TM3 compared with PP (Figure 3.5). 
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Figure 3.6.  Effects of pregnancy on the intensity of perceived breathlessness and leg discomfort during incremental cycle exercise.  
Data points are mean ± SEM values at rest, at standardized cycle work rates during exercise and at peak exercise.  Borg ratings of 
perceived breathlessness intensity were consistently higher at any given work rate during incremental cycle exercise in TM3 compared 
with PP.  PP, post-partum; TM3, third trimester.  * p<0.05 TM3 vs. PP. 
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DISCUSSION 

The main findings of this study were:  1) pregnancy-induced increases in exertional 

breathlessness reflected the normal awareness of increased V· E and contractile respiratory 

muscle effort; 2) mechanical adaptations of the respiratory system, including recruitment 

of resting IC and increased bronchodilatation, accommodated the increased VT expansion 

during exercise in pregnancy, while preserving effort-displacement and breathlessness-V· E 

relationships; and 3) dynamic mechanical ventilatory constraints (as evidenced by a 

plateau in the VT and IRV response during exercise beyond the VT/V· E inflection point) 

contributed to perceived respiratory discomfort near the limits of tolerance in late 

gestation. 

 

Normal awareness of increased contractile respiratory muscle effort 

The women in our study reported mild-to-moderate persistent activity-related 

breathlessness, as evidenced by a ~3.5 unit decrease in the BDI focal score from PP to 

TM3.  Consistent with the results of previous studies (Sady et al. 1989; Lotgering et al. 

1995), however, aerobic working capacity was well preserved in late gestation: women 

exercised to at least 100% of their predicted maximum work rate and V· O2 in TM3 and PP, 

respectively.  

In keeping with the results of Field and colleagues (1991), we found that V· E, tidal 

Pes/PImax and breathlessness intensity ratings were significantly higher at any given work 

rate during incremental cycle exercise in TM3 compared with PP (e.g., by 10.2 L/min 

(20%), 8.8 %PImax (28%) and 0.9 Borg units (28%) at the HEWR).  We also found that 



 

breathlessness-V· E relationships were similar throughout exercise in TM3 compared with 

PP; and that pregnancy-induced increases in breathlessness at the HEWR correlated 

significantly with concomitant changes in indices of maternal hyperventilation, namely    

V· E/V· CO2 (Pearson r=0.576, p=0.025) and PETCO2 (Pearson r=-0.744, p=0.002).  

Collectively, these findings support the hypothesis that pregnancy-induced increases in 

exertional breathlessness reflect the normal conscious awareness of increased V· E and 

contractile respiratory muscle effort.  The neurophysiological basis of breathlessness in 

this circumstance is thought to be increased central corollary discharge to the 

somatosensory cortex, secondary to increased brainstem (autonomic) and cortical 

respiratory motor drive (Chen et al. 1991; Chen et al. 1992; Manning & Schwartzstein 

1995; O’Donnell et al. 2007).  Direct sensory afferent information arising from mechano- 

and metaboreceptors in the vigorously contracting inspiratory pump muscles may also 

contribute to the sense of increased respiratory “work/effort” when ventilatory 

requirements are high (Manning & Schwartzstein 1995).   

 

Role of respiratory mechanical factors in gestational breathlessness 

This is the first study to examine the potential contribution of respiratory mechanical 

factors to perceived respiratory discomfort during exercise in human pregnancy.  It is 

reasonable to assume that the progressive thoraco-abdominal distortion of pregnancy 

may, in the setting of an increased central ventilatory drive, uncouple the otherwise 

harmonious relationship between contractile respiratory muscle effort and thoracic 

volume displacement, i.e., neuromechanical uncoupling.  Thus, it is possible that 

restrictive mechanical constraints on exercise hyperpnea may develop during exercise in 
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TM3 with attendant amplification of breathlessness intensity ratings at any given V· E.  In 

support of this idea, previous studies have found that imposing a mechanical constraint to 

VT expansion (by chest wall strapping), in the face of an increased central ventilatory 

drive (by dead space loading), significantly increased (vs. control) the intensity of 

perceived breathlessness at any given V· E during incremental cycle exercise in healthy 

subjects (Harty et al. 1999; O’Donnell et al. 2000).  Surprisingly, we found that 

breathlessness-V· E and effort-displacement relationships (Figure 3.5) were essentially 

superimposed throughout much of exercise in TM3 compared with PP.  This suggests that 

respiratory mechanical factors did not contribute importantly to gestational breathlessness 

and/or that physiological adaptations were in place in TM3 to minimize the sensory 

consequences of increased respiratory mechanical loading.  

In keeping with the results of several previous studies (Gilroy et al. 1988; Berry et 

al. 1989; Contreras et al. 1991; Garcia-Rio et al. 1996; Garcia-Rio et al. 1997), we found 

that pre-exercise resting IC increased (by 0.37 L or ~14%) and EELV decreased (by 0.45 

L or ~17%) from PP to TM3 (Figure 3.3).  Thus, IC increased because EELV decreased 

with no associated change in TLC.  Static (and dynamic) lung compliance and inspiratory 

muscle strength were not affected by pregnancy.  Preserved inspiratory muscle strength 

likely reflects the combined physiological effects of an increased area of apposition 

(Gilroy et al. 1988) and increased diaphragmatic mid-position (Thomson & Cohen 1938) 

with attendant improvement in the length-tension relationship of the diaphragm, 

secondary to reductions in resting EELV.  The reduced resting EELV in TM3 may be 

explained by reductions in chest wall and therefore total respiratory system compliance 

(Marx et al. 1970).  
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This is the first study to document the behaviour of dynamic operating lung 

volumes during exercise in pregnancy.  In contrast to PP, dynamic EELV did not decrease 

from its resting value during incremental cycle exercise in TM3 (Figure 3.3), despite 

similar progressive increases in expiratory effort in both conditions (Figure 3.2).  We 

postulate that further decreasing EELV into an already reduced ERV during exercise in 

TM3 would be mechanically disadvantageous (with negative sensory consequences), 

particularly in the setting of an increased central ventilatory drive.  In this regard, 

reductions in dynamic EELV would position VT closer to RV where tidal expiratory flow 

generation may become compromised.  Considered together, the recruitment of resting IC 

(Figure 3.3) and the preserved relationship between contractile respiratory muscle effort 

and thoracic volume displacement throughout much of exercise in TM3 (Figure 3.5) 

strongly suggests that the greater demand for VT expansion was accommodated within the 

most compliant portion of the respiratory system’s pressure-volume relation.  

Interestingly, because of adequate IC recruitment at rest, the reduced ability to 

dynamically decrease EELV during exercise in TM3 did not result in further 

encroachment on dynamic IRV (Figure 3.3).  It follows that if pregnant women failed to 

recruit resting IC, then VT would expand to reach a critical minimal IRV even earlier in 

exercise. The attendant earlier onset of increased elastic loading of the inspiratory 

muscles would be expected to have important negative sensory consequences. 

Reductions in EELV, alone or in combination with a reduced PaCO2 would be 

expected to increased airway resistance at rest and during exercise in pregnancy (Briscoe 

& DuBois 1958; Newhouse et al. 1964; Sterling 1968).  Consistent with the results of 

previous studies (Rubin et al. 1956; Gee et al. 1967; Garrard et al. 1978), however, we 

found that resting and dynamic airway function was modestly, but consistently improved 
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in late gestation:  FEV1 and FEF25%-75% increased, while RV and sRaw decreased from PP 

to TM3.  Moreover, pulmonary resistance was not significantly different at rest or during 

exercise in pregnancy, despite substantial increases in V· E, VT/TI and VT/TE (e.g., by 

~20%, 18% and 21% at the HEWR, respectively).  Dempsey & colleagues (2008) 

recently suggested that even relatively minor reductions in airway diameter will have 

substantial deleterious effects on breathing mechanics (and therefore perceived 

respiratory discomfort) in the setting of high ventilatory requirements during exercise in 

healthy individuals.  The corollary of this is that the abovementioned improvements in 

resting and dynamic airway function likely contributed to the preservation of effort-

displacement and breathlessness-V· E relationships throughout much of exercise in TM3 

compared with PP (Figure 3.5).  

The physiological mechanisms of bronchodilatation in pregnancy remain highly 

conjectural and were not explored in this study.  Based on the collective results of several 

previous studies, we postulate that pregnancy-induced reductions in pulmonary vagal 

efferent activity (Avery et al. 2001; Severinghaus & Stupfel 1955; Butler et al. 1960; Ito 

et al. 2006; Newhouse et al. 1964; Sterling 1968), alone or in combination with 

progesterone-mediated alterations in airway smooth muscle tone (Foster et al. 1982; 

Perusquia et al. 1997) and/or genioglossus muscle activity (Popovic & White 1998) may 

be responsible.  

   

Mechanisms of breathlessness near the limits of tolerance in late gestation 

The present study is the first to examine the physiological events at high exercise 

intensities when breathlessness intensity ratings became “severe” to “very severe.”  
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Recent studies from our laboratory have suggested that attainment of the VT/V· E inflection 

point (at a critically reduced dynamic IRV) during exercise represents a critical 

mechanical event with important sensory consequences (Ofir et al. 2007; Ofir et al. 

2008a).  In the present study, V· E, tidal Pes/PImax, the effort-displacement ratio and 

breathlessness intensity ratings were similar during exercise at the VT/V· E inflection point 

in TM3 and PP (Figure 3.5).  However, clear pregnancy-related differences emerged after 

this point was exceeded: VT expansion was more constrained, and effort-displacement 

ratios and breathlessness intensity ratings were consistently higher (Figure 3.5), despite 

similar levels of V· E, tidal Pes/PImax and V· O2 in TM3 compared with PP.  We have 

previously argued that exertional breathlessness intensity ratings increase abruptly when 

dynamic IRV reaches a minimal value of ~0.5-1.0 L below TLC and a widening disparity 

emerges between increased central ventilatory drive and the simultaneous 

mechanical/muscular response of the respiratory system, i.e., neuromechanical 

uncoupling (O’Donnell et al. 1997; O’Donnell et al. 2000; O’Donnell et al. 2006a; 

O’Donnell et al. 2007; Ofir et al. 2007; Ofir et al. 2008a; Ofir et al. 2008b).   

 

Critique of methods 

Weight-supported cycle exercise tests were employed to minimize the risk of falls as well 

as the potentially confounding effects of maternal weight gain on Pes-derived measures of 

dynamic ventilatory mechanics during weight-bearing (e.g., treadmill) exercise.  

Pregnancy-induced increases in body mass (by an average of ~11.5 kg in the present 

study) would be expected to increase the metabolic cost of locomotion during weight-
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bearing activities (e.g., stair climbing) with attendant increases in V· E, tidal Pes/PImax and 

therefore perceived breathlessness.  In this regard, our results likely underestimate the 

effects of healthy human pregnancy on respiratory discomfort during activities of daily 

living.  Furthermore, we acknowledge that the etiology of breathlessness is multifactorial 

and we cannot rule out the possibility that during the course of human pregnancy 

psychological or affective factors (e.g., temporal sensitization) modulated the quality and 

intensity of exertional respiratory discomfort.  Nevertheless, if these factors were 

contributory then one would expect both breathlessness-V· E and leg discomfort-work rate 

relationships to be altered in TM3 compared with PP; however, this was not the case.  

 

Summary 

In conclusion:  1) pregnancy-induced increases in exertional breathlessness reflected the 

normal awareness of increased (humorally-mediated) ventilation and contractile 

respiratory muscle effort; 2) mechanical adaptations of the respiratory system, including 

recruitment of resting inspiratory capacity and increased bronchodilatation, permitted the 

respiratory system to accommodate the demand for greater tidal volume expansion during 

exercise in pregnancy, while preserving effort-displacement (i.e., neuromechanical 

coupling) and breathlessness-ventilation relationships; and 3) dynamic mechanical 

ventilatory constraints became evident only at the limits of tolerance in late gestation with 

attendant negative sensory consequences.  These novel findings have potentially 

important implications for the clinical assessment of pregnant women who seek medical 

attention for troublesome activity-related breathlessness.  In this regard, variation in the 

severity of gestational breathlessness may reflect variation in the amplitude of central 
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ventilatory drive and/or impaired respiratory mechanical adaptations, including 

inadequate inspiratory capacity recruitment and/or bronchodilatation. 
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CHAPTER 4 

 

MECHANISMS OF ACTIVITY-RELATED BREATHLESSNESS IN HEALTHY 

HUMAN PREGNANCY 

 - 111 -  



 

ABSTRACT 

OBJECTIVE:  This study examined the contribution of alterations in central ventilatory 

drive, static and dynamic respiratory mechanics and their interaction to exertional 

breathlessness in human pregnancy. 

STUDY DESIGN:  Detailed ventilatory and perceptual responses to symptom-limited 

incremental cycle exercise were compared in women with (B; n=12) and without (NB; 

n=15) troublesome persistent gestational breathlessness (measured by the Baseline 

Dyspnea Index (BDI)) in the third trimester (TM3) and again ~5 months post-partum 

(PP).   

RESULTS: In contrast to NB (BDI focal score = 10.3 ± 0.3, mean ± SEM), 

breathlessness intensity ratings were significantly higher at any given work rate during 

exercise in TM3 vs. PP within B (BDI = 7.3 ± 0.4, p<0.001).  These differences could not 

be explained by differences in central ventilatory control, or in static or dynamic 

respiratory mechanics during exercise.  Compared with NB, the B group had an 

exaggerated ventilatory response to exercise in both PP and TM3, and appeared to lack 

temporal desensitization to the sensory consequences of maternal hyperventilation 

manifest within the NB group. 

CONCLUSION:  Variation in the severity of activity-related gestational breathlessness 

was not explained by differences in ventilatory mechanics or central ventilatory control 

but ultimately reflected variation in the amplitude of maternal hyperventilation and 

temporal desensitization to the perceptual effects of increased ventilation. 
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INTRODUCTION 

Perceived respiratory discomfort (breathlessness) during daily activities is a common, but 

enigmatic, complaint of many (60-75%) healthy pregnant women (Milne et al. 1978; 

Moore et al. 1987).  Experimental evidence suggests that the severity of activity-related 

breathlessness (measured by the Medical Research Council scale) varies considerably 

among otherwise healthy pregnant women (Milne et al. 1978; Moore et al. 1987).  

Furthermore, clinical experience tells us that a minority of pregnant women seek medical 

attention when troublesome persistent breathlessness begins to interfere with their ability 

to engage in activities of daily living.  Under these circumstances, the care giver is faced 

with the difficult challenge of distinguishing physiological from pathophysiological (e.g., 

airway hyperresponsiveness; cardiovascular dysfunction; pulmonary hypertension etc.) 

causes of this potentially disabling symptom.  The clinical assessment and management 

of these women is further complicated by the fact that the physiological mechanisms of 

breathlessness in pregnancy remain poorly understood. 

 Several theories have been advanced to explain the etiology of gestational 

breathlessness.  These include: 1) the normal awareness of increased minute ventilation  

(V· E) and contractile respiratory muscle effort (Cugell et al. 1953; Lehman 1975; Moore et 

al. 1987; Field et al. 1991; Garcia-Rio et al. 1996), secondary to increased central and 

peripheral chemoreflex drives to breathe (Moore et al. 1987; Garcia-Rio et al. 1996) 

and/or impaired pulmonary diffusing capacity (Lehman 1975); 2) an increased O2 cost of 

breathing, secondary to significant thoraco-abdominal distortion (Bader et al. 1959); 3) an 

exaggerated central perception of discomfort at a given V· E (Gilbert et al. 1962; Gilbert 

and Auchincloss 1966); or 4) any combination of the above. 
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In keeping with the results of Field et al. (1991), we recently found that the 

physiological breathlessness of human pregnancy likely reflected the normal conscious 

awareness of maternal hyperventilation (Jensen et al. 2008c (Chapter 3)). It follows that 

variation in the severity of gestational breathlessness may reflect variation in the 

amplitude of central motor drive to the respiratory muscles.  In that study, we described 

impressive mechanical adaptations of the respiratory system, such as recruitment of 

resting inspiratory capacity (IC) and reduced airway resistance, which accommodated the 

humorally-mediated increase in central ventilatory drive during exercise.  These 

adaptations served to preserve the normal (harmonious) relationships between contractile 

respiratory muscle effort and thoracic volume displacement, and between breathlessness 

and V· E during exercise that is found in the non-pregnant condition. The corollary of this is 

that incomplete mechanical adaptations during pregnancy might precipitate greater 

breathlessness intensity during exercise.  

The present study is the first to comprehensively examine the physiological 

mechanisms of gestational breathlessness by comparing ventilatory, respiratory 

mechanical/muscular, gas exchange, cardio-metabolic and perceptual responses to 

incremental cycle exercise in pregnant women with and without clinically significant 

breathlessness.  We also examined the effects of pregnancy on factors that directly and/or 

indirectly affect central ventilatory drive, including central chemoreflex and non-

chemoreflex drives to breathe, female sex hormone concentrations and acid-base balance 

in these two groups of women.  We hypothesized that women with troublesome persistent 

gestational breathlessness would have 1) relatively greater maternal hyperventilation and 
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2) incomplete mechanical adaptation of the respiratory system in the later stages of 

pregnancy, compared with their non-breathless counterparts. 
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METHODS 

Subjects 

Subjects included 15 asymptomatic and 12 symptomatic healthy women, 20–40 yrs, 

parity ≤ 2, who were experiencing uncomplicated singleton pregnancies.  These women 

had no history of smoking or cardiovascular, respiratory, neuromuscular, 

musculoskeletal, metabolic or haematological (i.e., [haemoglobin] ≥ 10 g/dl) disease; and 

were not taking medications (other than prenatal vitamins) that could affect the 

ventilatory and/or perceptual response to exercise and carbon dioxide (CO2) rebreathing.  

Subjects were recruited via posted announcements, newspaper advertisements and contact 

with local obstetricians, midwives and health care providers.  Prior to participation, 

subjects completed the Physical Activity Readiness Medical Examination for Pregnancy 

(available at http://www.csep.ca (Appendix A)) and obtained medical clearance from 

their primary care giver (Appendix B).  Approximately 1-2 wks prior to TM3 tests, 

subjects underwent a fetal ultrasound and biophysical profile examination to ensure 

appropriate fetal growth, behavior and amniotic fluid volume.  The study protocol and 

consent form (Appendix C) were approved by the local university/hospital research ethics 

committee in accordance with the Declaration of Helsinki.  

Persistent activity-related breathlessness was assessed using the modified Baseline 

Dyspnea Index (BDI) (Stoller et al. 1986 (Appendix D)).  The BDI is a reliable 

multidimensional 12-point discriminative instrument used to evaluate the three 

components that contribute to respiratory discomfort during activities of daily living, 

including functional impairment, magnitude of task and magnitude of effort (Mahler 

2005).  A BDI focal score of “0” represents maximal activity-related breathlessness, 
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while a focal score of “12” corresponds to no perception of breathlessness during 

activities of daily living.  Subjects were classified as being either symptomatic breathless 

(B) or asymptomatic non-breathless (NB) if they had a BDI focal score < 9 or ≥ 9, 

respectively.   

 

Experimental design   

After giving written informed consent, subjects completed two experimental visits, 

conducted < 5 days apart, in the third trimester (TM3) and again 4-5 months post-partum 

(PP).  Visit 1 included blood taking and a modified hyperoxic-CO2 rebreathing procedure.  

Visit 2 included evaluation of persistent activity-related breathlessness, pulmonary 

function tests and a symptom-limited incremental cycle exercise test.  Subjects abstained 

completely from exercise, caffeine, heavy meals and alcohol for ≥ 12 hrs before TM3 and 

PP tests, which were conducted at the same time of day for each subject.  As an incentive 

for study participation, subjects were given the opportunity to take part in a closely 

monitored prenatal muscle conditioning program designed to maintain (not improve) 

general muscular fitness without causing improvement in the aerobic energy system.  

Nine (75%) women in the B group and 12 (80%) women in the NB group participated in 

1.5 ± 1.0 (mean ± SEM) and 1.3 ± 0.2 classes/wk (p>0.05) for an average of 17.7 ± 1.0 

and 19.6 ± 1.0 wks (p>0.05), respectively.  

   

Blood biochemistry 

Arterialized venous blood was obtained in accordance with previously published methods 

(Jensen et al. 2008b (Chapter 2)) for the estimation of resting arterial PCO2 (PaCO2), 
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hydrogen ion ([H+]) and bicarbonate ([HCO3
-]) concentrations, as well as for serum 

progesterone ([P4]) and 17β-estradiol ([E2]) concentrations. 

 

Modified rebreathing protocol 

A modified iso-oxic hyperoxic CO2 rebreathing procedure was used to evaluate within- 

and between-group changes in central chemoreflex and wakefulness (or non-

chemoreflex) drives to breathe.  The modified rebreathing procedure, apparatus, data 

acquisition and analysis software have been described in detail elsewhere (Jensen et al. 

2008b (Chapter 2)).   

 

Pulmonary function testing 

Pulmonary function measurements, including routine spirometry, constant volume body 

plethysmography (i.e., functional residual capacity (FRC) and specific airway resistance 

(sRaw)), single breath diffusing capacity for carbon monoxide (DLCO), and maximum 

inspiratory (MIP) and expiratory (MEP) mouth pressures measured at FRC and total lung 

capacity (TLC), respectively, were collected according to recommended techniques 

(ATS/ERS 2002; MacIntyre et al. 2005; Miller et al. 2005a; Miller et al. 2005b; Wanger 

et al. 2005) using automated equipment (Vmax 229d with Autobox 6200 DL; 

SensorMedics, Yorba Linda, CA).  Measurements were expressed in absolute terms and 

as % of predicted normal values (Briscoe & Dubois 1959; Burrows et al. 1961; Black & 

Hyatt 1969; Crapo et al. 1982; Knudson et al. 1983; Morris et al. 1988; Hamilton et al. 

1995); predicted inspiratory capacity (IC) was calculated as the difference between 

predicted TLC and FRC. 
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Cardiopulmonary exercise testing 

Incremental exercise tests were conducted on an electronically braked cycle ergometer 

(Ergometrics 800S; SensorMedics, Yorba Linda, CA) by use of a cardiopulmonary 

exercise testing system (Vmax229d; SensorMedics).  Exercise tests consisted of a steady-

state resting period of at least 6-min followed by 25 watt increases in cycle work rate 

every 2-min to the point of symptom-limitation.  

Measurements were collected at rest and during exercise while subjects breathed 

through a mouthpiece and a low-resistance flow transducer with nasal passages occluded 

by a noseclip.  Measurements included: standard cardiorespiratory and breathing pattern 

parameters (V· E, oxygen uptake (V· O2), carbon dioxide production (V· CO2), end-tidal PO2 

and PCO2 (PETCO2), tidal volume (VT), breathing frequency (fR), inspiratory (TI) and 

expiratory time (TE), inspiratory duty cycle (TI/TTOT), and mean tidal inspiratory (VT/TI) 

and expiratory (VT/TE) flow) were collected on a breath-by-breath basis and compared 

with predicted normal values based on age and height (Jones 1997); oxygen saturation 

(SpO2) by finger pulse oximetry; heart rate (HR) by 12-lead ECG; blood pressure by 

auscultation of the brachial artery using a sphygmomanometer with an arm cuff; intensity 

of perceived respiratory and leg discomfort; dynamic operating lung volumes derived 

from IC; and esophageal pressure-derived measures of respiratory mechanics.   

 

Symptom evaluation 

Respiratory discomfort (breathlessness) was defined as the “sensation of laboured or 

difficult breathing” and leg discomfort as “the level of leg discomfort experienced during 

pedalling.”  Before exercise testing, subjects were familiarized with Borg’s 0-10 category 
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ratio scale (Borg 1982 (Appendix E)) and its endpoints were anchored such that “0” 

represented “no respiratory (leg) discomfort” and “10” was “the most severe respiratory 

(leg) discomfort you have ever experienced or could ever imagine experiencing.”  By 

pointing to the Borg scale, subjects rated their intensity of perceived breathlessness and 

leg discomfort at rest, within the last 30-sec of each 2-min interval during exercise, and at 

the symptom-limited peak of exercise.  Upon exercise cessation, subjects were asked to 

verbalize their main reason for stopping exercise (i.e., respiratory discomfort, leg 

discomfort, combination of respiratory and leg discomfort or other) and this reason was 

documented.  Finally, qualitative descriptors of respiratory discomfort at end-exercise 

were collected by questionnaire (O’Donnell et al. 2000 (Appendix F)).   

 

Operating lung volumes 

Changes in end-expiratory lung volume (EELV) were estimated from IC measurements 

collected at rest, at the end of each 2-min interval during exercise and at end-exercise.  

Assuming that TLC does not change during exercise (Stubbing et al. 1980), changes in IC 

and inspiratory reserve volume (IRV) reflect changes in dynamic EELV (EELV = TLC – 

IC) and end-inspiratory lung volume (EILV = TLC – IRV), respectively.  This has been 

found to be a reliable method of tracking acute changes in operating lung volumes in 

pregnant (Jensen et al. 2008c (Chapter 3)) and non-pregnant volunteers (Yan et al. 1997; 

O’Donnell et al. 1998). 

  

Esophageal pressure derived respiratory mechanics 

Esophageal pressure (Pes)-derived respiratory mechanical measurements were collected 

at rest and throughout exercise in 10 of the B and 6 of the NB women in accordance with 

 - 120 -  



 

previously published methods (Jensen et al. 2008c (Chapter 3)).  Maximum inspiratory 

sniff maneuvers against an occluded airway at EELV were performed at rest and within 

30-sec of exercise cessation to obtain maximal values for inspiratory Pes (PImax).  We 

recently found that pregnancy had no demonstrable effect on the change in PImax from rest 

to the symptom-limited peak of incremental cycle exercise (Jensen et al. 2008c (Chapter 

3)); therefore, all tidal Pes swing measurements were compared with pre-exercise resting 

values of PImax.  

 Campbell diagrams were constructed to calculate the resistive, elastic and total 

work of breathing as previously described (Jensen et al. 2008c (Chapter 3)).  Work of 

breathing measurements were multiplied by fR and expressed as joules/min.  Pulmonary 

resistance (RL) was calculated as the average of 5 breaths at rest, at a standardized 

submaximal work rate (iso-work), at the highest equivalent work rate and at end-exercise 

for each subject in PP and TM3 using the iso-volume method (Tobin 1998).  The ratio of 

contractile respiratory muscle effort (tidal Pes/PImax) to thoracic volume displacement (VT 

expressed as a % of predicted normal vital capacity (VC)) was calculated for each subject 

and used as an index of neuromechanical (un)coupling of the respiratory system 

(O’Donnell et al. 1997; O’Donnell et al. 2000; O’Donnell et al. 2006a).  

 

Analysis of exercise endpoints 

All breath-by-breath measurements were averaged in 30-sec intervals at rest and during 

exercise as described in detail elsewhere (Jensen et al. 2008c (Chapter 3)).  Five main 

time points were used for the evaluation of exercise parameters: 1) pre-exercise rest; 2) 

the ventilatory threshold (Tvent); 3) iso-work; 4) the highest equivalent work rate; and 5) 

peak exercise. 
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Pre-exercise rest was defined as the steady-state period after at least 3-min of 

breathing on the mouthpiece while seated on the cycle ergometer at rest before exercise 

was initiated: cardiorespiratory and Pes-derived respiratory mechanical measurements 

were averaged over the last 30-sec of this period; and IC measurements for this period 

were collected during breathing on the same circuit immediately after completion of the 

quiet breathing period.  Tvent was detected and verified individually using the V-slope 

and dual criterion methods, respectively (Beaver et al. 1986; Wasserman et al. 2005).  

Iso-work comparisons were made during the second minute of each equivalent work rate 

performed by all 27 subjects (i.e., up to 100 watts):  cardiorespiratory and Pes-derived 

respiratory mechanical measurements were averaged over the first 30-sec of this minute; 

and IC measurements and Borg ratings were collected during the last 30-sec period of this 

minute.  The highest equivalent work rate was defined as the greatest common work rate 

achieved during both of the cycle exercise tests (TM3 and PP) performed by a given 

subject.  Finally, peak exercise was defined as the last 30-sec of loaded pedalling: 

cardiorespiratory and Pes-derived measurements were averaged over this time period; and 

IC measurements and Borg ratings were collected immediately at the end of this period.  

Peak work rate was defined as the highest cycle work rate that the subject was able to 

maintain for at least 30-sec; endurance time was defined as the duration of loaded 

pedalling.  Mean arterial blood pressure (MAP) was estimated as the diastolic pressure 

plus one third of the pulse pressure.  Breathlessness- V· E slopes were calculated by linear 

regression analysis for each subject using breathlessness intensity ratings ≥0.5 Borg units.  
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Statistical analysis 

A two-way repeated measures analysis of variance (ANOVA) with Tukey (HSD) post-

hoc test was used to examine within- and between-group differences in measured 

variables at each measurement time (SigmaStat for Windows Version 3.10, Systat 

Software, Inc., San Jose, CA).  Unpaired t-tests were used to compare the magnitude of 

pregnancy-induced change (i.e., TM3 minus PP) in measured variables at each 

measurement time between-groups.  A one-way repeated measures ANOVA was used to 

examine the effects of pregnancy on measured variables at the HEWR within each group 

separately.  Reasons for stopping exercise and qualitative descriptors of breathlessness at 

end-exercise were analyzed within- and between-groups using the Fisher exact test.  A 

p<0.05 level of significance was used for all analyses.  Results are reported as means ± 

SEM. 
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RESULTS 

Experimental testing was conducted at 36.0 ± 0.2 and 36.9 ± 0.3 wks gestation and again 

19.4 ± 1.8 and 21.3 ± 2.9 wks post-partum in NB and B, respectively.  NB and B groups 

were well matched for baseline characteristics (Table 4.1), including age, height, body 

mass, BMI and parity (nulliparous, n=7 and n=8; primiparous, n=6 and n=3; para 2, n=2 

and n=1, respectively).  As expected, pregnancy-induced persistent activity-related 

breathlessness measured by the BDI focal score was significantly (p<0.001) greater in B 

compared with NB (Table 4.1).  Within the pooled data, significant Pearson correlation 

coefficients were observed between the pregnancy-induced change in BDI focal score and 

the concomitant change in:  breathlessness intensity at the highest equivalent work rate 

(r=-0.424, p=0.027) and at end-exercise (r=-0.527, p=0.005); and peak V· E (r=-0.396, 

p=0.041), PETCO2 (r=0.410, p=0.034), V· E/ V· O2 (r=-0.600, p<0.001) and V· E/V· CO2          

(r=-0.418, p=0.030).  

 

Baseline pulmonary function 

Within- and between-group differences in baseline pulmonary function are shown in 

Table 4.1 and Figure 4.1.  Similar pregnancy-induced changes in the following 

parameters were observed in NB and B:  FEV1 and FVC increased, with no associated 

change in the FEV1/FVC ratio; IC and slow vital capacity increased; FRC, residual 

volume and expiratory reserve volume decreased; and TLC, sRaw, MIP and MEP did not 

change. 
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Table 4.1.  Subject characteristics, blood biochemistry, rebreathing responses and resting pulmonary function.  
 Non-Breathless Breathless 

Variable PP TM3 Δ (TM3 - PP) PP TM3 Δ (TM3 - PP) 
Age (y) 31.2 ± 0.8 - - 29.8 ± 1.4 - - 
Height (cm) 163.7 ± 1.8 - - 163.7 ± 2.1 - - 
Body mass (kg) 68.3 ± 3.9 78.8 ± 3.8a 10.5 ± 0.7 64.7 ± 1.5 76.2 ± 1.5a 11.5 ± 0.9 
Body mass index (kg/m2) 25.3 ± 1.1 29.2 ± 1.0a 4.0 ± 0.3 24.2 ± 0.6 28.5 ± 0.5a 4.3 ± 0.3 
Baseline Dyspnea Index, 
focal score 12.0 ± 0.0 10.3 ± 0.3a -1.7 ± 0.3 11.8 ± 0.1 7.3 ± 0.4a,b -4.4 ± 0.3b 

Blood Biochemistry:       
PaCO2 (mmHg) 40.0 ± 0.7 32.5 ± 0.4a -7.5 ± 0.7 40.2 ± 0.7 31.3 ± 0.5a -8.9 ± 0.7 
[H+] (neq/L) 38.3 ± 0.4 36.3 ± 0.3a -1.9 ± 0.3 38.7 ± 0.3 35.8 ± 0.3a -2.9 ± 0.4 
[HCO3

-] (meq/L) 25.1 ± 0.4 21.7 ± 0.2a -3.4 ± 0.5 25.0 ± 0.4 21.1 ± 0.4a -3.9 ± 0.6 
[P4] (nmol/L) 1.0 ± 0.2 804.2 ± 46.3a 803.1 ± 46.4 1.4 ± 0.4 1038.8 ± 174.1a,b 1037.4 ± 173.9 
[E2] (pmol/L) 101 ± 11 72,617 ± 4,790a 72,516 ± 4,787 185 ± 88 138,789 ± 58,580a 138,604 ± 58,585
Rebreathing Responses:       

Sub-VRTCO2 V
· E (L/min) 12.7 ± 1.4 14.5 ± 1.1 1.8 ± 0.5 12.4 ± 1.1 15.3 ± 1.1 2.9 ± 0.9 

Central Chemoreflex 
VRTCO2 (mmHg) 

47.7 ± 1.0 41.2 ± 0.7a -6.5 ± 1.2 47.4 ± 1.0 40.5 ± 0.7a -6.9 ± 1.3 

Central Chemoreflex 
Sensitivity 
(L/min/mmHg) 

2.69 ± 0.30 5.12 ± 0.69a 2.43 ± 0.59 2.25 ± 0.23 4.63 ± 0.55a 2.38 ± 0.50 

Pulmonary Function:       
FEV1 (L) 
    (% predicted) 

2.98 ± 0.10 
(99 ± 2) 

3.07 ± 0.11a 
(102 ± 2)a 

0.09 ± 0.03 
(3 ± 1) 

3.02 ± 0.10 
(100 ± 3) 

3.16 ± 0.10a 
(104 ± 3)a 

0.14 ± 0.05 
(4 ± 2) 

FEV1/FVC (%) 
    (% predicted) 

79.5 ± 1.6 
(101 ± 2) 

79.4 ± 1.5 
(101 ± 2) 

-0.1 ± 0.5 
(-0 ± 1) 

79.7 ± 2.6 
(101 ± 3) 

80.1 ± 1.8 
(102 ± 2) 

1.2 ± 1.3 
(1 ± 2) 

FEF25%-75% 
    (% predicted) 

2.92 ± 0.20 
(84 ± 6) 

3.03 ± 0.18 
(87 ± 5)  

0.10 ± 0.06 
(3 ± 2) 

3.03 ± 0.23 
(87 ± 7) 

3.28 ± 0.19a 
(93 ± 6)a 

0.25 ± 0.14 
(7 ± 4) 

IC (L) 2.57 ± 0.11 2.89 ± 0.10a 0.32 ± 0.07 2.58 ± 0.11 2.80 ± 0.10a 0.22 ± 0.09 



 

    (% predicted) (111 ± 3) (124 ± 3)a (14 ± 3) (111 ± 4) (121 ± 3)a (9 ± 4) 
FRC (L) 
    (% predicted) 

2.53 ± 0.12 
(90 ± 4) 

2.16 ± 0.14a 
(77 ± 4)a 

-0.37 ± 0.06 
(-13 ± 2) 

2.57 ± 0.17 
(91 ± 4) 

2.20 ± 0.14a 
(78 ± 3)a 

-0.38 ± 0.05 
(-13 ± 2) 

sRaw (cmH2O/sec) 
    (% predicted) 

6.48 ± 0.50 
(170 ± 13) 

6.14 ± 0.54 
(161 ± 14) 

-0.34 ± 0.26 
(-9 ± 7) 

6.65 ± 0.73 
(174 ± 20) 

6.10 ± 0.68 
(159 ± 18) 

-0.56 ± 0.42 
(-15 ± 11) 

DLCO (ml/min/mmHg) 
    (% predicted) 

21.0 ± 0.6 
(88 ± 3) 

20.4 ± 0.9 
(87 ± 3) 

-0.6 ± 0.4 
(-2 ± 2) 

21.0 ± 1.1 
(90 ± 4) 

19.5 ± 0.8a 
(83 ± 3)a 

-1.5 ± 0.5 
(-6 ± 2) 

MIP (cmH2O) 
    (% predicted) 

80 ± 4 
(108 ± 6) 

77 ± 4 
(104 ± 6) 

-3 ± 3 
(-4 ± 1) 

74 ± 6 
(99 ± 8) 

73 ± 7 
(98 ± 11) 

-1 ± 3 
(-1 ± 4) 

MEP (cmH2O) 
    (% predicted) 

111 ± 6 
(72 ± 4) 

104 ± 5 
(68 ± 3) 

-7 ± 6 
(-5 ± 4) 

109 ± 8 
(71 ± 5)  

 96 ± 9 
(63 ± 6) 

-13 ± 6 
(-8 ± 4) 

Values are means ± SEM.  a p<0.05 PP vs. TM3 within-group; b p<0.05 NB vs. B for the same condition.  PP, post-partum; TM3, third 
trimester; Δ, pregnancy-induced change; PaCO2, arterialized venous partial pressure of CO2; [H+], arterialized venous hydrogen ion 

concentration; [HCO3
-], plasma bicarbonate concentration; VRTCO2, ventilatory recruitment threshold for PCO2; V· E, minute 

ventilation; Sub-VRTCO2 V
· E, ventilatory response to hyperoxic-hypocapnia below the VRTCO2 (an estimate of wakefulness or non-

chemoreflex drives to breathe); FEV1, forced expiratory volume in 1 sec; FVC, forced vital capacity; FEF25%-75%, forced expiratory 
flow from 25% to 75% of the FVC maneuver; IC, inspiratory capacity; FRC, functional residual capacity; sRaw, specific airway 
resistance; DLCO, single breath diffusing capacity for carbon monoxide; MIP and MEP, maximal inspiratory and expiratory pressure, 
respectively.  
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Figure 4.1.  Effects of pregnancy on static lung volumes and capacities in women without (left) and with (right) troublesome persistent 
activity-related gestational breathlessness.  Similar pregnancy-induced changes in the following parameters were observed in the two 
groups:  FRC, ERV and RV decreased, while IC increased with no associated change in TLC.  PP, post-partum; TM3, third trimester; 
NB, non-breathless group; TLC, total lung capacity; ERV, expiratory reserve volume; IC, inspiratory capacity; FRC, functional 
residual capacity; SVC, slow vital capacity; RV, residual volume; VT, tidal volume, IRV, inspiratory reserve volume; Δ, pregnancy-
induced change (i.e., mean difference ± SEM between values at TM3 and PP); ↑, increase; ↓, decrease. 
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Hyperoxic CO2 rebreathing responses and blood biochemistry 

Iso-oxic hyperoxic CO2 rebreathing responses and resting blood biochemistry parameters 

are presented in Table 4.1.  Similar pregnancy-induced changes in the following 

parameters were observed in NB and B:  central chemoreflex sensitivity, [P4] and [E2] 

increased; and the central chemoreflex ventilatory recruitment threshold for PCO2, 

PaCO2, [H+] and [HCO3
-] decreased. 

 

Perceptual responses to incremental cycle exercise 

In TM3 vs. PP, respiratory discomfort, alone or in combination with leg discomfort, was 

identified as the primary reason for stopping exercise in 67% vs. 17% (p>0.05) and 53% 

vs. 40% (p>0.05) of the women in B and NB, respectively.  Qualitative descriptors of 

respiratory discomfort at end-exercise alluded primarily to a heightened sense of 

“work/effort” of breathing and were similar across all four conditions.   

Borg ratings of perceived leg discomfort were similar at any given work rate 

across all four conditions (Figure 4.2).  Within the B group, breathlessness intensity 

ratings were significantly higher at submaximal work rates (e.g., by 0.9 and 1.2 Borg 

units at iso-work (p=0.011) and at the highest equivalent work rate (p=0.011), 

respectively) and at end-exercise (by ~2 Borg units, p<0.001) in TM3 compared with PP 

(Figure 4.2, Tables 4.2 and 4.3).  In contrast, breathlessness-work rate relationships in the 

NB group were superimposed throughout exercise in TM3 and PP (Figure 4.2).  

Breathlessness-V· E slopes were similar across all four conditions (Figure 4.2); however, 

there was a significant parallel rightward shift of the breathlessness-V· E relationship (by 

4.7 L/min, p=0.027) from PP to TM3 within the NB group only (Figure 4.2). 



 

 
Figure 4.2.  Effects of pregnancy on the intensity of perceived breathlessness and leg 
discomfort during incremental cycle exercise in women without (left) and with (right) 
troublesome persistent activity-related gestational breathlessness.  Data points are mean ± 
SEM values at rest, at standardized work rates during exercise and at peak exercise.  
Breathlessness intensity ratings were consistently higher at any given work rate during 
incremental cycle exercise in TM3 compared with PP within the B group only.  
Breathlessness-ventilation slopes were similar across all four conditions; however, there 
was a statistically significantly parallel rightward shift (indicated by arrows) of the 
breathlessness-ventilation relationship (by an average of 4.7 L/min, p=0.027) from PP to 
TM3 within the NB group only.  NB, non-breathless group; B, breathless group; PP, post-
partum; TM3, third trimester.  a p<0.05 TM3 vs. PP within-group. 
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Table 4.2.  Physiological responses at the symptom-limited peak (i.e., last 30 sec of loaded pedaling) of incremental cycle exercise. 
 Non-Breathless Breathless 
Variable PP TM3 Δ (TM3 - PP) PP TM3 Δ (TM3 - PP) 
Breathlessness (Borg) 6.7 ± 0.5 6.2 ± 0.5 -0.5 ± 0.4 4.4 ± 0.6b 6.3 ± 0.5a 1.9 ± 0.6b 
Leg discomfort (Borg) 7.6 ± 0.7 6.4 ± 0.6  -1.2 ± 0.6 5.9 ± 0.6 6.3 ± 0.6 0.3 ± 0.7 
Exercise duration (min) 12.1 ± 0.6 11.6 ± 0.5c -0.5 ± 0.2 11.0 ± 0.7 10.4 ± 0.5c -0.6 ± 0.4 
Cycle work rate (watts) 
    (% predicted max) 

158 ± 7 
(110 ± 4) 

150 ± 7a 
(105 ± 4)a 

-8 ± 3 
(-6 ± 2) 

140 ± 8 
(96 ± 5)b 

135 ± 7 
(93 ± 4)d 

-4 ± 4 
(-3 ± 3) 

V· O2 (L/min) 
    (% predicted max) 

2.09 ± 0.11 
(114 ± 5) 

2.08 ± 0.10 
(113 ± 4) 

-0.01 ± 0.05 
(-1 ± 3) 

1.90 ± 0.11 
(102 ± 6) 

1.93 ± 0.11 
(104 ± 5) 

0.03 ± 0.06 
(2 ± 3) 

V· CO2 (L/min) 2.54 ± 0.12 2.34 ± 0.11a -0.20 ± 0.05 2.32 ± 0.11 2.26 ± 0.11 -0.06 ± 0.07 

HR (beats/min) 
    (% predicted max) 

174.4 ± 2.5 
(92 ± 1) 

168.3 ± 2.9a 
(89 ± 2)a 

-6.1 ± 1.2 
(-3 ± 1) 

173.9 ± 2.5 
(92 ± 1) 

169.5 ± 2.1a 
(89 ± 1)a 

-4.4 ± 2.3 
(-2 ± 1) 

O2 pulse (ml/beat) 12.1 ± 0.7 12.4 ± 0.6 0.3 ± 0.3 11.0 ± 0.7 11.4 ± 0.6a 0.5 ± 0.3 
MAP (mmHg) 108 ± 1 110 ± 1 2 ± 1 110 ± 1b 107 ± 2a -3 ± 1 

V· E (L/min) 75.6 ± 4.4 74.3 ± 3.7 -1.2 ± 2.9 69.8 ± 4.4 77.6 ± 5.2a 7.8 ± 2.8b 

VT (L) 1.98 ± 0.10 2.07 ± 0.10a 0.09 ± 0.04 1.87 ± 0.08 2.09 ± 0.06a 0.22 ± 0.05d 
VT/IC (%) 71.7 ± 2.7 71.6 ± 2.5 -0.1 ± 2.9 67.4 ± 1.4 74.0 ± 2.7 6.6 ± 3.1 
IC (L) 
    (% predicted) 

2.77 ± 0.12 
(90 ± 3) 

2.90 ± 0.12 
(94 ± 3) 

0.13 ± 0.09 
(4 ± 3) 

2.78 ± 0.10 
(91 ± 3) 

2.86 ± 0.12 
(93 ± 3) 

0.08 ± 0.11 
(3 ± 4) 

IC change from rest (L) 0.15 ± 0.08 -0.05 ± 0.09a -0.20 ± 0.08 0.18 ± 0.09 -0.13 ± 0.09a -0.31 ± 0.10 
IRV (L) 
    (% predicted TLC) 

0.79 ± 0.08 
(14 ± 2) 

0.83 ± 0.08 
(15 ± 2) 

0.04 ± 0.09 
(1 ± 2) 

0.91 ± 0.05 
(16 ± 1) 

0.77 ± 0.11 
(13 ± 2) 

-0.14 ± 0.12 
(-3 ± 2) 

fR, breaths/min 38.4 ± 1.6 36.4 ± 1.5 -2.0 ± 1.4 37.4 ± 2.2 37.2 ± 2.3 -0.2 ± 2.0 
TI/TTOT (%) 48.8 ± 0.7 47.5 ± 0.7 -1.3 ± 0.7 49.9 ± 1.3 49.0 ± 0.9 -0.9 ± 1.3 
VT/TI (L/sec) 2.58 ± 0.16 2.60 ± 0.14 0.02 ± 0.09 2.25 ± 0.13 2.62 ± 0.15a 0.37 ± 0.11b 
VT/TE (L/sec) 2.44 ± 0.14 2.34 ± 0.12 -0.10 ± 0.11 2.28 ± 0.17 2.55 ± 0.20a 0.27 ± 0.10b 
SpO2 (%) 94.3 ± 0.9 94.3 ± 0.6 -0.1 ± 0.7 95.6 ± 0.7 95.5 ± 0.4 -0.1 ± 1.0 
VD/VT estimated (%) 11 ± 1 12 ± 1 1 ± 1 12 ± 1 11 ± 1 -1 ± 1 



 

PETCO2 (mmHg) 36.9 ± 1.0 34.6 ± 1.1 -2.3 ± 1.3 36.6 ± 1.3 32.1 ± 1.0a -4.5 ± 1.0 

V· E/ V· O2 
36.1 ± 1.2 36.1 ± 1.2 0.0 ± 1.1 36.9 ± 1.4 40.1 ± 1.3a,b 3.2 ± 1.0b 

V· E/ V· CO2 
29.5 ± 0.8 31.9 ± 0.9a 2.4 ± 1.0 30.0 ± 1.1 34.2 ± 1.0a 4.1 ± 0.8 

Tidal Pes (cmH2O) 22.0 ± 1.1 24.1 ± 2.7 2.0 ± 1.8 20.6 ± 1.7 24.6 ± 2.2a 3.9 ± 2.0 
PImax (cmH2O) -49.4 ± 4.9 -52.0 ± 7.7 -2.5 ± 5.7 -63.3 ± 6.1 -54.9 ± 4.7 8.3 ± 6.9 
PImax change from rest (cmH2O) 6.3 ± 2.7 2.8 ± 4.9 -3.5 ± 6.0 0.8 ± 6.4 2.7 ± 4.3 2.0 ± 8.0 
Tidal Pes/PImax (%) 40.3 ± 2.0 45.5 ± 5.7 5.2 ± 5.4 35.1 ± 3.8 45.6 ± 6.3 10.5 ± 6.1 
Tidal Pes/PImax : VT/%predVC 0.89 ± 0.06 0.98 ± 0.15 0.09 ± 0.12 0.87 ± 0.11 1.02 ± 0.16 0.15 ± 0.15 
WRES (joules/min) 116.5 ± 6.9 117.6 ± 21.4 1.0 ± 15.5 125.4 ± 16.6 146.9 ± 30.3 21.4 ± 19.7 
WIel (joules/min) 119.8 ± 9.0 146.8 ± 23.2 27.0 ± 17.3 102.2 ± 8.7 119.6 ± 15.2 17.5 ± 14.9 
WOB (joules/min) 163.8 ± 12.4 192.0 ± 31.8 28.1 ± 23.3 148.3 ± 11.0 181.4 ± 23.4 33.2 ± 22.0 
RL (cmH2O/L/sec) 2.41 ± 0.13 2.37 ± 0.22 -0.04 ± 0.18 2.67 ± 0.22 2.85 ± 0.21 0.18 ± 0.17 
Values are means ± SEM.  a p<0.05 PP vs. TM3 within-group; b  p<0.05 NB vs. B for the same condition; c p≤0.06 PP vs. TM3 within-
group; d p≤0.06 NB vs. B for the same condition.  PP, post-partum; TM3, third trimester; Δ, pregnancy-induced change; O2, oxygen; 

CO2, carbon dioxide;  V· O2, metabolic rate of O2 consumption; V· CO2, metabolic rate of CO2 production; HR, heart rate; MAP, mean 

arterial pressure; V· E, minute ventilation; VT, tidal volume; IC, inspiratory capacity; IRV, inspiratory reserve volume; TLC, total lung 
capacity; fR, breathing frequency; TI/TTOT, inspiratory duty cycle; VT/TI and VT/TE, mean tidal inspiratory and expiratory flow, 

respectively; SpO2, arterial O2 saturation; VD/VT, physiologic dead space; PETCO2, partial pressure of end-tidal CO2; V
· E/ V· O2 and V· E/ V· 

CO2, ventilatory equivalent for O2 and CO2, respectively; Pes, esophageal pressure; PImax, maximum inspiratory (negative) esophageal 
pressure; VC, vital capacity; WRES, total resistive work of breathing; WIel, inspiratory elastic work of breathing; WOB, total 
inspiratory work of breathing; RL, pulmonary resistance.  
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Table 4.3.  Physiological responses at a standardized submaximal work rate of 100 watts (iso-work) during incremental cycle 
exercise. 
 Non-Breathless Breathless 
Variable PP TM3 Δ (TM3 – PP) PP TM3 Δ (TM3 – PP) 
Breathlessness (Borg) 2.3 ± 0.5 2.3 ± 0.4 0.0 ± 0.3 2.0 ± 0.3 2.9 ± 0.2a 0.9 ± 0.3c 
Leg discomfort (Borg) 2.8 ± 0.5 2.9 ± 0.5 0.1 ± 0.3 2.9 ± 0.4 3.2 ± 0.2 0.3 ± 0.3 

V· O2 (L/min) 1.39 ± 0.02 1.43 ± 0.03 0.04 ± 0.03 1.36 ± 0.03 1.45 ± 0.03a 0.09 ± 0.04 

V· CO2 (L/min) 1.45 ± 0.03 1.43 ± 0.02 -0.02 ± 0.02 1.53 ± 0.04 1.55 ± 0.04b 0.01 ± 0.06 

HR (beats/min) 143 ± 5 144 ± 4 2 ± 2 149 ± 5 149 ± 4 -1 ± 3 
O2 pulse (ml/beat) 9.9 ± 0.5 10.0 ± 0.4 0.1 ± 0.3 9.3 ± 0.4 9.8 ± 0.3c 0.6 ± 0.2 
MAP (mmHg) 105 ± 2 108 ± 2a 3 ± 2 98 ± 2 105 ± 2a 7 ± 3 

V· E (L/min) 38.0 ± 1.1 43.9 ± 1.1a 5.9 ± 1.0 41.8 ± 1.4c 49.1 ± 2.0a,b 7.3 ± 2.0 

VT (L) 1.55 ± 0.05 1.85 ± 0.07a 0.29 ± 0.05 1.52 ± 0.06 1.85 ± 0.06a 0.33 ± 0.07 
VT/IC (%) 55.9 ± 1.8 61.5 ± 2.4a 5.6 ± 1.9 54.1 ± 2.3 63.0 ± 3.0a 8.9 ± 1.5 
IC (L) 2.81 ± 0.12 3.03 ± 0.11a 0.22 ± 0.08 2.84 ± 0.11 3.00 ± 0.15 0.15 ± 0.10 
IC change from rest (L) 0.20 ± 0.06 0.08 ± 0.06 -0.11 ± 0.07 0.25 ± 0.08 0.01 ± 0.09a -0.24 ± 0.07 
IRV (L) 1.26 ± 0.10 1.18 ± 0.09 -0.08 ± 0.09 1.32 ± 0.10 1.15 ± 0.13c -0.17 ± 0.06 
fR, breaths/min 24.8 ± 1.0 24.3 ± 1.0 -0.6 ± 0.9 27.8 ± 1.3 26.8 ± 1.5 -1.0 ± 1.4 
TI/TTOT (%) 45.4 ± 0.9 44.2 ± 0.9 -1.2 ± 0.7 45.9 ± 0.6 46.0 ± 0.4 0.1 ± 0.5 
VT/TI (L/sec) 1.40 ± 0.05 1.65 ± 0.04a 0.25 ± 0.04 1.52 ± 0.05 1.77 ± 0.07a 0.25 ± 0.08 
VT/TE (L/sec) 1.16 ± 0.04 1.31 ± 0.05a 0.15 ± 0.03 1.29 ± 0.05 1.51 ± 0.07a,b 0.22 ± 0.06 
SpO2 (%) 94.7 ± 1.0 95.2 ± 0.4 0.5 ± 1.1 96.4 ± 0.3 95.1 ± 0.4 -1.3 ± 0.4 
VD/VT estimated (%) 13 ± 1 13 ± 0 0 ± 1 13 ± 0 13 ± 1 -0 ± 1 
PETCO2 (mmHg) 41.9 ± 0.7 36.2 ± 0.7a -5.7 ± 0.8 40.5 ± 1.0 34.9 ± 0.8a -5.5 ± 1.0 

V· E/ V· O2 
27.5 ± 0.7 31.0 ± 0.9a 3.5 ± 0.6 30.8 ± 1.2b 33.8 ± 1.0a,b 3.0 ± 0.8 

V· E/ V· CO2 
26.2 ± 0.5 30.8 ± 0.6a 4.6 ± 0.6 27.3 ± 0.7 31.7 ± 0.7a 4.4 ± 0.7 

Tidal Pes (cmH2O) 13.2 ± 1.1 15.2 ± 1.4 2.0 ± 1.2 14.0 ± 1.4 16.6 ± 1.0a 2.6 ± 1.3 
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Tidal Pes/PImax (%) 24.7 ± 3.2 29.4 ± 4.3 4.6 ± 3.4 23.4 ± 2.2 30.9 ± 4.5 7.6 ± 4.6 
Tidal Pes/PImax : VT/%predVC 0.77 ± 0.13 0.76 ± 0.15 -0.01 ± 0.08 0.73 ± 0.07 0.78 ± 0.11 0.05 ± 0.12 
WRES (joules/min) 23.4 ± 2.7 28.1 ± 2.1 4.7 ± 2.2 35.6 ± 6.0 47.6 ± 7.4 11.9 ± 2.0b 
WIel (joules/min) 50.9 ± 5.0 78.6 ± 12.0 27.7 ± 11.1 54.2 ± 7.3 74.5 ± 7.0 20.3 ± 7.4 
WOB (joules/min) 61.8 ± 6.6 92.6 ± 13.8 30.8 ± 12.7 70.9 ± 9.3 96.8 ± 9.2 25.9 ± 7.7 
RL (cmH2O/L/sec) 2.08 ± 0.17 2.02 ± 0.15 -0.06 ± 0.24 2.50 ± 0.21 2.51 ± 0.21 0.01 ± 0.11 
Values are means ± SEM.  a p<0.05 PP vs. TM3 within-group; b  p<0.05 NB vs. B for the same condition; c p≤0.07 NB vs. B for the 

same condition.  PP, post-partum; TM3, third trimester; Δ, pregnancy-induced change; O2, oxygen; CO2, carbon dioxide;  V· O2, 

metabolic rate of O2 consumption; V· CO2, metabolic rate of CO2 production; HR, heart rate; MAP, mean arterial pressure; V· E, 
minute ventilation; VT, tidal volume; IC, inspiratory capacity; IRV, inspiratory reserve volume; fR, breathing frequency; TI/TTOT, 
inspiratory duty cycle; VT/TI and VT/TE, mean tidal inspiratory and expiratory flow, respectively; SpO2, arterial O2 saturation; 

VD/VT, physiologic dead space; PETCO2, partial pressure of end-tidal CO2; V
· E/ V· O2 and V· E/ V· CO2, ventilatory equivalent for O2 and 

CO2, respectively; Pes, esophageal pressure; PImax, maximum inspiratory (negative) esophageal pressure; VC, vital capacity; WRES, 
total resistive work of breathing; WIel, inspiratory elastic work of breathing; WOB, total inspiratory work of breathing; RL, 
pulmonary resistance.  
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Physiological responses to incremental cycle exercise 

Cardio-metabolic responses to exercise are shown in Tables 4.2 and 4.3.  Pregnancy-

induced changes in the duration of loaded pedaling, and in peak work rate, V· O2, V
· CO2, 

HR, O2 pulse, MAP and SpO2 were similar between-groups (Table 4.2).  Peak work rate 

expressed as a % of predicted maximum was lower in B vs. NB in PP (p=0.021) and TM3 

(p=0.057) (Table 4.2).  Nevertheless, peak V· O2 and the duration of loaded pedaling were 

similar across all four conditions (Table 4.2).  Pregnancy-induced changes in cardio-

metabolic responses to exercise at iso-work were similar between-groups (Table 4.3).  

Tvent occurred at a similar V· O2 across all four conditions:  NB-PP, 1.05 ± 0.05 L/min; 

NB-TM3, 1.08 ± 0.04 L/min; B-PP, 0.97 ± 0.05 L/min; and B-TM3, 1.06 ± 0.05 L/min.  

Pregnancy-induced changes in cardio-metabolic responses at rest and during exercise at 

Tvent were similar between-groups (data not shown). 

Ventilatory responses to exercise are shown in Figure 4.3 and Tables 4.2 and 4.3.  

Throughout exercise in TM3 compared with PP in both groups:  V· E increased (Figure 4.3) 

as a result of an increase in VT with no associated change in fR or breath timing (TI, TE, 

TI/TTOT) (Tables 4.2 and 4.3); V· E/V· O2 and V· E/V· CO2 increased, while PETCO2 decreased 

(Figure 4.3) with no associated change in physiological dead space (VD/VT) (Tables 4.2 

and 4.3).  Peak V· E (p=0.018) and V· E/V· O2 (p=0.009) significantly increased from PP to 

TM3 in the B but not in the NB group (Figure 4.3, Table 4.2); and peak V· E/V· O2 (p=0.036) 

was consistently higher in B compared with NB in TM3 (Figure 4.3, Table 4.2).  

Pregnancy-induced changes in peak V· E (p=0.038) and V· E/V· O2 (p=0.047) were 
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Figure 4.3.  Effects of pregnancy on ventilatory responses to incremental cycle exercise 
in women with and without troublesome persistent activity-related gestational 
breathlessness.  Data points are mean ± SEM values at rest, at standardized work rates 
during exercise and at peak exercise.  NB, non-breathless group; B, breathless group; PP, 

post-partum; TM3, third trimester; V· E/V· O2 and V· E/V· CO2, ventilatory equivalents for O2 
and CO2, respectively; PETCO2, partial pressure of end-tidal CO2.  a p<0.05 TM3 vs. PP 
within B; b p<0.05 TM3 vs. PP within NB; c p<0.05 B vs. NB in TM3; d p<0.05 B vs. NB 
in PP. 
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significantly greater in B vs. NB (Table 4.2).  Pregnancy-induced increases in V· E and        

V· E/V· O2 at iso-work were similar between-groups (Table 4.3).  Nevertheless, V· E and           

V· E/V· O2 were higher in B vs. NB during exercise above Tvent in both PP and TM3 

conditions (Figure 4.3, Tables 4.2 and 4.3).   Pregnancy-induced changes in ventilatory 

responses at rest and during exercise at Tvent were similar between-groups (data not 

shown). 

 

Respiratory mechanical/muscular responses to incremental cycle exercise 

Operating lung volume (Figure 4.4) and respiratory mechanical/muscular (Figure 4.5) 

responses to exercise were plotted against V· E to correct for the abovementioned between-

group differences in the ventilatory response to exercise; measurements at peak exercise 

and at iso-work are presented in Tables 4.2 and 4.3, respectively.  Similar pregnancy-

induced increases in the pre-exercise IC and IRV were observed in NB and B, 

respectively (Figure 4.4).  In TM3 compared with PP in both the B and NB group, IC 

remained consistently larger during exercise up to 75 watts, with no difference observed 

thereafter (Figure 4.4, Tables 4.2 and 4.3).  Consequently, in both groups, IC remained 

relatively constant throughout exercise in TM3 and did not progressively increase from its 

resting value during exercise as it did in PP (Figure 4.4, Tables 4.2 and 4.3).  Pregnancy-

induced increases in VT were accommodated from below (decreased EELV) at rest and 

throughout exercise in both groups (Figure 4.4), and comprised a similar proportion of the 

available IC at end-exercise in all four conditions (Table 4.2). 
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Figure 4.4.  Effects of pregnancy on the behaviour of dynamic operating lung volumes 
during incremental cycle exercise in women with and without troublesome persistent 
activity-related gestational breathlessness.  Data points are mean ± SEM values at rest, at 
standardized work rates during exercise and at peak exercise.  NB, non-breathless group; 
B, breathless group; PP, post-partum; TM3, third trimester; TLC, total lung capacity; IRV, 
inspiratory reserve volume; VT, tidal volume; IC, inspiratory capacity. 
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Figure 4.5.  Effects of pregnancy on respiratory mechanical/muscular responses in 
women with (n=10) and without (n=6) troublesome persistent activity-related gestational 
breathlessness.  Data points are mean ± SEM values at rest, at standardized work rates 
during exercise and at peak exercise.  NB, non-breathless group; B, breathless group; PP, 
post-partum; TM3, third trimester; Pes, esophageal pressure; Tidal Pes/PImax, tidal 
esophageal pressure swing expressed as a % of maximum inspiratory pressure; 
VT/predVC, tidal volume expressed as a % of predicted normal vital capacity; Tidal 
Pes/PImax : VT/predVC, ratio of contractile respiratory muscle effort to thoracic volume 
displacement (a measure of neuromechanical coupling of the respiratory system); RL, 
pulmonary resistance; WOB, total inspiratory work of breathing. 



 

 - 139 -  

The subgroup of B (n=10) and NB (n=6) women with Pes-derived respiratory 

mechanical/muscular measurements had comparable baseline characteristics as well as 

cardiorespiratory and perceptual responses to exercise as the B and NB groups as a 

whole.  There was no significant pregnancy, group or interaction effects on pre-exercise, 

end-exercise or the exercise-induced change in PImax (Table 4.2); and on peak inspiratory 

Pes values obtained during serial IC maneuvers performed at rest and throughout exercise 

(data not shown).  The ratio of contractile respiratory muscle effort (tidal Pes/PImax) to 

thoracic volume displacement (VT/predictedVC), an index of neuromechanical coupling 

of the respiratory system, was not significantly different at any given work rate during 

exercise across all four conditions (Figure 4.5, Tables 4.2 and 4.3).  Similarly, pulmonary 

resistance was not significantly different at rest, at iso-work or at end-exercise within- or 

between-groups (Figure 4.5, Tables 4.2 and 4.3).  The relationship between Pes-derived 

respiratory mechanical/muscular measurements and V· E were essentially superimposed 

throughout exercise across all four conditions (Figure 4.5). 
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DISCUSSION 

The main findings of this study were:  1) Breathlessness intensity ratings were 

significantly higher at any given work rate during exercise in TM3 vs. PP within the B 

group only.  2)  Perceptual differences between B and NB groups could not be explained 

by differences in central ventilatory control, resting pulmonary function or dynamic 

respiratory mechanics during exercise.  3)  The B group had an exaggerated ventilatory 

response to exercise in both PP and TM3 conditions compared with the NB group.  4)  

The B group appeared to lack the temporal desensitization to maternal hyperventilation 

that was present in the NB group.  

 We successfully recruited two discrete groups of healthy pregnant women with 

and without troublesome persistent activity-related breathlessness.  The BDI focal score 

was 3 units lower in B compared with NB at TM3 (p<0.001).  This level of activity-

related breathlessness is clinically significant and is comparable to that previously 

reported in patients with chronic respiratory conditions of moderate severity (O’Donnell 

et al. 2006a; Jensen et al. 2008a).  The two groups were well matched for important 

physical characteristics and no individual in either group had a medical history that would 

predispose them to respiratory symptoms during pregnancy.  Specifically, women in the 

B group had no clinical evidence of any cardiopulmonary, haematological or 

musculoskeletal condition to account for their increased respiratory discomfort.  

Between-group differences in the intensity of gestational breathlessness (measured by the 

BDI) were confirmed during laboratory testing:  exertional breathlessness intensity was 

significantly higher in TM3 vs. PP in the B but not in the NB group (Figure 4.2).  
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Role of respiratory mechanical/muscular factors in gestational breathlessness 

We recently demonstrated that mechanical adaptations of the respiratory system, 

including recruitment of resting IC and reduced airway resistance, accommodated the 

increased demand for VT expansion during incremental cycle exercise in pregnancy.  

Remarkably, these adaptations helped to preserve effort-displacement (a measure of 

neuromechanical coupling of the respiratory system) and breathlessness-V· E relationships 

throughout exercise (Jensen et al. 2008c (Chapter 3)).  We considered the possibility that 

failure to adequately recruit resting IC and/or reduce airway resistance may contribute to 

increased exertional breathlessness in the B group.  However, this was not borne out:  

resting IC increased by ~13% and 15% from PP to TM3 within B and NB, respectively 

(Figure 4.4); pregnancy-induced changes in sRaw and maximal expiratory flow rates 

were similar between-groups (Table 4.1); and breathlessness-V· E (Figure 4.2), pulmonary 

resistance-V· E (Figure 4.5) and effort-displacement (Figure 4.5) ratios were similar 

throughout exercise across all conditions.  Between-group differences in the perceptual 

response to exercise could not be explained by differences in operating lung volumes 

(Figure 4.4), breathing pattern or any Pes-derived respiratory mechanical/muscular 

measurement during exercise (Figure 4.5, Tables 4.2 and 4.3).  Finally, the qualitative 

descriptors of breathlessness at end-exercise were similar across all conditions.  We 

anticipated that if respiratory mechanical/muscular factors were contributory then 

selected qualitative descriptors of this symptom would be different between-groups in 

TM3 (O’Donnell et al. 1997; O’Donnell et al. 2000). 
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Maternal hyperventilation, temporal desensitization and gestational breathlessness 

Pregnancy-induced reductions in the BDI focal score (indicating increased 

breathlessness) correlated negatively with concomitant changes in indices of maternal 

hyperventilation during exercise.  Although pregnancy-induced increases in submaximal 

exercise V· E were similar between-groups (Figure 4.3, Table 4.3), the absolute level of V· E 

was consistently higher (e.g., by ~12% at iso-work, p=0.013) at submaximal work rates in 

B vs. NB in TM3 (Figure 4.3, Table 4.3).  Furthermore, V· E/V· O2 ratios were consistently 

higher in B vs. NB at any given work rate during exercise above Tvent in both PP and 

TM3 conditions (Figure 4.3, Tables 4.2 and 4.3).  

The mechanisms of the naturally increased V· E/V· O2 response to exercise in the B 

group remain conjectural.  Nevertheless, we were able to systematically rule out 

significant between-group differences in:  1) central chemoreflex and wakefulness drives 

to breathe (Table 4.1); 2) resting blood biochemistry (Table 4.1); 3) cardiovascular 

function and gas exchange (Tables 4.2 and 4.3); and 4) aerobic/peripheral locomotor 

muscle deconditioning (i.e., V· O2 at Tvent was similar across all four conditions).  

Habitual prenatal physical activity levels and Borg ratings of perceived leg discomfort 

during exercise (Figure 4.2) were also similar in the two groups.  By exclusion, we 

speculate that the exaggerated V· E/V· O2 response to exercise above Tvent in B vs. NB may 

reflect an unmeasured increase in peripheral (carotid) chemoreflex responsiveness in the 

former.  The hypothesis that variation in peripheral chemoreflex sensitivity may be 
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responsible for variation in maternal hyperventilation and thus exertional breathlessness 

intensity is supported by the results of Moore et al. (1987) and Garcia-Rio et al. (1996).  

Gestational breathlessness has been attributed primarily to the normal awareness 

of increased V· E (Cugell et al. 1953; Lehman 1975; Moore et al. 1987; Garcia-Rio et al. 

1996; Field et al. 1991; Jensen et al. 2008c (Chapter 3)).  Indeed, breathlessness-V· E slopes 

were similar across all four conditions – both variables therefore rise in direct proportion 

(Figure 4.2).  To our surprise, however, the breathlessness-V· E relation, although similar in 

slope, was shifted to the right (by ~5 L/min, p=0.027) from PP to TM3 within the NB 

group only (Figure 4.2), suggesting temporal desensitization.  We can conclude therefore 

that this parallel rightward shift is likely responsible for the lack of anticipated rise in 

breathlessness intensity ratings during exercise in TM3 vs. PP within the NB group 

(Figure 4.2).  The physiological mechanisms of this shift seen exclusively in the NB 

group are unclear and were not explored in this study.  One testable hypothesis is that 

between-group differences in the perceptual response to increased V· E reflects variation in 

the circulating concentration of endogenous opioids (McMurray et al. 1990; Sgherza et al. 

2002; Jennings et al. 2002). 

 

Critique of methods 

Our results likely underestimate the effects of pregnancy on perceived breathlessness 

during daily activities in both groups of women.  In this regard, pregnancy-induced 

increases in body mass (by ~10-12 kg in both groups) would be expected to increase the 

metabolic cost of locomotion during weight-bearing activities with attendant increases in 
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V· E and thus perceived breathlessness.  Furthermore, we cannot rule out the possibility that 

during the course of pregnancy psychological or affective factors modulated the quality 

and intensity of exertional breathlessness differently in the two groups.   

 

This is the first study to systematically examine the contribution of altered ventilatory 

mechanics, increased central ventilatory drive and their interaction with respect to 

respiratory sensation in women identified as having clinically important gestational 

breathlessness.  Our results indicated that variation in the perceptual response to exercise 

could not be explained by alterations in central ventilatory drive or respiratory 

mechanical/muscular factors, but ultimately reflected variation in the amplitude of 

maternal hyperventilation.   
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CHAPTER 5 

 

GENERAL DISCUSSION AND CONCLUSIONS 
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The results of the integrative physiological studies presented herein have advanced our 

understanding of the mechanisms of maternal hyperventilation (Chapter 2) and perceived 

respiratory discomfort (breathlessness) during exercise in healthy human pregnancy 

(Chapters 3 and 4).  In proceeding, I will briefly summarize/discuss the hypotheses and 

results of each of the three studies, and propose several future research directions in this 

field of study.  Finally, I will present a novel working hypothesis of the neurophysiology 

of perceived respiratory discomfort during exercise in healthy human pregnancy that is 

based on the collective results of the previously discussed studies. 

 

5.1.  Summary of Hypotheses and Results 

Study 1:  We tested the hypothesis that 1) increases in central chemoreflex and 

wakefulness drives to breathe are important factors contributing to pregnancy-induced 

reductions in resting PaCO2, and that these changes are associated with increased female 

sex hormone concentrations, and 2) pregnancy-induced reductions in [SID] contribute 

significantly to maternal hyperventilation by altering the relationship between the 

measured, PCO2, and actual, [H+], stimulus to the chemoreceptors, and thereby 

decreasing the central chemoreflex VRTCO2.   

This is the first controlled longitudinal study to demonstrate that pregnancy-

induced reductions in resting arterial PCO2/[H+] results from a complex interaction 

between alterations in arterial (and central) [SID] and other factors that directly affect V· E, 

including increased wakefulness drives to breathe, increased central (but not peripheral) 

chemoreflex sensitivity, increased V· CO2 and decreased cerebral blood flow.  The 
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magnitude of these changes, however, was not related to concomitant pregnancy-induced 

increases in circulating female sex steroid hormone concentrations. 

 

Study 2:  We tested the hypothesis that 1) breathlessness intensity ratings would be 

consistently higher at any given cycle work rate in TM3 compared with PP, reflecting the 

normal awareness of increased V· E and contractile respiratory muscle effort; 2) 

breathlessness-V· E relationships would be preserved throughout exercise in TM3 compared 

with PP, reflecting recruitment of resting IC and reduced airway resistance; and 3) 

mechanical ventilatory constraints on VT expansion would contribute importantly to 

perceived respiratory discomfort during exercise near the limits of tolerance in TM3. 

 The results of this study suggested that 1) pregnancy-induced increases in 

exertional breathlessness reflected the normal awareness of maternal hyperventilation; 2) 

impressive mechanical adaptations of the respiratory system, including recruitment of 

resting IC and reduced airway resistance, accommodated the increased demand for VT 

expansion, while preserving both effort-displacement and breathlessness- V· E relationships 

throughout much of exercise in TM3; and 3) dynamic mechanical constraints on VT 

expansion became evident only at the limits of tolerance in TM3 with attendant negative 

sensory consequences. 

 

Study 3:  We tested the hypothesis that during pregnancy, breathlessness intensity ratings 

would be consistently higher at any given work rate and V· E during exercise in 

symptomatic compared to asymptomatic women, reflecting the combined physiological 
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effects of increased central ventilatory drive and mechanical maladaptation (i.e., 

inadequate inspiratory capacity recruitment and/or failure to reduced airway resistance) of 

the respiratory system. 

 This is the first study to demonstrate that variation in the severity of activity-

related breathlessness in healthy human pregnancy could not be explained by alterations 

in detailed measures of respiratory mechanics or central ventilatory control, but ultimately 

reflected (in part) variation in the amplitude of maternal hyperventilation and temporal 

desensitization to the sensory consequences of increased ventilation. 

 

5.2.  Study 1:  General Discussion 

It is generally believed that pregnant women hyperventilate to facilitate trans-placental 

gas exchange (via widening of the maternal-fetal PO2 and PCO2 gradients), thereby 

creating a physiological buffer against the development of fetal hypoxia and/or acidosis 

under conditions of physiological stress, such as prolonged, vigorous maternal exercise.  

Female sex steroid hormones (namely progesterone) have been widely implicated in the 

hyperventilation of human pregnancy since it was first reported over a century ago 

(Magnus-Levy 1905).  Although the mechanisms of their action are poorly understood, 

several investigators have implied that the increased V· E and reduced PaCO2 of human 

pregnancy may be due to a direct (or indirect) facilitatory effect of female sex hormones 

on central and peripheral chemoreflex drives to breathe (Moore et al. 1986; Moore et al., 

1987; Hannhart et al., 1989; Tatsumi et al. 1995).  For reasons described in detail 

previously (Chapters 1 and 2), this “traditional” (or dogmatic) view of maternal 
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hyperventilation is very difficult to reconcile with more recent research findings.  

Furthermore, if this hypothesis of a causal link between female sex steroid hormones, 

chemoreflex drives to breathe and maternal hyperventilation is correct, then women with 

the greatest pregnancy-induced increase in circulating [P4] (and [E2]) should, in theory, 

experience the most significant decrease in resting PaCO2.  In the first study, however, we 

failed to demonstrate a significant relationship between the pregnancy-induced change in 

resting PaCO2 and each of [P4] and [E2] (Figure 2.2(B)).  Of course, the lack of 

correlation in Study 1 does not exclude a lack of causation, but it does allow us to 

conclude that maternal hyperventilation cannot be attributed solely to hormone-mediated 

increases in chemoreflex drives to breathe. 

Study 1 is the first controlled, longitudinal study to employ an integrative and 

comprehensive mathematical modeling approach (Duffin 2005) to elucidate the 

physiological mechanisms of hyperventilation in human pregnancy.  The results of this 

study demonstrated that the increased resting V· E and reduced PaCO2/[H+] of pregnancy 

results from a complex interaction between alterations in arterial (and central) acid-base 

balance and other factors that directly affect V· E, including increased wakefulness drives to 

breathe, increased central chemoreflex sensitivity, increased metabolism and decreased 

cerebral blood flow.  In this regard, the mathematical model of ventilatory control (Duffin 

2005) accurately predicted the magnitude of pregnancy-induced reductions in the 

chemoreflex VRTCO2, resting PaCO2 and arterial [H+] (within <1 mmHg, <1 mmHg and 

<0.3 nEq/L, respectively) resulting from mean measured and calculated changes in the 

abovementioned variables (Figure 2.4).  The accuracy of these predictions may seem 
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almost too good to be true; at least that was my first impression of the results.  However, I 

was reminded by Dr. James Duffin (co-author of this manuscript) that, “…physiology 

works and therefore you shouldn’t be all that surprised, Dennis!”  

In keeping with the results of Jennings (1993; 1994a; 1994b), Wolfe and 

colleagues (1998) hypothesized that alterations in water balance hormones (i.e., 

angiotensin II, arginine vasopressin) and plasma osmolality may also contribute 

importantly to the increased V· E and reduced PaCO2/[H+] of pregnancy.  Nevertheless, if 

these factors contributed directly to maternal hyperventilation then one would have 

anticipated a larger discrepancy between the mean measured and predicted changes in 

each of the chemoreflex VRTCO2, PaCO2 and [H+] since they were not directly 

accounted for in the mathematical model. 

Pregnancy-induced changes in resting V· E, PaCO2, [H+] and [SID] are almost fully 

established by the end of the first trimester (Clapp et al. 1988; Rees et al. 1990; 

Weissgerber et al. 2006; Weissgerber & Wolfe 2006).  In the first study, however, 

measurements were collected only in the third trimester, between 34 and 38 wks 

gestation.  In this regard, the main limitation of the first study is that measurements were 

not obtained serially throughout pregnancy; that is, the effects of advancing gestation 

were not examined.  Therefore, we cannot comment with any authority on the time-

course of pregnancy-induced changes in female sex hormone concentrations; chemoreflex 

and non-chemoreflex drives to breathe; arterial and central acid-base balance; cerebral 

blood flow; and metabolic rate.  Nevertheless, based on the results of Study 1, as well as 

those of several previous studies (Skatrud et al. 1978; Dempsey et al. 1986; Bayliss et al. 
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1987; Bayliss et al. 1990; Bayliss & Millhorn 1992; Behan et al. 2003; Behan & Thomas 

2005; Jensen et al. 2005b; Weissgerber et al. 2006; Jensen et al. 2007a; Behan & 

Wenninger 2008), we advanced the following (testable!) hypothesis of maternal 

hyperventilation (Figure 5.1):   

Increases in [P4] and [E2] are likely responsible for the early and progressive 

rise in V· E of human pregnancy via stimulation of wakefulness (or non-

chemoreflex) and perhaps also central chemoreflex drives to breathe (note: 

we postulate that the increased central chemoreflex response to hypercapnia 

reflects, in part, hormone-mediated increases in respiratory motoneuron 

activity with attendant increases in the translation of central chemoreceptor 

cell neural discharge into V· E).  The attendant arterial and central respiratory 

alkalosis initiates compensatory reductions in arterial [SID], central [SID] 

and cerebral blood flow, which partially restores arterial and central [H+], 

thereby altering the relationship between PCO2 and [H+], such that arterial 

and central [H+] are significantly increased at any given PaCO2 and CSF 

PCO2, respectively.  Consequently, the chemoreflex VRTCO2 is reduced, 

even though the threshold in terms of [H+] does not change.  Finally, 

progressive increases in V· CO2 after mid-gestation (reflecting primarily 

increased metabolic demands of the feto-placental unit) are likely 

responsible for concomitant increases in resting V· E, despite little or no 

change in PaCO2. 
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Figure 5.1.  Working hypothesis of the physiological mechanisms of maternal 
hyperventilation.  Refer to text for details.  PaCO2 and PCSFCO2, arterial and 
cerebrospinal fluid PCO2, respectively; [SID], strong ion difference concentration.  Thick 
(bold) arrows represent direction of change.  Dotted lines (bottom portion of figure) 
represent compensatory changes.   
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5.3.  Study 1:  Future Studies 

5.3a. Elucidating the time-course of humoral, ventilatory and renal adaptations of 

pregnancy: human models.  As previously discussed, the ventilatory and renal adaptations 

of human pregnancy are almost fully established by 8-12 weeks gestation (Clapp et al. 

1988; Rees et al. 1990; Weissgerber et al. 2006; Weissgerber & Wolfe 2006).  

Unfortunately, most women usually do not become aware that they are pregnant until this 

time, making it very difficult to obtain detailed measures of ventilatory control and blood 

biochemistry (and therefore test the abovementioned hypothesis) over the first few weeks 

of gestation when these changes are occurring.  A novel approach to overcome this 

methodological limitation would be to study healthy women undergoing either In Vitro 

Fertilization (IVF) or Artificial Insemination (AI).  These models would be ideal to study 

the exact time-course of humoral, ventilatory and renal adaptations of human pregnancy.  

In this regard, control measurements could be obtained very easily in the pre-conceptual 

rather than in the post-partum state.  More importantly, detailed physiological measures 

could be collected serially throughout pregnancy, starting just days after insemination.  

To our knowledge no published study has ever used either an IVF or AI model to study 

the time-course of physiological (i.e., respiratory, renal, cardiovascular, vascular, 

thermoregulatory, perceptual, etc.) adaptations in human pregnancy. 

 

5.3b. Elucidating the time-course of humoral, ventilatory and renal adaptations of 

pregnancy: animal models.  Of course, the abovementioned hypothesis could be most 

aptly tested using a conscious, chronically-instrumented animal (i.e., cat or sheep) model 

of human pregnancy.  In this regard, serial measures of 1) arterial and CSF [P4], [E2], 
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electrolytes, PCO2 and [H+], 2) cerebral blood flow and metabolism, 3) V· O2 and V· CO2 

and 4) ventilatory chemoreflex (and respiratory motoneuron) responsiveness to 

hypercapnia and hypoxia could be collected throughout pregnancy.  Alternatively, the 

humoral adaptations of pregnancy could be mimicked by administering normal 

physiological doses of female sex steroid hormones to healthy conscious, chronically-

instrumented and ovariohysterectomized animals, while the same physiological measures 

described above are collected.  In both cases, specific afferent and efferent 

neuromodulatory pathways involved in the control of breathing could be surgically or 

pharmacologically isolated to examine their relative contribution to ventilatory and renal 

adaptations of normal pregnancy.  Furthermore, selective progesterone and estrogen 

receptor antagonists could be administered to determine, once and for all, the role of 

female sex steroid hormones in the ventilatory and renal adaptations of pregnancy. 

 

5.3c. Role of pregnancy-induced changes in the respiratory control system’s resting 

PCO2 equilibrium point in the hyperpnea of maternal exercise.  Oren et al. (1981) 

previously found that chronic dietary-induced metabolic acidosis, which decreased both 

resting PaCO2 (by ~7.5 mmHg) and the threshold of the ventilatory response to 

hypercapnia (Oren et al. 1991), consistently increased V· E by 10-30% at any given 

submaximal V· CO2 during both incremental and constant-load cycle exercise in healthy 

men.  These data strongly suggested that the ventilatory response to exercise reflects the 

level at which PaCO2 is regulated at rest, as well as the metabolic load.   
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As reviewed already in the General Introduction (Chapter 1), the ventilatory 

response to exercise is significantly increased during pregnancy.  The physiological 

mechanism(s) of this change, however, have not yet been examined.  Based on the results 

of Study 1, as well as those of several previous studies (Skatrud et al. 1978; Oren et al. 

1981; Robertson et al. 1982; Oren et al. 1991) we propose the novel (and testable!) 

hypothesis that the magnitude of the pregnancy-induced increase in exercise hyperpnea 

(and perhaps therefore perceived respiratory discomfort) reflects alterations in the 

respiratory control system’s resting PCO2 equilibrium point, which in turn results from a 

complex interaction of alterations in wakefulness and chemoreflex drives to breathe, 

arterial and central acid-base balance, and female sex hormone concentrations.  The most 

logical first step in testing the veracity of this hypothesis would be to examine the 

correlative relationship(s) between the pregnancy-induced change in measures of exercise 

hyperpnea (V· E; V· E/V· O2 and V· E/V· CO2 ratios; V· E/V· O2 and V· E/V· CO2 slopes) and each of 

resting PaCO2, chemoreflex sensitivity, chemoreflex VRTCO2 and [SID].  

 

5.4.  Study 2:  General Discussion 

As discussed several times before (Chapters 1, 3 and 4), perceived respiratory discomfort 

(breathlessness) during daily activities is not uncommon in healthy pregnancy (Milne et 

al. 1978).  Nevertheless, the mechanisms are poorly understood.  The second study of this 

thesis therefore was designed to systematically examine the contribution of alterations in 

1) central ventilatory drive, 2) static and dynamic respiratory mechanics and 3) their 

interaction to the quality and intensity of perceived respiratory discomfort during exercise 
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to the limits of tolerance in healthy human pregnancy.  Of the 15 subjects studied, 9 had 

mild-to-moderate breathlessness related to activities of daily living (Baseline Dyspnea 

Index (BDI) focal score < 9), while the other 6 were relatively asymptomatic in 

comparison (BDI focal score ≥ 9).  The results of this study indicated that, in contrast to 

traditional beliefs, mechanical adaptations of the respiratory system, including 

recruitment of resting inspiratory capacity (IC) and reduced airway resistance, helped the 

respiratory system to accommodate the increased central ventilatory drive (i.e., VT 

expansion) of pregnancy while preserving neuromechanical coupling (Figure 3.5) and 

obviating the anticipated rise in breathlessness intensity for a given V· E (Figure 3.5) during 

incremental cycle exercise in TM3 compared with PP.  Although maximal exercise 

capacity was unaffected by pregnancy, significant mechanical constraints on VT 

expansion were evident near the termination of exercise (Figures 3.3 and 3.3) with an 

attendant rise in peak breathlessness intensity ratings.  The variation in the intensity of 

gestational breathlessness was mainly explained by variation in the level of maternal 

hyperventilation.  The results of this study therefore support the hypothesis that 

pregnancy-induced increases in perceived respiratory discomfort reflect the normal 

(conscious) awareness of increased V· E and contractile respiratory muscle effort (Figure 

1.4), and not mechanical maladaptation (or dysfunction) of the respiratory system.   

 

5.5. Study 2:  Future Studies 

5.5a. Relevance of resting IC recruitment and reduced airway resistance to respiratory 

sensation during exercise in pregnancy.  A skeptic might say, “Your results are mainly 
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correlative.  Therefore, how do you know for sure that resting IC recruitment and reduced 

airway resistance actually helped to preserve neuromechanical coupling of the respiratory 

system and minimize exertional breathlessness in pregnancy?”  Based on previous work 

from our laboratory in the healthy elderly (Ofir et al. 2008a) and in symptomatic smokers 

with mild COPD (Ofir et al. 2008b), we know that reductions in resting/dynamic IC and 

increased airway resistance have significant negative mechanical and sensory 

consequences during exercise.  Furthermore, Ofir et al. (2007) have argued that resting IC 

recruitment in obese women (due to reduced expiratory reserve volume) is mechanically 

advantageous during exercise and helps to preserve breathlessness-V· E relationships.  We 

also know that pharmacological (bronchodilators and inhaled nebulized furosemide) and 

surgical (lung volume reduction surgery) interventions that increase resting and/or 

dynamic IC improves VT expansion with attendant relief of exertional breathlessness in 

patients with airway obstruction (Belman et al. 1996; O’Donnell et al. 1996; Martinez et 

al. 1997; Laghi et al. 1998; O’Donnell et al. 1998; Young et al. 1999; O’Donnell et al. 

2004a; O’Donnell et al. 2004b; O’Donnell et al. 2006; Peters et al. 2006; Jensen et al. 

2008a).  We can extrapolate from these observations that similar improvements in resting 

IC and airway function in pregnancy will give rise to salutary effects with respect to 

respiratory sensation.  Nevertheless, to truly appreciate the relevance of resting IC 

recruitment and reduced airway resistance to exertional breathlessness in healthy human 

pregnancy we propose the following two studies.   

Study 1:  Detailed sensory-mechanical relationships during incremental cycle 

exercise to the limits of tolerance should be examined in otherwise healthy pregnant 
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women with a medical history of mild asthma, where inadequate IC recruitment and/or 

bronchodilatation would be anticipated during pregnancy.  We hypothesize that given a 

limited ability to recruit IC (because of small airway dysfunction and air trapping) the 

increased demand for VT expansion during exercise in pregnancy will be associated with 

an early onset of neuromechanical uncoupling and breathlessness compared with non-

asthmatic pregnant controls.  

Study 2:  We propose a study wherein the ventilatory, perceptual and respiratory 

mechanical/muscular responses to incremental cycle exercise are examined in late 

gestation and again 4-5 months post-partum with and without dead space (or chemical) 

loading of the respiratory system (where dead space loading is used to mimic the 

increased central ventilatory drive of pregnancy).  We hypothesize that in the setting of a 

“normal” resting IC and bronchodilatory response to exercise, VT will expand to reach a 

critical minimal inspiratory reserve volume earlier in exercise with added dead space than 

in late gestation.  The attendant earlier onset of neuromechanical uncoupling and 

increased elastic loading of the inspiratory muscles will be associated with increased 

breathlessness intensity ratings at any given work rate and V· E.  If any one (or both) of 

these hypotheses prove to be correct, then we must conclude that resting IC recruitment 

and reduced airway resistance contributed importantly to the preservation of effort-

displacement and breathlessness-V· E relationships during exercise in TM3 compared with 

PP in Study 2 (and Study 3). 
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5.5b. Elucidating the time-course and physiological mechanisms of respiratory 

mechanical adaptations in human pregnancy.  Although the effects of human pregnancy 

on static lung volumes and capacities are well documented in the published literature 

(Weinberger et al. 1980; Elkus & Popovich 1992; Crapo 1996; Wise et al. 2006), very 

little is known about the time-course and mechanisms of these changes.  It is widely held 

that reductions in chest wall and therefore total respiratory system compliance (Farman & 

Thorpe 1969; Marx et al. 1970) are primarily responsible for the reduced resting EELV 

(or FRC), which has been observed as early as 15 wks gestation (Berry et al. 1989).  

Although the mechanisms would be unclear, it is possible that alterations in resting EELV 

(and therefore resting IC) are established even earlier in pregnancy.  Again, an IVF or AI 

model would be ideally suited to examine the time-course and potential mechanisms of 

pregnancy-induced changes in baseline pulmonary function.   

The physiological mechanisms of reduced airway resistance in human pregnancy 

remain largely unknown, but may include progesterone-mediated reductions in airway 

smooth muscle tone (Foster et al. 1982; Perusquia et al. 1997) and/or increases in 

genioglossus muscle activity (Popovic & White 1998).  It is also possible that 

parasympathetic (vagal) efferent modulation of airway smooth muscle tone is reduced in 

human pregnancy.  In this regard, Avery et al. (2001) found that pregnancy-induced 

reductions in cardiac vagal modulation are primarily responsible for the increased resting 

heart rate (tachycardia) that characterizes this condition.  Furthermore, pharmacological 

blockade of cardiac and pulmonary vagal efferent activity via subcutaneous or 

intravenous administration of the muscarinic receptor antagonist, atropine, causes both 

tachycardia and bronchodilatation in healthy resting humans (Severinghaus & Stupfel, 
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1955; Butler et al., 1960; Ito et al., 2006).  Intravenous administration of atropine has also 

been shown to attenuate the bronchoconstrictor effects of hypocapnia (a universal finding 

in pregnancy) in healthy resting men (Newhouse et al. 1964; Sterling, 1968).  Based on 

these observations, we hypothesize that reductions in pulmonary vagal efferent activity, 

alone or in combination with progesterone-mediated alterations in airway smooth muscle 

tone and/or upper airway dilator muscle activity may explain the modest, but consistent 

improvements in resting and dynamic airway function observed in TM3 compared with 

PP in Study 2 (and Study 3).  In our opinion, an animal model of human pregnancy would 

be best suited to test this hypothesis since 1) specific efferent and afferent 

neuromodulatory pathways involved in the control of airway smooth muscle tone could 

be surgically or pharmacologically isolated, 2) selective progesterone and estrogen 

receptor agonists and antagonists could be administered and 3) detailed measures of upper 

airway dilator muscle activity and also airway hyper-reactivity to various 

bronchoconstrictor and dilator agents (e.g., methacholine, capsaicin, acetylcholine, 

furosemide, etc.) could be examined. 

 

5.6. Study 3:  General Discussion 

The combined results of two small scale studies suggest that the severity of activity-

related breathlessness varies considerably among healthy pregnant women with no 

clinical evidence of cardio-pulmonary disease/dysfunction (Milne et al. 1978; Moore et 

al. 1987).  Based on the results of Study 2, the third study tested the hypothesis that 

variation in the severity of gestational breathlessness reflected variation in the amplitude 

of central ventilatory drive and/or mechanical maladaptation of the respiratory system, 
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including inadequate IC recruitment and/or failure to reduce airway resistance.  In that 

study, Borg ratings of perceived breathlessness were significantly higher at any given 

work rate during incremental cycle exercise in TM3 compared with PP in women with 

(but not without) troublesome persistent activity-related gestational breathlessness.  We 

systematically ruled out the possibility that between-group differences in the perceptual 

response to incremental cycle exercise reflected differences in detailed measures of 

central chemoreflex and non-chemoreflex drives to breathe; resting arterial blood gas and 

acid-base status; baseline pulmonary function; cardiovascular function; pulmonary gas 

exchange; dynamic ventilatory mechanics; and aerobic/peripheral locomotor muscle 

deconditioning.  In keeping with our original hypothesis, however, we found that the 

breathless group had an exaggerated ventilatory response to exercise compared with the 

non-breathlessness group, reflecting (in part) an increased metabolic cost of exercise 

during pregnancy and presumably also an unmeasured increase in peripheral (carotid) 

chemoreflex sensitivity.  Finally, we demonstrated that the breathless group appeared to 

lack temporal desensitization to the sensory consequences of maternal hyperventilation 

that was manifest in the non-breathless group.  The clinical implication of these 

observations is that after excluding cardio-pulmonary conditions, the breathless patient 

can be reassured that her breathing discomfort is likely related to the normal conscious 

awareness of increased V· E and contractile respiratory muscle effort. 
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5.7. Study 3:  Future Studies 

5.7a.  Is peripheral (carotid) ventilatory chemoreflex responsiveness naturally increased 

in women with troublesome persistent gestational breathlessness compared to those 

without?  Several studies have examined the effects of human pregnancy on the 

peripheral (carotid) ventilatory chemoreflex response to hypoxia without reported 

evidence of fetal compromise (Moore et al. 1986; Moore et al. 1987; Garcia-Rio et al. 

1996).  Furthermore, we recently demonstrated that acute maternal hypocapnia and 

hypercapnia (in the setting of hyperoxia) over the range experienced during modified CO2 

rebreathing had no adverse effects on measures of fetal well-being (Fraser et al. 2008).  

Nevertheless, ethical concerns of exposing the fetus to one acute bout of hypoxia 

prevented us from examining the effects of pregnancy on peripheral chemoreflex 

responsiveness in women with and without overt troublesome activity-related 

breathlessness.  Our laboratory has an established reputation of measuring peripheral 

chemoreflex responsiveness (Jensen et al. 2005a; Slatkovska et al. 2006; Nettlefold et al. 

2007) using the modified iso-oxic hypoxic-CO2 rebreathing procedure (Duffin et al. 

2000) in healthy non-pregnant volunteers.  Thus, pending ethical approval, future studies 

in our laboratory could easily compare measures of peripheral chemoreflex 

responsiveness in women with and without gestational breathlessness.   

It is widely held that hyperoxia completely abolishes peripheral chemoreceptor 

afferent activity (Cunningham 1987).  In hindsight, we could have compared 1) the 

ventilatory response to a single breath of 100 % O2 at rest (i.e., the Dejours test) and 2) 

the ventilatory and perceptual response to exercise under a background of hyperoxia vs. 

normoxia in our groups of symptomatic and asymptomatic pregnant women.  If 
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peripheral chemoreflex responsiveness was naturally increased in the breathlessness 

compared with non-breathless group then we hypothesize that 1) the hypoventilatory 

response to Dejours test would be consistently higher in the former and 2) the magnitude 

of the fall in exercise V· E at any given work rate would have been greater in the former 

under a background of hyperoxia compared with normoxia.         

 

5.7b. Elucidating the mechanisms of central (temporal) desensitization to 

hyperventilation in human pregnancy.  Ours is the first study to uncover a significant 

parallel rightward shift of the breathlessness-V· E relationship (Figure 4.2)) during maternal 

exercise.  This intriguing finding suggests temporal desensitization to increased V· E and 

contractile respiratory muscle effort in non-breathless women.  The physiological 

underpinnings of these altered perceptual responses to the stress of exercise in pregnancy 

remain unknown and deserve future scrutiny.  We propose that between-group differences 

in the circulating concentration of endogenous opioids (i.e., β-endorphins) may be 

contributory (Sgherza et al. 2002; Jennings et al. 2002).   

Preliminary results from our laboratory (Bertley et al. 1995) and also from Dr. 

Donald Mahler’s laboratory (Murray et al. 2008) have demonstrated that intravenous 

administration of naloxone, an endogenous opioid receptor antagonist, consistently 

increased exertional breathlessness intensity ratings during both weight-supported (i.e., 

cycle) and weight-bearing (i.e., treadmill) exercise in patients with COPD, despite having 

no demonstrable effect on Borg ratings of perceived leg discomfort.  The corollary of this 

is that, in Study 3, pregnancy-induced increases in circulating β-endorphin concentrations 
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may have been consistently lower at rest and during exercise in women with compared to 

those without troublesome persistent gestational breathlessness.  This hypothesis requires 

further investigation. 

 

5.7c. Identifying the prevalence, severity and time-course of gestational breathlessness.  

Notwithstanding the results of Milne et al. (1978) and Moore et al. (1987), we found it 

quite challenging to recruit women with overt troublesome persistent activity-related 

gestational breathlessness, as defined as a BDI focal score < 9.  This suggests that the 

“normal” physiological breathlessness of pregnancy is rarely severe enough to be of any 

major clinical significance.  Nevertheless, it would be very interesting to know the exact 

prevalence, severity and time-course of change in perceived respiratory discomfort in this 

population.  In order to address these questions, future longitudinal, large cohort (i.e., 

multi-centered) studies should administer the BDI and Transition Dyspnea Index (TDI) 

(Mahler et al. 1984; Stoller et al. 1986) in combination together with serial physiological 

measurements at regular intervals during the course of pregnancy.  These questionnaires 

could be administered quickly and easily by the care giver during routine prenatal 

examinations.  The results of these questionnaires could then be linked with serial 

measures of central ventilatory drive, blood biochemistry (i.e., [P4], [E2], PaCO2, [H+], 

[SID], [β-endorphins], etc.) and static/dynamic respiratory mechanics to further elucidate 

the physiological mechanisms of gestational breathlessness. 

 

5.7d. Sensory-mechanical relationships during weight-bearing exercise in healthy human 

pregnancy.  A primary limitation of Studies 2 and 3 is that weight-supported cycle 
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exercise tests were employed.  This exercise modality was ideal for our study purposes.  

However, we must concede that activities of daily living are primarily weight bearing and 

that pregnancy-induced increases in body mass (on the order of 10-12 kg in our studies) 

would increase the metabolic and ventilatory demands to perform any given physical task 

with attendant increases in perceived respiratory discomfort compared with the post-

partum state.  This may be particularly true (or problematic) for women who, prior to 

their pregnancy, were considerably overweight or obese.  Thus, future studies should 

consider the use of treadmill exercise to better mimic daily activities in normal weight, 

overweight and obese (but otherwise healthy) pregnant women.  A comparison of 

sensory-mechanical relationships during treadmill and cycle exercise in these groups of 

women would be particularly interesting.  

 

5.8. A working hypothesis of the neurophysiological mechanisms of breathlessness 

during exercise in healthy human pregnancy   

Based on the results of the previously outlined studies as well as our general 

understanding of the neurophysiological mechanisms of exertional breathlessness (refer 

to Sections 2.3, 2.4 and 2.5 of Chapter 1), we have developed a detailed/integrative 

working hypothesis that can be used to explain not only perceived respiratory discomfort 

during exercise in pregnancy (Figures 5.2 and 5.3) but also in health and in various patho-

physiological disease states.  We contend that alterations in both central and peripheral 

sensory inputs and their complex central integration within higher brain centers are 

fundamental to the experience of respiratory discomfort during physical exertion.  

Briefly, the somatosensory cortex ‘calibrates’ and ‘interprets’ the appropriateness (or lack 
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thereof) of the mechanical/muscular response of the respiratory system (conveyed via 

multiple peripheral respiratory sensory afferents) to the prevailing level of central 

respiratory motor output command.  The precise neural origin of central respiratory motor 

drive is unknown, but current constructs suggest that it originates in any one or 

combination several different central neural substrates, which may be directly sensed as 

central corollary discharge.   

When the mechanical/muscular response of the respiratory system is 

commensurate with the prevailing level of central respiratory motor drive (i.e., 

neuromechanical coupling) then breathlessness intensity rises in direct proportion with 

central respiratory motor drive (measured in the laboratory as a change in V· E and/or tidal 

Pes/PImax).  Under these circumstances, breathlessness is described, in qualitative terms, 

as a heightened sense of “effort/work” of breathing.  Alternatively, if the 

mechanical/muscular response of the respiratory system is constrained below the level 

dictated (pre-programmed) by central ventilatory drive then breathlessness intensity 

ratings increase in proportion to the widening disparity between drive and mechanics, i.e., 

neuromechanical uncoupling (measured in the laboratory as a change in the effort-

displacement ratio, i.e., tidal Pes/PImax:VT/VC).  The inherently unpleasant sense of 

“unsatisfied inspiration” or “unsatisfied respiratory work/effort” may reflect this 

neuromechanical uncoupling.    

Figures 5.2A and 5.2B illustrate the neurophysiological basis of perceived 

respiratory discomfort during moderate intensity exercise (e.g., <85% predicted 

maximum V· O2) in the non-pregnant and pregnant state, respectively.  Compared with the  
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Figure 5.2.  Working hypothesis of the neurophysiological basis of increased perceived 
respiratory discomfort during moderate intensity exercise (e.g., <85% predicted 

maximum V· O2) in the non-pregnant (A) and pregnant state (B), respectively.  Refer to 

text for details.  V· O2 and V· CO2, metabolic rate of O2 consumption and CO2 production, 
respectively; Type III and IV mechano- and metabosensitive afferents in the peripheral 
locomotor (and respiratory) muscles and their vasculature; PSRs, pulmonary stretch 
receptors, including slowly and rapidly adapting stretch receptors; C-fibers, 
bronchopulmonary C-fibers; J-receptors, juxtapulmonary capillary receptors; GTOs, 
Golgi tendon organs; PCO2, partial pressure of CO2; [H+], hydrogen ion concentration; 
PaO2, arterial partial pressure of O2; SpO2, arterial O2 saturation.    
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non-pregnant condition (Figure 5.2A), central respiratory motor drive is consistently 

higher at any given work rate during exercise in pregnancy (Figure 5.2B), as evidenced 

by alterations in V· E-work rate (Figure 3.2 and 4.2) and tidal Pes/PImax-work rate (Figure 

3.2) relationships.  As previously discussed (refer to Section 5.2c above), the increased 

ventilatory response to exercise in pregnancy ultimately reflects reductions in the 

respiratory control system’s resting PCO2 equilibrium point, secondary to the combined 

physiological effects of increased wakefulness (behavioural) and chemoreflex (reflex or 

autonomic) drives to breathe; reduced arterial and central [SID]; reduced cerebral blood 

flow; increased female sex steroid hormone concentrations; and increased feto-placental   

V· O2 and V· CO2 (Figure 5.1).  The results of Studies 2 and 3 demonstrated that recruitment 

of resting IC and reduced airway resistance helped the respiratory system to 

accommodate the increased central ventilatory drive (i.e., VT expansion) during exercise 

in pregnancy (Figures 3.3 and 4.4), while preserving the relationship between contractile 

respiratory muscle effort and thoracic volume displacement, an index of neuromechanical 

coupling (Figures 3.5 and 4.5).  These impressive adaptations helped to preserve 

breathlessness-V· E relationships throughout much of exercise in TM3 vs. PP – both 

variables therefore rise in direct proportion (Figures 3.5 and 4.2).  However, temporal 

desensitization to the sensory consequences of maternal hyperventilation appears to be 

developed in some, but not all women (Figure 4.2).  Considered together, our 3 studies 

demonstrated that pregnancy-induced increases in breathlessness intensity ratings during 

standardized submaximal exercise mainly reflected the normal (conscious) awareness of 
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increased central respiratory motor output command and not dynamic mechanical 

ventilatory constraints. 

Figures 5.3A and 5.3B illustrate the neurophysiological basis of perceived 

respiratory discomfort during exercise near the limits of tolerance (e.g., >85% predicted 

maximum V· O2) in the non-pregnant and pregnant state, respectively.  Compared with the 

non-pregnant state (Figure 5.3A), central respiratory motor drive is consistently higher at 

the limits of tolerance in pregnancy (Figure 5.3B).  Again, we believe that reductions in 

the respiratory control system’s resting PCO2 equilibrium point are primarily responsible; 

however, we cannot rule out the possibility that pregnancy-induced increases in 

peripheral chemoreflex responsiveness are contributory (in part) during heavy exercise.  

Despite the increased drive to breathe, we showed that mechanical constraints to thoracic 

volume displacement were manifest near peak exercise in pregnancy (i.e., 

neuromechanical uncoupling) with attendant negative sensory consequences (Figure 3.5).  

Higher peak breathlessness intensity ratings in TM3 compared with PP may reflect the 

widening disparity between increased central ventilatory drive and the simultaneous 

mechanical/muscular response of the respiratory system (Figure 5.3B).  
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Figure 5.3.  Working hypothesis of the neurophysiological basis of increased perceived 
respiratory discomfort during exercise near the limits of tolerance (e.g., >85% predicted 

maximum V· O2) in the non-pregnant (A) and pregnant state (B), respectively.  Refer to 

text for details.  V· O2 and V· CO2, metabolic rate of O2 consumption and CO2 production, 
respectively; Type III and IV mechano- and metabosensitive afferents in the peripheral 
locomotor muscles and their vasculature; PCO2, partial pressure of CO2; [H+], hydrogen 
ion concentration; PaO2, arterial partial pressure of O2; SpO2, arterial O2 saturation.    
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In summary, the chemical and mechanical adaptations of the respiratory system at rest 

and during exercise in human pregnancy ensure that peak aerobic working capacity is 

admirably preserved, even in late gestation.  Moreover, these well-orchestrated 

physiological adaptations ultimately ensure that harmonious maternal-fetal interactions 

are not compromised, even at the extremes of physical exertion.  The results of the studies 

outlined in this thesis have provided new information with respect to these physiological 

adaptations and their sensory consequences during exercise in healthy human pregnancy. 
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APPENDIX D 

Modified Baseline Dyspnea Index (BDI) 
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MODIFIED BASELINE DYSPNEA INDEX 

 
 
MAGNITUDE OF TASK 
 
GRADE 4: Extraordinary: Becomes SOB* only with extraordinary activity, 
such as: 

-carrying very heavy loads on the level 
-carrying lighter loads upstairs 
-running 

 
GRADE 3: Major: Becomes SOB only with major activities, such 
as: 

-walking up a steep hill 
-climbing two flights of stairs or more 
-carrying a heavy bag of groceries on the level 

 
GRADE 2: Moderate:  Becomes SOB with moderate or average tasks, 
such as: 

-climbing up stairs up to two flights 
-walking up a gradual hill 
-walking briskly on the level 
-carrying a light load on the level 

 
GRADE 1: Light:   Becomes SOB with light activities, such as: 

-walking on the level with others of the same 
age 

-walking to the bathroom in residence 
-washing up 
-dressing 
-shaving 

 
GRADE 0: No Task:  Becomes SOB with no activity, such as: 

-while sitting and/or lying down 
-while standing motionless 

W:  Amount Uncertain 
X:  Unknown 
Y:  Impaired for Reasons Other than SOB 

Please describe the nature of this other limiting condition(s): 
                                                                                                
                                                                                                
                                                                                                

*SOB = Shortness of Breath 
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MAGNITUDE OF EFFORT 
 
For the most strenuous task the patient can perform (for at least five minutes): 
 
GRADE 4: It is done briskly without pausing because of SOB or even slowing 

down to rest. 
 
GRADE 3: It is done slowly but without pausing or stopping to catch breath. 
 
GRADE 2: It is done slowly and still with rare pauses (one or two) to catch 

breath before completing the task or quitting altogether. 
 
GRADE 1: It is done slowly and with many stops or pauses before the task is 

completed or abandoned. 
 
GRADE 0: The patient is SOB at rest, or while sitting, or lying down. 
 
W:  Amount Uncertain 
 
X:  Unknown 
 
Y:  Impaired for Reasons Other than SOB. 
 

Please describe the nature of this other limiting condition(s): 
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FUNCTIONAL IMPAIRMENT AT HOME 
 
GRADE 4: No Impairment:  The patient is able to carry out usual home 

activities without SOB; there is no curtailment of the number or type 
of home activities, and no reduction in the pace with which the 
activities are done. 

 
GRADE 3: Slight Impairment:  The patient recognizes that SOB has caused 

alteration in the usual home activities in any of the following ways: 
 

(a)  Although no usual activities have been completely abandoned 
as a result of SOB, up to several (but not all) activities are done 
more slowly. 

 
(b)  Although the patient continues all activities, at least one activity 
may be done less frequently as a result of SOB. 

 
GRADE 2: Moderate Impairment:  SOB has caused the patient to curtail 

activities in at least one of the following ways: 
 

(a)  Up to several (but not all) activities have been completely 
abandoned because of SOB. 

 
(b)  Most or all usual activities are done more slowly because of 
SOB. 

 
GRADE 1: Severe Impairment:  SOB has caused the patient to abandon most 

or all of the usual activities. 
 
W:  Amount Uncertain 
 
X:  Unknown 
 
Y:  Impaired for Reasons Other than SOB. 
 

Please describe the nature of this other limiting condition(s):                                   
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FUNCTIONAL IMPAIRMENT AT WORK 
 
GRADE 4: No Impairment:  The patient is able to carry out usual job-related 

activities without SOB.  To be classified as grade 4, the patient 
should: 

 
(a)  Not have changed jobs or job activities as a result of SOB. 

 
(b)  Not, for reasons of SOB, have decreased the number of 
hours/week of work or curtailed any job-related activities because 
they were too strenuous, either by eliminating certain tasks in the 
same job or by changing jobs to a less physically demanding one. 

 
GRADE 3: Slight Impairment:  The patient recognizes that SOB has caused 

alteration of job activities.  Although no job responsibilities have 
been completely abandoned as a result of SOB, at least one job-
related task is done more slowly due to SOB. 

 
GRADE 2: Moderate Impairment:  The patient has: 
 

(a)  Maintained the same job and same hours/week as before the 
onset of dyspnea but, because of SOB, has abandoned completely 
at least one of the tasks done as part of that job, or 

 
(b)  Changed jobs to a less strenuous position because SOB 
interfered with job activities, or 

 
(c)  Maintained previous job (ie. the job before dyspnea began) but 
decreased the number of hours/week worked at that job. 

 
Categories (b) and (c) are not mutually exclusive, as when the 
patient decreases the number of hours on one job but adds a 
second, less strenuous job for financial reasons.  This situation is 
also coded as grade 2. 

 
GRADE 1: Severe Impairment:  The patient no longer works because of SOB.  

This  category would include: 
 

(a)  Patients who retired early from their job because of SOB and 
who, despite a desire to work, have not found a realistically limited 
job because of SOB. 
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(b)  Patients who reached expected retirement age and stopped 
working and who also have dyspnea are graded according to how 
their SOB affected their job before retiring. 

 
Functional Impairment at Work (cont'd) 
 
W: Amount Uncertain:  Patient is impaired due to SOB, but amount 

cannot be specified because details are not sufficient. 
 
X:  Unknown.  Information unavailable. 
 
Y: Impaired for Reasons Other than SOB.  Grade Y is assigned if the 

patient has a main limitation due to a disability other than SOB. 
 

Please describe the nature of this other limiting condition(s): 
 

                                                                                                
                                                                                    

 
                                                                                                

 
Z: The patient has not had a job since before symptoms of SOB began 

and has not since sought work.  Example:  A non-breadwinner who 
had not intended to find a job even before SOB began. 

 
For patients who were not working when their SOB began but who 
have since begun to work and found SOB to be a factor in 
determining their job, code as grade 2. 
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Instructions for Assigning Composite Functional Grade 
 
 
 Work Functional Home Functional  Composite Function 
  Grade Grade  Grade 
 
 2, 3 or 4 2, 3 or 4 The lower grade in either "work" 

or "home" category becomes the 
composite grade; for identical 
grades in "work" and "home" 
categories, the composite grade 
is that same grade. 

 
 1 2, 3 or 4 
 2, 3 or 4 1 Assign composite grade as Grade 

1 or severe impairment. 
 
 1 1 Assign composite grade as Grade 

) or very severe impairment.  
Recipients of Grade 0 will no 
longer be working due to 
shortness of breath (ie. function 
Grade 1 on work) and will be 
severely impaired in their usual 
home activites. 

 
 2, 3 or 4 W, X or Y Assign the work functional grade 

as the composite grade. 
 
 W, X, Y or Z 1, 2, 3 or 4 Assign the home functional grade 

as the composite grade. 
 
 W, X, Y or Z W, X or Y Assign as a composite grade the 

two letter combination (in order 
with "work" grade first) of each of 
the individual grades; ie. "work" 
Grade W and "home" Grade X 
would be composite Grade WX. 

 
 
 
 



 

 

 

 

 

 

 

 

 

 

APPENDIX E 

Borg’s 0-10 Category Ratio Scale 
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APPENDIX F 

List of Descriptor Phrases used to Identify the Quality of Perceived Respiratory 

Discomfort (Breathlessness) at End-Exercise 
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