
Chapter I 

INTRODUCTION

Breathing is so obvious that it is often taken for granted.  However, the control of breathing during exercise is a complicated matter.  Ventilation, the movement of air into and out of the lungs, increases as a function of running velocity.  Run faster, ventilate more.  Minute ventilation (
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E), the volume of air exhaled in one minute, increases linearly at low exercise intensities but increases exponentially at higher intensities, as the need to eliminate the increased metabolic production of carbon dioxide (CO2) increases (Brooks et al., 2000).  This increase in 
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E is attributable to an initial increase in tidal volume (the amount of air in a single breath) at lower intensities, and an increase in breathing frequency at higher intensities (Dempsey, 1986; Grimby, 1969).  Given the physiological demand for oxygen and the need to eliminate carbon dioxide at higher exercise intensities, humans have a large capacity to breathe.  A large man who, at rest, breathes about 0.5 liter of air per breath and about six liters of air per minute, may breathe nearly 200 liters per minute during maximal exercise.  

There is an ancient breathing technique associated with yoga called prãnãyãma, which means “the control of breath.”  Among yogis, air is the primary source of prãna, a physiological, psychological, and spiritual force that permeates the universe and is manifested in humans through the phenomenon of breathing.  Masters and students of yoga believe that controlling the breath by practicing prãnãyãma clears the mind and provides a sense of well-being (Iyengar, 1985).    

This idea of controlling the breath may have greater implications than the yogis imagined.  For example, it has been suggested that the rhythm of locomotion may impose its pattern, or entrain, the pattern of breathing, especially in animals that run on four legs (Bramble & Carrier, 1983; Forster & Pan, 1988).  To entrain, literally, “to draw along with,” can be thought of as one variable being forced to keep pace with another, and has been defined as the locking of frequency and phase (Kelso, 1995).  The locomotory rhythm may, in effect, control the breath.  Call it the physiologist’s version of prãnãyãma.  

There is considerable evidence that a pattern exists between breathing and stride rate in animals (Baudinette et al., 1987; Brackenbury & Avery, 1980; Bramble & Carrier, 1983; Iscoe, 1981; Kamau, 1990) and humans (Bechbache & Duffin, 1977; Bramble & Carrier, 1983; Berry et al., 1988; Bonsignore et al., 1998; Hill et al., 1988; McDermott et al., 2003; Paterson et al., 1987; Raßler & Kohl, 1996; Takano, 1995), although this pattern does not seem to be preset, as many of the studies on humans have shown it to be infrequent or dependent on other factors, such as fitness level.  

Of the two components of the running stride that influence speed—stride length and stride rate—stride length increases preferentially over stride rate with increasing distance running speed, while stride rate remains relatively constant (Cavanagh & Kram, 1989).  The stability in stride rate has also been found as speed decreases due to fatigue (Elliot & Ackland, 1981).  Because of this dynamic between stride length and stride rate, Cavanagh and Kram (1989) have suggested that economy, the amount of oxygen consumed at a given speed, governs the choice of both components, such that there may be a most economical stride length at a given speed and a most economical stride rate at all speeds used in distance running.
While the subconscious manipulation of stride length and stride rate at different speeds may be governed by what is most economical for the runner, coordinating the other notable rhythm during running—breathing—to the rhythm of the stride may also have economical implications.  A number of researchers have suggested that entraining breathing to stride rate may reduce the metabolic cost of ventilation (Bramble & Carrier, 1983; Heinrich, 2001; Hill et al., 1988; Paterson et al., 1986).  Therefore, it is possible that the economy of running, one of the most overlooked parameters of aerobic function, is improved by creating a synergy between two vastly different mechanisms—breathing and locomotion—by coordinating the activity of one’s lungs to that of one’s legs.  
The physiology of endurance athletes is unique.  There are a number of characteristics that separate them from their less fit counterparts, including a large cardiac output, a large and intricate capillary network perfusing the skeletal muscles, lots of red blood cells and hemoglobin to carry oxygen, and an abundance of oxygen-consuming mitochondria, all leading to a high rate of oxygen consumption (
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O2max) (Robergs & Roberts, 1997).  Sometimes, the level of work that these athletes can do places too high of a demand on the cardiopulmonary system to supply the necessary oxygen to sustain the work.  Ironically, this leads to these endurance athletes experiencing some of the same consequences during exercise as individuals with cardiopulmonary disease.  For instance, many endurance athletes exhibit a decrease in the arterial partial pressure of oxygen (PaO2) during exercise at or near 
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O2max, resulting in a loss of oxygen bound to hemoglobin (i.e., desaturation), a condition given the inauspicious name,            “exercise-induced hypoxemia” (EIH) (Powers et al., 1993).  Additionally, many of these athletes reach the lungs’ mechanical limit of generating airflow during intense exercise and are said to be “flow-limited” because they cannot breathe enough to match their high metabolic demand, leading to the possibility of an inadequate pulmonary gas exchange (Johnson et al., 1992; Powers & Williams, 1987).  While pulmonary performance is not considered to limit endurance exercise performance in healthy but unfit individuals, it possibly can limit performance in highly-trained endurance athletes, as it does in individuals with pulmonary disease, but for vastly different reasons.

All of the studies examining entrainment between breathing and stride rate have been limited to unfit or moderately-fit subjects during submaximal workloads.  It remains to be examined whether a pattern between these two variables still exists in             highly-trained distance runners during steady-state and non-steady-state exercise, given the unique cardiopulmonary limitations that are curiously imposed upon them (e.g., EIH and flow limitation) as a result of their remarkable, if not envious, ability to achieve and sustain high workloads.  Studying this “lungs-legs” relationship in highly-trained distance runners may help to answer both a pure biological question, such as what breathing strategy is employed by highly-trained human endurance athletes while running, and an applied science question, such as whether entraining breathing to stride rate confers an economical advantage to highly-trained endurance athletes while running at different speeds.

Purpose


The purposes of this study were 1) to examine the relationship, and possible entrainment, of breathing frequency and stride rate in highly-trained distance runners during exercise at 70, 90, 100, and 110% of the ventilatory threshold, 2) to compare the degree of entrainment between these different % VT intensities, and 3) to examine the relationship between the degree of entrainment and running economy.
In addition, given a sufficient number of subjects who do and do not exhibit exercise-induced hypoxemia (EIH) and/or expiratory flow limitation (FL), a secondary purpose was to compare the proportion of subjects exhibiting entrainment of breathing frequency to stride rate and the percent entrainment between EIH and non-EIH groups and between FL and non-FL groups.  Finally, given a sufficient number of subjects who do and do not exhibit entrainment of breathing frequency to stride rate, another secondary purpose was to compare economy at each intensity between entrained and non-entrained groups to test whether or not runners who entrain breathing to stride rate are more economical.

Hypotheses

The hypotheses of this study include: 

1. Entrainment of breathing frequency (Fb) to stride rate (SR), defined as an integer    step-to-breath ratio and a majority of breaths occurring within ± 0.05 second from the closest step, will occur in the majority (>50%) of subjects.

Rationale

There is considerable evidence that the rhythms of breathing and stride rate in humans while running are coupled, or entrained, to one another.  Although the presence of this entrainment is variable, in light of the findings that entrainment is more typical of subjects who are experienced with the mode of exercise (Berry et al., 1988; Bramble & Carrier, 1983; Paterson et al., 1987) and who have a higher level of fitness (Berry et al., 1988; Mahler et al., 1991), it is reasonable to expect that entrainment will be most evident and clearly definable in highly-trained distance runners.

2. There will be no significant difference in the proportion of subjects who exhibit entrainment between all four intensities (70, 90, 100, and 110% VT).

Rationale

Since the subjects for this study were a homogeneous group of highly trained runners, all of whom regularly train at a variety of intensities, it is expected that the proportion of subjects who exhibit entrainment will not be significantly different between all four intensities. 

3. The degree of entrainment (expressed as percent entrainment) will significantly decrease as intensity increases.

Rationale

While research on untrained and moderately-fit subjects has found that the degree of entrainment increases with increased speed (McDermott et al., 2003), research on trained athletes has found that the degree of entrainment decreases with increased speed (Bonsignore et al., 1998).  Furthermore, since entrainment has been found to be most observable in subjects experienced with the mode of exercise, it is reasonable to expect that it will also be most observable among trained athletes at the intensity at which they are most experienced.  The majority of a distance runner’s weekly training distance is performed at a low intensity.      

4. There will be a significant correlation between running economy (expressed as     ml.kg-1.km-1) and the degree of entrainment (expressed as percent entrainment) at each running intensity.

Rationale

Since prior research has shown that there seems to be an economical advantage gained by entraining breathing frequency to stride rate (Bernasconi & Kohl, 1993; Bonsignore et al., 1998; Bramble & Carrier, 1983), it is reasonable to expect that there will be a significant correlation between percent entrainment and economy.  

The secondary hypotheses of this study include (given sufficient number of subjects in each group):

1. The proportion of subjects exhibiting entrainment and the percent entrainment at the highest intensity (110% VT) will be significantly greater in the non-EIH group compared to the EIH group.

Rationale

Research has shown that entrainment during submaximal running decreases linearly with increasing levels of hypoxia (Paterson et al., 1987).  Therefore, it may be expected that athletes who exhibit EIH during intense exercise also do not exhibit entrainment, or at least exhibit it to a lesser degree.    

2. The percent entrainment at the highest intensity (110% VT) will be significantly greater in the non-FL group compared to the FL group.

Rationale

Flow limitation may prevent breathing frequency from keeping up with SR, therefore preventing entrainment at high intensities.  

3. Running economy at each intensity will be significantly greater in the entrained group compared to the non-entrained group.

Rationale

Research on humans while running has shown that entraining breathing frequency to stride rate improves running economy (Bernasconi & Kohl, 1993; Bonsignore et al., 1998; Bramble & Carrier, 1983), possibly by improving the economy of ventilation by reducing the metabolic cost of breathing (Bramble & Carrier, 1983; Heinrich, 2001; Hill et al., 1988; Paterson et al., 1986).

Definitions of Terms

Arterial Oxygen Saturation (SaO2). Hemoglobin’s saturation of oxygen in arterial blood.  Also referred to as oxyhemoglobin saturation.
Arterial Partial Pressure of Oxygen (PaO2). The pressure exerted by oxygen in arterial blood. 

Arterial Partial Pressure of Carbon Dioxide (PaCO2). The pressure exerted by carbon dioxide in arterial blood. 

Breathing Frequency. The number of breaths taken per minute.

Desaturation. The decrease in oxygen saturation of hemoglobin below 92% at  sea-level.

Entrainment. The involuntary coordination of two rhythms, such as breathing frequency and movement frequency; the locking of frequency and phase.

Exercise-Induced Hypoxemia (EIH). The decrease in oxygen saturation of hemoglobin below 92% at sea-level that occurs in many highly endurance-trained individuals during intense exercise.

Flow Limitation (FL). The encroachment or overlap of the exercise tidal        flow-volume loop on the maximal flow-volume loop toward the end of expiration that occurs in many highly endurance-trained individuals during intense exercise.

Flow-Volume Loop. A graph of the relationship between the rate of airflow and the volume of air inhaled and exhaled.

Forced Expiratory Volume (FEV1). The volume of air or the percentage of vital capacity exhaled in the first second immediately after a maximal inspiration; used as a test of airflow to determine the presence of obstructive lung disease.
Hemoglobin. The protein in red blood cells that binds oxygen and transports it through the blood. 

Locomotor-Respiratory Coupling. The coupling, or pairing, of the rhythm of movement and the rhythm of breathing. 

Locomotion. The movement of an animal from one place to another by use of the limbs (e.g., walking and running).

Maximal Oxygen Consumption (
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O2max). The maximal amount of oxygen consumed by the body per minute during whole-body exercise. 

Non-Steady-State Exercise. A condition in which the energy expenditure provided during exercise is not balanced with the energy required to perform that exercise.  During this condition, which includes exercise intensities above the lactate/ventilatory threshold, the oxygen consumption (
[image: image6.wmf]V

&

O2) continues to increase.  
Oximetry. The indirect measurement of the oxygen saturation of hemoglobin in arterial blood.

Running Economy. The steady-state oxygen consumption when running at a given absolute or relative speed; typically expressed as milliliters of oxygen per kilogram of body mass per minute (ml.kg-1.min-1) or milliliters of oxygen per kilogram of body mass per kilometer (ml.kg-1.km-1).

Steady-State Exercise. A condition in which the energy expenditure provided during exercise is balanced with the energy required to perform that exercise.  During this condition, which includes exercise intensities below the lactate/ventilatory threshold, the oxygen consumption (
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O2) is relatively constant and is directly proportional to the constant submaximal workload.  

Stride Length. The distance from a foot strike to a foot strike of the opposite foot.

Stride Rate. The number of steps taken per minute with each leg. 

Tidal Volume. The amount of air exhaled (or inhaled) in a single breath.

Ventilation (
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E). The bulk flow of air into and out of the lungs; typically expressed as the volume of air exhaled (in liters) in one minute.

Ventilatory Threshold. The exponential increase in ventilation corresponding to the development of metabolic acidosis; typically determined by non-linear increases in ventilation (
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E) and the volume of expired carbon dioxide (
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CO2) relative to oxygen consumption (
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O2), or by an increase in the ventilatory equivalent for oxygen (
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O2) without a concomitant increase in the ventilatory equivalent for carbon dioxide (
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CO2).   

Vital Capacity (VC). The total volume of air exhaled immediately after a maximal inspiration; used as a test of lung volume to determine the presence of restrictive lung disease.
Chapter II

REVIEW OF LITERATURE

Ventilation During Exercise 

The prime function of the respiratory system is to supply oxygen (O2) to and remove carbon dioxide (CO2) from the exercising muscles.  While both an increase in CO2 and a reduction in O2 in arterial blood, represented by their arterial partial pressures (PaCO2 and PaO2, respectively), stimulate ventilation, the former is the more potent stimulus.  For example, under conditions of normal PO2, ventilation increases by about two to three liters per minute for each 1 mmHg increase in PCO2.  However, under conditions of normal PCO2, ventilation does not increase with a decrease in PO2 until the normal, resting, sea-level PO2 is halved (to about 50 mmHg).  The combined effect of an increased PCO2 and a decreased PO2 on ventilation is greater than the effect of each alone (West, 2000a).  

Ironically, given the importance of ventilation in affecting the blood-gas profile, the control of ventilation during exercise is still not well-understood (Forster & Pan, 1988; West, 2000a).  It has historically been thought that ventilation during exercise is influenced, in part, by the sensed chemical changes occurring in the exercising muscles (Brooks et al., 2000; West, 2000a).  At the start of exercise, ventilation increases abruptly from neurally-mediated muscle and joint mechanoreceptors that sense movement.  As exercise continues at the same intensity, ventilation increases more slowly from humorally-mediated muscle and vascular chemoreceptors that sense changes in the body’s chemical milieu (Turner, 1991).  Exercise performance would be limited if the lungs and thoracic cavity failed to respond to these sensed changes and did not provide sufficient ventilation to adequately oxygenate the blood or remove CO2, or if there is an inefficient pulmonary gas exchange, leading to hypoxemia, a decreased oxygen level in the blood (Bye et al., 1983).  Grimby (1969) suggested over thirty years ago that ventilation is not likely a limiting factor of exercise in all but the most extreme conditions, such as exercise at altitude and in highly-trained athletes who can achieve extremely high exercise ventilation rates.  

It is believed that the pulmonary system, including the lungs, parenchyma, and respiratory muscles, unlike the cardiovascular and musculoskeletal systems, do not adapt to physical training (Dempsey, 1986; Dempsey et al., 1982).  Thus, the argument that the lungs can limit exercise performance in those athletes who have developed the more trainable characteristics of aerobic capacity (e.g., cardiac output, hemoglobin concentration, muscle capillarization) to capacities that approach the genetic potential of the lungs to provide for adequate gas exchange (Jones & Lindstedt, 1993) is an enticing one.  In effect, the lungs can limit performance by “lagging behind” other, more readily adaptable characteristics (Dempsey, 1986).  West (2003) suggests that the structure of an organism evolves to cope with all but the most extreme stresses to which it is subjected.  Indeed, highly-trained athletes engaged in maximal exercise presents an extreme case in which the limits of pulmonary gas exchange can be tested, as ultrastructural changes in the blood-gas barrier have been shown to occur under such conditions (Hopkins et al., 1997; West, 2000b, 2003).  

Among the factors which may indict the pulmonary system in limiting exercise performance in athletes are an inadequate ventilatory response to a high metabolic demand, a mechanical limitation to ventilation resulting from reaching the boundaries of the maximal expiratory flow-volume relationship (flow limitation), the high oxygen cost of ventilation at high workloads, and fatigue of the respiratory muscles (Bye et al., 1983).  It has been proposed that the major consequence to the athlete of the high level of ventilatory work is the high oxygen cost associated with that ventilation, representing a potentially significant “steal” of blood flow from the main exercising muscles (Johnson et al., 1992).  During moderate exercise (70% 
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O2max), the oxygen cost of ventilation has been estimated to equal 3 to 6% of total body oxygen consumption (
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O2), while during maximal exercise, it equals about 10% of 
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O2max, costing as much as 13 to 15% in subjects who exhibit expiratory flow limitation (Aaron et al., 1992).  This interesting finding led Aaron et al. (1992) to speculate that the closer one approaches the limits for inspiratory muscle pressure development and expiratory flow during maximal exercise, the greater the opportunity for deformation of the thoracic cavity, increased                 end-expiratory lung volume (EELV), extreme expiratory muscle pressure development, and very high velocities of muscle shortening, all of which may lead to excessive energy expenditure at a given ventilation.   

Entrainment of Breathing to Stride Rate

In describing his run at the 1981 United States’ National 100-Kilometer Championships, ultramarathoner and zoologist Bernd Heinrich, Ph.D. (2001) writes: 

“The rhythm of my footsteps is steady, unvarying… it is unconsciously timed with my breathing… the breathing rhythm is usually also unconscious.  It is timed to the same unconscious metronome that times the footsteps… Three steps with one long inspiration, a fourth step and a quick expiration.  Over and over and over again.  My mantra.” (Why We Run, p.248)

Many animals seem to coordinate, or entrain, their breathing patterns to their locomotive rhythms (Boggs, 2002; Heinrich, 2001).  For example, it has been reported that birds entrain their breathing frequency to their wing beats while flying (Butler & Woakes, 1980; Funk et al., 1997) and their stride rates while walking (Brackenbury & Avery, 1980).  In mammals, it seems that breathing may also be entrained to the rate of limb movement, although some studies have found a large variation among subjects.  While strict entrainment occurs in antelopes (Kamau, 1990), hopping wallabies (Baudinette et al., 1987), and in horses while running (Bramble & Carrier, 1983; Young et al., 1992) and cantering (Lafortuna et al., 1996), it occurs infrequently in cats while walking (Iscoe, 1981) and in rabbits at slow running speeds (Simons, 1999).  Entrainment has also been shown to occur, sometimes infrequently or transiently, in humans while walking and running (Bechbache & Duffin, 1977; Bernasconi & Kohl, 1993; Berry et al., 1988; Bonsignore et al., 1998; Bramble & Carrier, 1983; Hill et al., 1988; McDermott et al., 2003; Paterson et al., 1987; Raßler & Kohl, 1996; Takano, 1995), cycling (Bechbache & Duffin, 1977; Bernasconi & Kohl, 1993; Bonsignore et al., 1998; Jasinskas et al., 1980; Paterson et al., 1986), rowing (Mahler et al., 1991), and even while walking with crutches (Hurst et al., 2001) (Table 1).  Animals that run on four legs seem to be constrained to a 1:1 ratio between steps and breaths, especially as speed increases (Boggs, 2002; Lafortuna et al., 1996; Simons, 1999).  For example, the often-studied thoroughbred horse, which has remarkable aerobic capabilities, including a 
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O2max of about 150 ml.kg.min-1 and a cardiac output in excess of 600 L.min-1, links breathing frequency 1-to-1 with stride rate, with inspiration and expiration always occurring at the same point in the stride (Bramble & Carrier, 1983).  On the other end of the locomotion spectrum is the sluggish terrestrial turtle, which seems to be the only animal studied that does not entrain breathing to stride rate (Landberg et al., 2003).   

Unlike their quadruped counterparts, humans utilize several step-to-breath ratios while walking and running, including 4:1, 3:1, 2:1, 5:2, and 3:2, with a 2:1 ratio being the most common pattern observed (Bernasconi & Kohl, 1993; Berry et al., 1996; Bramble & Carrier, 1983; McDermott et al., 2003; Paterson et al., 1987; Persegol et al., 1991; Takano, 1995).  As Heinrich (2001) explains, 

“At the most efficient running stride, arms, breaths, and heartbeats are multiples of one another.  Those multiples change with pace and effort, but the synchronicity does not.  It is as though his [the distance runner’s] legs beat the tune to create the body’s rhythm.” (Why We Run, p.70)   

McDermott et al. (2003) found that the coupling ratio changes as a function of running speed, from a 2:1 ratio at slower speeds (7.2-8.0 km.hr-1) to a 3:2 ratio and finally to a 1:1 ratio at faster speeds (11.2-12.1 km.hr-1), which were 20% faster than the subjects’ preferred treadmill running speed.  However, the tightly coupled 1:1 ratio was only observed at the fastest speed in two of the ten subjects (both non-runners), and was associated with short, shallow breaths (W.J. McDermott, personal communication).  Takano (1995) also observed a 1:1 ratio in a couple of subjects who took an excessive number of breaths while running uphill.  

Comparing entrainment during different modes of exercise, Bernasconi and Kohl (1993) found a greater degree of entrainment during running compared to cycling in fit but untrained subjects, with entrainment increasing slightly but not significantly with increasing running speed, while Bonsignore et al. (1998) obtained the opposite result in a group of triathletes, with the degree of entrainment decreasing at fast cycling and running speeds.  

Interestingly, it has also been found that entrainment during submaximal running decreases linearly with increasing levels of hypoxia (Paterson et al., 1987), suggesting that any advantage conferred to humans by coordinating breathing frequency and stride rate is superseded at altitude by the increased need to ventilate to compensate for the decreased oxygen supply.  For a similar reason, it may be expected that athletes who exhibit hypoxemia during intense exercise (exercise-induced hypoxemia, EIH) also do not exhibit entrainment, or at least exhibit it to a lesser degree.    

Unlike cycling, running seems to impose mechanical constraints on breathing that require the respiratory cycle to be synchronized with gait (Bramble & Carrier, 1983; Forster & Pan, 1988), although it has been suggested that a mechanical link may not be obligatory (Jones & Lindstedt, 1993).  While it is proposed that locomotory movements may control ventilation in horses and other galloping mammals (Young et al., 1992), there does not seem to be a mechanical advantage of entraining breathing to stride rate in humans, as locomotory rhythm does not assist ventilation during walking or running (Banzett et al., 1992).  Given the plethora of studies that have found entrainment when an imposed visual or auditory rhythm, such as a metronome, is introduced (Bechbache et al., 1977; Bernasconi & Kohl, 1993; Bonsignore et al., 1998; Jasinskas et al., 1980; Paterson et al., 1986; van Alphen & Duffin, 1994), the tendency of humans to entrain breathing to stride rate, if not imposed by a mechanical constraint of locomotion, may merely be another example of breathing becoming entrained to a rhythm (e.g., stride rate).  

In human studies, the reports on the percentage of subjects exhibiting entrainment have varied greatly (Bechbache & Duffin, 1977; Bramble & Carrier, 1983; Paterson et al., 1986), and has depended, in part, on the fitness level of the subjects (Berry et al., 1988; Mahler et al., 1991) and their experience at the exercise mode being tested (Berry et al., 1988; Bramble & Carrier, 1983; Paterson et al., 1987).  For example, Mahler et al. (1991) found a greater incidence of entrainment of breathing frequency to stroke rate in elite female rowers compared to untrained rowers.  In studies on runners, Bramble and Carrier (1983) found that breathing and gait were tightly coupled in a group of six trained runners (average training volume of 15 to 70 miles per week) but not in a group of six non-runners (described as having little or no running experience).  Furthermore, they found that the most experienced runners of the trained group coupled their breathing frequency to their gait earlier into a run (within the first 4 to 5 strides) compared to the less experienced runners of the group.  The researchers also noted that, in runners who exhibit entrainment with even step-to-breath ratios (e.g., 4:1 or 2:1), the beginning and end of the respiratory cycle are associated with the same foot strike (Bramble & Carrier, 1983).  In contrast, McDermott et al. (2003) found no difference in the coupling of breathing to stride rate between runners and non-runners.  However, their finding is not surprising given the small number of subjects (n=5 in each group), and the classification of “runners” as those averaging only 25 miles per week (with a range of 10 to 60 miles per week) for six months prior to the study.  In addition, the difference in preferred running speed between the runners and non-runners was only 0.8 km.hr-1, minor when attempting to make comparisons between trained and untrained subjects.  Berry et al. (1988) discovered that stride rate has a greater influence on ventilation and breathing frequency in trained runners (average 
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O2max = 65 ml.kg.min-1; average training volume of 40 miles per week) than in sedentary subjects (average 
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O2max = 44.1 ml.kg.min-1) or in trained cyclists (average 
[image: image22.wmf]V

&

O2max = 60.6 ml.kg.min-1; average training volume of 225 miles per week) while running, suggesting that entrainment is a learned phenomenon.  As zoologist Bernd Heinrich (2001) writes of the effect of his training: “The body’s metronome has been fine-tuned by more tens of thousands of miles than I can begin to comprehend…” (Why We Run, p.248).  Although a few studies have shown differences in the relationship between breathing frequency and stride rate between fit and sedentary subjects, all of these studies examined ventilation during submaximal exercise.  Furthermore, group classification was tenuous, most often based on running history (e.g., runners vs. non-runners), rather than on physiological measurements, such as 
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O2max or lactate threshold, or on cardiopulmonary characteristics, such as EIH or pulmonary              flow limitation.  Whether the entrainment of breathing frequency to stride rate occurs in highly-trained runners during intense exercise has yet to be examined.  

Determination of Entrainment

At least some of the variability in the findings on entrainment may be due to a lack of a strict, quantitative determination of entrainment.  While a couple of studies calculated an integer step-to-breath ratio (e.g., 2:1 or 3:2) from the quotient of the stride rate and breathing frequency (Bonsignore et al., 1998; Simons, 1999), other studies calculated a step-to-breath ratio from a power spectral analysis of the measured breathing and gait signal frequencies (Berry et al., 1996; Jasinskas et al., 1980; Paterson et al., 1986; Paterson et al., 1987).  Still others examined the phase relationship between steps and breaths, by either comparing the time interval between step onset and the onset of inspiration (or expiration) between steps (Hill et al., 1988; Hurst et al., 2001; Raßler & Kohl, 1996; Takano, 1995; van Alphen & Duffin, 1994), or by counting the number of inspirations or expirations beginning in the same phase of the stride and expressing it as a percentage of the total number of breaths recorded during the exercise period (Bernasconi & Kohl, 1993).  

In addition to the method of quantifying entrainment is the question of the frequency of its occurrence, either in the number of subjects or in the amount of time (or the percentage of steps) that subjects must exhibit coordination between breaths and steps for entrainment to be considered to occur.  Many researchers acknowledge that not all of their subjects exhibited entrainment and, of those who did, exhibited it intermittently rather than for the entire exercise duration.  The percentage of time or breaths that subjects have exhibited entrainment has varied between studies, including averages of 25% while cycling (Paterson et al., 1986), 29% (Hill et al., 1988) and 42 to 46% (Raßler & Kohl, 1996) while walking on a treadmill, 50% while running on a treadmill at        sea-level, decreasing linearly with increasing levels of hypoxia (Paterson et al., 1987), and over 90% while running over ground (Paterson et al., 1987).  McDermott et al. (2003) examined both frequency and phase coupling between breaths and steps and found that the frequency coupling occurred for 60% of breaths while the phase coupling between end-inspiration and the preceding heel strike was maintained an average of 20% across a number of treadmill walking and running speeds.  Currently, there is no minimal percentage of steps or breaths or amount of time for determining the presence of entrainment, other than a statistical comparison to that which would be expected to occur by chance.          

Potential Implications of Entrainment 

Since metabolism has been traditionally thought to influence ventilation (
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E), some studies have examined whether 
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E would change under similar metabolic conditions if stride rate increased.  When metabolic rate is held constant between treadmill walking and running (by including an incline during walking), 
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E has been shown to remain the same (Berry et al., 1985; McMurray & Smith, 1985) or increase slightly (Berry et al., 1996; McMurray & Ahlborn, 1982) as stride rate increases from a walk to a run.  All of these studies found an increase in breathing frequency and a decrease in tidal volume during running compared to walking, suggesting that ventilatory strategy changes in favor of breathing frequency as stride rate increases in order to maintain or slightly increase 
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E at the same metabolic rate.  This finding, taken together with the above findings on entrainment, suggest that some advantage must be gained by coordinating breathing frequency and stride rate.  So, what are some potential advantages?  Since it is well known that ventilation affects the blood-gas profile (Norton et al., 1995; Powers et al., 1993; West, 2000a), entrainment may help to prevent a decrease in PaO2 during intense exercise.  None of the studies on entrainment examined its effects on blood gases.  Banzett et al. (1992) suggest that entrainment has a neurophysiological benefit; that is, it may simply feel better to coordinate breathing with locomotion.  Experienced runners may already know this, as Heinrich (2001) did: 

“I like the feeling of the strong, steady rhythm with everything in sync… Only the feeling of it remains.  And it feels good.” (Why We Run, p.248)

From a performance standpoint, a more attractive possibility is that entrainment may confer an economical advantage by decreasing the oxygen cost of breathing as locomotive rhythm increases.  If the act of breathing itself could have a lesser metabolic cost, less oxygen would be needed by the ventilatory muscles, leaving more available to support oxidative metabolism in the skeletal muscles involved in locomotion.  

Indeed, a few authors have suggested that entraining breathing to stride rate may improve the economy of ventilation by reducing its metabolic cost (Bramble & Carrier, 1983; Heinrich, 2001; Hill et al., 1988; Paterson et al., 1986), which could be accomplished by reducing the mechanical interference between locomotion and ventilation and/or by the movements of locomotion relieving some of the work of the ventilatory muscles (Funk et al., 1997).  As Heinrich (2001) reflected, “The rhythm preserves synchronicity, synchronicity translates to smoothness, and smoothness means energy efficiency.”  In quadrupeds, the changes in thoracic volume that accompany the movement of the limbs may reduce the amount of energy required for the mechanics of breathing (Heinrich, 2001).  This is not considered to be the case in bipedal locomotion, as Banzett et al. (1992) found no mechanical advantage conferred upon the respiratory muscles by the movement of the limbs.  However, research on humans while running has shown that entrainment does improve running economy (Bernasconi & Kohl, 1993; Bonsignore et al., 1998; Bramble & Carrier, 1983), although this does not seem to be the case while walking (Banzett et al., 1992; Raßler & Kohl, 1996; van Alphen & Duffin, 1994) or rowing (Maclennan et al., 1994).  Although an improved economy as a result of entraining breathing to locomotion is an alluring concept, nearly all of the studies examining this issue measured whole body oxygen consumption and have not linked improvements in economy with a decreased oxygen cost of ventilation.  Bernasconi and Kohl (1993) argue that changes in economy are not likely due to changes in the oxygen cost of ventilation, since they observed no difference in 
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E, tidal volume, or breathing frequency between periods of high and low entrainment.  Rather, they suggest that the entraining-induced improvements in economy are a result of a reduced tone of the sympathetic nervous system.  Undoubtedly due to the difficulty in its measurement, only a couple of studies have compared the work of breathing between entrained and         non-entrained conditions, with one study on birds reporting an improved economy (Funk et al., 1997) and the other study on humans while walking and running reporting no difference in economy (Banzett et al., 1992) between entrained and non-entrained conditions.  Funk et al. (1997), who mechanically ventilated geese, found a significant reduction in the cost of breathing with entrainment, most notably when the breathing frequency to wing beat ratio was 1:1.  Interestingly, no studies have compared economy between subjects who exhibit entrainment and those who do not.

Economy of Ventilation

Runners who perform a high volume of endurance training tend to be more economical (Scrimgeour et al., 1986), which has led to the suggestion that running high mileage (>70 miles per week) seems to improve running economy (Scrimgeour et al., 1986; Sjodin & Svedenhag, 1985; Jones & Carter, 2000).  However, it is unknown whether the relationship between training volume and economy is cause and effect or that the most economical runners are simply capable of training with a higher volume.  Thus, the mechanism for an improved economy remains elusive.  For example, Saunders et al. (2004) found that, while running economy improved as a result of a 20-day training program that incorporated living at altitude and training at sea-level, there was no difference in 
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E pre- and post-training, leading them to conclude that the increased economy was not related to ventilation.  In contrast, Franch et al. (1998) observed that, when running economy was improved following a six-week training program, submaximal 
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E significantly decreased (p<0.0001), with the reduction in 
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E correlated to improvements in running economy (r=0.77; p<0.0001).  Although the researchers acknowledge that this correlation does not imply cause and effect, they do suggest that ventilatory adaptation to training may play a role in improving running economy.  Given the fact that it is metabolically expensive to breathe at high pulmonary flow rates, costing up to 10 to 15% of the total body 
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O2 (Aaron et al., 1992), this adaptation may be very important.  Runners may learn, through training, how to most effectively ventilate their lungs and minimize the metabolic cost of breathing.  However, as Jones and Lindstedt (1993) point out, a more economical ventilation may come at the cost of maintaining effective alveolar ventilation since, theoretically, in order for the ventilatory rate to keep up with stride rate, very high average and peak pulmonary flows would have to be achieved.  Such high flows may result in airway closure and cause an inadequate hyperventilatory response during intense exercise.  In light of the influence of high pulmonary flows and inadequate hyperventilation on pulmonary flow limitation and the development of exercise-induced hypoxemia (EIH), respectively, in elite endurance athletes, could Jones and Lindstedt’s (1993) suggestion represent a connection between the occurrence of entrainment and either flow limitation or EIH?  

In summary, a number of issues concerning entrainment have heretofore not been adequately resolved, including its measurement, its intermittent nature, and its changes with speed.  Indeed, given the finding that humans are more likely to entrain breathing to stride rate when an extraneous rhythm is introduced (Bechbache et al., 1977; Bernasconi & Kohl, 1993; Bonsignore et al., 1998; Jasinskas et al., 1980; Paterson et al., 1986; van Alphen & Duffin, 1994), it cannot even be concluded that entrainment exists as a physiological, rather than (sub)cognitive, phenomenon.  Studies examining this      “lungs-legs” relationship while running have been limited to untrained or moderately-fit subjects during low-intensity or moderate-intensity exercise.  The available evidence suggests that, while breathing frequency is tightly coupled to stride rate with a 1:1 ratio in quadruped animals, the relationship is more tenuous in humans, who exhibit a greater range of ratios, especially at slower speeds (Bechbache & Duffin, 1977; Bernasconi & Kohl, 1993; Berry et al., 1988; Berry et al., 1996; Bonsignore et al., 1998; Bramble & Carrier, 1983; Hill et al., 1988; McDermott et al., 2003; Paterson et al., 1987; Persegol et al., 1991; Raßler & Kohl, 1996; Takano, 1995).  As speed increases, untrained or moderately-fit humans seem to exhibit a greater degree of entrainment (Bernasconi & Kohl 1993; McDermott et al., 2003), approaching the 1:1 ratio of other mammals (McDermott et al., 2003), while the degree of entrainment seems to decrease with an increase in speed in trained athletes (Bonsignore et al., 1998).  In light of the findings that entrainment of breathing frequency to stride rate is more typical of subjects who are experienced with the mode of exercise (Berry et al., 1988; Bramble & Carrier, 1983; Paterson et al., 1987) and who have a higher level of fitness (Berry et al., 1988; Mahler et al., 1991), it may be expected that entrainment would be most evident and clearly definable in highly-trained distance runners.  Given the curious cardiopulmonary characteristics common among highly-trained endurance athletes, namely EIH and flow limitation, it may also be expected that the relationship of breathing frequency to stride rate is unique in this population. 
Table 1. Studies Examining Entrainment of Ventilation to Locomotion in Humans
	Study
	Subjects
	Mode of Exercise
	Determination/Validation of Entrainment
	Results

	Bechbache & Duffin (1977) 

J. Physiol.


	3 groups of 15 (untrained): 

1) 12 males, 3 females 

    (21-46 yrs)

2) 10 males, 5 females 

    (20-52 yrs)

3) 13 males, 2 females

    (20-25 yrs)
	· Cycling 

     (moderate intensity; 50 & 70  

     RPM)

· Treadmill walking 

     (moderate intensity)

· Treadmill running 

     (moderate intensity)
	Cross-correlation of pulse trains derived from exercise and breathing rhythms on breath-to-breath basis.  Classified cross-correlograms into strong, weak, and no entrainment categories based on pattern of breathing rhythm pulses.


	· 53% and 80% of subjects 

exhibited entrainment while walking and running, respectively.

· Greater percentage of subjects 

exhibited entrainment while cycling at 70 RPM compared to 50 RPM.
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Bernasconi & Kohl (1993) J. Physiol.
	23 males, 11 females (untrained; avg. age = 26 yrs)
	· Cycling 

     (60% & 80% PWC 170)

· Treadmill running 

     (60% & 80% PWC 170)


	Count of number of inspirations or expirations beginning in same phase of step or pedaling cycle and expressing it as percentage of total number of breaths recorded during exercise period.  No method of validation.


	· Greater degree of entrainment 

during running compared to cycling. 

· Entrainment increased with

increasing running speed.

· VO2 was lower as degree of 

entrainment increased. 

	Berry et al. (1996) 

Eur. J. Appl. Physiol.  Occup. Physiol.

	7 trained male runners

(avg. age = 28 yrs)
	Treadmill walking and running (at same metabolic rate)
	Calculation of step-to-breath ratio from power spectral analysis of breathing and gait signal frequencies.  Chi-square test used to compare expected and observed frequencies of entrainment.
	· 86% and 43% of subjects 

exhibited entrainment while walking and running, respectively. 

· VE was  greater while running 

compared to walking. 


Table 1. (Cont.)

	Study
	Subjects
	Mode of Exercise
	Determination/Validation of Entrainment
	Results

	Bonsignore et al. (1998) Med. Sci. Sports Exerc.
	8 trained triathletes

(7 males, 1 female; 18-39 yrs)
	· Cycling 

     (incremental test to   

     exhaustion at 60 RPM) 

· Treadmill running 

     (incremental tests w/ 

increasing speed/constant grade & increasing grade/constant speed)
	Calculation of integer step-to-breath ratio from quotient of stride rate and breathing frequency.  No method of validation.

  
	· Higher percentage of entrainment 

while cycling compared to running.

· Degree of entrainment decreased 

with increasing speed. 

· Entrainment correlated with 

fitness level. 

· Lower VE/VO2 in entrained 

compared to non-entrained breaths. 
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Bramble & Carrier (1983) Science.
	6 trained runners 

6 non-runners 

(11 males, 1 female; 20-45 yrs)
	Track running

(slow, moderate, & fast speeds)
	Visual inspection of oscilloscope tracings of breaths and steps.  No method of validation.

 
	· Entrainment occurred in runners 

but not in non-runners.

· Most experienced runners coupled 

breathing frequency to gait earlier into run compared to less experienced runners.  

· Beginning & end of respiratory 

cycle were associated with same footfall.

· 2:1 step-to-breath ratio was most 

common.

	Hill et al. (1988)

J. Appl. Physiol.
	38 untrained 

(18 males, 20 females; 19-45 yrs)
	Treadmill walking 

(2.5-3.0 mph)
	Comparison of time interval between heel strike and onset of inspiration (or expiration) between steps.  Monte Carlo simulation was used to estimate sensitivity and specificity of method.   
	· Majority of subjects exhibit 

entrainment, albeit intermittently.


Table 1. (Cont.)

	Study
	Subjects
	Mode of Exercise
	Determination/Validation of Entrainment
	Results

	Hurst et al. (2001) Am. J. Phys. Med. Rehab.

	18 untrained 

(12 males, 6 females; avg. age = 24 yrs)
	Treadmill walking with crutches (w/leg swing; mean speed = 3.0 mph)
	Comparison of time interval between onset of crutch gait cycle and onset of inspiration (or expiration) between steps.  Only identified 1:1 ratios.  Had one subject intentionally entrain and non-entrain to validate method.

  
	· 56% of subjects exhibited 

entrainment.

· In 89% of entrainment episodes, 

expiration occurred during crutch stance phase and inspiration occurred during crutch swing.  

	Jasinskas  et al. (1980) Resp. Physiol.
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	16 untrained 

(10 males, 6 females; 19-37 yrs)
	Cycling 

(40% & (70% VO2max)
	Calculation of step-to-breath ratio from analysis of breathing and gait signal frequencies of post stimulus histogram.  No method of validation.


	· No difference in entrainment 

between low and high workloads.

· Entrainment occurred in presence 

and absence of metronome.

	Mahler et al. (1991)

J. Appl. Physiol.
	10 untrained 

(4 males, 6 females; avg. age = 27 yrs) 

9 elite rowers 

(7 males, 2 females; avg. age = 26 yrs)
	Rowing ergometer 

(incremental test to exhaustion & steady-state test at 60% VO2max)
	Statistical analysis of matching inspiration with components of rowing stroke represented by circle plot.  Chi-square test used to assess placement of breaths in circle plot as random or patterned.


	· Entrainment occurred in majority 

of elite rowers at a ratio of 1:1 or 2:1.  

· Greater incidence of entrainment 

in elite female rowers compared to untrained rowers.

	McDermott et al. (2003) Eur. J. Appl. Physiol.

	5 trained male runners 

5 untrained males 

(20-31 yrs)
	Treadmill walking & running:

· 40% below prefer. walk speed

· 20% below prefer. walk speed

· prefer. walk speed

· prefer. walk transition speed

· prefer. run transition speed

· prefer. run speed

· 20% above prefer. run speed
	Evaluation of strength and variability of frequency and phase coupling patterns by calculating relative phase and plotting its time series against itself with different time lags (return maps).  No method of validation.
	· No difference in coupling of 

breathing to stride rate between runners and non-runners 

· 2:1 step-to-breath ratio was most 

common.

· Coupling became tighter with 

increasing speed. 


Table 1. (Cont.)

	Study
	Subjects
	Mode of Exercise
	Determination/Validation of Entrainment
	Results

	Paterson et al. (1987) J. Appl. Physiol.

	2 groups: 

1) 5 male Nepalese 

    2 male Caucasians 

    (avg. age = 23 yrs)

2) 3 males, 4 females

    (avg. age = 20 yrs)
	· Overground running 

     (preferred speed; at varying   

     altitudes)

· Treadmill running (incremental VO2max test & steady-state test at 40% VO2max; at gas mixtures simulating varying altitudes)


	Calculation of step-to-breath ratio from power spectral analysis of breathing and gait signal frequencies.  Calculated all possible coupling combinations of step and breathing frequencies to determine chance entrainment and statistically compared chance and actual couplings.

   
	· Degree of entrainment decreased 

with increasing levels of altitude.

· 2:1 step-to-breath ratio was most 

common.

· Experienced runners had higher 

degree of entrainment.
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Paterson et al. (1986) Eur. J. Appl. Physiol.


	19 untrained males

(19-30 yrs)
	· Cycling 

     (40% & 80% VO2max)

· Arm cranking 

     (30% & 80% VO2max)
	Calculation of step-to-breath ratio from power spectral analysis of breathing and gait signal frequencies.  Calculated all possible coupling combinations of step and breathing frequencies to determine chance entrainment and statistically compared chance and actual couplings.


	· Greater occurrence of entrainment 

during cycling.

· No difference in entrainment

between low and high workloads. 

	Persegol et al. (1991) J. Physiol. (Paris).
	17 untrained


	Treadmill running 

(at 14 different speeds)
	Calculation of step-to-breath ratio; examination of “evolution” (the gradual change over different speeds) of locomotor-respiratory coupling.  No method of validation.
	· Entrainment did not appear at all 

locomotor frequencies, but only for those close to harmonics of respiratory ones. 

· 2:1 step-to-breath ratio was most 

common.


Table 1. (Cont.)

	Study
	Subjects
	Mode of Exercise
	Determination/Validation of Entrainment
	Results

	Raßler & Kohl (1996) Resp. Physiol. 
	18 untrained

(10 males, 8 females; 22-53 yrs)
	Treadmill walking:

· 2.2 mph; 0% grade

· 3.4 mph; 0% grade

· 4.0 mph; 0% grade

· preferred speed; 0% grade

· 2.2 mph; 5% grade

· 2.2 mph; 10% grade


	Comparison of time interval between heel strike and onset of inspiration (or expiration) between steps using relative phase histograms.  No method of validation.
	· Degree of entrainment increased 

with increasing speed.

· No difference in VO2 with 

entrainment. 
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Takano (1995) Jap. J. Physiol.
	9 trained male runners 

(19-22 yrs)
	Overground running:

· uphill preferred speed

     (7-9% grade) 

· downhill preferred speed   

     (7-9% grade) 


	Calculation of step-to-breath ratio and comparison of time interval between heel strike and onset of inspiration and expiration between steps.  No method of validation.
	· During uphill & downhill 

running, entrainment occurred with ratios of 1:1, 2:1, & 2.5:1.

· During uphill running, onset of 

inspiration occurred during support phase.

· During downhill running, onset of 

inspiration occurred during airborne phase.


Exercise-Induced Hypoxemia


It would be counterintuitive to think that highly-trained endurance athletes, who have thoroughly-developed aerobic metabolic systems, could experience a diminished ability to carry and transport oxygen (i.e., desaturate) during intense exercise.  This characteristic would most commonly be thought to be specific only to a diseased population, such as those with cardiopulmonary dysfunction or anemia.  After all, if a trained endurance athlete can cover a given distance faster than a recreational athlete or a healthy but sedentary individual, wouldn’t that mean that he or she is better at supplying oxygen to the active muscles?  Certainly much research has been devoted to this very issue, and it is unequivocal that highly-trained endurance athletes are better at supplying their active muscles with more blood and more oxygen.  So, the common finding that many endurance athletes actually exhibit desaturation during intense exercise (Dempsey & Johnson, 1992; Dempsey et al., 1984; Durand et al., 2000; Gavin & Stager, 1999; McKenzie et al., 1999; Miyachi & Tabata, 1992; Powers et al., 1988; Powers et al., 1992; Powers et al., 1993; Powers & Williams, 1987; Préfaut et al., 1994; Rice et al., 1999; Rice et al., 2000; Rowell et al., 1964; Warren et al., 1991; Williams et al., 1986), termed exercise-induced hypoxemia (EIH), is curious to say the least.


During resting conditions at sea-level, the arterial partial pressure of oxygen (PaO2) is approximately 100 mmHg, resulting in a 97 to 98% saturation of hemoglobin with oxygen (West, 2000a).  Although there is a slight reduction in PaO2 during intense exercise, this near-maximal saturation is maintained in healthy individuals at sea-level (Powers & Williams, 1987).  The relationship between arterial oxygen saturation (SaO2) and PaO2 is elucidated by the sigmoidal shape of the oxyhemoglobin dissociation curve (Figure 1).  At a PaO2 near 100 mmHg, the curve is relatively flat, so a slight reduction in PaO2 does not have a significant effect on SaO2.  However, if PaO2 decreases below approximately 70 mmHg, SaO2 begins to decrease rapidly, and desaturation results.
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Figure 1. The oxyhemoglobin dissociation curve.  Due to its sigmoidal shape, SaO2 is maintained in the face of a decreasing PaO2, down to about 70 mmHg.   
For reasons not completely understood, approximately 40 to 50% of endurance athletes exhibit a significant reduction in SaO2 during exercise at intensities approaching 
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O2max (Powers et al., 1993).  Rowell et al. (1964) first reported a decrease in SaO2 from 98% at rest to 85% during intense exercise.  More recent studies have also reported large decreases in SaO2 in trained endurance athletes during intense exercise, from 87 to 90% (Buono & Maly, 1996; Gavin & Stager, 1999; Williams et al., 1986).  While it is possible that desaturation during intense exercise results not only from a decrease in PaO2 but also from a rightward shift in the oxyhemoglobin dissociation curve due to increases in the arterial partial pressure of carbon dioxide (PaCO2) (termed the Bohr effect) and body temperature and a decrease in pH (West, 2000a), studies that have measured changes in blood gas responses in athletes during exercise have indeed found that large decreases in PaO2 can occur.  PaO2 was first measured in endurance athletes during exercise by Holmgren and Linderholm (1958), who observed an extreme decrease in PaO2 to 57 mmHg (44 mmHg below resting values) in some athletes, while others maintained their PaO2 within 5 to 8 mmHg of resting values.  Other studies that measured PaO2 in endurance athletes during exercise have also observed large decreases.  For example, Warren et al. (1991) reported a decrease in PaO2 from 101 mmHg at rest to 85 mmHg during intense exercise, Gledhill et al. (1980) observed an average decrease in PaO2 of 22 mmHg, and Dempsey et al. (1984) observed a fall in PaO2 to less than 75 mmHg in half of their subjects, with two subjects less than 60 mmHg, a decrease of 21 to 35 mmHg below resting values.  These findings have lead to the determination of EIH as a PaO2 <75 mmHg or an SaO2 <92% (Dempsey et al., 1984; Powers et al., 1989), since it is believed that values below these levels result in an impairment of oxygen transport and a reduction in 
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O2max (Powers et al., 1989).  Based on the observation that 
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O2max is reduced by 1 to 2% for every 1% reduction in SaO2 below 95%, Dempsey and Wagner (1999) further define EIH as mild (SaO2 = 93-95%), moderate (SaO2 = 88-93%), and severe (SaO2 <88%). 

Interestingly, not only do many endurance athletes exhibit EIH during exercise, the degree of EIH seems to be positively related to aerobic power (
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O2max).  In other words, in general, the greater the athlete’s 
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O2max, the lower the SaO2 during exercise (Powers et al., 1993; Powers & Williams, 1987; Williams et al., 1986).  Williams et al. (1986) found a significant correlation between 
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O2max and SaO2 during exercise at 95% 
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O2max for 1½ minutes (r=–0.77, p<0.05).  Of the two groups of athletes studied in connection with EIH—distance runners and cyclists—the former seem to experience more severe EIH than the latter (Dempsey & Wagner, 1999), experiencing a greater decrease in SaO2 (Gavin & Stager, 1999) and PaO2 (Rice et al., 2000).  Furthermore, Rowell et al. (1964) found that the SaO2 of sedentary subjects during maximal exercise was lower following an endurance training program, suggesting that training, rather than the innate characteristics of highly-trained endurance athletes, is responsible for the development of EIH.  It is possible that training-induced modifications in the distribution of blood flow and pulmonary perfusion predispose athletes to EIH (Todaro et al., 1995).  Préfaut et al. (1994) found that EIH appeared more frequently in older compared to younger athletes (i.e., 65 vs. 23 years old), with older athletes experiencing a greater decrease in PaO2 at the same absolute intensity.  In addition, the more frequent appearance of EIH in the older athletes seemed to occur despite less rigorous training than that undertaken by the young athletes, leading the authors to suggest that EIH may be potentiated by aging (Préfaut et al., 1994).  

Interestingly, the phenomenon of EIH is not limited to humans.  Race horses, whose 
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O2max is double that of endurance-trained humans (140-155 ml.kg.min-1) also exhibit EIH during intense exercise (Bayly et al., 1999; Dempsey & Wagner, 1999; Wagner et al., 1989), beginning to desaturate at an intensity as low as 60 to 70% 
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O2max (Dempsey & Johnson, 1992).  What is it about athletes with a high aerobic power that causes a decrease in PaO2 and SaO2 during exercise?  Four potential causes have been implicated: 1) a venoarterial shunt, 2) a hypoventilatory (or an inadequate hyperventilatory) response, 3) an inequality between alveolar ventilation (VA) and pulmonary blood flow or perfusion (Q), and 4) a diffusion limitation across the blood-gas interface (Powers & Williams, 1987; Powers et al., 1993; West, 2000a).  

Venoarterial Shunt


A shunt is a mechanism for turning or diverting something away.  Physiologically, it refers to the diversion of blood from one part of the body to another.  For example, some of the blood returning to the heart in the venous system enters the arterial circulation without going through ventilated areas of the lungs (West, 2000a).  By being diverted away from the lungs’ rich supply of oxygen, this blood cannot become oxygenated as it diffuses into the arterial system, resulting in a slight decrease in PaO2 relative to PAO2, the partial pressure of oxygen in the lungs’ alveoli.  Since it is          well-documented that this difference between the partial pressures, called the    ‘Alveolar-arterial partial pressure difference’ (PA-aO2 difference), is greater in athletes with EIH compared to those without EIH (Dempsey et al., 1984; Durand et al., 2000; Powers et al., 1992; Powers & Williams, 1987; Rice et al., 1999; Warren et al., 1991), the venoarterial shunt may be partly responsible, at least theoretically, for the occurrence of EIH.  Although the venoarterial shunt has been found to account for about 50% of the  PA-aO2 difference at rest (Gledhill et al., 1977; Whipp & Wasserman, 1969), it comprises only approximately 0.18 to 2.0% of the cardiac output (Hammond et al., 1986;         Torre-Bueno et al., 1985), and therefore does not seem to be a significant factor in the development of EIH during exercise (Dempsey et al., 1984; Powers et al., 1993; Rice et al., 1999).  

Research involving subjects breathing a hyperoxic gas (>21% O2) during intense exercise has shown that the falling PaO2 in athletes experiencing EIH is rescued and even increased back to normal values (Dempsey et al., 1984; Powers et al., 1992).  If the venoarterial shunt were a causative factor in EIH, the extra oxygen being breathed would not have an effect on PaO2 since the shunted blood would not see the increased PAO2 (Powers & Williams, 1987).  Rice et al. (1999), who had subjects breathe a hypoxic gas (13% O2) during exercise, came to the same conclusion concerning the venoarterial shunt, based on their finding that the observed decrease in PaO2 was much greater than what would be expected as a result of a normal-sized shunt. 

Ventilation/Perfusion (VA/Q) Inequality


For the complete transfer of oxygen and carbon dioxide to occur, alveolar ventilation (VA) must match the pulmonary blood flow (Q), or perfusion, in different regions of the lungs (West, 2000a).  However, there are differences in VA and Q between the apex and the base of the lungs.  Both VA and Q are less at the apex than at the base, however the differences in Q are greater, causing the apex of the lungs to be              over-ventilated relative to perfusion and the base of the lungs to be over-perfused relative to ventilation.  In other words, the VA/Q ratio is higher at the apex of the lungs than at the base (West, 2000a), creating a VA/Q inequality, or mismatch.  The consequence of this inequality is a diminished ability of the lungs to oxygenate arterial blood, since the majority of blood leaving the lungs comes from the base, where the PO2 is much lower than at the apex.   

During exercise, VA/Q inequality increases (Gale et al., 1985; Gledhill et al., 1977, 1978; Hammond et al., 1986), causing PaO2 to fall below PAO2 and a subsequent widening of the PA-aO2 difference (West, 2000a).  For this reason, VA/Q inequality is thought to be a major factor in the development of EIH (Dempsey & Wagner, 1999; Powers & Williams, 1987; Powers et al., 1993).  Hopkins et al. (1994) reported that as much as 60% of the widening PA-aO2 difference in highly trained endurance athletes during incremental exercise is explained by VA/Q inequality, while in a later study (Hopkins et al., 1998) they found that all of the increase in the PA-aO2 difference during prolonged, submaximal exercise (65% 
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O2max) is explained by VA/Q inequality.  Todaro et al. (1995) further explain that the PA-aO2 difference and associated EIH are not a result of an absolute PAO2 deficit, but rather a deficit relative to the amount of the VA/Q inequality.

Other studies have also implicated VA/Q inequality as a determinant of EIH (Gavin & Stager, 1999; Powers et al., 1992; Rice et al., 2000), however these studies came to this conclusion largely by process of elimination, after not finding support for inadequate hyperventilation as a cause of EIH.  Two of these studies suggest that the greater degree of EIH with running compared to cycling is due, in part, to differences in VA/Q inequality between the two exercise modes (Gavin & Stager 1999; Rice et al., 2000).  


As with the venoarterial shunt, there is some evidence that the VA/Q inequality is not responsible for the development of EIH.  For example, having found a high VA/Q ratio during intense exercise, Dempsey et al. (1984) conclude that it is unlikely that VA/Q inequality explains EIH.  Hammond et al. (1986) found that VA/Q inequality increased with exercise intensity up to a 
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O2 of about 3.0 L.min-1, but remained constant at higher intensities despite a continued increase in the PA-aO2 difference  The greatest mixed findings may belong to Rice et al. (1999), who found no difference in VA/Q inequality between control subjects and subjects with EIH, although the degree of inequality still accounted for 30% of the difference in PA-aO2 in the EIH group and 35% of the difference in the control group.  While the exact cause of the increased VA/Q inequality with exercise is unknown, it has been suggested that interstitial pulmonary edema is a prominent possibility (Hopkins et al., 1998).  

Diffusion Limitation

Diffusion, the passive but elegant biological process by which ions and molecules rapidly travel from an area of high concentration to an area of low concentration, determines to a large extent how effectively ions and molecules pass through membranes.  Since hydrophobic ions such as oxygen (O2) and carbon dioxide (CO2) travel in this way, diffusion, in effect, governs how well the cardiopulmonary system works.  A number of factors influence the ability of a molecule to diffuse from one side of a membrane to another, including the thickness of the membrane, the membrane’s surface area, the size and speed of the molecule, the distance the molecule must travel, the magnitude of the molecule’s concentration gradient, and the presence of fluid near the membrane (West, 2000a).  A diffusion limitation can occur when any or a combination of these factors slows or prevents diffusion.  For example, if a diffusion limitation exists between the lungs and the pulmonary capillaries, O2 will not effectively diffuse into the capillaries, and PaO2 may decrease.  It is possible that, under conditions when a rapid O2 diffusion is necessary (such as in highly-trained athletes during maximal exercise), the diffusion rate through the pulmonary capillaries is not fast enough for the blood to be fully oxygenated within the lungs (West, 2000b).  The resulting decrease in PaO2, if low enough, may lead to a decrease in SaO2 and the consequent development of EIH.  

It has been suggested that, along with VA/Q inequality, both the increased PA-aO2 difference during exercise and EIH are primarily due to a diffusion limitation (Dempsey & Wagner, 1999; Powers & Williams, 1987).  Rice et al. (1999) found that subjects with EIH developed significantly more O2 diffusion limitation than control subjects during intense exercise, based on the difference in the PA-aO2 difference, and that the lungs’ diffusion capacity for oxygen (DLO2) at rest explained 30.2% of the variance in PaO2 during exercise.  A similar measure of pulmonary diffusion capacity, using carbon monoxide (DLCO), which is dependent on the diffusing capacity of the alveolar membrane and the rate of reaction of CO with hemoglobin, has also been shown to decrease in athletes following intense exercise (McKenzie et al., 1999; Turner et al., 1992).  However, McKenzie et al. (1999) reported that, since decreases in SaO2 during an initial bout of exercise were not exacerbated after a second bout of exercise following a 60-minute recovery period despite a continued decrease in pulmonary diffusion,        post-exercise changes in pulmonary diffusion capacity cannot be related to the occurrence of hypoxemia during exercise. 

The most common postulation for the cause of diffusion limitation is a short red blood cell transit time in the pulmonary circulation (Dempsey, 1986; Dempsey et al., 1984; Powers & Williams, 1987; Powers et al., 1993).  While the time it takes for red blood cells to move through the entire lungs has been found to remain quite stable during moderate to intense exercise (Zavorsky et al., 2003), their movement through the pulmonary capillaries, an event that normally takes about 0.75 second at rest (West, 2000a), decreases with exercise (Hopkins et al., 1996; Warren et al., 1991).  The minimal transit time necessary for O2 diffusion across the pulmonary capillaries is 0.35 to 0.40 second (Dempsey et al., 1982; Gledhill et al., 1977), however it has been suggested that very intense exercise can decrease transit time to about 0.25 second (West, 2000a).  Dempsey and Wagner (1999) argue that, while diffusion limitation can be dictated by an intrinsically low lung diffusing capacity, a high oxygen extraction by the active muscles, and/or a high cardiac output, endurance athletes are among the most susceptible to diffusion limitation because of their characteristically high cardiac outputs, causing the short red blood cell transit time.  At high exercise intensities that reveal their high cardiac outputs, such as at or near 
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O2max, diffusion limitation appears to develop in trained athletes (Dempsey & Wagner, 1999; Hammond et al., 1986).  

Although it seems reasonable that a high cardiac output, with its associated rapid flow of red blood cells through the pulmonary circulation, could cause a short red blood cell transit time, whether cardiac output is the primary cause of a diffusion limitation remains to be resolved.  Rice et al. (1999) found similar cardiac outputs between subjects with EIH and control subjects without EIH, and argued that if red blood cell transit time is the cause of diffusion limitation, then subjects with EIH must have either a smaller pulmonary capillary blood volume and/or less recruitment of pulmonary capillaries at the same exercise intensity compared to non-EIH subjects.  

The presence of diffusion limitation itself is debatable, as some studies have refuted its occurrence (Torre-Bueno et al., 1985; Warren et al., 1991).  Torre-Bueno et al. (1985), investigating subjects exercising at sea-level and simulated altitude, detected a diffusion limitation only during exercise at altitude, a condition that presents an added stress on pulmonary gas exchange because of the decreased atmospheric PO2.  By the researchers’ own acknowledgment, the subjects in their study exercised at a 
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O2 of <3.0 L.min-1, which may be too low for a diffusion limitation to be observed.  Warren et al. (1991) found that the lungs’ membrane diffusing capacity did not explain any of the variation in the PA-aO2 difference, nor was it statistically different between exercise intensities, although it tended to decline at near maximal intensities.  

Hypoventilation (Inadequate Hyperventilation)

Hypoventilation, literally meaning, “less than normal ventilation,” has also been considered as a possible mechanism causing EIH in many highly-trained endurance athletes.  To maintain a normal value of PaO2, alveolar ventilation (VA) must meet the metabolic demands of the tissues (Powers et al., 1993; West, 2000a).  Since many  highly-trained endurance athletes do not maintain normal partial pressures during intense exercise (e.g., PaO2 and PAO2 below normal), and a decreased PAO2 is caused by a reduced alveolar ventilation (West, 2000a), it has been suggested that these athletes may hypoventilate or, more accurately, inadequately hyperventilate at exercise intensities near 
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O2max (Dempsey et al., 1984).  Derchak et al. (2000) conclude that, while some athletes with EIH exhibit inadequate hyperventilation due to a lack of an aggressive ventilatory response, others have a sufficient or even excessive ventilatory drive, but are unable to express it because they have reached their lungs’ mechanical limit for ventilation.  This latter suggestion has support from others, as Bye et al. (1983) and McClaran et al. (1999) argue that the mechanical limit of 
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E, resulting from a pulmonary flow limitation, likely explains, in part, the stunted hyperventilatory response in highly trained athletes to intense exercise, resulting in a failure to compensate for an increased PA-aO2 difference and arterial hypoxemia.  However, Norton et al. (1995) found no consistent relationship between the occurrence of severe EIH and flow limitation, suggesting that EIH does not result from a mechanical limitation of 
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E.  Whatever the precise cause, it is generally agreed that endurance athletes exhibit a ventilatory response that is inadequate to meet the high metabolic demands that characterize these athletes (Dempsey, 1986; Dempsey & Johnson, 1992).  Whether this inadequate hyperventilation leads to EIH is another matter and is equivocal at this time, as some studies support (Durand et al., 2000; Harms & Stager, 1995; Miyachi & Tabata, 1992; Rice et al., 1999) while others refute (Buono & Maly, 1996; Dempsey et al., 1984; Powers et al., 1992; Williams et al., 1986) its cause of EIH.  Rice et al. (1999) and Harms and Stager (1995) both reported that ventilation during intense exercise explains about 50% of the variability in SaO2.  Dempsey et al. (1984) and Powers et al. (1992) observed a decrease in PaCO2, rather than an expected increase with inadequate hyperventilation, in athletes exhibiting EIH during intense exercise.  In contrast, Durand et al. (2000) observed an increase in PaCO2 along with a decrease in PaO2 in endurance athletes with EIH during maximal exercise, a finding consistent with inadequate hyperventilation, leading them to conclude that athletes with EIH lack a compensatory hyperpnea (an increased ventilation to match an increased metabolic rate) to the decreased PaO2.  Using another marker of hyperventilation, Williams et al. (1986) found no difference in the ventilatory equivalent for oxygen consumption (
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O2) between trained subjects who exhibited EIH and untrained subjects who did not.  Not all studies have found this result, as Miyachi and Tabata (1992) found a modest but significant correlation between SaO2 and 
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E/
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O2 (r=0.74), leading them to conclude that ventilation is an important factor for arterial O2 desaturation during maximal exercise.  However, it may be possible that a lower 
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E/
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O2 during maximal exercise is a result of a greater 
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O2max in endurance athletes, rather than a lower hyperventilation.  Buono and Maly (1996) significantly increased subjects’ ventilation by 21% by breathing normoxic helium (21% O2, 79% He) during exercise compared to ambient air, however this augmented hyperventilation did not affect EIH, as SaO2 at maximal exercise was 90% while breathing ambient air and 89% while breathing the oxygen-helium mixture.  In contrast, Dempsey et al. (1984) and Norton et al. (1995) observed an amelioration in the degree of EIH with an increase in ventilation, in the former study when subjects breathed a hyperoxic gas (24% O2), and in the latter study when exercise intensity was increased from 
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O2max to 115% 
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O2max.  Although still not definitive, the majority of these findings suggest that inadequate hyperventilation per se is not responsible for, or at least is not the sole factor in, EIH in endurance athletes. 

It has been argued that inadequate hyperventilation, if not being a direct cause of EIH, may contribute to differences in the magnitude of EIH between athletes, since athletes with the least amount of hyperventilation seem to exhibit the lowest SaO2 during exercise (Dempsey et al., 1984; Powers & Williams, 1987; Rice et al., 2000).  Moreover, Rice et al. (2000) conclude that the greater EIH observed during running compared to cycling is caused, in part, by a reduced hyperventilation during running.  However, this conclusion is not shared by everyone, as Gavin and Stager (1999) opined, based on their finding of a lack of a relationship between the differences in SaO2 and ventilation between running and cycling, that while ventilation is important in the maintenance of SaO2, the difference observed in SaO2 between running and cycling cannot be explained by differences in ventilation.

In summary, the available evidence suggests that the occurrence of EIH in endurance athletes is due to multiple factors, with VA/Q inequality and pulmonary diffusion limitation the most prominent ones. 

Flow-Volume Relationship

Returning to the question of whether or not ventilation has the potential to limit exercise performance, research in this area has focused on the nature and control of ventilation during exercise.  Contrary to the belief of the out of shape runner who huffs and puffs as he or she runs down the street, there is no indication among healthy subjects of average or below average fitness that pulmonary characteristics limit ventilation during moderate exercise (Bye et al., 1983).  Ventilatory limitation during exercise has traditionally been determined by the ratio between the maximal minute ventilation (
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E) achieved during exercise and the maximal voluntary ventilation (MVV) achieved during voluntary hyperventilation at rest (Dueck, 2000).  Using this method, Folinsbee et al. (1983) found that sedentary subjects used an average of 71% of their MVV during maximal exercise, compared to 89% among elite cyclists.  Mota et al. (1999) reported a similar result in 
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E (88% of MVV) in cyclists during maximal exercise.  It would seem, therefore, that there is still room to increase ventilation even in highly-fit subjects, albeit less so than in their sedentary counterparts.  However, this method of determining ventilatory reserve or limitation is like comparing apples and oranges, since maximal exercise 
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E is controlled by metabolism, while MVV is under voluntary control, regardless of the metabolic conditions.  Moreover, MVV is calculated from a test lasting only 12 to 15 seconds, while maximal exercise 
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E is the actual amount breathed in a minute during exercise. 

Another, more elegant, method to examine ventilatory characteristics is to measure the rate of airflow at the mouth, calculate the volume of air inhaled or exhaled by integrating the flow rate over time, and graph the relationship between the flow rate and volume.  The graph is called a flow-volume curve, or loop.  Graphs can be generated for different intensities of exercise, with the tidal flow-volume loops produced during exercise plotted within a larger reference expiratory flow-volume loop obtained from a maximal breathing maneuver during rest.  This method has been widely used to assess the degree of expiratory flow limitation and ventilatory constraint (Aaron et al., 1992; Babb et al., 1991; Chapman et al., 1998; Derchak et al., 2000; Grimby, 1969; Johnson et al., 1991a,b, 1992, 1995; Marciniuk et al., 1994; McClaran et al., 1999; Martinez et al., 1996; Mota et al., 1999; Regnis et al., 1996; Stubbing, 1980a).  Indeed, Bye et al. (1983) suggest that pulmonary flow-volume characteristics are perhaps the most important determinant of exercise limitation because of their implications for matching ventilation to metabolic demand.  The degree of flow limitation during exercise is commonly expressed as the percent of the tidal volume that meets or exceeds the expiratory boundary of the maximal flow-volume loop (Johnson et al., 1995, 1991a,b; 1999a,b) (Figure 2).  However, unlike the use of a minimal value of SaO2 to determine the presence of EIH, there is no accepted minimal value for the percent of tidal volume overlapping the maximal flow-volume loop to determine the presence of flow limitation.  Therefore, its determination remains largely subjective. 
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Figure 2. An example of pulmonary flow limitation.  The outer loop represents the maximal expiratory   flow-volume loop, while the inner loop represents the tidal flow-volume loop during maximal exercise.  The portion of the loop above the x-axis represents expiration, while the portion of the loop below the       x-axis represents inspiration.  Note the overlap of the exercise flow-volume loop on the maximal             flow-volume loop during expiration, indicated by the arrow.

Historically, determining the relationship between pulmonary airflow and volume during rest and exercise has been primarily limited to comparisons between healthy and aged populations and patients with pulmonary diseases, including asthma, chronic obstructive pulmonary disease (COPD), and lung transplant recipients.  In young, healthy subjects of low or average fitness, little ventilatory constraint exists during exercise (Aaron et al., 1992; Johnson et al., 1999a), as there is no overlap between the tidal    flow-volume loops and the maximal flow-volume loop (Grimby, 1969; Grimby et al., 1971; Stubbing et al., 1980a).  Olafsson and Hyatt (1969) observed that the tidal       flow-volume loop may approach or attain the maximal flow-volume loop in healthy subjects toward the end of expiration during intense exercise.  However, this finding has been questioned, as Stubbing et al. (1980a) argue that small differences in total lung capacity during exercise compared to rest can cause erroneous placement of the tidal volume loop within the maximal flow-volume loop.  In contrast, individuals with pulmonary disease commonly exhibit pulmonary flow limitation, often experiencing it even at rest (Dueck, 2000).  Babb et al. (1991) found that 11 of 12 subjects with abnormal pulmonary function exhibited flow limitation during maximal exercise, with 7 of the 12 exhibiting some degree of flow limitation at rest.  

Much has been revealed by examining flow-volume relationships in other subjects, as older, highly-fit individuals, who have a mild decline in lung function but are able to maintain a high ventilatory demand, experience flow limitation beginning at a low exercise intensity and 
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E (Johnson et al., 1999a).  Interestingly, many young endurance athletes, who have normal pulmonary function but excessively high metabolic and thus ventilatory demands, also exhibit expiratory flow limitation during maximal exercise (Chapman et al., 1998; Dempsey et al., 1984; Derchak et al., 2000; Grimby, 1969; Henke et al., 1988; Johnson et al., 1992; McClaran et al., 1999), indicating that they have reached, much like their older or diseased counterparts, their maximal mechanical capacity to ventilate (Derchak et al., 2000; Johnson et al., 1992).  The tidal flow-volume loops of endurance athletes regularly reach the maximal flow-volume loop throughout most of expiration (Grimby et al., 1971; McClaran et al., 1999), however not all studies have reported similar results (Mota et al., 1999).  With intense exercise, expiratory flow limitation in athletes increases to greater than 50% of the tidal volume, representing a severe mechanical ventilatory constraint (Johnson et al., 1999a).  Even in the face of additional ventilatory stimuli, these flow-limited athletes are unable to increase 
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E during maximal exercise (Chapman et al., 1998; Johnson et al., 1992).  For example, Chapman et al. (1998) found that athletes with no flow limitation had a significantly higher 
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E at 
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O2max when exercising under hypoxic (18.7% O2) compared to normoxic conditions, while 
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E in the flow-limited athletes was not different between normoxia and hypoxia.  

It has been argued that flow limitation prevents a full expiration, causing an increase in end-expiratory lung volume (EELV) (Johnson et al., 1995; Pellegrino et al., 1993), which has been observed in patients with pulmonary disease (Grimby & Stiksa, 1970; Leaver & Pride, 1971; Potter et al., 1971; Stubbing et al., 1980b), older, highly-fit individuals (Johnson et al., 1991a), and elite endurance athletes (Grimby et al., 1971; Jensen et al., 1980; Mota et al., 1999).  In contrast, EELV decreases in healthy, unfit subjects with exercise (Aliverti et al., 1997; Babb et al., 1991; Henke et al., 1988; Younes & Kivinen, 1984), by 0.1 to 0.3 liter during mild exercise and 0.5 to 1.0 liter during intense exercise (Henke et al., 1988).  Mota et al. (1999) argue that the increase in EELV in endurance athletes is caused by something other than flow limitation, in light of their finding that flow limitation was not commonly attained in their subjects.     

Flow limitation may constrain 
[image: image69.wmf]V

&

E by causing dynamic compression of the airways or thorax (Chapman et al., 1998; Johnson et al., 1992, 1999b), or by increasing the work and oxygen cost of breathing (Johnson et al., 1999b).  The degree of mechanical constraint on 
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E is dependent on both the area of the maximal flow-volume loop and the 
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E demand (Johnson et al., 1999b).  Since endurance athletes have a high demand for ventilation to match the high level of metabolic work, 
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E of a highly-fit athlete during exercise may encroach on the maximal flow-volume loop to a similar degree as that of an unfit individual with pulmonary disease.  

When referring to flow limitation in highly-trained athletes, the term             ‘flow-maximized,’ rather than ‘flow-limited,’ may be a better descriptor of what is taking place, since endurance athletes reach their uppermost limit of ventilation, and therefore maximize, rather than limit, their ability to ventilate.  Indeed, it could be said that they are “using everything they have.”  When assessing pulmonary characteristics of collegiate distance runners, it has been observed that flow limitation is more prevalent in the upperclassmen compared to the lowerclassmen (J.M. Stager, personal communication).  It is possible that the upperclassmen have learned, through two or three more years of high-level training, to maximize their ventilatory capability.  Contrast this situation to the patient with pulmonary disease, who is in fact ‘flow-limited,’ as he or she is mechanically constrained from breathing at a greater volume and/or a faster flow rate.  Having pointed out this key difference in meaning, the term ‘flow limitation’ will continue to be used for the remainder of this manuscript in order to conform to the terminology used in the scientific literature and to prevent confusion for the reader.

Like all pictures, the flow-volume loop is also worth a thousand words, and therefore there may be information other than the rate of airflow at a given volume that can be gleaned from it.  For example, Tanner (2001) observed a characteristic hump or dip in the inspiratory flow rate in eight of 22 subjects while running during the final minute of an incremental exercise test (Figure 3).  When the tidal flow-volume loop was examined for the penultimate minute, the number of subjects exhibiting the dip in flow rate increased to 13.  Interestingly, this change in shape of the flow-volume loop was not seen when these same subjects cycled.  Based on the appearance of these flow-volume loops and the evidence that humans often entrain their breathing to their stride rate, Tanner (2001) suggested that the flow-volume loop may be used as a tool to examine the relationship of breathing and locomotion.  
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Figure 3. Flow-volume loop showing possible entrainment of breathing to stride rate.  Note the humped appearance of the exercise flow-volume loop during inspiration (indicated by the arrow).  Reprinted from Tanner (2001) with permission.  

Regarding the relationship between flow limitation and entrainment, a flow limitation may prevent breathing frequency from keeping up with stride rate, and therefore prevent entrainment at high intensities.  Moreover, if entrainment confers an economical advantage, it is possible that athletes with flow limitation are less economical because they cannot entrain ventilation to stride rate and/or they cannot adopt the optimal breathing frequency/tidal volume combination to minimize ventilatory work at higher intensities.  Conversely, it is possible that economical considerations govern the ventilatory strategy adopted during intense exercise (i.e., economy may be “driving the bus”).  For example, some athletes may exhibit flow limitation because breathing must be entrained to stride rate, and stride rate, as suggested by Cavanagh and Kram (1989), is itself governed by what is most economical.  Although stride rate does not change as much as stride length during distance running at different speeds, the step-to-breath ratio does change (McDermott et al., 2003), becoming more tightly coupled at faster speeds.  Thus, once a 1:1 ratio is approached, the only way to continue this ratio as speed (and, hence, ventilation) increases would be to either increase tidal volume rather than breathing frequency, or increase stride rate (with a concomitant, matched increase in breathing frequency).  Neither of these two situations occurs, since breathing frequency increases preferentially over tidal volume at higher intensities (Dempsey, 1986; Grimby, 1969), and since stride rate does not change dramatically (Cavanagh & Kram, 1989).  The end result of trying to entrain the two rhythms at high intensities may be that breathing becomes constrained, causing a pulmonary flow limitation.  However, it is not clear which of these two phenomena is a cause and which is an effect.  For example, it has been suggested that, as tidal volume becomes constrained at high workloads during rowing, the demand for an increased breathing frequency may result in stroke rate becoming entrained to breathing frequency (Steinacker et al., 1993).  Clearly, there is much to be studied in this area.   

Chapter III

METHODOLOGY

Subjects

Eighteen male, highly-trained distance runners (
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O2max >60 ml.kg.min-1;   5,000-meter performance at altitude of 14 min 30 sec to 19 min 45 sec) from the Albuquerque, New Mexico community were recruited for this study.  Three subjects were not able to complete the study, resulting in 15 subjects for data analyses.  Subjects were recruited by word of mouth through the local running community.  For inclusion in the study, subjects must not have had any history of pulmonary dysfunction or disease, including exercise-induced bronchoconstriction, which was determined by a health history questionnaire (Appendix B) and a pulmonary function test.  Since having knowledge of the study’s purpose may have influenced their conscious control of breathing, subjects were blinded to the purpose of the study until after they completed the testing.  Each subject was verbally explained the nature of the study, including the risks associated with performing a maximal physical effort, and was required to sign an informed consent form prior to his participation.  All procedures of this study were approved by the Institutional Review Boards of Indiana University and the University of New Mexico (Appendix A).
Experimental Protocol


All testing took place in the Exercise Physiology Laboratory at the University of New Mexico at an altitude of 1,524 meters.  Testing was carried out on two separate days for each subject and occurred between September, 2006 and March, 2007.  The first day consisted of a test of maximal oxygen consumption (
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O2max), and the second day consisted of a locomotor-respiratory coupling test during which running economy was also measured.

Maximal Oxygen Consumption (
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O2max)

Each subject performed an incremental exercise test to exhaustion on a        motor-driven treadmill (Precor, Woodinville, WA) to determine maximal oxygen consumption (
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O2max).  Prior to the start of the test, each subject warmed up for ten minutes using progressively increasing speeds, culminating with a speed close to his 5,000-meter race pace for the last two minutes.  During the subsequent five minutes of recovery, the indirect calorimetry equipment was calibrated and the subject was fitted with a mouthpiece and nose clips to prepare for 
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O2 measurement.  A pulse oximeter was also placed on the subject’s index finger to determine blood oxygen saturation during exercise.

The test began with the treadmill speed at 2.0 mi.hr-1 below the subject’s final   warm-up speed (approximately 5,000-meter race pace) and 0% grade.  Every two minutes, the speed increased 1.0 mi.hr-1 until 5,000-meter race pace was reached.  After two minutes at 5,000-meter race pace and 0% grade, the grade of the treadmill increased by 2% every minute until the subject reached volitional exhaustion.  

Pulmonary Function
Each subject underwent pulmonary function testing as a screening tool for pulmonary dysfunction and inclusion in the study.  Vital capacity (VC), a test of lung volume, and one-second forced expiratory volume (FEV1), a test of airflow, were measured to determine the presence of restrictive or obstructive lung disease, respectively.  Immediately before and after the 
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O2max test, subjects performed three maximal expiratory (to residual volume) and inspiratory (to total lung capacity) maneuvers to determine VC and FEV1, and to acquire the reference maximal             flow-volume loop for later determination of the presence of flow limitation.  The breathing maneuver included an initial emptying of air in the lungs, immediately followed by a forced maximal inhalation and a forced maximal exhalation performed at maximal speed.  The subjects were verbally coached through each maneuver.  

To screen subjects for exercise-induced bronchoconstriction, subjects performed the breathing maneuver again every 10 minutes for 30 minutes following the 
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O2max test.  Normal pulmonary function (and subsequent inclusion in the study) was defined as attainment of at least 80% of age-group and sex-based norms (Knudson et al., 1976; Morris, 1976).

Locomotor-Respiratory Coupling and Running Economy

On the second day of testing, each subject ran on a motor-driven treadmill (Precor, Woodinville, WA) at 0% grade for six minutes at each of three intensities: 70, 90, and 100% of the speed at the ventilatory threshold (VT), and three minutes at 110% VT.  Each of the four runs was separated by five minutes of recovery (based on Abe et al., 1998; Daniels & Daniels, 1992; Morgan & Daniels, 1994; Weston et al., 2000).  Before the test, insoles containing foot switches were placed in the subject’s running shoes to determine foot strike on the treadmill belt.  

Since oxygen uptake kinetics are different at exercise intensities above and below the lactate/ventilatory threshold (below the lactate threshold, 
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O2 reaches a steady-state value within three minutes (Barstow, 1994; Gaesser & Poole, 1996; Morgan et al., 1989), while above the lactate threshold, a slow component of 
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O2 is introduced, during which 
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O2 rises more slowly before reaching a steady-state value, if one is reached at all (Barstow, 1994; Gaesser & Poole, 1996; Whipp, 1994; Xu & Rhodes, 1999; Żołądź & Korzeniewski, 2001)), economy was assessed using only the first three intensities.  

Experimental Procedures

Measurement of 
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O2max

Respiratory gases were sampled using a unidirectional flow turbine (KL Engineering, Madison, WI) as subjects wore nose clips and breathed through a one-way valve mouthpiece (Hans Rudolph, Kansas City, MO).  The expired side of the mouthpiece was connected to a second flow turbine (KL Engineering, Madison, WI).  A three-liter mixing balloon connected to the expired side of the flow turbine was used to mix air with minimal dead space (<50 mL), from which the expired air was sampled continuously and directed to rapid response carbon dioxide and oxygen analyzers (AEI Technologies, Pittsburgh, PA) with a delay of less than three seconds.  Breath-by-breath values for minute ventilation (
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E), oxygen consumption (
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O2), expired carbon dioxide (
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CO2), and the respiratory exchange ratio (RER) were obtained from electronic signals sampled at 500 Hz from the expired turbine and gas analyzers using an analog signal junction box and data acquisition system (CA-1000, National Instruments, Austin, TX) using custom-developed software (LabVIEW, National Instruments, Austin, TX).  Subjects’ heart rates during the tests were also recorded using electrocardiography       (Q-4000, Quinton, Bothell, WA) and blood oxygen saturation was recorded using pulse oximetry (MP100, BIOPAC Systems, Inc., Goleta, CA).
Following the test, data were processed using custom-developed software (LabVIEW, National Instruments, Austin, TX) with a digital low-pass filter of 0.06 Hz.  
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O2max was defined as the highest 
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O2 post-filtering value, provided at least two of three criteria were met during the exercise test: (1) a respiratory exchange ratio of greater than 1.10 (Howley et al., 1995), (2) achievement of ( 90% of age-predicted maximal heart rate, and (3) an increase in 
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O2 of less than 0.15 L.min-1 over the previous workload (Taylor et al., 1955).  A brief discussion of these criteria used to validate the attainment of 
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O2max can be found in Appendix C.

Ventilatory threshold was determined by a custom-written computer program (LabVIEW, National Instruments, Austin, TX) using bi-segmental linear regression of the 
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CO2-time, 
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E-time, and 
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O2-time relationships.  The time at each VT determination was used to identify a 
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O2 value from linear regression of the middle segment of the 
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O2-time curve, and this 
[image: image98.wmf]V

&

O2 value was used as the method-specific VT.  VT was defined as the average of the three 
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O2 values identified by the regression analyses.

Measurement of Flow-Volume

Flow-volume data were collected continuously from inspired and expired airflow turbines during the 
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O2max test.  A maximal flow-volume loop and exercise            flow-volume loops were created from the raw flow and volume data using             custom-developed software (LabVIEW, National Instruments, Austin, TX).  The best trial of the three maximal breathing maneuvers immediately preceding the 
[image: image101.wmf]V

&

O2max test was used as the maximal flow-volume loop.  The exercise flow-volume loops were created from each breath during the final 30 seconds of the 
[image: image102.wmf]V

&

O2max test.  The presence of flow limitation was determined by counting the exercise tidal loops that overlapped the maximal tidal loop. 

Measurement of Arterial Oxygen Saturation

Arterial oxygen saturation (SaO2) during the 
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O2max test and               locomotor-respiratory coupling test was estimated using a pulse oximeter (MP100, BIOPAC Systems, Inc., Goleta, CA), which was interfaced to a data acquisition system (CA-1000, National Instruments, Austin, TX).  Breath-by-breath values of SaO2 were recorded and displayed on the computer screen.  The estimation of SaO2 was used to determine the presence or absence of EIH, defined at sea-level as an SaO2 less than 92% (Powers et al., 1988), which was adjusted to 87% for this study considering the altitude of 1,524 meters (Robergs et al., 1998).  Although the validity of pulse oximetry has been questioned for its ability to detect EIH in athletes (Brown et al., 1993) and during conditions of severe or rapid desaturation, hypotension, hypothermia, and low perfusion states (Jensen et al., 1998), it is still generally believed to be accurate (Chapman et al., 1983; Hansen & Casaburi, 1987; Jensen et al., 1998), and is commonly used to estimate SaO2 during exercise.  Jensen et al. (1998) found pulse oximeters to be accurate within 2% of in vitro oximetry when arterial saturation is 70 to 100%.  

Measurement of Locomotor-Respiratory Coupling 

Each subject’s running stride pattern was assessed with foot switches (Berry et al., 1996; Hausdorff et al., 1995; Liggins & Bowker, 1991; Ross & Ashman, 1987).  Insoles containing four embedded foot switches at different parts of the foot (B & L Engineering, Tustin, CA) (Figure 4) were placed in each subject’s running shoes and interfaced to a data acquisition system (CA-1000, National Instruments, Austin, TX).  The individual switches, which were located at the heel, the base of the first and fifth metatarsals, and the head of the big toe, determined heel strike, stance phase, and toe-off, respectively.  When each foot touched down on the treadmill belt, each of the foot switches was turned on as force was applied to the switch, and was turned off as each part of the foot was lifted off the treadmill belt.  The signals from the foot switches were acquired at 500 Hz and processed using custom-developed software (LabVIEW, National Instruments, Austin, TX) to determine the exact moment each part of the foot landed.  Data collection began with the click of a start button on the computer screen to ensure that recording of both breathing and step signals began at the same time for later determination of entrainment between breaths and steps.  During the locomotor-respiratory coupling trial, metabolic and ventilatory data were collected as described previously.  
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   Figure 4. Insoles containing foot switches for stride analysis.  

Measurement of Running Economy

Running economy was also determined during the locomotor-respiratory coupling test.  The average 
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O2 over the final two minutes of exercise at each intensity was used to determine each subject’s running economy (Morgan & Daniels, 1994; Morgan et al., 1996).  To facilitate comparisons of economy since subjects were tested at the same relative, but different absolute, intensities, oxygen cost was expressed as a function of distance traveled (ml.kg-1.km-1) (Daniels & Daniels, 1992; Morgan et al., 1995).
[image: image114.jpg]




Figure 5. Experimental set-up.  While subject ran on the treadmill, metabolic data (
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O2max, economy) were collected by the left computer and entrainment data were collected by the right computer.

Determination of Entrainment 

From the locomotor-respiratory coupling test, the breath data and foot strike data derived from the foot switches were plotted against time for each intensity for a visual inspection of locomotor-respiratory coupling (Figure 6).  Entrainment of breathing frequency (Fb) to stride rate (SR) was quantified using a combination of the two most commonly employed methods of prior studies.  First, the stride rate was divided by the breathing frequency for the final three minutes of each intensity.  From this quotient, an integer step-to-breath ratio (e.g., 2:1, 5:2, or 3:2) for each subject was calculated for each intensity (Berry et al., 1996; Jasinskas et al., 1980; Paterson et al., 1986, 1987).  Limits of   ( 0.05 of the SR/Fb quotient were used as boundaries for calculating step-to-breath ratios (Berry et al., 1996; Paterson et al., 1986, 1987).  For example, a SR/Fb quotient of 2.00   ( 0.05 (i.e., 1.95 to 2.05) would result in a step-to-breath ratio of 2:1.  Once these      step-to-breath ratios were identified, percent entrainment was calculated by dividing the number of breaths occurring within ± 0.05 second from the closest step by the total number of breaths taken during exercise.  In addition, the means and standard deviations of the time between the closest foot strike to the beginning of an inspiration (Ti) and to the beginning of an expiration (Te) were calculated (Hill et al., 1988; Raßler & Kohl, 1996; Takano, 1995) to examine when these breathing events occurred in relation to foot strike.  For the purpose of comparison to a chance occurrence, a set of random numbers was generated to represent random breaths, and the probability of getting a random breath to occur within ± 0.05 second from the closest step was calculated. 
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Figure 6. Timing of foot strikes and breaths during treadmill running at the speed of the ventilatory threshold for a representative subject.
Data Analysis

A chi-square test was used to compare the frequency of subjects who exhibited entrainment of breathing frequency to stride rate to those who did not.

A three-way mixed analysis of variance (ANOVA) was used to compare the actual and chance percent entrainment during inspiration and expiration for each intensity.  As a significant main effect was found for the actual vs. random percent entrainment, an additional two-way repeated measures ANOVA was used to compare percent entrainment during inspiration and expiration between intensities to specify main effects and interaction effects for breathing phase (inspiration and expiration) and intensity (70, 90, 100 and 110% VT).  Additional one-way repeated measures ANOVAs were used to compare SR, Fb, SR/Fb quotient, Ti, Te, and running economy between intensities and VC and FEV1 between time periods.  In the case of a significant main effect for repeated measures factors, a Tukey’s post hoc test was used to detect the source of the differences.  Pearson correlations were used to determine the relationships between running economy and percent entrainment and between economy and the SR/Fb quotient at each intensity.  All data were analyzed using commercially available software (Statistica™, version 5.1, StatSoft(, Tulsa, OK).  For all tests, statistical significance was set at p<0.05, with a Bonferroni adjustment made for multiple comparisons.

Limitations

The following represent limitations of this study:

1. The first limitation is the inability to generalize the results to populations different from that of the present study.  Since many highly-trained endurance athletes exhibit unique cardiopulmonary characteristics when exercising at high intensities, the relationship between breathing frequency and stride rate may also be unique in this population.

2. Another limitation is the possible inability to generalize the results obtained by running on a treadmill to track or overground running.  While no previous studies have reported significant differences in stride mechanics between treadmill and overground running, it has been reported that overground running incurs a greater metabolic energy cost compared to treadmill running, particularly at faster speeds (Daniels, 1985; Morgan et al., 1989).  The greater metabolic cost associated with overground running may alter the relationship between ventilation and stride rate from that determined by running on a treadmill.  

3. The effects of breathing into a mouthpiece represents a third limitation of this study.  To monitor ventilation, subjects breathed into a mouthpiece connected to a breathing valve.  In addition, nose clips were used to prevent the subjects from breathing through their noses.  This method of breathing, while common in a laboratory setting, differs from what these athletes do in practice, which may alter the ventilatory strategy normally used.  In addition, the heightened awareness of breathing in a laboratory setting, when subjects know that breathing is being monitored, may cause subjects to subconsciously alter their breathing patterns.    

4. Ventilation during exercise at altitude is greater than at sea-level to compensate for the decreased partial pressure of oxygen (Brooks et al., 2000; Cibella et al., 1996; Paterson et al., 1987; Robergs & Roberts, 1997).  Therefore, a fourth limitation is the inability to generalize the results to exercise at sea-level, as subjects’ breathing frequencies may have been greater in this study.  

5. The act of running on a treadmill introduces an auditory rhythm as each foot lands on the motor-driven treadmill belt.  This extraneous rhythm represents a fifth limitation of this study, as a number of studies have found that entrainment of breathing to stride or pedal rate occurs when an imposed visual or auditory rhythm, such as a metronome, is introduced (Bechbache et al., 1977; Bernasconi & Kohl, 1993; Bonsignore et al., 1998; Jasinskas et al., 1980; Paterson et al., 1986; van Alphen & Duffin, 1994).  Thus, the tendency of humans to entrain breathing to stride rate may merely be an example of two unrelated rhythms becoming coordinated.  
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