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Abstract 

This study examined the effects of 4 weeks of pressure resistant rspiratory muscle 

training (RMT) on 8km bicycle time trial performance in 23 moderately trained cyclists 

(13 RMT group and 10 placebo group). The experimental design included RMT with 

inspiratory resistance equivalent to 50% of maximum inspiratory pressure (MIP) (3 sets 

of 30breaths/day,6 days/week) and a breathing'fi'equency of 35 breaths per minute. The 

placebo group followed a similar protocol but üsd a resistance equivalent to 10% of 

MIP. The RMT group showed a significant improvement in global respiratory muscle 

strength and endurance (P<005) but not in diaphragm strength (P>0.05). The 8km time 

trial performance decreased significantly in the placebo group by 2.4 +1-2.0% (P 0.004) 

and showed a variable non-significant change in the RMT group (-0.4 +1-2.1%) (P = 

0.05). It is concluded that RMT has no effect on aerobic performance iii moderately 

trained cyclists.. 
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CHAPTER ONE 

INTRODUCTION 

Background 

Traditionally, diffusion'capacity, cardiac output, hemoglobin concentration, blood 

volume, 'and locomotor muscle oxygen extraction ability have been identified as factors 

that limit aerobic performance (Bassett and Howley 1997). More recently, it has been 

suggested: that components of the iepiratory system particularly the respiratory muscles 

(RM) may also limit aerobic performance (Boutellier, Buchel et al. 1992; Boutellier and 

Piwko 1992; Johnson, Aaron et al. .1996; Boutellier 1998; Sonetti, Wetter et al.2001; 

Volianitis, McConnell et al. 2001; Romer, McConnell et al. 2002; Romer, McConnell et 

al. 2002). 

Following extustive exercise, the RM may demonstrate signs of fatigue (Coast, 

Clifford et al. 1990; Johnson, Babcock et al. 1993; McConnell, Caine et al. 1997; 

Volianitis, McConnell et al 2001; Romer, McConnell et al. 2002). It has been suggested 

that such fatigue could impair athletic aerobic performance by decreasing blood flow to 

the 1ocomotor muscles, increasing motor unit recruitment and disrupting metabolic 

homeostasis (Loke, Mahler et al. 1982; Bye, Esau et al 1984; Johnson, Aaron et al. 1996; 

Harms, Wetter et al 2000; Sonetti, Wetter et al. 2001). 

Numerous investigations have used respiratory muscle training (RMT) to increase 

respiratory muscle strength and endurance (Fairbarn, Coutts et al. 1991; Boutellier, 

Buchel et al. 1992; Boutellier and Piwko 1992; Suzu[ci,Yoshiike et al. 1993; Tzelepis, 

Vega et al. 1994; Tzelepis, Vega et al 1994; Spengler, Laube et al. 1996; Spengler, Roos 

et al. 1999; Tzelepis, Kasas et al. 1999; Harms 2000; Inbai, Weiner et al. 2000; Spengler, 
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Knopfli-Lenzin et al. 2000; Markov, Spengler et al. 2001; Sonetti,. Wetter et -al. 2001; 

Stuessi, Spengler et al. 2001; Volianitis, McConnell et al. 2001). Whether these increases 

result in improved athletic performance is uncertain because of conflicting study results. 

Statement of the Problem 

The concept of RMT as 'a performance-enhancing training method has received 

limited study until recently. The term'RMT refers to a training overload on theRM's 

causd by an increased ventilatory effort. This 'increased ventilatory effort is either from 

increased ventilation, rates or increased resistance tO breathing. Typical RMT methods 

utilize isocapnic hyperpnoea, flow resistive training or pressure resistive training. 

Although RMT has consistently dembnsttated the ability to strengthen the respiratory 

muscles in humans, the results of studies examining' its effect on aerobic performance are 

conflicting. Possible reasons for these conflicting results include: 

1. Small sample sizes 

2. Varying subject characteristics (with respect to gender and training status) 

3. Poorly elected performance, outcome measures , 

4. Non-validated training devices (with respect to accuracy and reliability of 

breathing resistance).  

5. Poor study design 

6. Different RMT regimes (with respect to the training load, duration, type of device 

and breathing pattern) 

7. RMT does not improve performance  

Some ways of addressing the limitations of previous studies include: 
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1 Using a randomized clinical trial study design ('one experimental and one placebo 

group) 

2.. Appropriate sample size supporting a small effect size 

3 Using a validated and reliable RMT device 

4. Using a RMT regime previously demonstrated to elicit performance 

improvements 

5. Control of breathing frequency (t) and tidal volume (VT) during RMT. 

Statement of Purpose 

The primary purpose of this study was to determine the effects of RMT on 8km 

cycling time trial performance. 

The secondary purpose of this study was to investigate how RMT affects various 

physiological parameters that may be influenced by RIVET and subsequently improve 

performance. These parameters are: maximum oxygen uptake (VO2max); maximum 

aerobic power (MAP); respiratory muscle strength and endurance; blood lactate 

concentration; perception of breathlessness; perception of muscular effort; VT;f 

Statement of Hypothesis 

The primary study hypothesis is: 

. The 8km cycle time trial time will be signiflcantly shorter in the RIVET group 

compared to the placebo group. 
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The secondary study hypotheses are: 

-j 

• Global RM strength and endurance and diaphragm muscle strength will improve 

significantly in the RMT group compared to the p1aceb9 group. 

The work of breathing will decrease significantly in the RMT group compared to 

the control group. This will be expressed as a significantly lowerf, VC 2, VE, and 

increased V1 in the RMT group compared to the control group fot a given 

constant high intensity power output. 

• The blood lactate conc,entration will be significantly lower in the RMT group 

compared to the control group for a constant high intensity power output. 

• The perception of br&athlessness and the perception of muscular effort by the legs 

will be significantly lower in the RMT group compared to the control group for a 

constant high intensity power output. - 

Significance of Study 

It is important that every new method of training undergoes adequate scientific 

scrutiny before it is accepted in practice. Currently, the benefits of RMT on aerobic 

performance are uncertain. The results of this study will help determine whether RMT 

improves performance in moderately trained cyclists. Additionally, it will contribute new 

knowledge to the literature regarding the effects of RMT with a controlled breathing - - 

pattern on RM function. 
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CHAPTER TWO 
REVIEW OF LITERATURE 

Introduction 

The inspiratory process of respiration is accomplished by the upper rib cage and 

sternum moving cephalad and ventrally, the lateral part of the lower rib cage moving 

outward and the diaphragm moving downward (Epstein 1994). All these actions result in 

a subatmospheric interthoracic pressure that facilitates the movement of air into the lung. 

The ekpiratory process of respiration during resting breathing is passive and utilizes the 

elastic energy stored in the lungs and inspiratory muscles (Celli 1998). During exercise 

or forced expiration, this process becomes active with the compression of the rib cage 

and abdominal mucles, all which act to increase the intert1oracic pressure (Celli 1998). 

Functional Anatomy 

Diaphragm 

The diajDhragm is the primary. insi5irator muscle (Loring and DeTroyer '1986). 

Traditionally, the diaphragm was though of as a single dome shaped muscle that inserted 

into the lower ribcage (Loring and DeTroyer 1986). However, 'there is evidence that the' 

diaphragm consists of two independently operating musculotendinous segments, a costal 

segment and crural segment that are connected by the non contractile central tendon (De 

Troyer, Sampson et al. 1981). 

The identification of the crural and costal portions of the diaphragm as separate 

muscles arises from their different embryological origin, innervations, and muscle fiber 

content. The human costal segment arises from the myobiasts originating in the lateral 

body walls whereas the crural segment of the diaphragm develops in the dorsal mesentery 
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of the esophagus (Loring and DeTroyer 1986). Anatomically, the costal segment 

originates from the central tendon and inserts on the xiphoid process anteriorly, the lower 

costal margin anteiolaterally, and the tenth to twelfth ribs laterally while the crural 

segment originates from the anterior surface of the lumbar spine and surrounds the 

• esophagus hiatus, (Rochester 1992; Abe, Kusuhara et al. 1993): The crural segment has 

a higher proportion of slow t'itch oxidative fibers and a tower proportion of fast twitch 

glycolytic fibers than the costal segment (Riley: and Berger 1979).. EMG studies have-' 

confirmed that the crural diaphragm is innervatel by C6 and-.C7 while the costal 

diaphragm is innervated by C5 and C6 (De Troyer, Sampson et al. 1982). These muscles 

also differ in their mechanical action on each segment of the ribcage. DeTroyer et al 

(1.982) demonstrated that the costal segment expands the lower rib cage and increases 

both lung volume and abdominal pressure. The crural segment also increases lung 

volume, abdominal -pressure and abdominal dimension but lias no effect on the lower rib 

cage. When the abdomen is open, the crural segment has an expiratory action: on the 

lower rib cage, due to the fall in pleural pressure when it contracts. 

Based on the innervations and action of the two segments of the diaphragm, it has 

,been proposed that costal diaphragm is in series while the crural segment is in parallel 

with the intercostals and accessory muscle (De Troyer, Sampson et al. 1981). However, a 

subsequent study by DeCramer et al ( 1984) has suggested 'that the costal and crural 

portions of the diaphragm behave as if they are mechanically arranged partly in parallel 

and partly in series at functional residual capacity (FRC) butmove into a pure mechanical 

series arrangement as lung volume increases. 
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The diaphragm accounts for approximately 60% of the total volume displacement 

between residual volume (RV) to total lung capacity (TLC), with its relative contribution 

being approximately 25% greater between RV and FRC than between FRC and TLC 

(Rochester 1992). It is the axial portion of the diaphragm-that shortens the most during 

inspiration and represents 1/4 to 1/3 of the total surface area of the rib cage during quiet, 

breathing (Loring and DeTroyer 1986). The inspiratory action of the diaphragm can be 

explained in three ways. First, the piston like axial displacement of the diaphragm forces 

the abdominal contents downward and forward thus increasing the vertical dimenion.of 

the chest cavity and the transverse diameter of the thorax (Mead 1979; Troyer and Loring 

1986). Second, the increased intra abdominal pressure from the descent of the 

diaphragm dome is transmitted across the zone of apposition, pushing the lower ribs 

outward and resulting in rib cage expansion (De Troyer and Estenne 1988). Finally, 

cohtraction of the abdominal contents during inspiration opposes the descent of the 

diaphragm dome and the force exerted on the lower ribs is maintained cranially resulting 

in an upward and outward movement of the lower ribs (De Troyer and Estenne 1988) 

The Intercostal Muscles 

The intercostal muscles are composed of the external and internal fibers, both 

innervated by T1-T12 (Epstein 1994). According to the original theory proposed by 

Hamberger (1749), contraction of external intercostal muscle will tend to raise the ribs 

and inflate the lungs because of their orientation and insertion points. This is because the 

muscle fibers slope caudal and ventrally from the rib above to the rib below and their 

lower insertion is further from the center of rotation of the ribs than their upper insertion. 
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In contrast, the internal intercostals muscles are oriented in an opposite fashion, sloping 

obliquely caudal and dorsally form the rib above to the one below so that their lower 

insertion is closer to the center of rotation of the ribs than the upper one. Consequently, 

this muscle will lower the ribs and deflate the lungs (DeTroyer et al, 1999). 

Recently, De Troyer et al ( 1999) identified a neural gradient between the dorsal 

and ventral parts of the rib cage and between the rostral and caudal interspaces and this 

gradient mirrors the mechanical advantage gradient of both intercostals muscles. The 

externaf intercostals in the dorsal third of the rostral interspaces have a large-inspiratory 

mechanical advantage which decreases and reverses to an expiratory mechanical 

advantages as one moves toward the costochondral junctions and toward the base of the 

rib cage (De Troyer, Legrand et al. 1999). On the other hand, the internal intercostals in 

the dorsal portions of the caudal interspaces have a large expiratory rnchanical 

advantage which decreases and reverses to an inspiratory mechanical advantage as one 

moves ventrally and cranially toward the rostral interspaces (De Troyer, Legrand ei al. 

1999). As one moves in the cranial and ventral direction, internal intercostal expiratory 

activity decreases until it is absent in the middle and ventral portions of the most rostral 

segments. A similar effect is observed with external intercostal inspiratory muscle 

activity as one moves toward the costochondral junctions and toward the base of the rib 

cage (De Troyer, Legrand et al. 1999). 

• Other studies have reported efferent discharge to the external intercostal muscles 

in the caudal section during expiration and to the internal intercostal muscles in the 

second interspace during inspiration (Le Bars and Duron 1984). It has also been reported 
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that the external and internal intercostals in a given interspace often change their length in 

the same direction during breathing (Oecramer', Kelly et al. 1986). 

The classical classification of the parasternal as an external intercostal muscle 

should 'also be addressed. ' Anatomically, this muscle should be classified as an internal 

intercostal muscle because there is only bne layer in this region (De Troyer, Legrand et 

al. 1999). Since this muscle plays a predominant role in inspirations it also refutes 

Hamberger's theOry that internal and external intercostal muscles are responsible only for 

expiration and inspiration respectively. 'Needle EMG studies demonstfate the parasternal 

muscle is always activated during primary breathing and is considered a primary 

inspiratory muscle(De Troyer and Sampson 1982). 

Scãlenes 

The scalenes muscles (anterior, medius, and posterior) run from the transverse 

prodesss of the lower five cervical vertebrae to the superior aspect of the :first and 

second ribs and are innervated by 04-8 (Epstein 1994).' Needle EMG studies show these 

muscles to be the primary muscles of respiration as activity begilis at the onset of 

inspiration, in concert vith the diaphragm and parasternal muscles, and peaks at the 'end 

of inspirtion (Dc Troyer and Estenhe 1984). The action of this muscle is to lift the 

sternum and the first two rib, leading to an upward and outviard expansion of the upper, 

rib cage (De Troyer and Estenne 1984). 
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Abdominal Muscles , 

The abdominal muscles are considered the most powerful expiratory muscles and 

indlu& the external oblique, rectus abdominus, internal oblique and transverses 

abdominus muscles (Cambell, Agostoni et al. 1970). The external oblique-is the most 

superficial abdominal muscle and originates by fleshy digitations from the external 

surfaces of the lower eight ribs and inserts into 'both the ilia'c crest inferiorly and the linea 

alba medially (Loring and DeTroyer 1986). The internal oblique originates form the 

inguinal jigament, iliac crest and lower portion of the lumbar aponeurosis and inserts into 

the anterolateral surfaces of the cartilages of the last three ribs• (Loring and DeTroyer 

1986). The transverses ab4ominus lies deeper to these muscles and -originates from the 

inner surface of the cartilages of the -last six ribs, lumbar fascia, iliac crest and the - 

inguinal ligament and inserts into the aponeurosis that form the posterior lamina of the - 

rectus sheath (Loring and DeTroyer 1986). The rectus abdominus extends axially along 

the whole length of the ventral part of the abdomen, external surfaces of the 5 th '6th and 

7th costal cartilages and inserts to the pubis (Loring-and DeTroyer 1986). The rectus 

abdominus is innervated by T7-12 while the other abdominal muscles are innervated by, 

T7-L1 (Epstein 1994). 

'During resting respiration, expiration is predominately a passive proces.s, that 

utilizes the energy stored in the elastic properties of the lungs and inspiratory muscles 

'(Epstein 1994). However, during exercise and voluntary hyperventilation there is an , 

increased recruitment of the expiratory muscles which act to deflate the rib cage by 

pulling the lower ribs and sternum down (De Tioyer, Sampson et al. 1983). This action 
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will raise the intra-abdominal pressure and decrease the end expiratory volume (West 

• 1995; Aliverti, Cala et al. 1997).. These muscles also prevent bulging of the intercostals 

spaces by stiffening during contraction. Although the abdominal muscles are generally 

regarded as expiratory in nature, their role during inspiration should not be 

- underestimated. The increase in abdominaj pressure during' active expiration places the 

diaphragm at a more advantageous posiio'n on is length tension curve by displaCing it 

further into the thorax and increases the passive elastic ehergy of these muscles (Troyer 

and Loring 198; Al-Werti, Cala et al. 1997). This energy is released during the beginning 

of inspiration, thus contribilting to the inspiratory process (Troyer and Loring 1986): In 

addition to their respiratory, the abdominal muscles are responsible for postural 'activity 

(Loring and DeTroyer 1986).  

Sternomastoids Muscle 

The .sternomastoids runs from the mastoid process and the occipital bone to the 

'manubrium and the medial aspect of the clavicle and is innervated by cranial nerve Xl 

and C1-2 (Epstein 1994). This muscle is,quiet during resting respiration but is acti'ated 

during high minute ventilation and lung volume and contributes to inspiration by 

increasing tidal volume (Vi) (Danon; Druz et al. 1979). Its jrimary action is lifting the 

sternum and expanding the upper rib cage during inspiration (De Troyer, Estenne et al. 

1986). 
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Triangularis &erni Muscle 

The triangularis sterni muscle, a primary expiratory muscle, originates from the 

1owei half of the sternum and inserts on the costal cartilages of ribs 3-7 (Epstein 1994). 

During forced expiration or high minute ventilation, the action of this muscle is coupled 

with that of the abdominal muscles and acts to pull ribs caudally, deflating the rib cage 

(De Troyer, Ninane et al. 1987). This muscle is innervated byT1-6 (Epstein 1994). 

Contractile properties of the RM 

The respiratory muscles behave in a similar manner as skeletal muscle with 

respect to the modulation of their force output. The length-tension relationship in skeletal 

muscle has been explained in deail elsewhere.and is beyond thescbpe of this thesis but 

briefly, the force output of these muscles is dependent on theirprecontractile length or 

resting length (length-tension telationship) and the veloity of shortening (force velocity 

relationship) '(Farkas, Cerny et al. 1996) Figure 1 (A,B,C). The maximal force generating 

capacity of the diaphragm occurs at a lung volume that is between FRC andRV when 

measured with twitch transdiaphragmatic pressure (Pdi,twitçh)(Smith and Bellemare 

1987). The Pdi,twitch amplitude decreases by about 5% at 40% of TLC or supine FRC, 

decreases a further 15% at 50% TLC or upright FRC and falls by about 60% from 

maximal at TLC. In contrast to the diaphragm, the neck inspiratory and parasternal 

muscles shorten to a length that is closer to their Optimal, force generating capacity length 

at high lung volumes (Jiang, Deschepper et al. 1989). 
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Figure 1: Maximal length-tension curve of the primary respiratory muscles and operating 

length of muscle at FRC' (A) and the effect of increasing lung volume to total lung 
Qapacity on operating length (B). Figure 1(C) represents the idealized relationship 
between contractile force and velodity of shortening of the human diaphragm. The point 
identified as "MVV" is an estimate of the shortening velocity during unencumbered 
MVV. Dia - diaphragm; Sea - scalene; PS - parasternal intercostals. Reprinted from 
Celli *(1998) and Farkas et al ( 1996). 
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The measure of maximum static inspiratory pressure (MIP) is greatest at RV, falls 

off slightly at FRC and declines to zero a TLC (Farkas, Cerny et al. 1996). Since the 

diaphragm has a larger shortening capacity than the other inspiratory muscles, the 

relationship between MIP and lung volume results primarily from the force-length 

properties of the diaphragm (Parkas, Cerny et al. 1996). MEP is maximal at TLC and 

declines progressively as lung volume is decreased to RV (Parkas, Cerny et al. 1996). 

The force vé19city relationship of the respiratory muscles is currently an area of 

uncertainty (Farkas, Cerny et al. 1996): The in situ relationship between 

trandiaphragmatic.pressure (Pdi) and inspiratory flow rates have been described as linear 

by some and hyperbolic by others (Kikuchi, Sasaki et al. 1982; Topulos, Reid et al. 1987; 

Tzelepis, Vega et al. 1994). Regardless, overall pressure development by the either the 

diaphragm or the combination of the respiratory muscles follows some type of inverse 

relationship with the velocity at which the muscle is shortened (Parkas, Cerny et al. 

.1996). 

Ventilation and exercise 

To facilitate the increased ventilatory demands during exercise, there is an 

increased motor unit recruitment of the diaphragm and accessory inspiratory muscles. 

This recruitment acts to pull the ribcage upward and forward creating an increase in the 

lateral and anteroposterior diameters of the thorax during inspiration and the abdominal 

muscles and triangularis sterni are recruited to depress the rib cage and compress the 

abdominal contents upwards during expiration (Whipp and Pardy 1986). The pectoralis 

major and minor, latissimus dorsi, serratus anterior and träpezius muscle may also play 
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an inspiratory role on the thorax because of their anatomical location (Celli.  

Although their respiratory role has not been fully studied, according to their mechanical 

arrangement, if the extrathoracic portion is fixed, their contraction should help expand'the 

rib cage'by pulling the superior rib ôage outwards and ipwards (Celli, Rassulo et al. 

1986; Celli 1998). During iorma1 resting breathing, the diaphragm accounts for 

• approximately 50% of the inspii!atory volume change with the rib cage muscles 

(primarily the parasternäl muscle) providing the rest (Shed 2002). Exercise markedly 

increases diaphragm recruitment but measurements of Pdi.and surface electromyogram 

(EMG) have shown that its contribution to total respiratory muscle pressure decreases as 

exercise progreses. This is evident by -a plateau in diaphragm activity at around 400% of 

resting values while the total. respirators) muscle pressure 6utpdt is increased by over 500-

700% of resting values (Bye, Esau et al. 1984; Johnson, Aaron et al. 1996). 

Fiber Types 

Sithilar to skeletal muscle, the RM's also differ in their fiber composition. The 

diaphragm and jntercostals have a higher composition of slow twitch fibers (55% and 

65% respectively) than fast twitch fibers (45% and 35% respectively) while the scalenes 

muscles have a higher composition of fast twitch than slow twitch fibers (65% fast twitch 

and 35% slow twitch) (Sharp and Hyatt 1986). The increased fast twitch percentage in 

the scaleries enables a faster contraction time than the diaphragm and may play an 

important role in achieving the higher ventilation rates observed during exercise (Epstein 

1994). With regards to the expiratory muscles, the rectus abdominus• is almost equally 
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composed of fast twitch and slow twitch fibers (46% slow twitch and 54% fast twitch) 

(Hards, Reid et al. 1990). 

BreatIing Pattern during Exercise - 

The breathing pattern exhibited duriiig'exercise is a consequence of a highly 

coordinated effort between the respiratory muscles. During resting breathing, the mean 

ventilation rate (VE) is between 6-8L/min and during intensive exercise in the highly 

trained individual can exceed 200 L/min (Whipp and Pardy 1986; Sheel 2002). The 

increase in VE during exercise is caused by increases in.f and VT. At lower VE, increases 

in both VT andf are responsible for the rise in V. Increases in VT are achieved by 

decrea'sing the end-expiratory volume and increasing the end inspiratory volume while 

increases inf is achieved by decreasing both inspiratory (Ti) and expiratory time (TB) 

although there is a greater decrease in TB than in T (Sheel 2002). The increase in VT will 

generally plateau at about 50% of the individuals vital capacity (even in highly trained 

individuals) and is f011owed by a continued increase infto facilitate additional increases 

in VE. This latter increase in.VE is achieved by further decreasing both ihspiratory ('I'j) 

and expiratory time (TE) (Whipp and Pardy 1986). f will increase by 1-3 times the resting 

value and can reach values in excess of 50 breaths per minute (bpm) during high intensity 

exercise (Spengler, Roos et al. 1999). At lower VE, such as those observed at the 

beginning of exercise, the flow resistance of the respiratory system is low, and the output 

of the system is limited by the contraction of the respiratory muscles, therefore, it is more 

efficient to increase VT than increasef (Bartlett, Brubach et al. 1958b). At higher VE, 

such as those observed near maximal exercise, the impedance of the respiratory system 
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increases and the respiratory system is mostly limited by the force-, of the contraction 

(Bartlett, Brubach.et al. 1958b). It is likely that an increase infis the most efficient 

method (lowest respiratory work rate) of making subsequent increases in VE (Mallios and 

Hodgson 1994). 

Although it is clear that VE does increase with exercise, the mode of exercise has 

shown to affect the type of breathing pattern developed. Termed entrainment, Mahler et 

al ( 199 1) reported that elite rowers favored a 1:1 (breath every stroke) or 1:2 (2 breaths 

every stroke) breathing-pattern which developed through training (Mahler, Hunter et al. 

1991; Mahler, Shuhart et al. 1991). Similarly, Paterson et al ( 1986) reported thatf 

showed a clear, but intermittent tendencyto entrain with limb frequency during moderate 

intensity cycling (Paterson, Wood et al. 1986). It has been suggested that the VE pattern 

exhibited during exercise develops as a result of locomotion rather than the converse and 

may require only a few months to develop depending on the individual (Hill, Adams et 

al. 1988; Mahler,'Hunter et al. 1991).. The reason for this is because the lOcomotion 

pattern is more consistent than the breathing pattern. The advantage of entraining the 

breathing pattern to exercise, is a possible decrease in the overall oxygen requirement 

(Garlando, Kohl et al. 1985). 

Assessment of Respiratory Muscle Strength and Endurance 

RM strength and endurance measures are important for determining the 

effectiveness of a RMT program but unlike the limb muscles, the RM's are difficult to 

evaluate directly because of their inaccessibility (Clanton and Diaz 1995). Nevertheless, 

a variety of different methods are commonly used to asses respiratory muscle strength 
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and endurance in both the clinical and research setting. These measures include: 

maximum static inspiratory and expiratory pressures measured at the mouth (MIP and 

MEP respectively), sniff esophageal pressure (sniff Pes), maximal transdiaphragmatic 

pressure (Pdimax), constant load resistive breathing (CLRB), incremental load resistive' 

breathing (ILRB) and maximum sustainable ventilaory capacity (MVSC) (Laporta and 

Gràssino 1985; Clanton and Diaz 1995; Johnson, Aaron et al. 1996; Perret, Pfeiffer et al. 

1999; Inbar Weiner et al. 2000). These methods will now be individually described. 

Maximal Inspiratory Pressure (MIP) 

MIP is the maximum inspiratory pressure that is produced at the mouth and is 

measured as a peak value or as a one second average value that is averaged between the 3 

highest values. A highly significant correlation between MIP peak and MIP 1-sec 

average has been reported (r> 0.97, P<0.0001) (McConnell and Copestake 1999). Since 

there is little or no airflow during the effort, it is assumed that the change in pressure in 

the mouthpiece is equal to the change in pressure at the alveoli which is equal to change 

in pleural pressur (Pacia and Aldrich 1998). Although the method of measuring MIP 

varies slightly between studies, basically it requires the subject to perform a maximal 

inspiratory effort against an occluded mouthpiece (Muller maneuver)(Figure 2). The 

mouthpiece has a small air leak to prevent the facial' muscles from contributing to the 

pressure development and is attached to .a manometer (Koulouris, Mulvey et al. 1988; 

Rochester 1988; Reid and Dechman 1995). 
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Manometer 

Figure 2: A commonly used setup for measuring maximum inspiratory and expiratory 
pressures. A small leak is provided to ensure the patient does not generate the pressure 
with the muscles attached to the buccal cavity 

Measurements are usually made from around RV, where the diaphragm is at an 

optimal position on its length tension curve, with the subject in the sitting position (Reid 

and Dechman 1995; Farkas, Cerny et al. 1996). It is important to clarify that MIP 

(Muller) provides an estimate of the maximal inspiratory pressure produced at the mouth 

from the combined activation of all the respiratory muscles. This does not mean that all 

the muscles are activated maximally. It has been suggested that the maximal inspiratory 

pressure is limited by the weaker muscle group to prevent unacceptable distortions of the 

chest wall (Hershenson, Kikuchi et al. 1988). Therefore, during a MIP measurement the 

stronger diaphragm is expected to be submaximally activated while the weaker rib cages 

muscle are expected to be maximally activated. This is supported by EMG activity and 

estimation of pleural and abdominal pressure although this literature has been questioned 

(Hershenson, Kikuchi et al. 1988; McKenzie, Plassman et al. 1988; Gandevia, McKenzie 

et al. 1990; Nava, Ambrosino et al. 1993). 
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Reported normal values for MIP in athletes range from 104-171 cmH20 and in 

normal individuals range from 127-13 8cmH20 (Table 1). MIP has been positively 

correlated with standing height, body weight and physical activity (Harik-Khan, Wise et 

al; 1998; Carpenter, Tockman'et al. 1999). The day-to-day reliability of MIP 

measurements has not been well evaluated. Previous studies have measured MIP using 

'between 3 — 20 consecutive measurements (Wen, Woo et al. 1997; Maillard, Burdet et al. 

1998; McConnell and Copestake 1999; Volianitis, McConnell ei al. 1999). Using 18-20 

measurements for MIP tend to elicit values that are between 7-12% higher than using 3 

measurements for MIP (Fiz, Montserrat et al. 1989; Wen, Woo et al. 1997). Reasons for 

the varying results reported between studies may be attributed to subject motivation and 

their' familiarization with the maneuver. Since the MIP maneuver is a maximal effort, 

subjects not familiar with maximal exertion or have poor motivation will underestimate 

their true values (Decrmer and Macklem.1995; Pacia and Aldrich 1998; Sheel 2002). 

This maneuver also requires coordination of the RM' s in a manner than many individuals 

may be unfamiliar with (Laroche, Mier et al. 1988). Although MIP provides a relatively 

simple and economical method to measure overall RM strength, it may underestimate the 

actual value when fewer than 18 maneuvers are used. This may be problematic in the 

elderly or diseased population where motivation and fatigue niay prevent the measure of 

an individual's true capacity and in the research setting where small changes in MIP is 

expected (Miller, Moxham et al. 1985; Laroche, Mier et al. 1988). 



21 

Table 1: Normal values for various measures of respiratory muscle strength 

Technique Lung Volume 
@ measurement 

Subject 
Characteristics 

Value Mean 
cmH2O (SD) 

Reference 

MIP 
MIP RV Healthy adults 

- 

127 (8) . (Hart, Sylvester 
et al. 2001) 

MIP RV Club rowers 171(9,) (Volianitis, 
McConnell et al. 
1999) 

MIP RV Endurance athletes .142 (24) (Inbár, Weiner et 
al. 2000) 

MIP RV Moderate trained . 

cyclists 
168 (40) (Sonetti, Wetter 

et al. 2001) 

MIP - RV Trained cyclists 104 (8) (Romer, 
McConnell et al: 
2002) 

MIP RV Female rowers 

- 

104-130 (12) (Volianitis, 
McConnell et al. 
2001) 

MIP RV Healthy Adults 138(24) (Volianitis, 
McConnell et al. 
2001) 

MEP 

MEP. TLC Aerobic athletes 165 (30) (Arnonette and 
Dupler 200 1) 

MEP FRC Healthy adults 161 (37) (Rubinstein, 
Slutsky et al. 
1988) 

MEP TLC Normal males 233(84)- Black and Hyatt 

MEP TLC Normal males 2 16(44) (Rochester and 
Arora 1983) 

Pdimax 

Pdi (Sniff) FRC . Normal males 148 (24) (Miller, Moxham 
et al. 1985) 

Pdi (sniff) FRC Normal male 114(32) (Chan, Cheong et 
al. 1996) 

.Pdi 
(combined) 

FRC 9 normal males, 
inormal female 

145 (37) (Laporta and 
Grassino 1985) 

Pdi 
(feedback) 

FRC . 
9 normal males, 
inormal female 

180 (14) (Laporta and 
Grassino 1985) 

Pdi 
(Muller) 

. RV . 

. 

Normal male 97(34) . . (Chan, Cheong et 
al. 1996) 
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Pdi 
(Muller) 

RV Normal males 108 (30) (Miller, Moxham 
etah'1985) 

Pdi 
(Muller) 

RV Normal males 190 (26) (Bye, Esau et al. 
1984) 

Pdi 
(Muller) 

FRC 9 normal males, 
inormal female 

150(33) (Laporta and 
Grassino 1985) 

RV: residual volume, PRO: functional residual capacity, TLC: total lung capacity, MIP: 
maximum inspiratory pressure, Pdi: transdiaphragmatic pressure 

Maxiñzum Expiratory Pressure (MEP,) 

MEP is a simple non-invasive method of assessing global expiratory muscle strength 

(Rubinstein, Slutsky et al. 1988). Normal values for MEP range between 161-233cmH20 

(Table 1). Briefly, subjects are instructed to inspire to TLC before forcefully exhaling 

through an occluded mouthpiece (similar in design to the one used for MIP) that is 

connected to a manometer (Figure 2). Sithilar to MIP, measurements are taken as a peak 

or 1 sec value and generally averaged over the three highest measurements (Clanton and 

Diaz 1995). The highest measurements of MEP are obtained at lung volumes greater 

than 70% of TLC because the major expiratory muscles are at their optimal force 

generating length (Black and Hyatt 1968; Rochester 1988). Since few studies have 

investigated the MEP maneuver, little information is available on its intrasubject 

variability. However, it is known that the type of mouthpiece will significantly affect the 

measurement. Rubinstein et al (1988) reported that a large circular or scuba diving 

mouthpiece with the cheeks supported by the hands resulted in higher values of MEP 

than the no hand method. From experience in our lab, subjects can find it difficult to 

exhale forcefully from TLC while maintaining a tight seal around the mouthpiece, even 

when the hands support the cheeks. MEP shares many of the same limitations as MIP 
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such as being volitional in nature and requiring a learning period. Currently MEP is the 

primary method used to measure, global expiratory muscle strength. 

Maximal Transdiaphragmatic Pressure (Pdimax) 

The diaphragm is the major inspiratory muscle, and thus the assessment of its 

function is important in both the research and the clinical setting. Duomarco and Rimini 

(1947) were the first to theorize on the pressure changes in the abdomen and pleura that 

would occur during inspiration (Macklem 1998). They hypothesized that during 

inspiration, the chest wall would expand' and the pleural pressure (Ppl) would always 

decrease, while the change in abdominal pressure (Pab) depended on diaphragm and 

abdominal muscle activity. With diaphragm contraction, abdominal pressure would 

increase and the abdominal wall would be displaced outward, but abdominal muscle 

relaxation and non-diaphragmatic inspiratory muscle contraction would lead to a decrease 

in abdominal pressure and an inward displacement of the abdominal wall. Agostoni and 

Rahn (1960) were the first to measure transdiaphragmatic pressure and quantify the 

diaphragm's contribution to. respiratory pressure swings by using balloon catheters 

inserted transnassaly into the esophagus and stomach (Figure 3). The pressure in the 

esophageal balloon (Pes) provides an estimate of Ppl as long as the pressure difference 

across all intervening structures (balloon wall, esophageal wall and mediastinal 

structures) is zero (Milic-Ernili, Mead et al. 1964). In order to minimize this pressure 

difference, a volume of about 0.2-0.4m1 of air should be inserted into the balloon, 

although this has been shown to vary with balloon characteristics (wall thickness and 

cross sectional area) (Milic-Emili, Mead et al. 1964; LenTien, Benson et al. 1974). Ideally, 
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the amount of air that should be inserted into the balloon should be on the lower linear 

portion of its pressure volume curve ,(Figure 4). 

Pdi = Pab—Pp 

Figure' 3: Schematic representation of mouth pressure (Pm), esophageal pressure 
(Pes) or pleural pressure (Ppl) and gastric pressure (Pga) or abdominal pressure (Pab). 
Trandiaphragmatic pressure is the difference betyeen Pg and Pes. Reprinted from Reid 
and Dechman, 1995. 

If the balloon is filled with too much air, the Ppl will be overestimated because of 

the elastic recoil of the balloon .and distension of the esophagus and surrounding 

structures (Mead, Mcllroy et al. 1955; Milic-Emili, Mead et al. 1964; Milic-Emili 1984). 

Similarly, if the balloon is not filled adequately, it will not be on the linear part of its 

pressure volume curve because of balloon recoil and pleural pressure will be , 

underestimated (figure 4) (Milic-Emili, Mead et al. 1964; Milic-Emili 1984). Abdominal 

pressure is estimated from the pressure in the gastriö balloon (Pga). Distension of the 
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stomach is not an issue as in the esophagus but rather it is important that the gastric 

balloon doesn't empty when gastric pressure becomes highly positive such as during 

forced expirations (Macklem 2002). Therefore enough air should be inserted into the 

balloon' to prevent emptying ( 200cmH20 in athletes) while remaining on the flat part of 

its pressure volume curve. The pressure volume curves for the esophageal balloon should 

be determined in water as apposed to air because its characteristics in water closely 

parallel its characteristics in the esophagus particularly when large volumes are required 

(Lernen, Benson et al. 1974). The stomach is also considered a liquid container, and thus 

its pressure volume curve should also be determined in water (Agostoni and Mead 1964; 

Milic-Emili 1984). 

$HCF1T BALLOON 

V 
LONG BALLDN 

V 

BALLOON V,01-U tM 

4 5 

Figure 4: Plot of balloon pressure plotted against balloon volume for short and 

long esophageal balloons. 

Maximal diaphragm pressure (Pdimax) is an estimate of the maximal force 

produced by the diaphragm (Laporta and Grassino 1985). There are a variety of 

maneuvers that are used to measure Pdimax. The 3 most common are a sniff maneuver 

(short sharp maximal niff with the nostril unoccluded), a Muller maneuver (similar to 

the MIP maneuver) and a combined Muller and expulsive maneuver (forceful contraction 
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of the abdominal muscles and a simultaneous' maximum inspiratory effort with feedback) 

(Laporta and Grassino 1985; Miller, Moxham et al. 1985). The combined Muller 

maneuver provides a more accurate estimate of the maximum force generating capacity 

of the diaphragm compared to the Muller or sniff maneuver as shown by a considerably 

higher pressure measurement of Pdi (Laporta and Grassino 1985; Hershens,on, Kikuchi et 

al. 1988; Nava, Ambrosino et al. 1993). With a combined maneuver, the diaphragm will 

first match the pressure exerted by the rib cage muscles and subsequently shorten with 

any additional force. To maintain the length of-the diaphragm at FRC, the abdominal 

muscles must contract and increase Pab. Again, this will require the diaphragm to 

increase its activation to prevent it from being pushed into the thorax (Laporta and 

Grassino 1985). In the end, an estimate of the actual pressure that the diaphragm can 

hold is provided (Laporta and Grassino 1985). The primary limitation of this maneuver 

is the difficulty of coordinating it in naïve subjects (Chan, Cheong et al. 1996). 

In contrast to the combined maneuver, the Muller maneuver and the sniff 

maneuver will elicit submaximal measurements of Pdi because the weaker rib cage 

muscles limit diaphragm activation (Laporta and Grassino 1985; Hershenson, Kikuchi et 

al. 1988). Furthermore, since the sniff maneuver is dynamic in nature, the force 

generating capacity of the diaphragm will be further reduced (Miller, Moxham et al. 

1985). Rather than providing a measure of the maximal force generating capacity of the 

diaphragm, the sniff and Muller maneuvers provide an estimate of the pressure across the 

diaphragm during a maximal inspiratory maneuver. Also, the sniff and Muller maneuver 

are influenced by the amount of abdominal contraction. Depending on how the 
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maneuver is performed, substantial variability in Pga and Pdi may be observed (Laporta 

and Grassino 1985; Miller, Moxham et al. 1985; Verin, Delafosse etal. 2001). 

Of the three maneuvers, the sniff is the easiest to perform, requIres the least 

learning and has low intra subject variability (coefficient of variation (CV) = 7.2%). It 

may be expected that the Muller maneuver would elicit higher Pdimax values than the 

sniff maneuver. This is because the former is a quasi-static maneuver as compared to the 

latter being dynamic maneuver where there may be a presumed loss of force due to 

diaphragm shortening (Miller, Moxham et al. 1985; Chan, Cheong et al. 1996). 

However, the opposite is generally true. This may occur because there is greater 

diaphragm activation during the sniff maneuver than during the Muller maneuver and/or 

because there is an antagonistic action of other respiratory muscle groups during the 

Mueller maneuver that is not found during the sniff maneuver (Miller, Moxham et al. 

1985). The sniff is also a more familiar maneuver that does not involve the use of a nose 

clip and is repeatable without tiring (Miller, Moxham et al. 1985). The sniff maneuver 

seems to be the most practical method to assess the pressure across the diaphragm during 

a maximal inspiratory maneuver in naïve subjects. 

Snff esophageal pressure (snffPes) 

Although MIP is a relatively Simple non-invasive method of determining global 

inspiratory muscle strength, it is both demanding and difficult to perform in certain 

individuals (Laroche, Mier et al. 1988). Therefore, low MIP values may represent a lack 

of motivation or coordination rather than muscle weakness (Heritier, Rahm et al. 1994). 

An alternative method used to measure maximal inspiratory pressure i sniff Pes 
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(Laroche, Mier et al. 1988). This maneuver is more natural and probably easier to 

perform than the MIP 'maneuver and helps discriminate patients that have a low MIP 

caused by poor technique or lack of motivation from those with true inspiratory muscle 

weakness (Laroche, Mier et al. 1988). Furthermore, MIP can underestimate alveolar 

pressure (Palv) because of tissue compliance in the upper airway or in patients with 

severe airway obstruction where there is often a substantial lag of transmission of Palv to 

the mouth (Jaeger 1982; Murciano, Anbier et al. 1982; Milic-Emili 1984). The within 

day and between day coefficient of variation (CV) for Sniff Ppl is 5.2% and 4.1% 

respectively (Koulouris, Mulvey et al. 1989). Unlike sniff Pdi, sniff Pes is not affected 

by the type of maneuver performed whether it be mainly diaphragm or mainly ribcage 

(Verin, Delafosse et al. 2001). 

Constant load resistive breathing (CLRB)/Increinent threshold loading (ITL) 

CLRB and ITL are two methods used to assess RM endurance. The CLRB 

method requires the subject to breath against a set resistance until task failure while ITL 

requires the subject to breath against a resistance that is increased every 2 minutes until 

task failure. The outcome measure used for CLRB is the time the resistance can be 

sustained while the outcome measure for ITL is the maximum resistance that can be 

sustained for 2 mm. The advantage of the ITL method is that breathing pattern has a 

smaller effect on the intrasubj ect reproducibility of this measure as compared to CLRB 

(CV of 20-65% for CLRB vs. CV of 0-14% for ITL) (McElvaney, Fairbam et al. 1989). 

However iff is controlled, both methods produce results that do not differ significantly 

(Fiz,Romerc et al. 1998). Perret and Pfieffer et al(1999) reported the CLRB method to 
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be the most sensitive non-invasive measuiTe of respiratory muscle performance although 

others have questioned the reproducibility of this measure. Both methods provide an 

estimate of RM endurance when the breathing pattern is controlled. The advantage 

provided by' the CLRB method is not having to pause every 2 minutes to increase the load 

making it easier to use with commercially available pressure resistance RMT devices. 

Maximum Sustainable Ventilatory Capacity (MSVC) 

This breathing endurance test is an extension of the 15-second MVV test. 

Although specific methods vary between studis, this test measures the time a percentage' 

of MVV can be sustained. This percentage generally ranges between 65% - 90% of the 

15 second MVV (Spengler, Laube et al. 1996; Markov, Spengler et al. 2001; Sonetti, 

Wetter et al. 2001; Stuessi, Spengler et al. 2001). The greatest limitation of this test is 

that it is difficult to determine whether the change in MVSC is due to changes in 

ventilatory impedance or to changes in muscle function (Clanton and Diaz 1995). 

Additionally the effect of learning or familiarization may have a significant influence on 

the variability of this test as with other volitional respiratory muscle tests (Eastwood, 

Hillman et al. 1998; Sonetti, Wetter et al. 2001). 

Evidence against the respiratory muscles limiting aerobic performance 

There are several reasons why the respiratory system may not be a limiting factor 

for aerobic performance (Leith and Bradley 1976; Fairbarn, Coutts et al. 1991). First, 

indirect evidence is obtained from observations that maximum ventilation (VEmax) during 

exercise never meets the VEachieved during 15-second MVV (Boutellier 1998). 
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Second, even sedentary subjects are able to increase their VE when they near the end of 

an incremental exercise test suggesting that the respiratory muscles are not fatigued 

(Boutellier 1998). Lastly, a number of studies have indicated that the oxygen saturation 

of the blood is rarely compromised during maximal exercise in healthy humans 

(Dempsey 1986; Morgan, Kohrt et al. 1987; Inbar, Weiner et al. 2000). However, all 

these reason have shortcomings. First, MVV testing usually lasts only 12-15 seconds in 

duration and the VE achieved in this short period is not representative of the VE attainable 

for longer durations (Boutellier 1998). Second, hyperventilation during high intensity 

exercise only lasts for a short duration. It is possible that the recruitment of higher force 

producing, anaerobically dominant fast twitch fibers are responsible for this short-lived 

increased force production. This is analogous to an individual's ability to perform a final 

sprint well above their usual pace at the end of a marathon. Lastly, oxygen saturation is 

only one determinant of aerobic performance. Even though VE appears to be high 

enough at maximal workloads to maintain oxygen saturation of the blood, it is possible 

that YE may limit performance in ways not related oxygen saturation (Wasserman, Van 

Kessel et al. 1967; Bassett and Howley 1997). 

Support for the respiratory system limiting aerobic performance 

The respiratory system may play a limiting role on athletic performance because. 

of evidence suggesting RM fatigue following exhaustive exercise and its possible 

influence on blood flow distribution (Boutellier, Buchel et al. 1992; Boutellier and Piwko 

1992; Johnson, Aaron et al. 1996; Boutellier. 1998). 
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RMFatigue 

The term fatigue has several meanings.. For the context of this paper, fatigue 

refers to a condition in which there is a reduction in the force-generating capacity of the 

muscle resulting.from muscle activity under load that is reversible by rest (American 

Thoracic Society1990). Fatigue of the RM's can occur at any one of the many steps 

involved in voluntary muscle activity and has been separated into central and peripheral 

components (Roussos and Macklem 1986). Peripheral fatigue refers to a reduced force 

generating ability at the periphery and can involve impairments in neuromuscular 

transmission and its propagation down the sarcolemma, dysfunction within the 

sarcoplasmic reticulum involying calcium release and uptake, availability of metabolic 

substrates and accumulation of metabolites and actin-myosin crossbridge interaction 

(Roussos and Macklem 1986; Coggan and Coyle 1991; Enoka and Stuart 1992; Balog, 

Thompson et al. 1994; Davis and Bailey 1997; Powers and Howley 2001). Central 

fatigue refers to a reduced central motor output and can include a reduction in the number 

of motor units involved in the activity or reduction in motor unit firing frequency as well 

as the influence of psychological factors such a motivation and perception (Ikai and Yabe 

1969; Asmussen and Mazin 1978; Asmussen and Mazin 1978; Davis and Bailey 1997). 

An excellent review on respiratory muscle fatigue is available by McKenzie and 

Bellemare (1995). 
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Measures of RMfatigue 

The various methods used to estimate RM strength (discussed earlier) have also 

been used to estimate RM fatigue. These methods include MIP, MEP and Pdimax. 

Although these methods are relatively simple to perform, the maneuvers are volitional in 

nature, the test conditions themselves are difficult to control and are not sufficiently 

objective or independent of total body fatigue and the significant role of motivation on 

pressure development (Johnson, Babcock et al. 1993). Two other methods used to 

estimate RM fatigue are EMO spectral shift and bilateral phrenic nerve stimulation 

(BPNS). With an EMG spectral shift, analysis of the EMG in its frequency domain 

delineates its power spectrum (Roussos and Macklem 1986). Fatigue is identified as a 

shift of the spectrum to lower frequencies which occurs before there is failure to develop 

adequate force and is quantified either as a reduction in centroid (mean) frequency or as a 

reduction in the ratio of power at high frequencies to power at lower frequencies (H/L 

ratio) (Gross, Grassino et al. 1979; Roussos and Macklem 1986; Pacia and Aldrich 1998). 

Limitations of this technique include interference from other muscles, location of 

electrOde placement and substantial cardiac artifact when using esophageal electrodes 

(Yan, Lichros et al. 1993; Pacia and Aldrich 1998). Sieck and Fournier (1990) also 

challenged the validity of EMG as an index of fatigue because changes in EMG did not 

necessarily reflect the extent of diaphragm fatigue. BPNS involves a stimulation of the 

phrenic nerve bilaterally behind the sternomastoid muscles in the neck and the response 

is-measured as pressure changes in the esophageal and gastric balloons (Johnson, Aaron 

et al. 1996; Pacia and Aldrich 1998). This method appears to provide the most objective 
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estimate of diaphragm fatigue because of its effort independence. However, the 

reliability of this measure depends on muscle length, abdominal compliance, quasi 

isometric condition and supramaximal stimulation (Johnson, Babcock et al. 1993; Mador, 

Rödis et al. 1996). Also, this measurement is specifically for the diaphragm and ignores 

extra-diaphragmatic fatigue. This may be an important limitation when measuring RM 

fatigue since it is known that the accessory muscles make a substantial contribution to 

respiration during exercise (Johnson, Aaron et al. 1996). 

The effect of exercise on RMfatigue 

Numerous studies have used measures of MIP, Pdimax and shifts in the frequency 

spectrum of the diaphragm integrated EMG activity to investigate the effects of exercise 

on respiratory muscle fatigue. These studies are summarized in Table 2. 

Table 2: Effects of exercise on measures of respiratory muscle fatigue 

Method Exercise type & 
intensity 

Subject 
training 

% Change in 
measure 

Reference 

MIP 42.2 km marathon Healthy male 16%* (Loke, Mahler 
et al. 1982) 

MIP Max incremental 
test 

Untrained 
males 

10%* (Coast, Clifford 
et al. 1990) 

MIP Max incremental 
test 

Highly trained 
XC skiers 

0% (Coast, Clifford 
et al. 1990) 

MIP Multistage shuttle 

run 

Moderately 
trained 

10.5%* (McConnell, 
Caine et al. 

1997) 

MIP 17km run 6 well trained 1.9% (Nava, Zanotti 
et al. 1992) 

MIP 85% of VO2max 
to exhaustion 

Healthy 1.1% (Perret, Pfeiffer 
et al. 1999). 

MIP 20km TT Well Trained 
cyclists 

-18%* (Romer, 
McConnell et 
al. 2002) 

MIP 40km TT Well Trained 13%* (Romer, 
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cyclisth McConnell. et 
al.' 2002) 

MIP Max incremental 
tests 

Trained rowers (Volianitis, 
McConnell et 
al. 1999) 

Pdimax 
(Muller) 

80% of MAP Normal males 12%* (Bye, Esau et 
al. 1984) 

Pdimax 
(Muller) 

95% of MAP 
. 

Variable 
training 
(low-high) 

0% (Johnson, 
Babcock et al. 
1993)' 

Pdimax 
(combined) 

95% of MAP Variable 
training 
'(low-high) 

12%* (Johnson, 
Babcock et al. 
1993) 

Pdimax 
(combined) 

85% of MAP Variable 
training 
(low-high) 

10%* (Johnson, 
Bab, cock et al. 
1993) 

Pdimax 
(combined) 

85% of MAP Variable 
training 
(low-high) 

11%* (Johnson, 
Babcock et al. 
1993) 

Pdimax,twitch 95% of MAP, Variable 
training 
(low-high) 

13%* (Johnson, 
Babcock et al. 
1993) 

Pdimax,twitch 85%' of MAP Variable 
training 
(low-high) 

18%* (Johnson, 
Babcock et al. 
1993) 

Pdimax,twitch 70-75% of MAP Healthy 
subjects 

19%* in 9 of 
14 subjects. 5 
did not change 

(Mador and 
Dahuja 1.996) 

Pdimax,twitch 80% of MAP Healthy 
subjects 

17%* (Mador, 
Magalang et al. 
1993) 

Pdimax,twitch 65%-75% of MAP Elderly 
sedentary . 

0% (Jeffery Mador, 
Kufel et al. 
2000) 

* p<0.05 

The effects of exhaustive exercise on RM fatigue remain inconclusive regardless of 

the method that is used to estimate it. It is possible that stronger RM's are less 

susceptible to fatigue following exhaustive exercise as suggested by Coast et al ( 1990) 

and McConnel et al ( 1997). Therefore, studies that used participants with weaker RM' s 

may have observed greater RM fatigue than studies using participants with stronger 
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RM's. Motivation of the subjects may be another determinant of RM fatigue. Fatigue of 

the RM is related to an increased sensation of dyspnea (American Thoracic Society 1999). 

Subjects that are able to withstand increasing levels of dyspnea for a longer period of 

time are more likely to fatigue their RM's (Johnson, Aaron et al. 1996). The method 

used to measure fatigue may also play a role in identifying RM fatigue. Most of the 

methods used to estimate RM fatigue are volitional in nature and require the hindrance of 

a mouthpiece and nose clip. Possible decrements in these measures may be motivational 

in nature rather that actual RM fatigue (Decramer and Macklem 1995; Sheel 2002). As 

discussed earlier, the only objective measure of RIVI fatigue that has been used is bilateral 

phrenic nerve stimulation. Only 3 of the 5 studies showed decrements in Pdimaxtwitch 

while the other 2 studies did not. Additionally, these measurements did not account for 

extra-diaphragmatic fatigue. RM fatigue likely exists in motivated subjects following 

exhaustive exercise, but more studies need to be performed using objective methods to 

estimate RM fatigue before any generalization can be made. 

Another method used to investigate the relationship between RM fatigue and 

performance is the voluntary induction of KM fatigue and observing its effect subsequent 

performance. Mador et al ( 1991) reported a significant decrease in the time to exhaustion 

when cycling at 90% of VO2max following breathing through a pressure resistance 

equivalent to 80% of MIP until task failure. This result suggests that the RM's can limit 

exercise performance when they are voluntarily fatigued. 
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RM fatigue and Breathing Pattern - 

Several studies have shown that the induction of RM fatigue (breathing through a 

pressure resistance equivalent to 60-80% of MIP until task failure) in normal subjects 

alters breathing pattern at rest and during maximal intensity exercise by increasingf and 

either maintaining or decreasing V1 (Gallagher, Hof et al. 1985; Mador and Acevedo 

1991; Yan, Sliwinski et al. 1993; Sliwinski, Yan et al. 1996). The degree of tachypnea 

elicited by inspirator' muscle fatigue tended to correlate with the'magnitude of fall in 

MIP after fatigue (Mador and Acevedo 1991). Sliwinski et al ( 1996) attributed this 

altered breathing pattern to a substantially different pattern of respiratory muscle 

recruitment. They reported a significant increase in the tonic and phasic activities of the 

abdominal muscles that acted to increase end expiratory lung volume and lengthen the 

diaphragm putting it on a more optimal position of its length tension curve. This allowed 

the maintenance of the same VT with less shortening of the inspiratory rib cage muscles 

and an increase inf by decreasing the expiratory time (Sliwinski, Yan et al. 1996). 

Respiratory Muscle Efficiency and Blood Flow Demand 

Recent research by Harms et al (1997, 1998, 1999, 2000a, 2000b) suggests that 

the limiting role of the RM's in aerobic performance may be a consequence of blood flow• 

distribution during exercise and is likely related to RM fatigue. Loading of the RM's at 

maximal exercise while working at a constant power output results in a significant 

reduction in leg blood flow and oxygen uptake (VO2) and a parallel increase in leg 

vascular resistance. Conversely, unloading of the RM's results in .a significant increase 
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in leg blood flow and V02, a parallel decrease in leg vascular resistance and a greater 

work rate for a given V02 (Harms, Babcock et- al. 1997; Harms, Wefter et al. 1998; 

Harms and Dempsey 1999; Harms 2000; Harms, Wetter et al. 2000). These results 

demonstrate the importance of the blood flow interaction between the RM's and the 

peripheral muscles during maximal intensity exercise. Since cardiac output reaches a 

maximal value at high intensity workloads, both the locomotor muscles and the RM's 

compete for a portion of the cardiac output. If the RM's receive a preferential share of 

the cardiac output during high intensity workloads, blood flow and oxygen delivery to the 

locomofor muscles will decline (Dempsey, Harms et al. 1996). Shock in animals has 

shown a reduction in blood flow to all.parts of the body except the RM's where an 

increase of up to 17% of the total cardiac output was observed suggesting preferential 

blood flow to the RM (Viires, Sillye et al. 1983; Hussain and Roussos 1985). Decreased 

cardiac output to the periphery could lead to increased anaerobic metabolism that disrupts 

the lactate and pH homeostasis in the blood and contributes to peripheral muscle fatigue 

(Viires, Sillye et al. 1983; Hussain and Roussos 1985; Johnson, Aaron et al. 1996). Thus, 

the effects the RM's have on limiting athletic performance may be strictly due to the 

shunting of blood away from the locomotor muscles to the RM's. This shunting of blood 

away from the locomotor muscles may also be augmented by RM fatigue. Recent studies 

have demonstrated that both diaphragmatic and expiratory muscle fatigue associated with 

prolonged heavy exercise or loaded breathing (inspiratory or expiratory resistance) to 

task failure resulted in reflexively precipitated sympathetically-mediated vasoconstriction 

as measured by muscle sympathetic nerve activity (Harms, Babcock et al. 1997; Sheel, 

Derchak et aL 2001; Dempsey, Sheel Ct al. 2002; Derchak, Sheel et al. 2002). This 
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vasoconstriction is thought to be due to a metäboreflex and can result in decreased blood 

flow to the locomotor muscles during exercise(Harms, Babcock et al. 1997; Sheel, 

Derchak et al. 2001). 

The above reasoning may explain the improved performance observed following 

RM unloading. Aaron et al ( 1985) and Harms et al (2000) reported an increased exercise 

duration time When tested at intensities greater 90-95% of VO2max following unloading of 

the respiratory muscles with a pressure assist device or a helium/oxygen mixture (Aaron, 

Seow et al. 1992; Harms, Wetter et al. 2000). However, unloading of the RM's at lower 

intensities did not improve performance times suggesting that the intensity may have 

been-too low to limit blood flow to the locomotor muscles (Krishnan, Zintel et al. 1996). 

Methods of RMT 

Three methods have been used to train the RM's: isocapnichyperpnoea, flow 

resistive breathing and pressure resistive breathing. These methods are described below. 

Isocapnc Hyperpnoea (IH) 

Isocapnic hyperpnoea is voluntary breathing at a predetermined target VE 

(Powers, Coombes et al. 1997). Subjects breathe through a 2-way valve and 

measurements of VE,f and V1 are recorded. Carbon dioxide (CO2) is added at a rate 

required to maintain the fractional concentration of CO2 in the expired air (Fairbarn, 

Coutts et al. 1991; Boutellier, Buchel et al. 1992; Boutellier and Piwko 1992). As the 

ability to maintain the target VF, becomes easier, the overload is increased by increasing 

thef or VT. Although this type of training is similar to that observed during exercise and 
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thus has high construct validity, it requires an elaborate and costly setup. Consequently, 

it is not practical for portable use (Gosselink and Decramer 1994). 

Flow resistive training device (FRD) 

Flow resistive training devices consist of either a unidirectional or bi-directional 

valve on which resistance caps of different sized holes can be attached (Hanel and Secher 

1991). The principal behind this type of device is that orifices with smaller diameters 

will produce a greater resistance to breathing than orifices with larger diameters. This is 

analogous to breathing through different sized straws. A smaller diameter straw 

increases the resistance to air flow and makes it more difficult to breathe. Although this 

type of device is simple, inexpensive and portable, the airflow rate has a major effect on 

the magnitude of the resistance produced (Gosselink and Decramer 1994). With a given 

orifice size, resistance can vary from almost a negligible amount when airflow is minimal 

to a considerable amount when airflow is maximal. Thus appropriate training intensity is 

only achieved if an adequate target pressure is obtained (Belman and Shadmehr 1988). 

The reason this type of device has not gained much popularity in the research setting is 

likely because of the difficulty in controlling airflowrates in human subjects. 

Pressure resistance training device (PRD) 

Pressure resistance -training devices consist of a spring-loaded valve that requires 

a minimum inspired or expired mouth pressure to enable airflow. Increasing or 

decreasing the tension in the spring alters .the work of breathing by adjusting the 

minimum pressure required to enable airflow. The advantages of this device is that it is 
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portable, relatively flow rate independent, and inexpensive (Gosselink and Decramer. 

1994). The disadvantage of this device is that thefand VT adopted during training can 

compromise the training adaptations when they are not controlled. In spite of this 

limitation, this device appears to be the most practical for field use. 

Muscular Adaptations to Training 

Muscular adaptations in skeletal muscle 

Skeletal muscle is remarkable in its ability to adapt to strength and endurance 

training. 'As one may expect, specific strength and endurance training regimes will result 

in different physiological adaptations within the muscles. Strength training results in an 

initial neural adaptation followed by an increase in muscle cross sectional area (Sale 

1988). The improved neuromuscular component is due to an enhanced intramuscular 

recruitment pattern and intermuscular coordination between the RM' s as well as an 

increased intramusclular firing rate and synchronization of the motor units (Sale 1992). 

The increase in muscle cross sectional area is due to an enlargement of both type 1 and 

type 2 fibers with the latter changing more than the former (Kraemer, Deschenes et al. 

1988). This increase occurs as a result of protein synthesis, primarily actin and myosin in 

the myofilaments, which produces a g]eater number of contractile units. 

Endurance training adaptations in skeletal muscle is characterized by an 

improvement in their oxygen extraction ability (Docherty and Sporer 2000). This is due 

to an increased capillarization and mitochondrial enzyme concentration and myoglobin 

content in the muscle (Holloszy and Coyle 1984; Hoppeler, Howald et al. 1985). 

Additionally, a shift in fiber-type recruitment to type ha fibers along with an increase in 

their oxidative capacity have been reported at higher levels of exercise intensity (Dudley, 
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Abraham et al. 1982; Staron, Karapondo et al. 1994). Increased Oxygen extraction ability 

of the muscle can also decrease its lactate production because of the muscles decreased 

blood flow requirement (Powers and Howley 2001). 

The adaptation to training by the skeletal muscles also depends on the type of 

training performed and magnitude of the training stimulus. According to the principle of 

specificity, training adaptations will be specific to the type of training performed (Pierce, 

Weitman et al. 1990). The overload pinciple states that the strength, endurance and 

hypertrophy of a muscle will increase only when the muscle performs for a given period 

of time at or near its maximal strength and endurance capacity (Foss and Keteyian 1998). 

For example, training using submaximal loads (30-40% of maximal isometric force) and 

high movement velocities will tend to increase the maximum velocity of muscle 

shortening at lower loads while training using maximal loads and slow movement 

velocities will tend to increase maximal muscle force production but have minimal effect 

on the maximum velocity of muscle shortening at smaller loads (Figure 5) (Caiozzo, 

Perrine et al. 1981; Behm and Sale 1993; Moritani 1993; McBride, Triplett-McBride et 

al. 2002) 
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Figure 5: The time course of changes in the force-velocity (concave) and force-power 
(convex) relationships during muscle power training with different loads Reprinted from 

Moritani (1993). 

Muscular Adaptation in RM 

Animal studies have demonstrated the trainability of the RM's to be similar to 

other skeletal muscles, although the magnitude of training induced changes is smaller 

(20-30% in the RM's compared to 40-80% in the locomotor muscle) (Grinton, Powers et 

al. 1992; Powers, Criswell et al. 1992; Powers, Criswell et al. 1992; Powers, Lawler et al. 

1992; Powers, Martin et al. 1992; Powers, Criswell et al. 1994; Povers, Farkas et al. 

1994). With endurance training in rats, a 12-30% increase in the number of oxidative 

fibers and a 20% increase in Krebs cycle enzyme activity have been observed in the 

diaphragm (lanuzzo, Noble et al. 1982; Moore and Gollnick 1982). Similarly, the 

glycolytic enzymes LDH and hexokinase have also been shown to increase significantly 

in the diaphragm following such training (lanuzzo, Noble et al. 1982; Powers, Criswell et 

al. 1992; Powers, Criswell et al. 1992; Powers, Lawler et al. 1992; Powers, Martin et al. 

1992; Lawler, Powers et al. 1993). It should be noted that the.crural and costal parts of 

the diaphragm respond differently to training, with a majority of the training adaptations 
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occurring in the costal portion (Powers and CiiswelI 1996). The parasternal muscles also 

respond to training in a similar fashion as the diaphragm. Ten weeks of endurance 

training has reportedly increased the Krebs cycle enzyme activity of citrate synthase and 

succinte dehydrogenase by 40% in this muscle (Powers, Criswell et al. 1994). Recently, 

Vrabas et al ( 1999) reported a reduction in the rate of diaphragm fatigue in the rat 

following treadmill training for 5days/week, 6Ominlday for l0wks at 70% of VO2max 

(Vrabas, Dodd et al. 1999). They speulated this to be,a consequence of the 10% 

increase in citrate synthase, 12% increase in superoxide dismutase and significant 

increase in Type 1 fibers in the diaphragm following this training intervention. Although 

diaphragm fatigue was reduced, no change diaphragm specific velocity of shortening or 

force production was observed. 

Although animal studies are an important source for invasive information, 

animals nonetheless differ from human subjects and the data obtained from these studies 

cannot be generalized to humans. Several studies have investigated celluiar changes in 

the diaphragm of COPD patients (Levine, Nguyen et al. 2001; Levine, Gregory et al. 

2002). These studies reported transformations from type II to type I fiber types, increases 

in succinate dehydrogenase activity in Type 1 fibers, and higher mitochondrial oxidative 

capacity, relative to ATP demand. Such adaptations are thought to be a result of the 

increased work of breathing that severe COPD patients are chronically subjected to and 

may make the diaphragm more resistant to fatigue, by increasing its aerobic ATP 

generating capacity relative to ATP utilization (Levine, Gregory et al. 2002). 

Since there are a limited number of studies that have investigated the cellular 

adaptations to training of the RJvI in humans, indirect measures of RM strength and 
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endurance have had to be used to assess training adaptations. These studies suggest that 

the RM's respond to training specificity and overload in a similar manner as skeletal 

muscles (Tzelepis, Vega et al. 1994; Tzelepis, Vega et al. 1994; Tzelepis, Kasas et al. 

199). Table 3 summarizes the changes in MIP following RMT in athletes. Significant 

improvements in both RM strength measured as MIP and RM endurance measured as 

CLRB or IlL have been observed following RMT with a pressure resistance device whn 

using a resistance equivalent to 50% of MIP or greater (Tzelepis, Vega et al. 1994; Inbar, 

Weiner et al. 2000; Hart, Sylvester et al. 2001; Sonetti, Wetter et al. 2001; Volianitis, 

McConnell et al. 2001; Romer, McConnell et al. 2002; Williams, Wongsathikun et al. 

2002). No significant improvements in velocity dependent tests such as MVV have been 

observed following this type of training (Inbar, Weiner t al. 2000; Hart, Sylvester et al. 

2001). It should be noted that RMT training effects are insignificant below 30% of MIP 

and thus a minimum pressure of 30% of MIP has been used for RMT in the healthy 

population (O'K.röy and Coast 1993; Lisboa, Munoz et al. 1994). 

Although no minimum VE has been established for hyperpnoea training, S 

significant improvements in, both RM endurance tests such as MSVC and maximal tests 

such as 15 second MVV have been reported following this type of training (velocity 

training) (Morgan, Kohrt et al. 1987; Boutellier, Buchel et al. 1992; Boutellier and Piwko 

1992; Spengler, Laube et al. 1996). No significant improvements in strength dependent 

tests such as MIP or endurance tests such as CLRB or ITL have been reported. 

The differences in the effects between pressure resistance and hyperpnoea training 

are in agreement with O'Kroy et al (1993) and Tzeplepis et al (1994) who reported that 

high inspiratory flow training showed improvements in tests that measure flow rates 
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(MVV, MSVC) while high pressure loaded training showed improvements in tests that 

measure strength (MIP, CLRB). Furthermore, it was shown that strehgth gains from 

PRD RMT were specific to the lung volume at which training occurred and a 

combination of high-flow and high-pressure training increased the maximum pressure 

and flow generated to values achieved from isolated training (Tzelepis, Vega et al. 1994; 

Tzelepis, Vega et al. 1994; Tzelepis, Kasas et al. 1999). 

Table 3: Change in MIP values following training with a Pressure or Flow resistive 
device. 

Type of 
training 

Training Load Duration Change in MIP (%) 
Experiment Control 

Reference 

PRD 30% - 80% of MIP 1/2 hr/day, 
lOwks 

25%** 1% (Inbar, Weiner et 
al. 2000) 

PRD Max resistance 
which 30breaths 
could be 
completed 

30 breaths, 
2times/day, 
4wk 

45%** 5% (Volianitis, 
McConnell et al. 
2001) 

FRD 50% of MIP 10mm, 
2times/day, 
4wk 

18%** 3.8% (Hanel and 
Secher 1991) 

PRD, IH 47-55% of MIP 40 breaths, 
5wks 

8%** 3.7% (Sonetti, Wetter 
et al. 2001) 

PRD Max resistance 
which 30breaths 
could be 
completed 

4wks (unsure 
of protocol) 

31%* - (Williams, 
Wongsathikun et 
al. 2002) 

PRD Max resistance 
which 30breaths 
could be 
completed 

30 breaths, 
2times/day, 
6wk 

28%** 1.7% 

. 

(Romer, 
McConnell et al. 
2002) 

PRD Max resistance 
which 30breaths 
could be 
completed 

30 breaths, 
2times/day, 
6wk 

12%** 1% (Hart, Sylvester 
et al. 200 1) 

** Significantly different from control or placebo (p<0.05), * significant improvement 
from pre value (p<0.05) IH: isocapnic hyperpnoea, PRD: pressure resistive device, FRD: 
flow resistive device 
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Studies using FRD have reported varying results that can be explained from the 

protocols used. Generally low flow rates have been shown to have less of a training 

effect than high flow rates (Belman, Thomas et al. 1986). This can probably be attributed 

to the how rate dependency of these devices 

Although improvements in overall respiratory muscle strength measured as MIP 

have been reported following PRD RMT, few studies have investigated the specific effect 

of PRD RMT on diaphragm strength. Suzuki et al (1993) and Wanke et al ( 1994) 

repbrted a 30% improvement in Pdimax performed as a combined feedback maneuver 

and sniff maneuver respectively, while Hart et al (200 1) did not report any change in 

Pdimax twitch or sniff Pdi following PRD RMT. A possible reason for these conflicting 

results is that Suzuki et al (1993) did not measure Pdimax in the control group and thus 

this improvement may have been a result of familiarization rather than an improvement 

in strength. Although RMT improves' MIP, any specific improvement in diaphragm 

strength is still uncertain. 

In contrast td strength and endurance tests, pulmonary function measurements of 

vital capacity (VC), forced vital capacity (FVC) and forced expiratory volume in 1 

second (FEY1) have not been reported to change following RMT (Fairbarn, Coutts et al. 

199.1; Hanel and Secher 1991; Boutellier, Buchel et al. 1992; Boutellier and Piwko 1992; 

Inbar, Weiner et al. 2000). 

Effects of RMT on measures 6fventilatoiy and metabolic performance 

Several studies have evaluated the effects of RMT on ventilatory and metabolic 

measures. Spengler et al (1996 & 1999) and Boutellier et al (1.992a) reported a decrease 

in blood lactate levels at the end of an incremental cycle test following IH RMT while 



47 

other studies including a recent study by the same group failed to detect any between 

group changes in blood lactate concentration following IH and PRD RMT (Boutellier, 

Buchel et al. 1992; Spengler, Laube et al. 1996; Spengler, Roos et al. 1999; Sonetti, 

Wetter et al. 2001; Stuessi, Spengler et al. 2001; Volianitis, McConnell et al. 2001). It is 

possible that the significant reduction in lactate values reported in the 3 studies were a 

consequence of having no control group since the Volianitis et al (2001) study also 

reported a significant decrease in lactate values, however these changes were not 

significant between groups. The decrease in the perception of dyspnea at each stage of 

an incremental rowing ergometer test has also been reported in the experimental group 

following PRD RMT although this difference was not significantly different from the 

control group (Volianitis, McConnell et al. 2001). It was suggested by the authors that 

this change might be indicative of a decreased work of breathing. Although conflicting, 

some studies have shown an increased VT and decreasedf during submaximal constant 

load tests following PRD, FRD and IH RMT suggesting a less fatigued breathing pattern, 

but only one of these groups had a control group (Hanel and Secher 1991; Boutellier, 

Buchel et al. 1992; Boutellier and Piwko 1992; Amonette and Dupler 2001). VO2m , 

MAP, VEmax and the anaerobic threshold have not shown to differ significantly following 

any type of RMT (Fairbarn, Coutts et al. 1991; Boutellier, Buchel et al. 1992; Boutellier 

and Piwko 1992; Spengler, Laube et al. 1996; Spengler, Roos et al. 1999; Inbar, Weiner 

et al. 2000). Recently, Romer et al (2002) and Volianitis et al (2001) reported an 

attenuation of global inspiratory muscle fatigue measured by MIP following PRD RMT 

in trained cyclists and rowers 
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Effects of RMT on athletic performance 

For any training intervention, field performance is an importa -it measure of an 

interventions success. Despite the numerous studies, the benefit of RMT on athletic 

perforthance is still not clear. Table 4 summarizes current studies that have examined the 

effect of RMT on aerobic performance. Boutellier et al ( 1992a & 1992b), Spengler et al 

(1996 & 1999), Steussi et al (200 1) and Markov et al (200 1) (although the last two 

articles appear to be from the same study) reported a prolonged cycling time following JR 

RMT in both sedentary and normal trained subject. Similarly, Volianitis et al (2001) 

reported an improvement in the 6 min and 5km performance bouts following PRD RMT 

in rowers and Romer et al (2002) reported an improvement of 3-4% in 20 and 40km cycle 

time trial performance following WT. Other studies have failed to report such 

improvements in performance (Morgan, Kohrt et al. 1987; Fairbarn, Coutts et al. 1991; 

Hanel and Secher 1991; Sonetti, Wetter et al. 2001). Fairbam et al ( 1991) and Morgan et 

a! ( 1987) reported no significant changes in cycling time when performed at 90% and 

95% of VO2rnax following JR RMT, Sonetti et al (2001) reported no significant changes in 

8km time trial performance following PRD and JR RMT and Hanel et al (199 1) reported 

no significant improvement in the 12km distance run following FRD RMT. 
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Table 4. Summary of studies examining the relationship between RMT and aerobic 
performance 

Reference RMT Sample 
Method size/subjects 

(Boutellier 
and Piwko 

1992) 
(Boutellier, 
Buchel et 
al. 1992) 

(Spengler, 
Roos et al. 

1999) 

(Markov, 
Spengler et 
al. 2001) 

Training 
frequency 

Training load I Outcome measures 

IH 4 sedentary 
subjects 

IH 8 healthy 
trained 
subjects 

IH 19 healthy 
active males 

IH 13E, 
15 C 
9 E2: 

Healthy 
sedentary 

(Spengler, IH 
Laube et al. 

1996) 

(Fairbarn, IH 
Coutts et al. 

1991) 

(Inbar, PRD 
Weiner et 
al. 2000) 

(Volianitis, 
McConnell 
et al. 2001) 

G1- lo high VT 
and Lowf 

02-9 low V1 
and highf 

Active males 

5 E, 5 C 
Well-trained 

cyclists 

10 E, 10  
Enduranèe 
athletes 

PRO 7E,7C 
Elite rowers 

(Sonetti, PRD/IH 
Wetter et 
al. 2001) 

(1-lane! and FRD 
Secher 
1991) 

(Morgan, FRD 
Kohn et al. 

1987) 

(Romer, PRD 
McConnell 
et al. 2002) 

9 B, 8 C 
Moderately 

trained cyclists 

10 E, 10 C 
College 
students 
4 E, 5 C 

Moderately 
trained cyclists 

8E, 8C 
Highly trained 

cyclist 

'/2 hr/day; 
5days/week; 
4weeks 
1/2 hr/day; 

5days/week; 
4weeks 

Y2 hr/day; 
5days/week; 
4weeks 

B1 : '/2 hr/session; 
40 session within 

15wks 
E2: /2 hr/session; 
40 session within 
I 5wks (endurance 

training) 
/2 hr/day; 

5days/week; 
4weeks 

3x8min 
sessions/day 4 
days/week; 
4 weeks 
'/2 hr/day; 

6days/week; 
lOweeks 

B: 30 
efforts/session 
2 session/day 

C: 60 efforts/day 
I lwks 

PRD: 3-5mm/day, 
IH: 30-35mm/day 

5days/week 
5 weeks 

2xlomin/day; 
7days/week 
4 weeks 

4times/day (2mm, 
5mm, 9mm, 12mm) 
5 days/week; 

3weeks 
E: 30 

efforts/session 
2 session/day 

C: 60 efforts/day 
6 wks 

VE- 76- 38 b/mm CE-I, BE - I BL - 
102 L/min 

V5-85-
160L/min 

V-
123-3 162L/min 

VE. 60% - 79% 
of MVV 

GI-VE 
113--> 150L/min 

02- V 
128-> 160L/min 

155-> 173L/min 
Nothing about 
VT or! 

Begin at 30% 
and increased to 
80% of MIP 

B: begin at 50% 
of MIP -3 max 
pressure could 

sustain 30 
breaths 

C: 15% MIP 
50% MIP 
VESO6O% 
MVV 

50% of MIP 

B: begin at 50% 
of MIP -3 max 
pressure could 

sustain 30 
breaths 

C: 15% MIP 

38-46b/min 
VT- 2.3-3.5L 

40-50b/min 

Gb-
40b/min, 
2.6-3.8L 
02-

38->60b/mi 
n, 2.2-3.4L 

B: 57-68 
b/mm (IH) 

6-8b/min 

02 saturation - NC 

CE-I, BE, MVV - I 
MT- NC 

V02max, BL (cycle 
test,V02max) —NC 
CE— I BE,MVV — I, 

VC, FEy— NC 
V02max, MAP, MT—NC 
BL (cycle test,V02max) - I 

CE- I,BE - I 
MAP, V02max: NC 

CE (AnT) - , V02max, 
Vemax —NC 
BE, MVV —I 

BL? I at 10-l4thmin of 
cycle test 

CE (90% V02 max), 
V02max, Vemax- NC 

BE- 1 

MIP -1,BE-T 
PVC, FEy, MVV - NC 

V02max, VE max,02 sat., 
MT—NC 
MIP - I 

6mm, 20km performance 
test - I 

CR- 10 BORG scale - 

MIP - 1 
8km TI'- NC 

V02, submax test: NC 

12m in track test - NC 
MIP - , FEy, FVC—NC 
V02max, VE max - NC 

CE (95% VO2 max) - NC, 
Training load - 
BE, MVV" - I 
V02 max - NC 

- MIP - I 
20km, 40km performance 

test - I 
MIP following test - I 

li-I: lsocapnic Hyperpnoea, PRD: pressure resistance device, FRD: flow resistance device, VE: ventilation rate, BE: breathing 
endurance, CE: cycle endurance, BL: blood lactate, MIP: maximum inspiratory pressure, AnT: anaerobic threshold, MAP: maximal 
aerobic power, V02max: maximal oxygen uptake, V1; tidal volume,! breathing frequency, NC: no change 
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Limitations of Current Literature 

The conflicting results of the current studies evaluating the effects of RMT on 

performance may be explained in part by the differences in study design. 

Placebo Group 

Perceiving that an intervention will improve performance can have a significant 

effect on the outcome itself. Clarke et al (2002) reported a 3.8% and 5.4% improvement 

in a simulated 40km time trial in subjects who were falsely told they were receiving 

carbohydrate (CHO) supplementation compared to subjects who were told they were in 

the placebo group and subjects who, were not told which group they were in (Clark, 

Hopkins et al. 2000). A 3.8% and 5.4% improvement in performance due to expectation 

is clearly performance significant, particularly when the margin between a medal 

standing is as small as several percent. Although RMT studies by Boutellie et al 

(1992a,b), Spengler et al ( 1996, 1999), Stuessi (200 1) and Markov et al (200 1) reported 

significant improvements in a constant-load exercise test following IH RMT, only the 

study by Markov et al (2001) utilized a control group. While the inclusion of a control 

group improves the strength of the study design, it still does not provide the expectation 

of improvement. This makes it difficult to determine how much of the improvement 

observed in the experimental group of these studies is due to the RMT and how much is 

due to the expectation of improving performance. This is one of the observations made 

by Sonetti et al (2001), where they compared the effect of PRD and IH RMT to placebo 

RMT training in trained cyclists. This group reported significant improvements in 

constant load exercise performance, MAP and 8km time trial, however, when compared 

between groups, these improvements were not significant. In contrast to the observations 
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made by Sonetti et al (2001), Romer et al (2002) and Voliànitis et al (2001) both reported 

significant between group improvements in cycling and rowing performance respectively 

when using a placebo group. There are a few possible reasons for the different 

observations between the Sonetti study and the latter two studies. 

a) The variability in the outcome measures were greater in the study by Sonetti et al 

(200 1) compared to the studies by Romer et al (2002) and Volianitis et al (2001), 

thus decreasing the ability to detect a significant difference. The variability in 

mean improvement time for the time trials in the studies by Romer et al (2002) 

and Volianitis et al (2001) were between 1.0% - 1.9% while the variability in 

mean improvement time for the time trials in the study by Sonetti et al (2001) 

were between 1.2% —2.7%. The lower variability in the latter two studies is likely 

because of the highly trained status of their participants compared 'to the 

moderately trained status of the former study. The greater variability in the study 

by Sonetti et al (2001) might mask any possible improvement from RMT and may 

be a consequence of the subjects lower training status. 

b) The baseline RM strength of the subjects varied between studies. This is another 

possible reason for the discrepancies observed between these studies. Although 

the study by Romer et al (2002) used highly trained male cyclists with a VO2max 

around 4.60 L/min, their baseline MIP was only 104cmH20. In contrast, the 

cyclists in the study by Sonetti et al (2001) used cyclists with a lower mean 

VO2max (4.07 L/min) but a much larger MIP of 168cmH20. Since the former 

study showed larger performance improvements than the latter study (3.8 and 

4.6% in the former vs. 1.2% in the latter), it may be that weaker RM's play a 
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greater role in limiting performance and demonstrate a larger training potential 

than stronger RM' s. This is suggested by the significantly larger increase in RM 

strength in the former study as compared to the latter study (28% vs. 8%) 

Sample Size 

One of the primary limitations in most studies examining the effect of RMT on 

performance is the use of small sample sizes. Every study measuring the effects of RMT 

on athlete performance that has used a control/placebo group except for Markov et al 

(2001) has used a sample size of 10 or less subjects per treatment group (Morgan, Kohrt 

et al. 1987; Fairbarn, Coutts et al. 1991; Hanel and Secher 1991; Boutellier, Buchel et al. 

1992; Boutellier and Piwko 1992; Spengler, Laube .et al. 1996; Inbar, Weiner et al. 2000; 

Sonetti, Wetter et al. 2001). The smaller sample size of these studies weakens the 

statistical ability to distinguish a significant difference between pre and post training 

parameters particularly when the outcome measures exhibit considerable variability. It 

can be estimated that a sample size of 12 subjects per group is required to detect a 

minimum change of 2.0% in an 8km cycle time trial (assuming a SD of 1.7%). It is 

likely that many of these studies may have been expecting a large effect size following 

RMT (around 20-30%). Expecting a large effect size is unrealistic particularly because 

the respiratory system is less of a limiting factor than the cardiovascular and locomotor 

systems (Boutellier and Piwko 1992). Therefore, any improvements following RMT are 

likely to besmall in magnitude. Since improvements of only a few percent can be 

considered significant in trained athletes, it is important that studies are designed so that 

they can detect a small effect size before any definite conclusions can be made. 
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Outcome Measures 

The use of inappropriate outcome measures may be another explanation for the 

conflicting results reported in recent studies. 

Maximal Oxygen Uptake  

VO2max values using incremental tests have shown to be insensitive to certain 

training adaptations, particularly those in highly trained individuals (Daniels, Yarbrough 

et al. 1978; Foster, Schrager et al. 1996). It is possible that this test may also be 

insensitive to RMT adaptations and thus a poor outcome measure of aerobic performance 

in these studies. Additionally, training induced improvements in the critical power of the 

RM's will generate a much smaller improvement in an incremental test compared to an 

endurance test (Walsh 2000). Thus, a larger sample size would be required to generate 

the same statistical power when using an incremental test as compared to an endurance 

test performed at a constant work-rate. This may be a key limitation of the study by Inbar, 

et al ( 1999) where the only performance measure used was an incremental VO2max test 

(Inbar, Weiner et al. 2000). 

Open-ended tests  

Using time to exhaustion tests is another limitation of the studies by Fairbarn et al 

(199 1) and Morgan et al (1991). These types of tests are shown to exhibit substantial 

individual variability when compared to time trial tests (interclass correlation coefficient 

(ICC) = 0.4.7 vs. 0.97) (McLellan, Cheung et al. 1995; Harms,-Wetter et al. 2000; Sonetti, 

Wetter et al. 2001). Since the ability to detect a significant difference if one actually 
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exists from a given sample size diminishes with increasing variability, a larger sample 

size would be required to detect a significant difference when using these types of tests. 

Thus the inability of these studies to detect a significant difference in performance 

following RMT may be a consequence of the type of test used. 

Another critique of this type of test is the unusual nature of the test itself. Rarely 

in real life competition is the winner of an event defined as the person who could last the 

longest. However, this is exactly what thi type of test is measuring. The unfamiliar , 

nature of this test and poor applicability to real life competition may help explain the 

substantial random variation associated with this test (Sonetti, Wetter et al. 2001). 

Time trial  

In contrast to openended tests, a fixed distance time trial test shows small random 

variation between trials. Mickey et al ( 1992) reported an intraindividual CV ranging 

from +1-0.95% to +1-2.43% with the shortest distance having the highest variability. 

Similarly, Sonetti et al (200 1) reported a small CV ranging between +1- 0.9 - 1.1% for an 

8km time trial. The reason for the considerably lower random variability in fixed 

distance time trial tests is likely due to its similarity with real life competition (Coyle, 

Feltner et al. 1991; Sonetti, Wetter et al. 2001). 

Exercise Intensity  

Another problem in deciding on an adequate outcome measure involves knowing 

which exercise intensities may benefit from RMT. Harms (2000) suggested that 

improved RM efficiency is only likely to benefit maximal or near maximal intensity 
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exercise where cardiac output becomes a limiting factor. This observation is supported 

by Volianitis et al (200 1) who reported improvements in the 6 minute distance and 5km 

time when testing was performed on a rowing ergometer. Such activities are likely to 

have been performed at an intensity close to 100% of VO2max and 85-90% of VO2max 

respectively. On the other hand, the positive results reported in the literature also support 

the benefit of RMT at lower exercise intensity Boutellier et al, (1 992a & 1992b), 

Spengler et al ( 1996 & 1999), Markovet al(2001) and Romer et al (2002) have shown a 

prolonged time to fatigue when exercise is performed at or slightly below anaerobic 

threshold (AnT). It is difficult to definitely conclude which exercise intensities benefit 

from RMT but it is possible that more than one physiological adaptation may occur and 

thus there is a range of exercise intensities that will benefit from RMT. Examining the 

physiological adaptations to RMT may help clarify this discrepancy. 

Breathing Frequency and Tidal Volume 

Two prticular important parameters of RMT regimes that may be an important 

determinant of the success of RMT are thej'and VT adopted during RMT. Although 

most of the studies using hyperpnoea to train the RM' s have controlled these parameters, 

studies using pressure resistance devices to train the RM' s have not. This may offer an 

explanation for the conflicting results reported between studies that have used IH or PRO. 

Belman et al ( 1986) reported that subjects who chose their ownf tended to adopt a slower 

breathing pattern than normal. Such a pattern is better tolerated by subjects because it 

results in lower respiratory pressures, reduction in RM work, reduction in the sensation of 

breathing effort and a slower rate of RM fatigue development (Belman, Thomas et al. 

1986). In fact, when using PRD RMT devices, the estimated work of breathing is 
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significantly lower when adopting af of l5bpth as opposed to 30bpm (Belman, Botnick 

et al. 1994). The adaptations of the RM to training are also specific to the lung volume 

and speed at which the training occurs (Tzelepis, Vega et al. 1994; Tzelepis, Vega et al. 

1994). Training effects may be reduced during a breathing pattern that adopts a lowf and 

VT and thus give the apparent result that RMT is not effective for improving athletic 

performance. 

Study Characteristics 

RMT Training Method 

The two most common methods used to train the RM are JR and PRD RMT. As 

discussed earlier, JR RMT only showed improvements in flow resistive test such as M.VV 

and MVSC while PRD RMT only showed improvement in pressure resistive tests such as 

MIP, CLRB and ITL. According to the recent studies by Volianitis et a! (2001), Romer 

eta! (2002), Spengler et al ( 1996 & 1999), Markov et al (2001) and Steussi et al (2001) 

both PRD and IH RMT appears to improve aerobic performance in both highly trained 

and normal subjects. The current literature suggests that the adaptations of the RM to JH 

and PRD RMT differ, yet both seem to improve performance. Cleary, the current 

literature has not addressed this question. This is an interesting area of RN/IT that may 

provide some further insight in to the mechanism of performance improvement from 

RMT and thus should be the focus of further research 

Training Load and Duration  

Training durations have varied between 4 to 10 weeks while training frequencies 

have varied between 30 breaths, twice a day to '/2 hour continuous training bouts 
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(Boutellier, Buchel et al. 1992; Boutellier and Piwko 1992; Spengler, Laube et al. 1996; 

Spengler, Roos et al. 1999; Inbar, Weiner et al. 2000). Wide variations in training loads 

have also been used for RMT. Training loads when using a pressure resistive training 

device Sand hyperpnoea training have ranged between 30% and 80% of MIP and between 

76 and 170L/min respectively. A summary of the various training loads and durations 

used has been summarized in Table 4. Although a dose response relationship of the RM 

to training stimulus may be observed as is observed in other skeletal muscle, Volianitis et 

al (2001) reported a 40% improvement in MIP at the 4 week mark of RMT but very 

slight further increase of 5% in MIP following 6 further weeks of RMT. This results may 

suggest that similar to other skeletal muscle, the initial rapid improvement in RM strength 

is due to a neural adaptation (improved coordination and learning) and any further 

increase in strength will occur at a slower rate that results from adaptations within the 

muscle (Sale 1988). Although the ideal training load and duration has yet to be 

established, preliminary research suggests that PRD RMT should performed for at least 

4weeks at 50% of MIP consisting of2 sets of 30 breaths/day (Volianitis, McConnell et al. 

2001; Romer, McConnell et al. 2002). The RMT regime for IH should be performed 1/2 

hour a day for 4 weeks at around 60-85% of MVV (Spengler, Laube etal. 1996; 

Spengler, Roos et al. 1999). 

Subject Characteristics  

Subject characteristics between studies vary considerably. Boutellier et al, 

(1 992b) used sedentary individuals, Sonetti et al (200 1) used moderately trained cyclists 

and Inbar et al ( 1999), Fairbarn et al ( 1991), Romer et al (2002), and Vólianitis et al 
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(200 1) used highly trained endurance runners, cyclists and rowers. It is difficult to 

determine from the current literature whether training status is a confounding factor in 

RMT. One suggestion is that individuals with high RM baseline strength may not benefit 

as much. as individuals with lower RM baseline strength because higher RM baseline 

strength has shown to incur less fatigue following exhaustive exercise (McConnell, Caine 

et al. 1997). Furthermore, these individuals may have already reached or are close to 

their upper limit for adaptation to RMT. The high baseline strength of the subjects in the 

study by Sonetti et al (200 1) may explain the smaller improvements observed in MIP 

following RMT and the non-significant improvement in performance. This is contrast to 

the studies by Romer et al (2002) and Volianitis et al (200 1) that used subjects with lower 

baseline RM strength and did show significant improvements in performance. 

Another suggestion is that less trained subjects are more variable than highly 

trained individuals in tests measuring performance. Highly trained individual are less 

likely to be affected by motivation, familiarization and acute physiological changes. Any 

improvement from RMT may be masked by the variability in less trained individuals 

giving the apparent notion that RMT is not effective in improving performance. 

Proposed model for the benefits of RMT on athletic performance 

The respiratory muscles can utilize up to 15-16% of the cardiac output during 

maximal intensity exercise in trained individuals (Aaron, Seow et al. 1992; Harms, 

Babcock et al. 1997). The author proposes that RMT may decrease the RN/I's blood flow 

requirement during maximal exercise and enable a greater proportion of the cardiac 

output to be redirected to the working locomotor muscles (Figure 6). 
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Figure 6: Proposed model of the effects of RMT on aerobic performance 

Lactate utilization by RM 
Lactate production by RM 

, Lactate circulation 
in blood 

. PaCO2 in blood 

Ventilation stimulus 

4 

RMT. 

I RM Capillarizatioh 
I [Mitochondrial enzyme] 
I Neuromuscular efficiency 

RM hypertrophy 

' RME, I RMS 

10 

k1l", 

I VT, f 

J, WOB 

Perception of dyspnea I RM fatigue 

. Sympathetic VC to periphery 

BF to periphery 

I Aerobic performance 

A-V02 difference: arterial-venous oxygen difference,f 
breathing frequency, BF: blood flow, RM: respiratory 
niuscle, RME: respiratory muscle endurance, RMT: 
respiratory muscle training, RMS: respiratory muscle 
strength, VC: vasoconstriction, VT: tidal volume, PaCO2: 
arterial CO2 pressure, WOB: work of breathing 

10 I A-V02 difference 

. RM BF requirement 



60 

This model is based on the adaptations to training that have been reported in 

animal studies (discussed in the previous section). These may in part be extended to 

human An increase in RM strength and endurance may result in a decreased work of 

breathing as a result of more efficient muscles (Voliariitis, McConnell et al. 2001; Romer, 

McConnell et al. 2002). Consequently, RM fatigue is reduced or delayed (less 

tachypneic breathing pattern) and could in turn decrease sympathetically mediated 

vasoconstriction of blood flow to the locomotor muscles (Volianitis, McConnell et al. 

2001; Romer, McConnell et al. 2002). In a parallel fashion, decreasing the lactate 

concentration in the blood 'would also decrease blood PaCO2. This would reduce its 

known stimulatory effect on VE, which in turn would suppress the work of breathing and 

possibly reduce the perception of dyspnea (Johnson, Aaron et al. 1996; Wasserman, 

Hansen et al. 1999). All these effects would increase the proportion of blood flow 

available to the working locomotor muscles and could theoretically augment 

performance. Thus RMT may be beneficial during high intensity exercise bouts where 

the cardiac output is limited. 
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CHAPTER THREE 

METHODOLOGY 

Overview of Methodology 

Prior to commencement of training, all subjects underwent baseline testing of the 

performance variables. Subjects assigned to the experimental group underwent pressure 

resistive RMT consisting of 3 sets/day, 6 days/week for four weeks at 50% of their 

maximal inspiratory pressure (MIP) while subjects assigned to the control group followed 

a similar protocol 'except that the training load was set at 10% of their MIP. At the 

completion of training (4weeks), post-experimental testing was conducted on the same 

variables as in the pre testing sessions. 

Testing Sites 

Pulmonary Function Lab, Rockyview General Hospital, Calgary, Alberta and 

Human Performance Laboratory, Faculty of Kinesiology, University of Calgary, Calgary, 

Alberta. 

Subjects 

Sample Size/Subject Recruitment 

26 competitive male road cyclists, mountain bikers, triathletes and speed skaters, 

aged 18 to 40 years old were recruited for the study. 

The sample size for each group was determined using a web-based sample size 

calculator for independent groups with unequal variances' 

(http ://ebook. stat.ucla.edulcalculators/powercalc/normal/n-2-ufleqUal/fl-2-uneqVar  
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samp.php). The calculation was based on the 8km time trial (primary outcome) using 

cycling data from past research (Sonetti, Wetter et al. 2001; Volianitis, McConnell et al. 

2001; Romer, McConnell et al. 2002). Variability in repeated time trials have ranged 

from 1.0-2.7% and performance improvements from RMT have ranged from 2.0-4.6%. 

C-

The probability of committing a type I error (alpha value) was set at 0.05. The 

probability of committing a type II error (beta vakie) was set at 0.20, thus giving a power 

of 0.80. 

To measure an effect size of 2.0% between the experimental and control group 

using a standard deviation of 1.7%, a sample size of 12 participants per groups was 

required. Assuming 1 dropout per group, 13 subjects per group was the intended sample' 

size. 

Inclusion criteria 

The inclusion criteria were: 

1. Training for a minimum of 1 year with a club or competed in at least 3 

competitions in the previous year 

2. VO2max greater than 3.85 L/min or 55 ml/kg/min (this cutoff helped to 

identify participants with a moderate to high level of endurance training 

background) 

3. No chronic respiratory diseases 

4. ' Willing to perform the tests and training program required for this study 

Subjects were recruited by the primary investigator through advertisements in 

local bicycle shops; triathlon, mountain bike and road bike clubs; and postings on the 

Alberta Bicycle Association and Pink Bike.com websites (Appendix A). Recruitment 
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began in December 2001 and was ongoing until June 2002. This study was performed in 

3 batches for logistic reasons (between 6-9subjects per batch): batch 'I from January - 

March, batch 2 from February to April, batch 3 from May to July. All potential 

participants that showed interest in the study initially completed a phone interview 

questionnaire (Appendix B). Those candidates that passed the criteria of the phone 

interview were invited to participate in the study and were booked for baseline testing. 

Each participant completed a physical -activity readiness questionnaire and a practice 8km 

time trial prior to any physical testing sessions (Appendix C). The purpose of this initial 

8km time trial ride was to increase the participant's familiarity with the test. Also, all 

participants were fully informed about the aim and potential risks of the investigation 

before giving written consent although the exact nature of the 2 groups was not revealed 

(Appendix D). The Medical Bioethics Committee at the University of Calgary approved 

the experimental protocol. During all testing sessions, subjects were told to: 

• Abstain from vigorous exercise 2 full days prior to each testing sessidn 

• NO caffeine beverages at least 6 hours before each test or training session 

• NO alcoholic drinks-6 hours before each test or training session 

• NO smoking 2 hours before each test or training session. 

All tests were performed according to the ACSM Guidelines for Exercise Testing 

and Prescription (1995). This included the termination of a test if: 

• Onset of angina or angina like symptoms 

• Signs of poor perfusion: lightheadedness, confusion, ataxia, pallor, cyanosis, 

nausea or cold and clammy skin 



64 

• Failure of heart rate to increase with increased exercise intensity 

• Subject requests to stop 

• Physical or verbal manifestations of severe faigue 

• Failure of the testing equipment 

• Outcome Measures 

These were the outcome measures for the study: 

1. Cycle time trial performance 

2. Maximal incremental exercise test 

3. Constant load submaximal test 

4. RM strength and endurance tests 

As well as assessing performance from a laboratory perspective, these measures also 

extend the applicability of the results to a practical setting. A sport physiologist or 

strength coach may then be able to determine if the results of this study could be directly 

used as part of their athletes training plan. 

Maximum intensity 8 km cycle time trial. 

This outcome measure has low random variability (CV: +1- 0.9-1.1% and ICC of 

0.97), is used for training purposes, shares many similarities with competition, and is a 

distance that would be minimally affected by motivation (Sonétti et al, 2001). 

Additionally, it is performed at an intensity equivalent to about 95% of V02 max, which 

is an intensity that may benefit from RMT. During the time trial, heart rate was measured 

using an electronic heart rate monitor (Polar). The time trials were performed in the 

Human Performance Lab on a set of Kreitler rollers (Kreitler Rollers Inc., Ottawa, KS) in 
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the "killer headwind" mode with subjects using their own bicycles. The rollers had the 

front fork fixed for these time trials so that subjects with little on no rollers experience 

could perform the trials with minimal' learning. Each time trial began with a warm-up of 

5-10 minutes and subj ects received real-time information on their speed only. Other 

feedback was not provided to minimize additional motivational effects in subsequent 

trials. Tire pressure was maintained at the same pressure for each time trial and subjects 

did not use their tire for any other riding. This was to minimize any impact that tire 

pressure and wear may have had on the reproducibility of the trials. Subjects perfoth-ied a 

practice time trial before the 'start of the study to become familiar with the test. 

Maximal incremental cycle test (T/02max tes). 

A graded cycle, maximal oxygen consumption test was performed to identify 

individual fitness levels and provide a power output for the submaximal constant load 

test. This test was performed on an' electronically braked. ergometrics 800S cycle 

ergometer (Sensor Medics, Yorba Linda, California).' Subjects began with a 5-10 minute 

warm-up at a workload of their choice followed by an incremental increase in the 

workload of 30W every 2 minutes beginning at 150W until the second ventilatory 

threshold (VT2), as described by (McLellan 1985), was observed. Thereafter, the 

workload was increased by 15 W every minute until subjects fell below a cadence of 

50rpm5. VF_, rate of carbon dioxide expiration (VCO2), rate of oxygen uptake (VO2), 

ventilatory equivalents for carbon dioxide and oxygen (VE/VCO2, VW V02), VT andf was 

measured breath-by-breath using a Sensormedics Vmax 2200 metabolic cart (MMC 

Horizons, Yorba Linda, California). Heart rate was also recorded every 30 seconds. The 
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metabolic cart and the cycle ergometer were appropriately calibrated before every test. In 

order to minimize the effects of different seat heights on the performance measures, the 

seat height was kept consistent between tests for the second half of the subjects 

(Nordeèn-Snyder 1977). 

Submaximal constant load cycle test. 

This purpose of this test was to provide information on ventilatory and metabolic 

parameters at 'a constant workload equivalent to AT + 50%A where AT is the work rate 

corresponding to the pre-training 2' ventilatory threshold and A is the difference between 

the work rate corresponding to the 2 d ventilatory threshold and MAP for thafsubject., 

Subjects began with 4 minutes of cycling at 50W followed by a maximum of 10 minutes 

of exercise at the pre-determined workload. If subjects were unable to complete the full 

10 minutes of exercise (cadence fell below 5Orpms), the termination time was recorded 

and the subject exercised for the same time period in'the post training exercise test. VE, 

VCO2, V02, HR, VT, TJ/TToT andf were measured using the same method as the 

incremental cycle test. In addition, blood lactate was assessed at pretest, 5 minutes into 

the test, test termination, and 5 minutes posttest. Blood was sampled from the fingertip 

and analyzed for its lactate concentration using the Lactate Pro LT- 1710 Portable Lactate 

Analyzer (Arkray Factory Inc.). The lactate pro analyzer has a correlation greater than 

0.98 and a mean difference that varies less that 0.52mM with YSI 2300 and the ABL 700 

series acid-base analyzer through a physiological range of 1.0-1 8.0mM (Pyne, Boston et 

al.2000). The perception of breathlessness and muscular exertion by the legs was 

assessed using a modified CR- 10 Borg scale at baseline, 3and 6 min during the test, upon 
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test termination and 5 min post test. Both these measures have been shown to be valid 

and reliable when used under these conditions (Borg 1998). 

Respiratory muscle strength 

Global inspiratory and expiratory muscle pressures were assessed as the peak 

values for MIP, sniff Pes and MEP while the diaphragm's contribution to maximal 

inspiratory pressure was assessed as the peak value for Pdimax and sniff Pdimax. A 

round disposable mouthpiece was used with a 1.5mm hole inserted to minimize pressure 

generation by the facial muscles. Pes was measured with the insertion of a balloon, 6cm 

long, 1.05cm in diameter, and containing 0.4m1 of air attached to polyethylene tubing 

(100 cm in length, 1.7mm ID) positioned in the midesophagus about 45cm from the 

anterior flares. Pga was measured using a second balloon and tubing of the same 

dimensions but containing 10.0 ml of air, positioned in the stomach 65cm from the 

anterior flares. This volume was equivalent to about 200 cmH20. Each balloon catheter 

system recorded a zero pressure change over a range of balloon volumes from 0.4-4.0m1. 

The l0ml inserted into the gastric balloon showed a linear relationship between an 

external pressure of 0 —150cm H20 (Appendix D). The detailed constructions of the 

balloon-catheter systems are provided by Mead et al ( 1955). Both balloons were passed 

through the same nostril after topical anesthesia of the nasal mucosa (lidOcaine 2%) and 

were swallowed by drinking cold water through a straw. Once in their respective 

location, the balloons were emptied by subjects performing a valsalva maneuver with the 

catheters open to atmosphere and then filled with either 0.4m1 or 10.0m1 of air. The 

mouthpiece and balloon catheter systems were connected to Validyne MP 45-1 pressure 
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transducers (Validyne, Northridge, CA), range +1- 200cH20 that had the signal 

demodulated and amplified by a HP 8802A medium gain carrier amplifier and analyzed 

using Datasponge© 2000 computer program (sampled at 100Hz). Pdimax was obtained 

from a 'separate pressure transducer that had the Pga catheter attached to the poitive end 

and the Pes catheter attached to, the negative end (Pdi = Pga - Pes). 

The protocol for the assessment of MIP and MEP was similar to that outlined by 

Clanton and Diaz (1995), Black and Hyatt (1969) and Wen et al ( 1997). 

• Nose clip was attached to the subject's nose to prevent leakage. 

• Subjects wer asked to take 1 or more deep breaths and then exhale to RV. The 

subjects then inhaled maximally and were asked to maintain inspiratory efforts for 

greater than 1 second. 

• The procedure was repeated a maximum of 20 times. The recorded value of MIP 

was taken as the average of the three largest peak values obtained. 

• Testing of MEP utilized the same procedure as MIP except that maximum 

expiratory effort was-produced at TLC and with the cheeks, supported by the 

hands. 

Pdimax was measured using two different protocols. The first protocol was the 

same one used to perform MIP (Muller maneuver). This protocol is similar to that 

outlined by Miller et al (1985). The second protocol used to measure Pdimax involved 

subjects performing maximal sniffs (short sharp sniffs as hard as possible and such that 

peak Pdi is not sustained) while seated with at least 2 quiet breaths between each sniff. 
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Subjects were provided with visual feedback bf sniff Pdi. Maximal sniffs were 

performed until a plateau value was reached and was followed by a firther 8-10 maximal 

sniffs to ensure no further increase (Miller et al, 1985). Sniff Pes was determined from 

the sniff Pdimax maneuver. The value immediately preceding the maneuver was 

assigned an arbitrary value of zero and changes in pressures swings were determined for 

Pdi and Pes (Ford, Whitelaw et al. 1983; Wanke, Formanek et al. 1994; Wanke, Toil ef 

al. 1994). The tests were administered with the subject sitting in the erect position. The 

position of the catheters between pre and post training trials remained consistent to 

minimize any additional variability that may be introduced through positioning and the 

volume of air in the balloons was checked periodically. 

Respiratory muscle endurance 

Respiratory muscle endurance was assessed with constant load resistive breathing 

(CLRB). CLRB was measured by breathing against a pressure resistance equivalent to 

50% of MIP until exhaustion. This is similar to the protocol used by Perret et al ( 1999) 

but the resistance was 36% smaller. During the CLRB test, subjects ventilated at a VT of 

2 L and at af of 35 bpm. From preliminary testing, w&found 50% of MIP to be the 

maxima1 resistance that subjects could vehtilate at while maintaining afof 35 bpm and a 

VT of 2L. Feedback on these parameters was provided on a breath-by-breath basis using 

the Sensormedics Vmax 220 metabolic carts. The test was terminated when thef dropped 

below 30bpm or tidal volume fell below 1.70 L for 3 continuous breaths. The test was 

administered with the-subject sitting in the erect position. 
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Protocol 

Table 5 outlines the time line for this study. 

Table5: Time line for study 

Baseline Measures Training 
Period 

Post-training Evaluation 

Wk# 1-2 Wk# 3-6 . . Wk# 7-8 
Day 1 Day 5 Day 10 Day 15 Day 21-49 Day 50 Day 53 Day 55 Day 60 

PFT 
VO2max 

Submax Test 
MIP/MEP/ 
Pdi/CLRB 

8km 'IT 8km 'IT MIP re-evaluated on 
the first day of each 

week 

PFT 
VO2max 

Submax Test 
MIP/MEP! 
Pdi/ CLRB 

8km TT 8km 'IT 

All recruited subjects began with a VO2max test on day one that included pre and 

post spirometry (flow-volume loops). The purpose of the pre and post spirometry (PFT) 

was to identify subjects with chronic respiratory disorders. Any subjects that had 

abnormal spirometry results according to American Thoracic Society guidelines (1995) 

or a VO2max less than 55 ml/kg/min or 3.85 L/min were excluded from the study. In the 

second session, of testing (following a minimum 2 full day rest period), esophageal and 

gastric balloon catheters were inserted transnasaly and positioned at their respective sites. 

Participants were first assesed for MIP, MEP and Pdimax and then performed the 

submaximal constant load exercise test. Pes, Pga, Pdi and ventilatory parameters were 

monitored continuously throughout the submaximal test while the subjects perception of 

muscular exertion by the legs and breathlessness was assessed at baseline, at three and six 

minutes during the test, at test termination and 5 min post test. Immediately following 

this test, participants were reassessed for MIP, MEP and Pdimax. These reassessments 

were completed within 5 minutes posttest with 3 maneuvers performed for the MIP and 

MEP measurements. The average of the 3 values were reported as the post exercise 
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measures of RM strength. Following a 15-minute resting period, subjects were assessed 

for CLRB 

In the third and fourth testing session, following a minimum of 2 full days rest 

period between each test, subjects performed two 8km maximum effort tithe trials. The 

purpose of these trials was to establish reliability of the baseline time trial information 

and allow familiarization. 

Subjects then underwent sequential randomization into one of two groups: RMT 

or C. 

Training Intervention 

Figure 7: THRESHOLD Inspiratory Muscle Trainer (Respironics Inc., NJ) 

-I 

Subjects assigned to the RMT group performed RMT for a period of 4 weeks with 

the-THRESHOLD Inspiratory Muscle Trainer (Respironics Inc:, New Jersey)(Figure 7). 

This PR RMT device had been modified by the manufacturers to elicit an adjustable 

resistance between 15 —95crnH2O and has been shown to be reliable and accurate with 

respect to the resistance required to initiate airflow (Gosselink, Wagenaar et al. 1996; 
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Johnson, Cowley et al. 1996). Additionally, flow rates have minimal effect on this 

resistance (Gosselink, Wagenaar.et al. 1996; Johnson, Cowley et al. 1996). During the 4 

week training period, subjects trained 6-days/week, 3 sets/day, 30 breaths/set on their 

own time with a 1-minute rest between sets. Subjects were instructed to breathe from RV 

to TLC at af of 35 breaths per minute, a frequency that has shown improvements in 

athletic performance (Spengler et al, 1996). The inspiratory resistance on the RMT 

device was set to 50% of the subjects current MIP by a lab technician. This resistance 

was similar to that used in a recent study by Volianitis et al (2001) in which an 

improvement in rowing performance was observed. A piece of tamper resistant tape was 

used to prevent tampering with the device (changing the resistance) and to maintain the 

subjects naivety regarding the resistance of the device. The resistance set on the device 

was re-adjusted in accordance to results from repeat MIP tests that occurred at the 

beginning of each week of the 4-week training period. During each training session, the 

subjects were instructed to train in the seated position in order to simulate cycling 

position. The first training session was performed at the University of Calgary Human 

Performance Laboratory to ensure proper technique. 

Subjects in the C group performed sham RMT using a similar protocol as the 

experimental groups. Sham RMT consisted of a training resistance set to 10% of the 

subjects MIP (did not change if MIP increased), af set at 35 breaths per minute and a V1 

from RV to TLC. Such a resistance is known to elicit insignificant training adaptations 

(Larson et al, 1988). 
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Subjects were told that the purpose of the study was to investigate the effects of 

two different RMT protocols. To maintain subject naivety and expectation of 

perfOrmance improvement, subjects were blinded to their group assignment. 

Subjects were asked to keep a detailed training log of their regular exercise 

training sessions (Appendix F) beginning 2 weeks prior to the start of testing, and a 

training log of their RMT sessions (Appendix G). Subjects with significant changes in 

their regular exercise training sessions or with RMT compliance less than 85% were not 

included in any of the study calculations. Additionally, in order to standardize pre-testing 

protocols, subjects were asked to abstain from vigorous exercise and consume a normal 

diet 2 full days prior to each testing sessions. Following the 4 weeks of RMT, the 

subjects were re-evaluated for the VO2max test, submaximal test, MIP, MEP, CLRB 

Pdimax and 8 km cycle time trial. The workloads for the submaximal test and CLRB 

were the same as the pre-training values. Subjects continued to train with the device at 

the last adjusted resistance during the post-testing period however, they did not train one 

day prior to each testing day; The purpose of this training was to maintain any training 

adaptations over the post-testing duration. Subjects were given a maximum of 7 days to 

recover from any sickness. 

Subjects were required to commit to 11 evaluation sessions during their study 

involvement. The spirometry, VO2mäx tests Sand submaximaLtests took place at the 

Pulmonary function lab, Rockyview General Hospital. All other tests took place at the 

Human Performance Laboratory, University of Calgary. 
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Statistical Analysis 

Normality of data was assessed with the Shapiro-Wilk W test for normality. For 

P-values greater than 0.05, an independent sample t-test was performed between 

experimental and placebo groups to test for between group differences and dependent 

sample t-test was performed to determine within group differences. When the 

-assumption of normality was not met, the Wilkoxon Signed-ranks test was used to test for 

within group differences and the Mann-Whitney test was used to test for between group 

differences. The variables of interests were: 

a. '8km time trial performance 

b. VO2max 

c. MAP 

d. MIP 

e. MEP 

f. Sniff Pes 

g. Pdimax 

h. Sniff Pdimax 

i. f(last 3 Osec of submax test) 

J. VT (last 3 Osec of submax test) 

k. Ti/Tot (last 30sec of submax test) 

1. CLRB 

m. 5min post lactate concentration 

n. Perception of breathlessness and end of test 

o. Perception of muscular exertion at end of test 
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CHAPTER FOUR 

RESULTS 

Subjects 

Twenty-six male competitive cyclists (8 triathletes, 8 road cyclists, 9 mountain 

bikers and 1 speed skater) were initially recruited to participate in this study. One subject 

was identified as having exercise-induced asthma (ETA) by a fall in FEVI greater than 

15% following the maximal incremental test. However, he was kept in the study because 

he was unaware that he had such a syndrome and the symptoms did not seem to bother 

him., Three subjects in the control group did not complete the study (hemorrhoids, pulle'd 

groin/nerve problems and lack of interest). Therefore, 23 subjects ( 13 RMT and 10 

placebo) completed the study and were included in the results except where stated. One 

subject n the RMT group did not perform the post RMT time trial due to a lung infection 

that lasted about 3 weeks and another subject in the RMT group had trouble performing 

the MIP maneuvers and was excluded from all the MIP and Pdimax measurements. 

Only the CLRB measurement violated the assumption of normality and thus non-

parametric statistics was used to analyze this variable. All othe'r variables met the 

• assumption of normality and as such, parametric statistics was used. 

The baseline characteristics of the participants that completed the study 'are 

presented in Table 6. The placebo and RMT group did not differ in age, height, weight, 

FEV1 and FVC at baseline measurements. ' Although in absolute values (L/min), the 

placebo group had a higher VO2max than the RMT group (4.50 vs. 4.03), the relative 

values (ml/kg/min) did not differ significantly (58.2 vs. 55.64) and the baseline time trial 
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values did not differ significantly between groups. The baseline MIP values for the 

placebo group and RMT group were 148.73 (20.44) and 125 (22.72) respectively. 

Table 6. Baseline Characteristics of the study subjec1s (mean +1- SD) 

• Placebo Group RMT Group 

Total Number 10 13 
Anthropometry 
Mean Age (years) 30.20 (4.59) 29.61 (6.71) 
Subject Weight (kg) 77.85 (7.09) 72.97 (7.90) 
Subject Height (cm) 178.20 (8.05) 177.00 (4.65) 
Maximal Incremental 
Exercise 
VO2max (ml/kg/min) 58.02 (4.34) 55.64 (5.57) 
VO2max (L/min) 4.50 (0.31) 4.03 (0.29) 
MAP (W) 339.00 (33.31) 320.77 (21.68) 

Resting Pulmonary 
Function 
FVC (L) 6.49 (l.55) 5.74 (l.05) 

FEV1 (L) 4.97(l.21) 4.65 (0.90) 

MIP (cmH20) 148.73 (20.44) 125.00 (22.72)a 

MEP (cmH20) 182.16(34.81) 185.00 (42.07) 

CLRB (s) 75.60 (164.05) 90.00 (98.36) 

Time Trial Performance 
8km (s) 854.30 (61.10) . 

850.58 (42.43)a 

a = 12 

RMT Compliance and duration of testing 

Compliance to the RMT protocol was excellent in both the experimental and 

placebo groups. On 'average, both the RMT and placebo group completed 23 of the 24' 

sessions,. Also, the time to complete the post testing sessions after the 4 weeks of training 

was 17 (6) days for the placebo groups and 18 (5) days for the RMT group. The 

resistance of the training device for the placebo group was consistent at 15.8 (0.94) 

cmH20 and for the experimental group increased significantly -from 65.2 (12.0) cmH20 to 

75.6 ( 15.7) cmH20 (P < 0.001) by the end of the 4 weeks. Participant's physical activity 
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during the 4-week training period of the study as measured by number of training hours 

did not differ significantly between the RMT and placebo (31.83 (12.44) vs. 32.64 

(15.28)). 

Respiratory Muscle and Pulmonary Function 

The RMT group saw a significant increase in MIP,' sniff Pes, and CLRJ3 that 

exceeded that of the placebo group (P 0.036,0.031, 0.025 respectively Figure 8, Table 

7). No change in MEP, Sniff Pdimax and Muller Pdimax, FVC and FEV1 was observed 

in either group although sniff Pdi for the placebo group did decrease significantly 

following training. Repeat measurements of MIP without the Pes and Pga balloon 

catheters revealed a slight but non-significant increase in the baseline value of both 

groups (Placebo: 5%, RMT: 4%). There was a significant correlation between MIP and 

sniff Pes (r = 0.49, P = 0.02); MIP and sniff Pdi (r = 0.43, P = 0.05); MIP and Pdimax 

Muller (r = 0.49, P = 0.02); sniff Pes and sniff Pdi (r = 0.45, P = 0.03). The correlation 

between sniff Pdi and Pdimax Mullerwas not significant (r = 0.4, P = 0.07). There was 

no significant correlation between MIP and height; weight or age (P>0.05). A tracing of 

the MIP, MEP, Pdimax Muller, Sniff Pdi and Sniff Pes can be seen in Appendix G.. 
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Table 7: Measurements of respiratory muscle and pulmonary function before and after 4 
weeks of RMT for the placebo (pro (C) and post (C) respectively) and RMT group (pre 
(E) and post (E) respectively) (mean +1- SD). 

Pre (C) Post (C) Pre (E) Post (E) 
MIP (cmH20) 148.73 (20.44) 160.13(27.39) 125 (22.72) 157.02(32.89)a*! 

MEP (cmH20) 182.16(34.81) 201.26(44.52) 185 (42.07) 178.61 (50.76) 
CLRB (s) 75.6(164.06) 94.6(112.40) 90(98.37)a 189.25(183 .24)a*! 
PVC (L) 6.49(1.55) 6.21(1.41) 5.74(l.05) 5.53 (. 71) 
FEV1 (L) 4.97(l.21) 4.73 (. 89) 4.65 (.90) 4.40 (0.71) 
Pdimax 
(cmH20) 

133,5 (31.57) 137.2 (47.05) 118.82 (36.98) 120.74 29.65 

Sniff Pdi 
(cmH20) 

128.33 (38.49) 117.3(38.70)* 115.25 (27.34) 112.97 (22.66) 

Sniff Pes 
(cmH20) 

108.6 (29.98) .105.6 (27.19) 93.17 (24) 103.92 (29)*! 

a = 12 (*) p'<O.05, (!) delta C vs. delta E p <0.05 

50 - 

delta MIP (C) 

11 

delta MIP (E) 
CM 0 _ 
H20 

-50 - 

Figure 8. Changes in MIP measurement following the 4-week training period (negative 
value refers to an increase in strength) delta MIP(C): placebo group, delta MIP(E): RMT 
group, y-axis: cmH20 
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Maximal Incremental Test 

Neither the placebo group nor RMT group showed a significant change in VO2max 

fo1lowng the training period (Table 8). The RMT group showed a significant increase in 

MAP (P = 0.008) but this did not exceed that of the placebo group (P = 0.32). 

Table 8: Measurements of the maximal incremental test before and after 4 weeks of 
RMT for the placebo (pre (C) and post (C) respectively) and RMT group (pre (B) and 
post (E) respectively) (mean +1- SD). 

Pre (C) Post (C) Pre (E) Post (E) 
VO2max (L/min) 4.50 (0.31) 4.47 (0.37) 4.03 (0.29) 4.19(0.33) 
VO2max (ml/kg/min) 58.02(4.34) ..58.50(5[/2). 55.64(5.57) 58.50(6.61) 
MAP (W) 339.00 (10.54) 339.00 (7.48) 320.77(6.01) 327.69(5.33)* 
(*) p<ØØ5 

Time trial 

The second 8 km TT time of the baseline measure for all .subj ects was slightly faster 

that the first (864s vs. 855s) but these times did not significantly differ from each other 

and ICC was 0:88 suggesting good reliability between trials. The placebo groups' time 

trial performance following the training period decreased significantly (-2.4 +1- 2.0% or - 

20.7 +1- 17.0s, P = 0.004, range 0.94% to - 5.0%; Table 9, Figure 9). The RMT group 

time trial performance remained unchanged from baseline following the training period ( 

0.4% +1- 2.1% or — 3.6 +1 18.2s, P = 0.5), range to 3.3% - 4.8%). The improvement in 

the placebogroup exceeded that of the RMT group (P = 0.03). By the end of the 4 

weeks, 8 of the 10 placebo subjects improved performance while 7 out of the 12 RMT 

subjects improved performance (Figure 10A,B). 
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Table 9: Measurements of the 8km time trial test before and after 4 weeks of RMT for 
the placebo (pre (C) and post (C) respectively) and RMT group (pre (E) and post (E) 
respectively) (mean +1- SD). 

Pre (C) Post (C) Pre (E) Post (E) 
TT (s) 854.30 (61.10) 833.60 (52.70)*! 850.58(42.43)a 847.00(38.55)a 

ii = 12 (*) p<0.05, (!) delta C vs. delta E p <0.05 

Change in time 
(post-pre)(s) 

delta U (C) 

40 - 

20 - 

-20 - 

-40 - 

delta ft ( E) 

Figure 9. Comparison of time trial performance: Placebo (delta tt (C)) vs. RMT 
(delta U (E) 
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A 

B 

Figure 10. Effects of 4 weeks of RMT (A) or placebo '(B) on 8km time trial 
performance. Points lying below the line of identity (diagonal line) indicate an 
improvement from initial test. 
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Response during Submaximal Test 

Baseline values for the submaximal constant load test duration andtest intensity were 

not significantly different between the placebo and RMT group (Table 10). Following 

training, the placebo group saw a reduction inf that exceeded that of the RMT group (P 

'0.04). Both groups saw a significant reduction in blood lactate and increase in VT but 

these values were not significantly different between groups. No change in VE, Ti/Tot, 

V02, breathlessness or perceived exertion of the legs was observed in either group. Two 

RMT subjects and 1 placebo subject did not reach their initial submaximal test duration. 

Two measurements of breathlessness were not obtained in the placebo group and 1 

measurement of breathlessness was not obtained in the RMT group. 

Table 10: Measurements o  variables during the last 30 seconds of the submaximal 
constant load test before and after 4 weeks of RMT for the placebo (pre (C) and post (C) 
respectively) and RMT group (pre (E) and post (E) respectively) (mean +1- SD) 
(Lactate taken 5min post test, Borg measures taken immediately at test termination) 

Pre (C) Post (C) Pre (E) Post (E) 
Test duration (s) 406.3(46.42) 462.15(35.61) 
Test intensity (W) 303.5(42.10) 291.53(18.18) 
Ti/Tot (%) 49.27(2.65) 50.68(1.91) 49.10(0.94) 48.53(1.66) 

VE (L/min) 150.05(40.15) 147.95(33.45) 153.56(25.22) 154.42(6.27) 

VT (L) . 3.11(0.27) 3.43(0.16)* 3.01(0.12) 3.10(0.12)* 

f(b/min) 49.18(3.7)' 43.59(3.36)*! 51.60(2.36) 50.19(1.99) 
Lactate 
(5minpost) 

11.2(1.03) 9.11(1.03)* 12.68(0.81) 10.92(0.68)* 

Borg 
Breathlessness 

4 7 5(128)b 450(192) 13 6.83(1 .99)a 6.58(0.65)a 

Borg Leg 6.62(2.06) b 5.5(1.41) b 7.75(2.17) a 6.91(1.92) a 

V02 4.10(0.75) 4.12(0.61) 3.96(0.25) 4.05(0.27) 
(*) P<0.05, (!) delta C vs. delta E p <0.05, '3:n 8, a:n12 
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CHAPTER 5 

DISCUSSION 

In an attempt to help gain a better understanding of the effects of RMT on aerobic 

perforniance, 4 weeks of PRD RMT on competitive male cyclists was conducted using an 

experimental design that included: a true placebo group, measurements of global RM and 

diaphragm strength, control of VT andfduring the training program. The present study 

found that RMT improved global RM strength and endurance but failed to improve 

aerobic performance in moderately trained cyclists. The secondary outcome measures 

will be discussed before the primary outcome measure (8 km time trial) because the 

secondary outcome measures provide some of the background for the discussion of the • 

primary outcome measuie. 

Respiratory Muscle Strength and Endurance 

MIP and sniff Pes were used to estimate global inspiratory muscle strength in this 

study. The RMT group showed significant improvements in MIP and sniff Pes that 

exceeded that of the placebo group. These results support previous literature showing 

that 4 weeks of RMT with a pressure resistance device at a resistance equivalent to 50% 

of MIP increases maximal global inspiratory muscle pressure (Hart, Sylvester et al. 2001; 

Sonetti, Wetter et al. 2001; Volianitis, McConnell et al. 2001; Romer, McConnell et al. 

2002). 

Although the MIP maneuver is a simple, non-invasive method of estimating 

overall RM strength, it is volitional in nature, can be difficult to coordinate in certain 

individuals and may require a learning period to obtain reliable maximal values (Laroche, 
J 

Mier et al. 1988; Wen, Woo et al. 1997; Maillard, Burdetet al. 1998; Pacia and Aldrich 



84 

1998; McConnell and Copestake 1999; Volianitis, McConnell et al. 1999). Repeat 

measurements performed on all subjects before and after the training period without the 

distraction of the balloon catheters revealed a slight but nonsignificant increase in 

baseline values in both groups (C: 5%, E: 4%). Furthermore, the RMT group exhibited 

an increase in MIP that was significantly greater than the placebo group supporting a true 

improvement in strength. In agreement with Wen' et al (1997), the results from this study 

suggest that the use of 20 maneuvers to measure MIP minimizes the influence of 

learning. 

A majority of the subjects did not appear to have difficulty coordinating the MIP 

maneuver. However, one RMT subject exhibited high between and within testing session 

variability (delta MIP value fell well outside the 95% CI). This exemplifies the possible 

difficulties experienced by certain individuals when performing this maneuver. - 

Sniff Pes is a more familiar maneuver used to estimate global inspiratory muscle 

strength particularly in patients with R.M weakness (Laroche, Mier et al. 1988). The 

measurement of sniff Pes in the participants of this study exhibited much less variability 

than the measurement of MIP (about half the SD). This agrees with previous studies 

(Laroche, Mier et al. 1988; Koulouris, Mulvey et al. 1989). However, the absolute values 

of sniff Pes were much lower than the values obtained by MIP measurements, which is in 

contrast to that reported by Laroche et al ( 1988) and Hart et al (2001). Theoretically, 

subjects that are able to coordinate the MIP maneuver properly and maximally should 

obtain a higher value than that provided by the sniff Pes maneuver because the foiiiier is 

an quasi-isometric maneuver (less shortening of the inspiratory muscles) while the latter 

is a dynamic maneuver (Miller, Moxham et al. 1985). The higher values obtained by the 



85 

MIP measurement in the moderately trained subjects used in this study may be a result of 

their ability to coordinate the maneuver properly and maximally. 

Following the training intervention, the RMT group showed a 25% improvement 

in MIP (19% using the repeat measurement) and an 11.5% improvement in sniff Pes. 

The smaller increase in MIP in the repeat measurement is due predominately to the 

higher baseline value (125-130crnH20) and was likely caused by a small learning effect. 

This increase in MIP lies within the range of the 8-47% increase reported in previous 

studies investigating the effect of RMT on RM strength (Leith and Bradley 1976; Hanel 

and Secher 1991; Inbar, Weiner et al. 2000; Hart, Sylvester et al. 2001; Sonetti, Weiter et. 

al. 2001; Volianitis, McConnell et al. 2001; Romer, McConnell et al. 2002). This 

suggests that the RMT regime used in this study is effective in improving RM strength 

and comparable to other studies. Few studies have used sniff Pes to estimate global 

inspiratory muscle strength following a RMT program. The 11.5% improvement in sniff 

Pes is in agreement with Wanke et al (1994a,b) but in contrast to Hart et al (200 1) where 

no significant improvement was reported. It is possible that the small sample size used in 

the latter study (6 subjects/group) increased their chances of incurring a Type II error and 

missing the detection of a difference if it existed. 

Since the RM's adapt in a similar manner to the skeletal muscles, the 

improvement in RM strength in this study is likely due to an improved neural and 

intramuscular adaptation. Neural adaptations to training are predominately responsible 

for the initial improvements in limb muscle strength following training although 

concomitant intrasmucular adaptations have also been observed as early as 2 weeks (Sale 

1988; Staron,Karapondo et al. 1994). The proposed neural adaptations have been 
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described in detail in the introduction, but briefly they include: more efficient 

recruitment, increased neural activation, motorunit synchronization, and excitability of 

the alpha motor neurons and/or motor end plates and decreased Golgi tendon organ 

inhibition (Staron, Karapondo et al. 1994). The acute intramuscular adaptation likely 

involves an increase in the percentage of type. JIb fibers and conversion of fast fiber types 

(type JIb -->  ha) (Staron, Karapondo et al. 1994). 

The results of this study suggest that 4 weeks of PRD RMT can increase global 

inspiratory muscle strength as measured by both MIP and sniff Pes in moderately trained 

cyclists. The smaller variability observed in the sniff Pes might make it more sensitive to 

changes over time and the familiarity of the maneuver might make it less susceptible to a 

familiarization effect. 

MEP did not increase, following the 4-week RMT period. The RMT device used 

in this study only had an inspiratory resistance and the only external resistance was that 

of the mouthpiece itself (-210mm2). The mouthpiece may add some additional 

resistance particularly when breathing at higher flow rates, but this additional resistance 

is likely to be small. Since MEP was unchanged following RMT, the external resistance 

imposed by the RMT device mouthpiece is not substantial enough to increase expiratory 

muscle strength. 

The non-significant change in the Pdimax of the RMT group when measured 

using a Muller or sniff maneuver suggests than RMT does not increase the force 

produced by the diaphragm during a maximal quasi-isometric or dynamic maneuver. 

This result is in agreement with Hart et al (2001) where no significant improvements in 

twitch Pdi or sniff Pdi were observed but is in contrast to Suzuki et al (f 996) and Wanke 
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et al ( 1994) where a significant improvement in Pdimax measured using a combined. 

maneuver and sniff maneuver respectively-was observed. There are two possible reasons 

for these conflicting results. 

First, a weakness of the study by Suzuki et al ( 1996) was that Pdimax was not 

measured in the control group, so it is unknown whether this improvement was due to a 

learning effect or an improvement in diaphragm strength: Since the combined maneuver 

is difficult to perform in naïve individuals, there is a greater likelihood for a learning 

effect than the other maneuvers used to measure Pdimax (Chan, Cheong et al. 1996). 

Second, a major limitation of using the Muller or sniff maneuver to measure 

Pdimax is that the weaker rib cage may limit the maximal pressures generated by the 

stronger diaphragm (Hershenson, Kikuchi et al. 1988). Rather than measuring the 

maximal force generating capacity of the diaphragm, these maneuvers are measuring the 

force produced by the diaphragm during a maximal inspiratory effort, which is generally 

less than the maximal force generating capacity of the diaphragm (Laporta and Grassino 

1985; Hershenson, Kikuchi et al. 1988). If indeed the weaker rib cage muscles limit the 

maximal force production of the diaphragm, increased diaphragm force would be 

expected with stronger rib cage muscles. This is a possible explanation for the increased 

sniff Pdimax observed by Wanke et al ( 1994) where their increase in sniff Pes was much 

larger that what was reported in this study (38% vs. 11%). Thesample of COPD patients 

used in their study may have had RM weakness particularly at RV and this is supported 

by low baseline values of sniff Pes and sniff Pdi (sniff Pes 6OcmH2O and sniff Pdi 80-90) 

(Wanke, Formanek et al. 1994). This may have predisposed them to a larger window of 

improvement, in rib cage muscle strength and diaphragm strength than the moderately 
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trained cyclists used in this study. In contrast, the 11.5% increase in sniff Pes in this, 

study may have not been large enough to increase the diaphragm's aôtivation during the 

maneuver. 

The significant decrease in the placebo group's sniff Pdi following RMT was 

unexpected. It is unlikely that the RMT in this group impaired the diaphragm's force 

production during maximal inspiratory pressures especially since Pdimax Muller did not 

follow a similar pattern. A more likely explanation for .this result is the inherent 

variability in Pga observed during a sniff maneuver. Verin et al (2002) reported a 

significant variation in sniff Pdi during diaphragmatic, extradiaphragmatic and natural 

sniff maneuvers. This variability was a result of changes in Pga since the Pes remained 

consistent during these different maneuvers and was concluded by the authors to be 

attributed to varying degrees of diaphragm and abdominal muscle activation. The results 

of this stuly exemplify the limitation of using sniff Pdi to measure diaphragm strength 

during a maximal inspiratory maneuver. 

In summary, RMT increases the rib cage muscles ability to generate larger 

maximal inspiratory pressures but does not alter the diaphragm's contribution. 

The significant correlation between MIP and sniff Pes in this study provides 

support for the theoretical relationships expected between these variables and is in 

agreement with the results from Koulouris et al ( 1989). During a Muller maneuver 

against an occluded mouthpiece, the change in mouth pressure will be close to Ppl when 

there is little or no airflow during the effort (Paoia and Aldrich 1998). Since this 

assumption is invalid if the glottis closes or if there is significant suction by the cheek and 

pharyngeal muscles, a small leak is introduced into the mouthpiece to pfevent the 
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development of spuriously strongly negative airway pressue (Pacia and Aldrich 1998). 

The measure of Pes provides a more direct estimate of Ppl because there is no influence 

from glottis closure or cheek muscles on the values of Pes' obtained. Pbssible reasons for 

the vatiance MIP not explained by sniff Pes may be attributed to technique issues such as 

difficulties in coordinating the MIP maneuver, the volitional nature of the teats and the 

hindrance of a nose clip. Additionally, the variable, effect of the cheek muscles on 

pressure development may also add to the unexplained variance. A significant 

correlation would also be theoretically expected between sniff Pdi and Pdimax Muller 

because they are both measuring the force 'produced by the diaphragm even though a 

slightly different maneuver is used. In contrast to theoretical expectation, this 

re1atiônhip was not significant (P= 0.07) in this study. This might be explained by the 

same factors that contribute to the unexplained variance between the MIP and sniff Pes 

maneuver. Additionally, in contrast to Pes and MIP, abdominal contraction will have a 

substantial effect on Pga and Pdi and contributes to the substantial variability reported in 

this measurement (Laporta and Grassino 1985; Miller, Moxham et al. 195; Verin, 

Delafosse et al. 2001). 

The RMT group demonstrated a significant improvement in CLRB that exceeded 

that of the placebo group suggesting an increased ability to breath against a constant 

resistance equivalent to 50% of MIP following RMT. This is in agreement with Inbar et 

al ( 1999) who reported significant increases in ITL following RMT. This improvement is 

probably due to neuromuscular adaptation received from RMT that is known to be 
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responsible for the initial increase in strength and endurance following training (Sale 

1988). 

Metabolic and Ventilatory Parameters 

In agreement with previous literature, no significant between group improvements 

in VO2max, MAP, FVC and FEy1 was observed following RMT (Inbar, Weiner et al. 

2000; Sonetti, Wetter et al. 2001; Volianitis, McConnell et al. 2001; Romer, McConnell 

et al. 2002). This finding in not unexpected since VO2max is insensitive to small changes 

in performance improvements (Daniels, Yarbrough et al. 1978; Foster, Schrager e.t al. 

1996). 

Both the RMT and placebo group exhibited significant reductions in their blood 

lactate concentrations, but these concentrations were not significantly different between 

groups. This is in agreement with previous literature that have shown reductions in blood 

lactate that have not exceeded that of the control/plaóebo group (Spengler, Roos et al. 

1999; Markov, Spengler et al. 2001; Sonetti, Wetter et al. 2001; Stuessi, Spengler et al. 

2001; Volianitis, McConnell et al. 2001; Romer, McConnell et al. 2002; Williams, 

Wongsathikun et al. 2002). These reported reductions in blood lactate observed in this 

study and in other studies might be partly due to improved overall physical training and 

not just from RMT training per se. Alternatively, any reduction in blood lactate from 

RMT is likely to be small in magnitude and much larger sample sizes would be required 

to detect a between group difference in this measuiie if it really exists. 

The perceived exertion by the legs and the perception of dyspnea were not 

significantly different following RMT in either group although the mean values for these 
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measures were slightly lower in both groups after training. The results of this study are 

in agreement with previous literature (Suzuki, Yoshiike et al. 1993; Sonetti, Wetter et al. 

2001; Volianitis, McConnell et al. 2001; Romer, McConnell et al. 2002). The theoretical 

basis for expecting a reduction in the perception of dyspnea is that an improvement in the 

force-generating capacity of the RM following RMT would decrease their relative 

tension for a given level of ventilation and delay RM fatigue (Romer, McConnell et al. 

2002). Reducing the work of the RIvI and delaying their fatigue may redirect greater 

blood flow to the periphery. Improved blood flow to the exercising muscles may be 

accompanied with increased oxygen delivery, reduced lactate production and reduced 

periphery effort sensation (Harms, Wetter et al. 1998; Harms-2000; Romer, McConnell et 

al. 2002). Similar to blood lactate, the slight reductions in mean values of these 

measures following RMT may be due to overall physical training rather than RMT. 

Time trial performance 

The primary outcome measure of this study was the 8km cycle time trial. There 

was a significant 2.4% improvement in the placebo group time trial performance as 

compared to a non-significant change of 0.4% in the RMT group time trial performance 

(P = 0.03) following 4 weeks of PRD RMT. The improvement in the placebo group 

exceeded that of the RMT group (P = 0.03). 

Only three other studies have investigated the effects of RMT on performance 

using true placebo groups (Sonetti, Wetter et al. 2001; Volianitis, McConnell et al. 2001; 

Romer, McConnell et al. 2002). Two of these studies have reported significant between 

group improvements in the RMT group while the third study did not detect any between 
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group improvement. This study is the fourth study in this group and fails to show any 

benefit from RMTon performance. Studies that have not used true placebo groups in 

their experimental design have been criticized for having weak internal validity (Sonetti, 

Wetter et al. 2001; Romer, McConnell et al. 2002). As reported earlier, expectation of 

improvement alone can account for a 3-5% improvement in time trial performance. 

Studies reporting improvements in performance following RMT that have not used a true 

placebo group may be important for hypothesis generating,, but are not adequate for 

making any meaningful conclusions. The placebo group in this study satisfied the criteria 

established by Ojaunen (1994) which are: 1) the placebo needs to be inert; 2) it should 

generate expectations, involvement, subject utility, and be meaningful to the subjects. 

The placebo group trained with the same device using the exact same protocol as the 

experimental group except that the resistance was set at 10% of MIP. To maintain 

subject naivety of the resistance, the device was completely covered witli a 3MTM tamper 

.resistant security tape such that subjects in neither group knew what resistance they were 

training at and both groups had equal contact time with the technician. The only 

information given to the subject was that they were randomized to two groups, but the 

nature of the gioups was not revealed until the completion of the study.. 

Of the 3 previous studies utilizing a RCT design with a true placebo group and 

time trial performance outcome measure, the-2 studies that reported a significant 

improvement used subjects that were highly trained and homogenous in characteristics 

(trained national team caliber rowers, trained cyclists VO2max 64ml/kg/min) (Sonetti, 

Wetter et al. 2001; Volianitis, McConnell et al. 2001; Romer, McConnell et al. 2002). 

These types of subjects are likely to have much less variability from internal and external 
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sources (motivation, training, familiarization) and thus any improvement from RMT is 

less likely to be masked. This study however, used moderately trained subjects (VO2max 

'5 5-5 8m1/kg/min) that had a similar training status as the subjects used by Sonetti et al 

(2001) (VO2max 55ml/kg/min). These tests had more variability than the tests 

performed by highly trained subjects (1.8-2.7% vs. 1.0-1.9%) and failed to show any 

improvement in time trial performance following RMT. Therefore, the level of training 

is likely a significant factor in determining the success of RMT on improving time trial 

performance. Highly trained athletes are more likely to demonstrate an improvement in 

performance following RMT than moderately or untrained athletes because they are less 

susceptible to internal and external sources of variability. 

A distinct difference between the current studies is that the subjects used by 

Romer et al (2002) and Volianitis et al (2001) had a much lower initial RM strength than 

the subjects used in this study or in the study by Sonefti et al (200 1) (100cm H20 vs. 129-

168cmH20). It is possible that subjects with weaker RM's had larger room for 

improvement in RM strength and experienced greater RM fatigue than individuals with 

stronger RM's. This might make these subjects more likely to benefit from RMT and 

explain the larger improvements in RM strength reported by these studies (28%& 45% 

vs. 8% & 25) (Coast, Clifford.et al. 1990; McConnell, Caine et al. 1997). 

A possible explanation for the time'trial results obtained in this study is that the 

placebo group in this study underwent RMT adaptations that differed from those of the 

experimental group and had a greater effect on performance. Although several studies 

have demonstrated that PRD RMT below 15% of MIP does not improve RM strength or 
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endurance, the breathing pattern adopted during these training regimes are generally slow 

and protracted (Sonetti, Wetter,et al. 2001; Volianitis, McConnell et al. 2001; Romer, 

McConnell et al. 2002). In contrast, this study had the placebo group tain using a 

dynamic breathing pattern, similar to that used during IH RMT. The only major 

difference initially expected between the placebo and RMT group was the resistance at 

which training occurred. However, it is also likely that the two groups differed in the VT 

at which they trained such that the placebo group adopted a larger VT than the RMT 

group because they had a smaller resistance to overcome. A larger VT would have 

resulted in a YE that was closer to that used during IH RMT. This study-raises the 

possibility that thef (speed of the inspiratory contraction) and VT adopted during RMT 

my be more important to improving RM performance than the resistance at which 

training occurs. This has-,.been investigated in skeletal muscle wherea greater 

improvement in movement velocity capabilities were 6bserved in subjects that trained at 

30% compared 80% of their 1 repetition maximum in the squat (McBride, Triplett-

McBride et al. 2002). Additionally, the improvements in the velocity of shortening of 

skeletal muscles are specific to the training workload (Moritani 1993). For example, 

training with no resistance increased the velocity of shortening at no resistance while.• 

'training at a resistance equivalent td 50% of maximum increased the velocity of 

shortening at this workload with smaller improvements at other workloads. These studies 

suggest the importance of the specificity of the movement used during RMT and provides 

theoretical support for the improvements in performance following IH RMT. During 

exercise, the ability for the RM' s to develop forces/pressures at high shortening velocities 

is important for increasing V.E. This is particularly important at higher lung volumes 
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where the force generating capacity of the RM is reduced. The better adapted the RMs 

are to generating forces at high shortening velocities when utilizing larger lung volumes, 

the less likely they are to become fatigued and impair performance. Given the evidence 

of the benefits of velocity specific training, the placebo group may have received a 

training adaptation that exceeded that of the RMT group. This added adaptation might 

have resulted in a larger improvement in the velocity of shortening and power output over 

a larger range of lung volumes. In contrast, the higher training loads used by RMT group 

contrasts the principle of specificity because the RM' s never have to achieve such high 

pressures during exercise and as such this training might have comprised an improvement 

in the velocity of shortening. If this group did use a smaller VT to maintain the setf, 

adaptations at larger lung volume would 'have also been compromised. Adaptations at 

higher lung volumes would appear to benefit the most from RMT because these. muscles 

are used less frequently at these lung volumes. The significant decrease infand increase 

• in VT observed in the placebo group provides support for a possible training adaptation in 

the placebo group that exceeded that of the RMT group. A reducedf and increased VT 

would suggest a decreased work of breathing that may utilize a smaller proportion of the 

overall blood fow and produce smaller amouiit of lactic acid (Volianitis, McConnell et 

al. 2001; Romer, McConnell et al. 2002). The altered breathing pattern observed in the 

placebo group is in agreement with the studies by Romer et al (2002) and Volianitis et al 

(200 1) wheie a trend towards a less tachypnieic breathing pattern was observed following 

RMT. 
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Another possible explanation for the results of this study is that they may be 

because of chance. Although statistical methods are useful for decision making, when 

alpha is set at 5%, there is a 0.05 probability of rejecting the, null hypothesis when it is 

true. Therefore, although small, there is a possibility that our samples fell on the 

extremes (tails) of the normal distribution curve. 

The above discussion has centered on various reasons why the RMT group did 

not improve their 8km performance time trial. To provide a comprehensive discussion, 

one other possible reason for the results obtained in this study is that RMT does not. 

improve aerobic performance. From a theoretical perspective, an improvement in aerobic 

performance caused by RMT could be from a decreased work of breathing and an 

attenuation of RM fatigue. The existence of RM fatigue following aerobic exercise is 

still conflicting and is likely influenced by fitness level, motivation exercise duration and 

exercise intensity (Loke, Mahler et al. 1282; Bye, Esau et al. 1984; Coast, Clifford et al. 

1990; Nava, Zanotti et al. 1992; Johnson, Babcock et al. 1993; Mador, Magalang et al. 

1993; McConnell, Caine et al. 1997; Perret, Pfeiffer et al. 1999; Volianitis, McConnell et 

al. 2001; Romer, McConnell et al. 2002). These studies suggest the possibility that the 

.RM's do not fatigue following exercise and asa result, there is no subsequent 

vasoconstriction of blood flow to the periphery. Since VE, V02, blood lactate, perceived 

exertion by the legs and the perception. of breathlessness did not change following RMT 

in this study, it might also be suggested that the reported adaptations of the RM's to 

whole body endurance training are sufficient enough to overcome any limiting effect they 

might have on performance (Robinson and Kjeldgaard 1982;Coast, Clifford et al. 1990). 
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Thus, any subsequent improvement in RM strength and endurance following RIvIT will 

not provide any additional benefits in performance. 

Although subjects were randomly assigned to either a placebo or P,-MT group, it is 

possible that the groups differed in their regular physical activity during the study .and the 

improvement in the placebo group was a result of increased physical activity. However, 

this is unlikely because pliysical activity logs during the study period were consistent 

between groups with respect to the number of training hours. The intensity level or 

modality of the workouts were not quantified leaving the possibility that these parameter 

may have differed between the groups and thus accounted for improvements in 

performance. Future studies should quantify the influence of training intensity and 

modality in the training logs to minimize the confounding effects of these parameters on 

performance improvement. 

A potential critique of the study methods is that the training duration was not long 

enough to induce training adaptations. However, the improvements in RM strength 

measured by MIP in this study were similar in magnitude to other studies that have 

shown improvements in performance. Furthermore, although the study by Volianitis et al 

(2001) used a training program that lasted 11 weeks in duration, an improvement in RM 

strength and rowing performance was observed within 4 weeks of training, and 7 

additional weeks of training did not result in any further increase in RM strength or time 

trial performance. 
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Another possible criticism of this study is whether an 8km time trial is an 

adequate outcome that would benefit from RMT. Studies showing improvements in 

performance that have used a placebo group have been conducted at a variety of 

intensities that ranged from 72% f MAP to 1 00%of VO2max and have shown evidence 

of RM fatigue when measured by MIP. The 8km time trial used in this study was 

performed at an intensity equivalent to' about 95% of VO2max and thus within the range 

of these previous studies. Thus, the intensity of exercise used in this study has the 

potential to be improved by RMT and is likely not the reason for contrasting results. 

Limitations of study 

As mentioned previously, th training status of the study participants may be an 

important determinant of the effectiveness of RMT on performance. The two studies- that 

have shown performance improvements when using a RCT design with a true,, placebo 

group used highly trained rowers and cyclists. Highly trained athletes are likely to 

exhibit less variability in performance outcome measures for several reasons including: 

1) familiarity with performaice test of interest (i.e. time trial) so there is less of a learning 

effect; 2) are highly motivated; 3) reached the flatter part of the training curve such that 

there is less influence from physical activity on performance. It is possible that the 

variability from these factors masked any influence of RMT on performance in the 

subjects used in this study. Clearly, the between subject variability in time trial 

performance and MIP measurements in this study were larger that that reported by the 

other 2 studies. 
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The measurements of diaphragm strength used in this study were limited to 

measuring the muscle's force generation during maximal inspiratory pressure. It has 

been suggested that the diaphragm is not maximally activated during such a measurement 

and is possibly limited by the strength of the ribcage muscles (Hershenson, Kikuchi et al. 

1988; Nava, Ambrosind et al. 1993) Consequently, it was not possible to discern 

whether maximal diaphragm strength was improved by RMT. The combined maneuver 

with feedback and bilateral phrnic nerve stimulation are two other methods that can be 

used to provide information maximal diaphragm strength. The combined maneuver. 

described in the introduction provides a more accurate estimation of Pdimax (Lap orta and 

Grassino 1985) but is still volitional in nature, requires the hindrance of a mouthpiece and 

is difficult to cdordinate, in novice subjects. Bilateral phrenic nerve stimulation is a more 

objective method to measure Pdimax because it does not rely on subject motivation 

and/or coordination and permits the measure of maximal diaphragm activation. 

Unfortunately, there is no similar objective measurement of rib cage muscle activation 

because they are innervated by several nerves. Therefore, MIP and sniff Pes are still the 

best methods to assess RM strength although they both have several limitations that have 

been discussed, previously. 

An improvement in RM performance from the increasedf that was used during 

the RM training regime was indiscernible. One possible adaptation to such a breathing 

pattern would be an increased velocity of shortening of the muscles. It is well accepted 

that skeletal muscle decreases its ability to generate force with increasing velocity of 

contraction. With ventilation rates exceeding 200L/min in highly trained, subjects at 

maximal exercise; increasing the RIvI's velocity of shortening for a giveh pressure 
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generation would enable one to maintain higher VT during increasedf Recently, Romer 

et al (2002) was the first study to. measure inspiratory flow rate at 30% of MIP. This 

study reported a significant improvement in this measure following RMT that was not 

observed in the placebo. It is.likely that the subjects in this study also improved their 

velocity of shortening during an inspiratory effort but whether the breathing pattrn used 

during the training in this study results in greater improvement has yet to be investigated. 

The three participants that dropped out of the study were in the placebo group. 

An argument can be made that these subjects dropped out because they thought they were 

in the placebo group or did not believe they were receiving any training adaptations and 

thus the validity of this study may be comprised. It is unlikely that these dropouts were a 

result of these concerns. First, one subject dropped out before he was even told what 

group he was randomized to because he was unhappy with his VO2max result. Another 

subject dropped out half way during the training intervention because his doctor 

attributed his development of hemorrhoids to the training device. The third subject 

incurred a serious groin injury just prior to his follow-up testing that prevented him from 

performing any sort of physical activity for just over 4 weeks. 

Conclusions 

The results of the 8km time trial suggests that 4 weeks of PR RMT does not 

improve aerobic performance in moderately trained cyclists. This is in agreement with 

current research findings by Sonetti et al, (2001). While, this type of RMT does improve 

global RM strength and endurance it fails to increase the diaphragm's contribution to 
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maximum inspiratory efforts. This is also in agreement with current research findings 

(Inbar, Weiner et al. 2000; Sonetti, Wetter et al. 2001; Volianitis, MéConnell et al. 2001; 

Romer, McConnell et al. 2002). 



102 

REFERENCES 

(1990). "NHLBI Workshop summary. Respiratory muscle fatigue. Report of the 

Respiratory Muscle Fatigue Workshop Group." Am Rev Respir Dis 142(2): 474-

80. 

(1995). "Standardization of Spirometry, 1994 Update. American Thoracic Society." Am  

• Respir Crit Care Med 152(3): 1107-36. 

(1999). "Dyspnea. Mechanisms, assessment, and management: a consensus statement. 

American Thoracic Society." Am J Respir Crit Care Med 159(1): 321-40. 

Aaron, B. A., K. C. Seow, B. D. Johnson and J. A. Dempsey (1992). "Oxygeri cost of 

exercise hyperpnea: implications for performance." J Appl Physiol 72(5): 1818-

25. 

Abe, T., N. Kusuhara, H. Katagiri, T. Tomita and P. A. Easton (1993).."Differential 

function of the costal and crural diaphragm during emesis in canines." Respir 

Physiol 91(2-3): 183-93. 

ACSM (1995). ACSM's resource manual for Guidelines for exercise testing and  

prescription I American College of Sports Medicine. Baltimore, Williams & 

Wilkins. 

Agostoni,B. and J. Mead (1964). Statics of the Respiratory system. Handbook of 

Physiology, Respiration. W. O.F. a. H. Rahn. Washington, DC., Am. Physiol. 

Soc. 1: 387-409. 

Agostoni, E. and H. Rahn (1960). "Abdominal and thoracic pressures at different lung 

volumes." J Appl Physiol 15: 1087-1092. 



103 

Aliverti, A., S. J. Cala, R. Duranti, G. Ferrigno, C. M. Kenyon, A. Pedotti, G. Scano,,P. 

Sliwinski, P. T. Macklem and S. Yan (1997). "Human respiratory muscle actions 

and control during exercise." J Appl Physiol 83(4): 1256-69. 

Amontte, W. and T. Dupler (2001). "The effects of respiratory muscle training on 

maximal and submaximal cardiovascular and pulmonary measurements." 

Asmussen, E. and B. Mazin (1978). "A central nervous component in local muscular 

fatigue." Eur J Appl Physiol Occup Physiol 38(1): 9-15. 

Asmussen, E. and B. Mazin (1978). "Recuperation after muscular fatigue by "diverting 

activities"." Eur J Appl Physiol Occüp Physiol 38(1): 1-7. 

Balog, E. M., L. V. Thompson and R. H. Fitts ( 1994). "Role of sarcolemma action 

potentials and excitability in muscle fatigue." J Appl Physiol 76(5): 2157-62. 

Bartlett, R. G., H. F. Brubach and H. Specht ( 1958b). "Relation of increased airway 

resistance to breathing work and bMath velocity and acceleration patterns with 

maximum and near maximum breathing effort." J Appl Physiol 13: 194-204. 

Bassett, D. R., Jr. and E. T. Howley (1997). "Maximal oxygen uptake: & "classical"; 

versus "contemporary" viewpoints." Med Sci Sports Exerc 29(5): 59 1-603. 

Behm, D. G. and D. G. Sale ( 1993). "Velocity specificity of resistance training." Sports  

Med 15(6): 374-88. 

Belman, M. J., W. C. Botnick, S. D. Nathan and K. H. Chon (1994). "Ventilatory load 

characteristics during ventilatory muscle training." Am J Respir Crit Care Med  

149(4 Pt 1): 925-9. 

Belman, M. J. and R. Shadmehr (158 8). "Targeted resistive ventilatory muscle training in 

chronic obstructive pulmonary disease." J Appl Physiol 65(6):2726-35 



104 

Belman, M. J., S. G. Thomas and M. I. Lewis (1986). "Resistive breathing training in 

patients with chronic obstructive pulmonary disease." Chest 90(5): 662-9. 

Black, L. and R. Hyatt (1968). "Maximal respiratory pressures: normal values and 

relationships to age and sex." Am Rev Respir Dis 99: 696-702. 

Borg, G. ( 1998). Borg's perceived exertion and pain scales. Champaign, II, Human 

Kinetics 

Boutellier, U. ( 1998). "Respiratory muscle fitness and exercise endurance in healthy 

humans." Med Sci Sports Exerc 30(7): 1169-72. 

Boutellier, U., R. Buchel, A. Kundert and C. Spengler (1992). "The respiratory system as 

an exercise limiting factor in normal trained subjects." Eur J Appi Physiol Occup  

Physiol 65(4): 347-53. 

Boutellier, U. and P. Piwko (1992). "The respiratory system as an exercise limiting factor 

in normal sedentary subjects." Eur J Appi Physiol Occup Physiol 64(2): 145-52. 

Bye, P. T., S. A. Esau, K. R. Walley, P. T. Macklem and R. L. Pardy ( 1984). "Ventilatory 

muscles during exercise in air and oxygen in normal men." I Appi Physiol 56(2): 

464-71. 

Caiozzo, V. J., J.J. Perrine and V. R. Edgerton (1981). "Training-induced alterations of 

the in vivo force-velocity relationship of human muscle." 3 Appi Physiol 51(3): 

750-4. 

Cambell, E. J. M., E. Agostoni and J. Newsome Davis (1970). The Respiratory Muscles  

Mechanics and Neural Control. London, Lloyd-Luke (Medical Books) Ltd. 

Carpenter, M. A., M. S. Tockman, R. G. Hutchinson, C. B. Davis and G. Heiss ( 1999). 

"Demographic and anthropometric correlates of maximum insiatory pressure: 



105 

The Atherosclerosis Risk in-Communities Study." Am J Respir Crit Care Med  

159(2):415-22. 

Celli, B. ( 1998). "The diaphragm and respiratory muscles." Chest Surg Clin N Am 8(2): 

207-24. 

Celli, B. R., J. Rassulo and B. J. Make (1986). "Dyssynchronous breathing during arm 

but not leg exercise in patients with chronic airflow obstruction." N Engl J Med 

314(23): 1485-90. 

Chan, C. C., T. H. Cheong, Y. T. Wang and S. C. Poh 1996). "Transdiaphrágmätic 

pressure in young adult Singaporean subjects--normal values and a comparison 

between different respiratory manoeuvres." Aust N Z J Med 26(1): 75-81. 

Clanton, T. L. and P. T. Diaz (1995). "Clinical assessment of the respiratory muscles." 

Phvs Ther75(1 1): 983-95. 

Clark, V. R, W. G. Hopkins, J. A. Hawley and L. M. Burke (2000). "Placebo effect of 

carbohydrate feedings during a 40-km cycling time trial." Med Sci Sports Exerc  

32(9): 1642-7. 

Coast, J. R., P. S. Clifford, T. W. Henrich, J. Stray-Gundersen and R. L. Johnson, Jr. 

(1990). "Maximal inspiratory pressure following maximal exercise in trained and. 

untrained subjects." Med Sci Sports Exerc 22(6): 811-5. 

Coggan, A. R. and B. F. Coyle ( 1991). "Carbohydrate ingestion during prolonged 

exercise: effects on metabolism and performance." Exerc Sport Sci Rev 19:1-40.., 

Coyle, E. F., M. E. Feltner, S. A. Kautz, M. T. Hamilton, S. J. Montain, A. M. Baylor, L. 

D. Abraham and G. W. Petrek ( 1991). "Physiological and biomechanical factors 



106 

associated with elite endurance cycling performance." Med Sci Sports Exerc  

23(1): 93-107. 

Daniels, J. T., R. A. Yarbrough and C. Foster ( 1978). "Changes in V02 max and running 

,performance with training." Eur J Appi Physiol Occup Physiol 39(4): 249-54. 

Danon, J., W. S. Druz, N. B. Goldberg and J. T. Sharp ( 1979). "Function of the isolated 

paced diaphragm and the cervical accessory muscles in Cl quadriplegics." Am 

Rev Respir Dis 119(6): 909-19. 

Davis, J. M. and S. P. Bailey ( 1997). "Possible mechanisms of central nervous system 

fatigue during exercise." Med Sci Sports Exerc 29(1): 45-57. 

De Troyer, A. and M. Estenne (1984). "Coordination between rib cage muscles and 

diaphragm during quiet breathing in humans." 3 Appi Physiol 57(3): 899-906. 

De Troyer, A. and M. Estenne ( 1988). "Functional anatomy of the respiratory muscles." 

Clin Chest Med 9(2): 175-93. 

De Troyer, A., M. Estenne and W. Vincken(1986). "Rib cage motion and muscle use in 

high tetraplegics." Am Rev Respir Dis 133(6): 1115-9. 

Dc Troyer, A., A. Legrand and T. A. Wilson ( 1999). "Respiratory mechanical advantage 

of the canine external and internal intercostal muscles." J Physiol 518 ( Pt 1): 283-

9. 

De Troyer, A., V. Ninane, J. 3. Gilmartin, C. Lemerre and M. Estenne (1987). 

• "Triangularis sterni muscle use in supine humans." .J Appl Physiol 62(3): 91-25. 

De Troyer, A., M. Sampson and S. Sigrist ( 198 1).. "The diaphragm: two muscles." 

Science 213: 237-238. 



107 

De Troyer, A., M. Sampson, S. Sigrist and S: Kelly (1983). "How the abdominal muscles 

act on the rib cage." J Appl Physiol 54(2): 465-9. 

De Troyer, A., M. Sampson, S. Sigrist and P. T. Macklem (1982). "Action of costal and 

crural parts of the diaphragm on the rib cage in dog." J Appl Physiol 53(1): 30-9. 

De Troyer, A. and M. G. Sampson (1982). "Activation of the parasternal intercostals 

during breathing efforts in human subjects." J Appl Physiol 52(3): 524-9. 

Decramer, M., S. Kelly and A. De Troyer ( 1986). "Respiratory and postural changes in 

intercostal muscle length in supine dogs." J Appl Physiol 60(5): 1686-91. 

Decramer, M. and P. Macklem (1995). Pressures developed by the respiratory muscles. 

The thorax. C. Roussos. New York, Marcell Dekker: 1099-126. 

Dempsey, J. A. ( 1986). "J.B. Wolffe memorial lecture. Is the lung built for exercise?" 

Med Sci Sports Exerc 18(2): 143-55. 

Dempsey, J. A., C. A. Harms and D. M. Ainsworth (1996). "Respiratory muscle 

perfusion and energetics during exercise." Med Sci Sports Exerc 28(9): 1123-8. 

Dempsey, J. A., A. W. Sheel, A. M. St. Croix and B. J. Morgan (2002). "Respiratory 

influences of sympathetic vasomotor outflow in humans." Respiratory Physiology 

& Neurobiology 130: 3-20. 

Derchak, P. A., A. W. Sheel, B. J. Morgan and J. A. Dempsey (2002). "Effects of 

expiratory muscle work on muscle sympathetic nerve activity." J Appl Physiol  

92(4): 1539-52. 

Docherty, D. and B. Sporer (2000). "A proposed model for examining the interference 

phenomenon between concurrent aerobic and strength training." Sports Med  

30(6): 385-94. 



108 

Dudley, G. A., W. M. Abraham and R. L. Terjung ( 1982). "Influence of exercise intensity 

and duration on biochemical adaptations in skeletal muscle." J Appl Physiol  

53(4): 844-50. 

Eastwôod, P. R., D. R. Hillman, A. R. Morton and K. E. Finucane (1998). "The effects of 

learning .on the ventilatory responses to inspiratory threshold loading." Am J  

Respir Crit Care Med 158(4): 1190-6. 

Enoka, R. M. and D. G. Stuart (1992): "Neurobiology of muscle fatigue." J Appi Physiol 

72(5): 1631-48: 

Epstein, S. K. ( 1994). "An overview of respiratory muscle function." Clin Chest Med  

15(4): 619-39. 

Fairbarn, M. S., K.C. Coutts, R. L. Pardy and D. C. McKenie 1991). "Improved 

respiratory muscle endurance of highly trained cyclists and the effects on 

maximal exercise performance." mt J Sports Med 12(1): 66-70. 

Farkas, G. A., F. J. Cerny and D. F. Rochester ( 1996). " Contractility of the ventilatory 

pump muscles." Med Sci Sports Exerc 28(9): 1106-14. 

Fiz, J. A., J. M. Montserrat,- C. Picado, V. Plaza and A. Agusti-Vidal (1989). "How many 

manoeuvres should be done to measure maximal inspiratory mouth pressure in 

patients with chronic airflow obstruction?" Thorax 44(5): 419-21. 

Fiz J. A., P. Romero, R. Gomez, M. C. Hernandez, J. Ruiz, J. Izquierdo, R. Coil and J. 

Morera (1998). "Indices of respiratory muscle endurance in healthy subjects." 

Respiration 65(1): 21-7. 



109 

Ford, G.T., W. A. Whitelaw, T. W. Rosenal,P. J. Cruse and C. A. Guenter (1983). 

"Diaphragm function after upper abdominal surgery in humans." Am Rev Respir 

Dis 127(4): 431-6. 

Foss, M. and S. Keteyian (1998). Physiological Basis for Exercise and Sport 6th Ed. 

Boston, McGraw-Hill. 

Foster, C., M. Schrager and A: C. Snyder (1996). Blood lactate and respiratory 

measurement of the capacity for sustained exercise. Physiological Assessment of 

Human Fitness: 57-72. 

Gallagher, C. U., V. I. Hof and M. Younes (1985). "Effect of inspiratory muscle fatigue 

on breathing pattern." 3 Appl Physiol 59(4): 1152-8. 

Gandevia, S. C., D. K. McKenzie and B. L. Plassman (1990). "Activation of human 

respiratory muscles during different voluntary manoeuvres." 3 Physiol 428: 387-

403. 

Garlando, F., J. Kohl, E. A. Koller and P. Pietch (1985). "Effect of coupling the 

breathing- and cycling rhythms on oxygen uptake during bicycle ergometry." Eur 

3 Appl Physiol Occup Physiol 54(5): 497-501. 

Gosselink, R. and M. Decramer (1994). "Inspiratory muscle training: where are we?" Eur 

Respir J 7(12): 2'103-5. 

Gosselink, R., R. C. Wagenaar and M. Decramer (1996). "Reliability of a commercially 

available threshold loading device in healthy subjects and in patients with chronic 

obstructive pulmonary disease." Thorax 51(6): 601-5. 



110 

Grinton, S., S. K. Powers, J. Lawler, D. Criswell, S. Dodd and W. Edwards (1992). 

"Endurance training-induced increases in expiratory muscle oxidative capacity." 

Med Sci Sports Exerc 24(5): 551-5. 

Gross,D., A. Grassino, W. R. Ross and P. T. Macklem (1979). "Electromyogram pattern 

of diaphragmatic fatigue." J Appi Physiol 46(1): 1-7. 

Hanel, B. and N. H. Secher ( 1991). "Maximal oxygen uptake and work capacity after 

inspiratory muscle training: a controlled study." J Sports Sci.9(1): 43-52. 

Hards, J. M.,. W. D. Reid, R. L. Pardy and P. D. Pare ( 1990). "Respiratory muscle fiber 

morphometry. Correlation with pulmonary function and nutrition." Chest 97(5): 

1037-44. 

Harik-Khan, R. I., R. A. Wise and J. L. Fozard ( 1998). "Determinants of maximal 

inspiratory pressure. The Baltimore Longitudinal Study of Aging." Am J Respir  

Crit Care Med 158(5 Pt 1): 1459-64. 

Harms, C. A.. (2000). "Effect of skeletal muscle demand on cardiovascular function." 

Med Sci Sports Exerc 32(1): 94-9. 

Harms, C. A., M. A..Babcock, S. R. McClaran, D. F. Pegelow, G. A. Nickele, W. B. 

Nelson and J. A. Dempsey (1997). "Respiratory muscle work compromises leg 

blood flow during maximal exercise." J Appl Physiol 82(5): 1573-83. 

Harms, C. A. and J. A. Dempsey (1999). "Cardiovascular consequences of exercise 

hyperpnea." Exerc Sport Sci Rev 27: 37-62. 

Harms, C. A.,T. J. Wetter, S. R. McClaran, D. F. Pegelow, G., A. Nickele, W. B. Nelson, 

P. Hanson and J. A. Dempsey (1998). "Effects of respiratory muscle work on 

S. 



111 

cardiac output and its distribution during maximal exercise." J Appi Physiol  

85(2): 609-18. 

Harms, C. A., T. J. Wetter, C. M. St Croix, D. P. Pegelow and J. A. Dempsey (2000). 

"Effects of respiratory muscle work on exercise performance." J Appl Physiol  

89(1): 131-8. 

Hart, N., K. Sylvester; S. Ward, D. Cramer, J. Moxham and M. I. Polkey (2001). 

"Evaluation of an inspiratory muscle trainer in healthy'huEnans." Respir Med  

95(6): 526-31. 

Heritier, F., F. Rahm, P. Pasche and J. W. Fitting ( 1994). " Sniff nasal inspiratory 

pressure. A noninvasive assessment of inspiratory muscle strength." Am J Respir  

Crit Care Med 150(6 Pt 1): 1678-83. 

Hershenson, M. B., Y. Kikuchi and S. H. Loring ( 1988). "Relative strengths of the chest 

wall muscles." 3 Appi Physiol 65(2): 852-62. 

Hickey, M. S., D. L. Costill, G. K. McConell, J. J. Widrick and H. Tanaka (1992). "Day 

to day variation in time trial cycling performance." mt I Sports Med 13(6): 467-

70. 

Hill, A. R., J. M. Adams, B. E. Parker and D. F. Rochester (1988). "Short-term 

entrainment of ventilation to the walking cycle in humans." 3 Appi PhysiOl 65(2): 

570-8. 

Holloszy, J. 0. and E. F. Coyle ( 1984). "Adaptations of skeletal muscle to endurance 

exercise and their metabolic consequences." J Appl Physiol 56(4): 831-8. 



112 

Hoppeler, H., H. Howald, K. Conley, S. L. Lindstedt, H. Claassen, P. Vock and F. R 

Weibel (1985). "Endurance training in humans: aerobic capacity and structure of 

skeletal muscle." J Appi Physiol 59(2): 320-7. 

Hussain, S. N. and C. Roussos (1985). "Distribution of respiratory muscle and organ 

blood flow during endotoxic shock in dogs." J Appl Physiol 59(6): 1802-8. 

lanuzzo, C. D., E. G. Noble, N. Hamilton and B. Dabrowski (1982). "Effects of 

streptozotocin diabetes, insulin treatment, and training on the diaphragm." J Appi 

Physiol 52(6): 1471-5.. 

Ikai, M. and K. Yabe ( 1969). "Training effôct of muscular endurance by means by 

voluntary and electrical stimulation." mt z Angew Physiol 28(1): 55-60. 

Inbar, 0., P. Weiner, Y. Azgad, A. Rotstein and Y. Weinstein (2000). "Specific 

inspiratory muscle training in well-trained endurance athletes." Md Sci Sports  

Exerc 32(7): 1233-7. 

Jaeger, M. : (1982). "Effect of the cheeks and the compliance of alveolar gas on the 

measurement of respiratory variables." Respir Physiol 47(3): 325-40. 

Jeffery Mador, M., T. J. Kufel and L. A. Pineda (2000). "Quadriceps and diapl*agrnatic 

function after exhaustive cycle exercise in the healthy elderly." Am J Respir Crit 

Care Med 162(5): 1760-6. 

Jiang, T. X., K. Deschepper, M. Demedts and M. Decramer (1989). "Effects of acute 

hyperinflation on the mechanical effectiveness of the parasternal intercostals." 

Am Rev Respir Dis 139(2): 522-8. 



113 

Johnson, B. D., E. A. Aaron, M. A. Babcock 'and J. A. Dempsey (1996). "Respiratory 

muscle fatigue during exercise: implications for performance." Med Sci Sports  

Exerc28(9): 1129-37. 

Johnson, B. D., M. A. Babcock, 0. E. Suman and J. A. Dempsey (1993). "Exercise-

induced diaphragmatic fatigue in healthy, humans." J Physiol 460(1): 385-405. 

Johnson, P. H., A. J. Cowley and W. J. Kinnear (1996). "Evaluation of the THRESHOLD 

trainer for inspiratory muscle endurance training: comparison with the weighted 

plunger method." Eur Respir J 9(12): 2681-4. 

Kikuchi, Y., H. Sasaki, K. Sekizawa, K. Aihara and T. Takishima (1982). "Force-velocity 

relationship of expiratory muscles in normal subjects." J Appl Physiol 52(4): 930-

8. 

Koulouris, N., D. A. Mulvey, C. M. Laroche, M. Green and J. Moxham (1988). 

"Comparison of two different mouthpieces for the measurement of Pimax and 

Pemaxin normal and weak subjects." Eur Respir J 1(9): 863-7. 

Koulouris, N., D. A. Muley,' C. M. Laroche, E. H. Saicka, M. Green and J. Moxham 

(1989). "The measurement of inspiratory muscle strength-by sniff esophageal, 

nasopharyngeal, and mouth pressures." Am Rev Respir Dis 139(3): 641-6. 

Kraemer, W. J.; M. R. Deschenes and S. J. Fleck (1988). "Physiological adaptations to 

resistance exercise. Implications for athletic conditioning." Sports Med 6(4): 246-

56. 

Krishnan, B., T. Zintel, C. McParlandand C. G. Gallagher (1996). "Lack of importance 

of respiratory muscle load in ventilatory regulation during heavy exercise in 

humans." J Physiol 490(Pt 2)(12): 537-50. 



114 

Laporta, D. and A. Grassino (1985). "Assessment of transdiaphragmatic pressure in 

humans." J Appi Physiol. 58(5): 1469-76. 

Laroche, C. M., A. K. Mier, J. Moxham and M. Green (1988). "The value of sniff 

esophageal pressures in the assessment of global inspiratory muscle strength." Am 

Rev Respir Dis 138(3): 598-603. 

Lawler, J. M., S. K. Powers and D. S. Criswell ( 1993). "Inducibility of NADP-specific 

isocitrate dehydrogenase with endurance training in skeletal muscle." Acta 

Physiol Scand 149(2) 17781. 

Le Bars, P. and B. Duron (1984). "Are the external and internal intercostal muscles 

synergist or antagonist in the cat?" Neurosci Lett 51(3): 383-6. 

Leith, D. E. and M. Bradley ( 1976). "Ventilatory muscle strength and endurance 

training." JAppl Physiol 41(4): 508-16. 

Lemen, R., M. Benson and J. G. Jones (1974). "Absolute pressure measurements with 

hand-dipped and manufactured esophageal balloons." 3 Appl Physiol 37(4): 600-

3. 

Levine, S., C. Gregory, T. Nguyen, J. Shrager, L. Kaiser, N. Rubinstein and G. Dudley 

(2002). "Bioenergetic adaptation of individual human diaphragmatic myofibers to 

severe COPD." 3 Appl Physiol 92(3): 1205-13. 

Levine, S., T. Nguyen, J. Shrager, L. Kaiser, V. Camasamudram and N. Rubinstein 

(2001). "Diaphragm adaptations elicited by severe chronic obstructive pulmonary 

disease: lessons for sports science." Bxerc Sport Sci Rev 29(2): 71-5. 



115 

Lisboa, C.; V. Munoz, T. Beroiza, A. Leiva and E. Cruz ( 1994). "Inspiratory muscle. 

training in chronic airflow limitation: comparison of two different training loads 

with a threshold device." Eur Respir J 7(7): 1266-74. 

Loke, 3., D. A. Mahler and J. A. Virgulto ( 1982). "Respiratory muscle fatigue after 

marathon running." 3 Appl Physiol 52(4): 821-4. 

Loring, S. H. and A. DeTroyer (1986). Action of the respiratory muscles. The Handbook 

of Physiology Section 3: The Respiratory System. A. Fishmen. Maryland, 

American Physiological Society. 3: 443-461. 

Macklem, P. (2002). Gastric pressure measurements. 

Macklem, P. T. (1998). "The mechanics of breathing." Am 3 Respir Crit Care Med 157(4 

Pt 2): S88-94. 

Mador, J. M., A. Rodis and J.Diaz (1996). "Diaphragmatic fatigue following voluntary 

hyperpnea.'.' Am 3 Respir Crit Care Med 154(1): 63-7. 

Mador, M. J. and F. A. Acevedo (1991). "Effect of respiratory muscle fatigue on 

breathing pattern during incremental exercise." Am Rev Respir Dis 143(3): 462-8. 

Mador, M. J. and F. A. Acevedo (1991). "Effect of respiratory muscle fatigue on 

subsequent exercise performance." 3 Appl Physiol 70(5): 2059-65. 

Mador, M. 3. and M. Dahuja (1996). "Mechanisms for diaphragmatic fatigue following 

high-intensity leg exercise." Am 3 Respir Crit Care Med 154(5): 1484-9. 

Mador, M. 3., U. J. Magalang,A. Rodis and T. J. Kufel ( 1993). "Diaphragmatic fatigue 

after exercise in healthy human subjects." Am Rev Respir Dis 148(6 Pt 1): 1571-

5. 



116 

Mahler, D. A., B. Hunter, T. Lentine and J. Ward (1991). "Locomotor-respiratory 

coupling develops in novice female rowers with training.!' Med Sci Sports Exerc  

23(12): 1362-6. 

Mah1e, D. A., C. R. Shuhart, E. Brew 'and T. A. Stukel ( 1991). "Ventilatory responses 

and entrainment of breathing during rowing." Med Sci Sports Exerc 23(2): 186-

92. 

Maillard, J. 0., L. Burdet, G. van Melle and J. W. Fiting ( 1998). "Reproducibility of 

twitch mouth pressure, sniff nasal inspiratory pressure, and maximal inspiratory 

pressure." Eur RespirJ 11(4): 901-5. 

Mallios, V. J. and J. L. Hodgson (1994). "Imposed breathing pattern alters respiratory 

work during exercise." Eur 3 Appl Physiol Occup Physiol 69(3): 262-7. 

Markov, G., C. M. Spengler, C. Knopfli-Lenzin, C. Stuessi and U. Boutellier (2001). 

"Respiratory muscle training increases cycling endurance without affecting 

cardiovascular responses to exercise." Eur 3 Appl Physiol 85(3-4): 233-9. 

McBride, J. M., T. Triplett-McBride, A. Davie and R. U. Newton (2002). "The effect of 

heavy- vs. light-load jump squats on the development of strength, power, and 

speed." 3 Strength Cond Res 16(1): 75-82. 

McConnell, A. K., M. P. Caine and G. R. Sharpe ( 1997). "Inspiratory muscle fatigue 

following running to volitional fatigue: the influence of baseline strength." Int J 

Sports Med 18(3): 169-73. 

McConnell, A. K. and A. J. Copestake (1999). "Maximum static respiratory pressures in 

healthy elderly men and women: issues of reproducibility and interpretation." 

Respiration 66(3): 251-8. 



117 

McElvaney, G., M. S. Fairbarn, P. G. Wilcox and R. L. Pardy ( 1989). "Comparison of 

two-minute incremental threshold loading and maximal loading as measures of 

respiratory muscle endurance." Chest 96(3): 557-63. 

McKenzie, D. K. and F. Bellemare (1995). "Respiratory muscle fatigue." Adv Exp Med  

Biol 384(3): 401-14. 

McKenzie, D. K., B. L. Plassman and S. C. Gandevia (1988). "Maximal activation of the 

human diaphragm but not inspiratory intercostal musóles during static inspiratory 

efforts." Neurosci Lett 89(1): 63-8. 

McLellan, T. M. (1985). "Ventilatory and plasma lactate response with different exercise 

protocols: a comparison of methods." mt j Sports Med 6(1): 30-5. 

McLellan, T. M., S. S. Cheung and I. Jacobs (1995). "Variability of time to exhaustion 

during submaximal exercise." Can J Appl Physiol 20(1): 39-51. 

Mead, J. ( 1979). "Functional significance of the area of apposition of diaphragm to rib 

cage [proceedings]." Am Rev Respir Dis 119 (2 Pt 2): 31-2. 

Mead, J., M. B. Mcllroy, N. J. Selversone and B. C. Kriete (1955). "Measurement of 

intraesophageal pressure." 3 Appl Physiol 7: 491-495. 

Milic-Emili, J. (1984). "Measurement of pressures in respiratory physiology." 

Respiratory physiology. 

Milic-Emili, 3., J. Mead, J. M. Turner and B. M. Glauser ( 1964). "Improiied technique for 

estimating pleural pressure from esophageal balloons." J Appl Physiol 19(2): 207-

211. 

Miller, J. M., J. Moxham and M. Green (1985). "The maximal sniff in the assessment of 

diaphragm function in man." Clin Sci (Lond) 69(1): 91-6. 



118 

Moore, R. L. and P. D. Golinick ( 1982). "Reponse of ventilatory muscles of the rat to 

endurance training." Pflugers Arch 392(3): 268-71. 

Morgan, D. W., W. M. Kohrt, B. J. Bates and J. S. Skinner (1987). "Effects of respiratory 

muscle endurance training on ventilatory and endurance performance of 

moderately trained cyclists." mt j Sports Med 8(2): 88-93. 

Moritani, T. (1993). "Neuromuscular adaptations during the acquisition of muscle 

strength, power and motor tasks." J Biomech 26 Suppl 1: 95-107. 

Murciano, D., M. Aubier, S. Bussi, J. P. Derenne, R. Pariente and J. Milic-Emili (1982). 

"Comparison of esophageal, tracheal, and mouth occlusion pressure in patients 

with chronic obstructive pulmonary disease during acute respiratory failure." Am 

Rev Respir Dis 126(5): 837-41. 

Nava, S., N. Ambrosino, P. Crotti, C. Fracchia and C. Rampulla (1993). "Recruitment of 

some respiratory muscles during three maximal inspiratory-manoeuvres." Thorax 

48(7): 702-7. 

Nava, S., E. Zanotti, C. Rampulla and A. Rossi ( 1992).. "Respiratory muscle fatigue does 

not limit exercise performance during moderate endurance run." 3 Sports Med  

Phys Fitness 32(1): 39-44. 

Nordeen-Snyder, K. S. (1977). "The effect of bicyce seat height variation upon oxygen 

consumption and lower limb kinematics." Med Sci Sports 9(2): 113-7. 

O'Kroy, J. A. and J. R. Coast (1993). "Effects of flow and resistive training on respiratory 

muscle endurance and strength." Respiration 60(5): 279-83. 

Pacia, E. B. and T. K. Aldrich ( 1998). "Assessment of diaphragm function." Chest Surg 

Clin N Am 8(2): 225-3 6. '' 



119 

Paterson, D. J., G. A. Wood, A. R. Morton and J. D. Henstridge (1986). "The entrainment 

of ventilation frequency to exercise rhythm." Eur J Appi Physiol Occup Physiol  

55(5): 530-7. 

Perret,C., R. Pfeiffer, U. Boutellier, H. M. Wey and C. M. Spengler (1999). 

"Noninvasive measurement of respiratory muscle performance after exhaustive 

endurance exercise." Eur Respir J 14(2): 264-9. 

Pierce, E. F., A. Weitman, R. L. Seip and D. Snead (1990). "Effects of training specificity 

on the lactate threshold and V02 peak." mt J Sports Med 11(4): 267-72. 

Powers, S. and E. Howley (2001). Exercise Physiology Theory and Application to Fitness 

and Performance. New York, McGraw-Hill Higher Education. 

Powers, S. and E. Howley (2001). Factors affecting performance. Exercise Physiology  

Theory and Application to Fitness and Performance. New York McGraw-Hill 

Higher Education. 4th: 375-387. 

Powers, S. K., J. Coombes and H. Demirel (1997). "Exercise training-induced changes in 

respiratory muscles." Sports Med 24(2): 120-31. 

Powers, S. K. and D. Criswell (1996). "Adaptive strategies of respiratory muscles in 

response to endurance exercise." Med Sci Sports Exerc 28(9): 1115-22. 

Powers, S. K., D. Criswell, J. Lawler, D. Martin, L. L. Ji, R. A. Herb and G. Dudley 

(1994). "Regional training-induced alterations in diaphragmatic oxidative and 

antioxidant enzymes." Respir Physiol 95(2): 227-37. 

Powers, S. K., D. Criswell, F. K. Lieu, S. Dodd and H. Silverman (1992). 

"Diaphragmatic fiber type specific adaptation to endurance exercise." Respir  

Physiol 89(2): 195-207. 



120 

Powers, S. K., D. Criswell, F. K. Lieu, S. Dodd and H. Silverman (1992). "Exercise-. 

induced cellular alterations in the diaphragm." Am J Physiol 263 (5 Pt 2): RI 093-

8. 

Power, S. K., G. A. Farkas, D. Criswell, R. A. Herb, K. Zambito and S. Dodd (1994). 

"Metabolic characteristics of primary inspiratory and expiratory muscles in the 

dog." J Appi Physiol 77(5): 2188-93. 

Powers, S. K., J. Lawler, D. Criswell;F. K. Lieu and S. Dodd (1992). "Alterations in 

diaphragmatic oxidative and antioxidant enzymes in the senescent Fischer 344 

rat." J Appl Physiol '72(6): 2317-21. 

Powers, S. K., D. Martin, M. Cicale,N. Collop, D. Huang and D. Criswell ( 1992). 

"Exercise-induced hypoxemia in athletes: role of inadequate hyperventilation." 

Eur J Appl Physiol Occup Physiol 65(1): 37-42. 

Pyne, D. B., T. Boston, D. T. Martin and A. Logan (2000). "Evaluation of the Lactate Pro 

blood lactate analyser." Eur J Appl Physiol 82(1-2): 112-6. 

Reid, W. D. and G. Dechman (1995). "Considerations when testing and training the 

respiratory muscles." Phys Ther 75(11): 971-82. 

Riley, D. A. and A. J. Berger ( 1979). "A regional histochernical and electromyographic 

analysis of the cat respiratory diaphragm." Exp Neurol 66(3): 636-49. 

Robinson, E. P. and J. M. Kjeldgaard ( 1982). "Improvement in ventilatory muscle 

function with running." J Appl Physiol 52(6): 1400-6. 

Rochester, D. F. ( 1988). "Tests of respiratory muscle function." Clin Chest Med 9(2): 

249-61. 



121 

Rochester, D. F. ( 1992). Respiratory muscles structure, size, and adaptive capacity. 

Breathlessness: The Campbell Syposium. N. L. J. a. K. J. Killiam. Hamilton, 

Ontario, Boehringer, Ingelheim: 2-12. 

Rocheter, D. F. and N. S. Arora ( 1983). "Respirator muscle failure." Med Clin North  

Am 67(3): 573-97. 

Romer, L. M., A. K. McConnell and D. A. Jones (2002). "Effects of inspiratory muscle 

training on time-trial performance in trained cyclists." J Sports Sci 20(7): 547-62. 

Romer, L. M., A. K. McConnell and D. A. Jones (2002). "Inspiratory muscle fatigue in 

trained cyclists: effects of inspiratory muscle training." Med Sci Sports Exerc  

34(5): 785-92. 

Roussos, C. and P. Macklem ( 1986). Inspiratory Muscle fatigue. The Handbook of 

Physiology Section 3: The Respiratory System. A. Fishmen. Maryland, American 

Physiological Society. 3: 511-525. 

Rubinstein, I., A. S. Slutsky, A. S. Rebuck, P. A. McClean, R. Boucher, A. Szeinberg and 

N. Zamel (1988). "Assessment of maximal expiratory pressure in healthy adults."! 

J Appi Physiol 64(5): 22 15-9. 

Sale, D. ( 1992). Neural Adaptation to strength training. Strength and Power in Sport, 

Blackwell Scientific Publications: 249-265. 

Sale, D. G. (1988); "Neural adaptation to resistance training." Med Sci Sports Exerc 20(5 

Suppi): S135-45. 

Sharp, J. and R. Hyatt ( 1986). Mechanical and electrical properties of respiratory 

muscles. The Handbook of Physiology Section 3: The Respiratory System. A. 

Fishmen. Maryland, American Physiological Society. 3: 389-414. 



122 

Sheel, A. W. (2002). "Respiratory muscle training in healthy individuals: physiological 

rationale and implications for exercise performance." Sports Med 32(9): 567-8 1. 

Sheel, A. W., P. A. Derchak, B. J. Morgan, D. F. Pegelow, A. J. Jacques and J. A. 

Dempsey (2001). "Fatiguing inspiratory muscle work causes reflex reduction in 

resting leg blood flow in humans." J Physiol 537(Pt 1): 277-89. 

Sieck, G. C. and M: Fournier ( 1990). "Changes in diaphragm motor unit EMG during 

fatigue." J Appl Physiol 68(5):-1917-26. 

Sliwinski, P., S. Yan, A. P. Gauthier and P. T. Macklem (1996). "Influence of global 

inspiratory muscle fatigue on breathing during exercise." J Appi Physiol 80(4): 

1270-8. 

Smith, J. and F. Bellemare ( 1987). "Effect of lung volume on in vivo contraction 

characteristics of human diaphragm." J Appl Physiol 62(5): 1893-900. 

Sonetti, D. A., T. J. Wetter, D. F. Pegelow and J. A. Dempsey (2001). "Effects of 

respiratory muscle training versus placebo on endurance exercise performance." 

Respir Physiol 127(2-3): 185-99. 

Spengler, C. M., C. Knopfli-Lenzin, K. Birchler, A. Trapletti and U. Boutellier (2000). 

"Breathing pattern and exercise endurance time after exhausting cycling or 

breathing." Eur J Appl Physiol 81(5): 368-74. 

Spengler, C. M., S. M. Laube, M. Roos and U. Boutellier ( 1996). The effect of breathing 

• pattern during respiratory training on cycling endurance. The Physiology and  

Pathophysiology of Exercise Tolerance. S. a. Ward. New York, Plenum Press: 

315-319. 



123 

Spengler, C. M., M. Roos, S. M. Laube and U. Boutellier ( 1999). "Decreased exercise 

blood lactate concentrations after respiratory endurance training in humans." Eur J 

Appi Physiol Occup Physiol 79(4): 299-3 05. 

Staron R. S., D. L. Karapondo, W. J. Kraemer, A. C. Fry, S. B. Gordon, J. B. Falkel, F. 

C. Hagerman and R. S. Hikida (1994). " Skeletal muscle adaptations during early 

phase of heavy-resistance training in then and women." J Appl Physiol 76(3): 

1247-55. 

Stuessi, C., C. M. Spengler, C. Knopfli-Lenzin, G. Markov and U. Boutellier (2001). 

"Respiratory muscle endurance training in humans increases cycling endurance 

without affecting blood gas concentrations." Eur J Appi Physiol 84(6): 582-6. 

Suzuki, S., Y. Yoshiike, M. Suzuki, T. Akahori, A. Hasegawa and T. Okubo (1993). 

"Inspiratory muscle training and respiratory sensation during treadmill exercise." 

Chest 104(1): 197-202. 

Topulos, G. P., M. B. Reid and D. B. Leith (1987). "Pliometric activity of inspiratory 

muscles: maximal pressure-flow curves." J Appi Physiol 62(1): 322-7. 

Troyer, A. D. and S. Loring (1986). Action of the respiratory muscles. The Handbook of 

Physiology Section 3: The Respiratory System. A. Fishmen. Maryland, American 

Physiological Society. 3: 443-461. 

Tzelepis, G. B., V. Kasas and F. D. McCool (1999). "Inspiratory muscle adaptations 

following pressure or flow training in humans." Fur J Appi Physiol Occup Physiol 

79(6): 467-71. 



124 

Tzelepis, G. E., D. L. Vega, M. E. Cohen, A. M. Fulambarker, K. K. Patel and F. D. 

McCool (1994). "Pressure-flow specificity of inspiratory muscle training." J Appi 

Physiol 77(2): 795-801. 

Tzelepis, G. E., D. L. Vega, M. E. Cohen and F. D. McCool (1994). "Lung volume 

specificity of inspiratory muscle training." J Appi Physiol 77(2): 789-94. 

Verin, E., C. Delafosse, C. Straus, C. Morelot-Panzini, S. Avdeëv, J. P. Derenne and T: 

Similowski (2001). "Effects of muscle group recruitment on sniff 

transdiaphragmaticpressure and its components." Eur J Appi Physiol 85(6): 593-

8. 

Viires, N., G. Sillye, M. Aubier, A. Rassidakis and C. Roussos (1983). "Regional blood 

flow distribution in dog during induced hypotension and low cardiac output. 

Spontaneous breathing versus artificial ventilation." 3 Clin Invest 72(3): 935-47. 

Volianitis, S., A. K. McConnell and D. A. Jones (2001). "Assessment of maximum 

inspiratory pressure. Prior submaximal respiratory muscle activity ('warm-up') 

enhances maximum inspiratory activity and attenuates the learning effect of 

repeated measurement." Respiration 68(1): 22-7. 

Volianitis, S., A. K. McConnell, Y. Koutedakis and D. A. Jones ( 1999). "The influence 

of prior activity upon inspiratory muscle, strength in rowers and non-rowers." Tnt 3 

Sports Med 20(8): 542-7. 

Volianitis, S., A. K. McConnell, Y. Koutedakis, L. McNaughton, Backx and D. A. Jones 

(2001). "Inspiratory muscle training improves rowing performance." Med Sci  

Sports Exerc 33(5): 803-809. 



125 

Volianitis, S. M., A., Koutedakis, Y., McNaughton, L., Backx, K., Jones, D.' (2000).. 

"Respiratory muscle fatigue following a 6min all-out rowing 'effort." 

Vrabas, I. S., S. L. Dodd, S. K. Powers, M. Hughes, J. Coombes, L. Fletcher, H. Demirel 

and M. B. Reid ( 1999). "Endurance training reduces the rate of diaphragm fatigue 

in vitro." Med Sci Sports Exerc 31(11): 1605-12. 

Walsh, M. L. (2000). "Whole body fatigue and critical power: a physiological 

interpretation." Sports Med 29(3): 153-66. 

Wanke, T., D. Formanek, H. Lahrmann, H. Brath, M. Wild, C. Wagner and H. Zwick 

(1994). "Effects of combined inspiratory muscle and cycle ergometer training on 

exercise performance in patients with COPD." Bur Respir J 7(12): 2205-11. 

Wanke, T., K. Toifl, M. Merkle, D. Formanek, H. Lahrmann and H. Zwick (1994). 

"Inspiratory muscle training in patients with Duchenne muscular dystrophy." 

Chest 105(2): 475-82. 

Wasserman, K., J. Hansen, D. Sue, R. Casaburi and B. Whipp (1999). Principles of 

Exercise Testing and Interpretation. Baltimore, Maryland, Lippincott Willliams & 

Wilkins. 

Wasserman, K., A. L. Van Kessel and G. G. Burton ( 1967). "Interaction of physiological 

mechanisms during exercise." J Appl Physiol 22(1): 71-85. 

Wen, A. S., M. S. Woo and T. G. Keens (1997). "How many maneuvers are required to 

measure maximal inspiratory pressure accurately." Chest 111(3): 802-7. 

West, J. (1995). Respiratory Physiology - the essentials. Baltimore, Williams & Wilkins. 



126 

Whipp, B. and R. Pardy ( 1986). Breathing during exercise. The Handbook of Physiology  

Section 3: The Respiratory System. A. Fishmen. Maryland, American 

Physiological Society. 3: 604-629. 

Williams, J. S., J. Wongsathikun, S. M. Boon and E. 0. Acevedo (2002). "Inspiratory 

muscle training fails to improve endurance capacity in athletes. " Med Sci Sports  

Exerc 34(7): 1194-1198. 

Yan, S., I. Lichros, S. Zakynthinos and P. T. Macklem (1993). "Effect of diaphragmatic 

fatigue on control of respiratory muscles and ventilation during CO2 rebreathing." 

J Appl Physiol 75(3): 1364-70. 

Yan, S., P. Sliwinski,A. P. Gauthier, I. Lichros, S. Zakynthinos and P. T. Macklem 

(1993). "Effect of global inspiratory muscle fatigue on ventilatory and respiratory 

muscle responses to CO2." J Appl Physiol 75(3): 1371-7. 



127 

Appendix A: Recruitment Flyer 

Subjects are needed for a study examining the effects of 

RESPIRATORY MUSCLE TRAINING on ATHLETIC 
PERFORMANCE. 

Criteria: 

• Males 18 to 39 years old 

• Training with a club (cycling, triathlon, speedskating) for a minimum of 1 year 
prior to the beginning of the study and/or competition experience 

• No chronic respiratory diseases (asthma, COPD, cystic fibrosis, etc.). 
/ 

Study Involvement: 
• Recruited subjects will undergo VO2max testing, submaximal constant load 

testing, lactate testing, time trial testing 
• Respiratory muscle training for 4 weeks 

• Minimal impact on your current training program 

At no cost to subject: 

• Physiological testing with a detailed analysis of your current training status 
(VO2max, Anaerobic threshold, max heart rate, maximum aerobic power etc.) 

• Identifying areas of weakness for improvement 

Please contact Sidd Thakore at 220-8949 or email at 
sthakore(uca1gary.ca if you have any question regarding this study or if 
you would like to participate in this study. 
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Appendix B: Phone Interview Questionnaire 

Research Study Phone interview Question:• 

• How did you hear about the study? 

• What type of training background do you have? (road or mountain biking) 
• What club have you trained with? (how long, at what level) 
• Have you competed at all? (What type of competitions) 

• What is your age? 

• Do you have any chronic respiratory diseases that you are aware off (asthma...)? 
• What type of bike do you own (road or mountain bike) 
• For the duration of the study, you will not be allowed to use your rear tire for any 

other activities. You will be given $ 15 towards the purchase of a tire for the 
study. 

•. If mountain bike, required to use slicks for testing 

-. Have you ever been on rollers before? (If not, would you be willing to come in an 
do a practice trial) 

• Have you ever ridden 8km before? (If not, would you be willing to come in and 
do a practice trial) 

If so far OK 

• Will be performing a VO2max test on day 1, if your VO2max is below 
5m1/kg/min, you will be excluded? 

• If are identified to have exercise induced asthma, you will be excluded 

Outline of Study: 

• It is a training intervention, thus you will be required to commit about 2months to 
this study. (Yes or No) 

• 4wks will consist of RMT intervention, using a portable device on your own time, 
5minIday (yes or no), 1/week for 4wks of training. 

• Random assignment 
• Required to perform VO2max test (Yes or No) 

• Required to perform breathing tests to assess respiratory muscle strength (tiny 
catheters to esophagus) 

• Required to perform a submaximal constant-load test. 
• Required to do 8km time trials on rollers, front fork fixed. 
• Required to modify training schedule such that there is no maximal exercise 

(including weights) performed within 48 hours of test time. 

• Required to keep a training log workouts and RMT training during the study 
duration and 2 week prior to study 

• Required to maintain .a consistent training program during the study time period 
and 2 weeks before. 
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Book Times with me. 

• Book all 4 days at once. 
• Book Block Times 
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Appendix C: Physical Activity Readiness Questionnaire 

Revised 1994 Physical Activity Readiness Questionnaire (PAR-Q) 

YES NO 

1. Has your doctor ever said that you have a heart condition and 

that you should only do physical activity recommended by a doctor? 

2. Do you feel pain in your chest when you do physical activity? 

3. In the past month, have you had chest pain when you were not 

doing physical activity? 

4. Do you lose your balance because of dizziness or do you ever 

lose consciousness? 

5. Do you have a bone or joint problem that could be made worse 

by a change in your physical activity? 

6. Is your doctor currently prescribing drugs (for example, water 

pills) for your blood pressure or heart condition? 

7. Do you know of any other reason why you should not do 

physical activity? 

NOTE: 1. This questionnaire applies only to those 15 to 69 years of age. 

2. If you have temporary illness, such as a fever or cold, or are not feeling well at 
this time, you may wish to postpone the proposed activity. 

3. If you are pregnant, you are advised to discuss the "PARmed-X for Pregnancy" 
form with your physician before exercising. 

4. If your health changes so that you then answer YES to any of the above 
questions, tell your fitness or health professional. Ask whether you should 
change your physical activity plan. 

I have read, understood 'and completed this questionnaire. 

SIGNATURE DATE 

SIGNATURE OF PARENT 
OR GUARDIAN (for participants under the age of majority) 

Witness Date 

Informed use of the PAR-Q: The Canadian Society for Exercise Physiology, Health Canada, and their 

agents assume no liability for persons who undertake physical activity, and if in doubt after completing this 

questionnaire, consult your doctor prior to physical activity. 
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Appendix D: Subject Consent Form 

UNIVERSITY OF 

CALGARY 
FACULTY OF KINESIOLOGY 

SPORT MEDICINE CENTRE 

Consent Form 

Research Project Title: The effects of respiratory muscle training on athletic 
performance in trained cyclists. 

Investigators: Dr. Victor Lun, Sidd Thakore, Dr. Stephen Norris, Dr. Gordon Ford 
Sponsor: Respironics Inc.;Sport Science Association of Alberta; University of Calgary 
Thesis Research Grant. 
This consent form, a copy of which has been given to you, is only part of the process of 
informed consent. It should give you the basic idea of what the research is about and 
what your participation will involve. If you would like more detail about something 
mentioned here, or information not included here, please feel free to contact Sidd 
Thakore at 220-8949. Please take the time to read this carefully and to understand any 
accompanying information. 

Purpose of the research: This research is intended to determine the effects of 
respiratory muscle training on athletic performance in trained cyclists. 

Measurement and Procedures: Male volunteers between the ages of 18 - 39 from local 
triathlete and cycle clubs who have been training for a minimum of 1 year, have no 
chronic respiratory diseases and are willing to perform the tests and training program 
described below will qualify for the study. Subjects will be required to fill out a ParQ 
form. Subjects with any positive response on the ParQ form must be evaluated by a 
physician for clearance to participate in the study. 
Additionally, your voluntary participation in this study will require the following: 

1. Abstain from vigorous exercise 2 full days prior to each testing session 
2. NO caffeine beverages at least 6 hours before each test session 
3. NO alcoholic drinks 6 hours before each test session 
4. NO smoking 2 hours before each test session. 
5. NO food 2 hour before each test session 
6. Two incremental cycle ergometer tests to exhaustion to determine maximal 

aerobic power/VO2max; four 8km time trials to measure performance; two 
submaximal constant load exercise tests; two pulmonary function tests including 
maximal flow-volume loops; seven assessments of inspiratory muscle strength; 
two assessments of diaphragm strength; two assessments of inspiratory muscle 
endurance; four assessments of expiratory muscle strength; four weeks of 
respiratory muscle training. 
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7. Detailed training log of your regular exercise training sessions beginning 2 weeks 
prior to the start of testing,' with no drastic changes in your training regime during 
this time 

8. Training log of your RMT sessions 

Maximal aerobic power! VO2max will be determined via an incremental test 
performed on an electronically braked cycle ergometer starting at 150 watts and 
increasing by 30 watts every three minutes until the technician observes the anaerobic 
threshold. Thereafter, the increase will be 15 watts every minute until exhaustion. 
Throughout the test, your expired air will be collected and analyzed for oxygen and 
carbon dioxide content. This procedure requires that you breathe room air through a 
mouthpiece, which is connected to a hose that collects your expired air. Subjects with a 
VO2max measurement less than 55m1./kg/min will be excluded from the study. Both 
before the VO2max test and 5-15 minutes after the VO2max test, subjects will have 
spirometry assessed (maximal flow-volume loop). 

8km cycle time trial will be performed in the Human Performance Lab, University of 
Calgary on Kreitler rollers with subjects using their own cycles. Heart rate will be 
monitored every minute with an electronic heart rate monitor. Subjects must not use their 
rear tire for any riding other than the four time trials over the duration of the study. 

Submaximal constant load exercise test will be performed in the PFT lab at the 
Rockyview General Hospital on an electronically braked cycle ergometer. Subjects will 
warm up for 4min and then exercise at a predetermined workload equivalent to AT + 
50%A where AT is the work rate corresponding to the pre-training ventilatory threshold 
and A is the difference between the work rates corresponding to the ventilatory threshold 
and VO2rnax for that subject for lOminutes. In addition, fingertip blood samples will be 
collected at baseline, 5mm, 1 Omin and 5min post test. Each time a sample is drawn, 
approximately 5 l of blood will be collected from your fingertip. Blood samples will be 
analyzed for lactate concentrations. Perceived leg exertion and shortness of breath will 
be measured at baseline, every 3min during test and at end of test using a modified CR-
10 Borg scale. You will identify your perceived level of exertion on a scale from 0 - 10. 

Inspiratory and expiratory muscle strength will be assessed as the maximal 
inspiratory and expiratory pressure (MIP & MEP) respectively measured at the mouth. 
Additionally, you will be required to swallow two balloon catheters in order to measure 
diaphragmatic strength. Inspiratory muscle endurance will be assessed by constant load 
breathing against a resistance equivalent to 50% of MIP until fatigue (CLRB). 
Termination of this test will be determined by the inability to maintain a pre-set breathing 
frequency. Diaphragmatic strength will be measured both during and before and after the 
submaximal test. 

Inspiratory muscle training will occur over 4 weeks: 6-days/week, 3 sets/day, 30 
breathes/set at a predetermined breathing frequency with 1-minute rest between sets. The 
first training session will occur in the lab so subject technique can be monitored. All the 
other training sessions will occur during the subject's own time at home. 
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Your time commitment to this study will result in about 8 hours in the laboratory over an 
eight week period (each visit ranging from 10 -to 60 minutes in duration) and about 20-25 
minutes of RMT on your own time. The VO2max tests and submaximal constant load 
test will take place at the Pulmonary Function Lab, Rockyview General Hospital. All 
other tests will take place at the Human Performance Laboratory, University of Calgary. 
In addition, you will be asked to keep a detailed training log of your regular exercise 
training sessions beginning 2 weeks prior to the start of testing, as well as a training log 
of your inspiratory muscle training sessions. Therefore, your total time commitment to 
this study will be approximately 8.5 hours. 

Your participation in this study also requires that you have fihgertip blood samples taken 
on during submaximal constant load tests. On each occasion, you will provide 4 blood 
samples but no more than 400 p1 (0.400m1) of blood will be collected. The first set of 
samples will be taken in the 1St week and the second set of samples will be taken in the 
week. It is possible that there may be some tenderness or light bruising surrounding the 
area where the needle prick occurs. However any discoloration should clear within a few 
days of completing the study and subsequent needle pricks will not occur in areas where 
light bruising is present. 

Risks: As with any maximal effort testing, you may experience some degree of muscle 
fatigue, nausea and light-headedness during the cycle testing sessions. During the 
insertion of the balloon catheters there is a possible risk of a perforated esophagus, sinus 
damage, and obstructed larynx, although the risk is minimal. Additionally there is the 
possibility of infection and minor residual pain after the removal of the catheter. If you 
experience any abnormal symptoms or any of the symptoms listed here, please report 
these to the technician administering the tests. However, this study should not leave you 
with any long-ferm adverse effects. You will be asked to remain in the lab for 5 to 20 
minutes after the test is complete to be sure you have recovered appropriately. 

Upon completion of the investigation, you will receive a detailed analysis of your 
personal results, which will identify you current fitness level, as well as your 
physiological strengths and weakness. Additionally, you may keep the respiratory 
muscle-training device if you wish. 

Your personal results will be maintained in strict confidence, and will be revealed only to 
you and to the investigators involved in this study. All computer data will be password 
protected and paper documents kept in a filing cabinet in a locked office. All subjects 
will be assigned a code for data analysis. Once data is entered, all references to a 
particular patient's data will be by code number only. Participation in this project is 
voluntary and you reserve the right to withdraw at any time without prejudice. Data will 
be kept in locked storage for a period of 5 years and then destroyed. During storage, only 
the investigators and laboratory staff will have access to data. 
In the event that you suffer injury as a result of participating in this research, no 
compensation will be provided to you by the sponsor, the investigator or the University 
of Calgary. The technician administering the tests is trained in emergency procedures, 
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and has appropriate qualification to be condUcting the tests. You still have all your legal 
rights. Nothing said here about treatment or compensation in any way alters your right to 
recover damages. 

Your signature on this form indicates that you have understood to your satisfaction the 
information regarding participation in the research project and agree to participate as a 
subject. In no way does this waive your legal rights nor release the investigators, 
sponsors, or involved institutions from their legal and professional responsibilities. You 
are free to withdraw from the study at any time. Your continued participation should be 
as informed as your initial consent, so you should feel free to ask for clarification or new 
information throughout your participation. If you have further questions concerning 
matters related to thisresearch, please contact: Dr. Victor Lun (supervisor) at: 220-8956 
or Sidd Thakore (student researcher) at: 220-8949. 

If you have any questions concerning your rights as a possible participant in this research, 
pleae contact Pat Evans, Associate Director, Internal Awards, Research Services, 
University of Calgary, at 220-3782." 

Participant's Signature Date 

Investigators and/or Delegate's Signature Date 

Witness' Signature Date 

A copy of this form has been given to you for your personal files. 
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Appendix E: Pressure Volume Curve for Balloon Catheter system with lOml air 
inserted into balloon. 

20 40 60 80 100 

Pressure in container (cmH20) 

120 140 160 0 180 



Appendix IF: Regular physical activity training log 

RftI T STUD)' EXERCISE TRAINING .10 URNA L 

LAST NAME: FIRST NAME: SUBJECT NO: 

MONT!! OF ENROLLMENT (Please circle): I 2 3 4 5 6 7 8 9 10 II 12 E)ATE OF DAY I: 

Please indicate the type of training performed undcr training modality ( ic. cycling, swimming). Please indicate the total 
training duration (if you (lid more than one training modality, indicate total training (Iuration). Plcasc indicate intcnsity level of 

training (heart Rate if known, and low/medium/high level) 

Date ofth y one refers to the day you begin recording inforiiiation (two weeks prior to rust testing (lay IC. Feb I) 

c MOdatity 
Training l)uation rraiing 1nteisity 

(UR)&(Low/Med/Iligh) 
Day j.: Training 

Modality 
STraining 
Duration ] (t1R)&(Low/Mcd/thgh) 

17 
2 18 
3 19 
4 20 
5 21 
6 22 
7 23 
8 24 
9 25 
10 26 
11 27 
12 28 
13 29 
14  

15 
30 
31 

16 

you have any questions, please call Sidd at 220-8949 or email t stliakoreucalgaiy.ca. 



Appcndx C: RM1' Log 

I?MT STUDY SUBJECT JOURNAL 

LAST NAME: FIRST NAME: SUI3.IECT NO: 

MONT!! OF ENROLLMENT (Plcasc circle): 1 2 3 4 5 6 7 8 9 10 11 12 DATE OF DAY 1: 

Please indicate with a check the (lays that you did your training. Also note ii' you encountered any problems diiriiw Ir 
fD i: DayiV Traihing 

17 
2 18 
3 19 
4 20 
5 21 
6 22 
7 23 
8 24 
9 25 
10 26 
11 27 
12 28 
13 29 
14 30 
15 31 
16 

II you have any questions, please call Skid at 220-8949 or email at s1hakoic(t calgary.ca. 
Training 6 days/week, 3 sets of 30 reps/ day, each set is performed at a breathing frequency of 35bpm using your entire lung 
volume. Therefore each set should take just tinder 1 minute 
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Appendix H: Tracing of Subject # li's MIP, MEP, Pdimax, Sniff Pdi and Sniff Pes 
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