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Abstract

This study examined the effects of 4 weeks of prgésure resistant re‘spi.ratc.)ry muscle
training (RM;I") on 8km bicycle'time trial performance in 23 moderately trélined cyclists
(13 RMT group and 10 placébo group). The expefimehtgi design included RMT with
inspiratory resistance; equi§alent to 50% of maximum inspiratory pressure (MIP) (3 séts
of 30breath:s/day,;6 :days/week) and a Breathihg ‘freql.lericy of 35 breaths per minute. ;I"he
placebo group followed a similar protocol but tised a resistance equivalent to 10% of
MIP. The RMT group showed a 31gn1ficant 1mprovement in global respiratory muscle
'strength and endurance (P<0.05) but not in diaphragm strength (P>0.05). The 8km tlme
tr1a1 performance decreased 51gn1ﬁcantly in the placebo group by 24 +/-2 0% P = 0. 004)
and showed a variable non—s1gmﬁcant change in the RMT group (-0.4 +/-2.,1 %) (P=

‘ 0.\05). It is concluded that RMT has no effect on aerobic performance iﬁmoderatelfy

trainéd*cyclists. )
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CHAPTER ONE
INTliODUCTION
Background

'Traditionailly, diffusion capacity, cardiéé output, hemoglobin coﬁcentration; blood
volume, and locomotor muscle okyger; extraction abilitsl ha;/e been identified as factors
thatblir:nit aerobic performance (Basseﬁ and Howley 1997). More recently, it has been
suggested that components' of the respiratory systém particularly fhe resiairatory muscles
(RM) may aiso limit aerobic pérfdrmance (Boutellier, _Bu;hel et al. 1992; Boutellier and
PiWko 1992; Johnson, Aaron et al. 1 996; Boutellier 1998; Sonétti, Wetterﬁ et al.2001;
Volianitis, McConpell et al.'2001; Romer, McConnell et al. 2002; Romer, McConnell et
al. 2002). | |

Following ei;ieaustive exercise, the RM may demon§trate signs of fatigue (Coast;
Clif%ord et' al. 1990; Johnson, Babcock et al. 1993; McCoh’nell, Caine et al. 1997, |
Volianitis, McC_Ionnell et al. 2001; Romer, McConnell ét al. 2002). It has been suggestéd
thafsuch fatigue could impair athletic aérobic performance by dgcreaéing blood flow to
the locomotbr muscles, increasing motor unit recruitﬁent and disrupting metabolic
h horrieostaisis (.Loke, Mahl;r et al. 1982; Bye, Esau‘et al. 1984; Johnson, Aaron etal. 1996;
Harms, Wetter et al. 2000; Sonetti, Wetter et al. 2001). |

Numerous investigations have used respiratory muscle traihing (RMT) to increase -
respiratory ml;lscle étrength and endurance (Fairbarn, Coutts et al. 1991;' Boutellier,‘
Buchel et al. 1992; Boutelliey and Piwko 1992;-Suzu%<i,‘ Yoshiike et al. 1993; Tzelepis,
Vega et al. 1994; Tzelepis, Vega et al. 1994; Spengler, Laube e_,t al. 1996; Spengler, Roos

et al. 1999; Tzelepis, Kasas et al. 1999; Harms 2000; Inbar, Weinér et al. 2000; Spengler,



Knopfli-Lenzin et al. 2000; Markov, Spengler et al. 2001; Sonetti;. Wetter et-al. 2001;
Stuessi, Spengler et al. 2001; Voliqn@tis; McConnell et al. 2001). Whether these increases

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

Statement of the Proble'm
The concept of RMT asa peyforman;:é-enhapcing training method has received
'l‘im.itéd study until recently. The term RMT refers t‘o a tyaiﬁing overload on thg’RM's
caused by an increased venti}atory effort. This increased ventilatory-eff(;rt is either from
“increased yentilation‘rates or increased resistance to brea’thing.‘ Typical 'RMT methods
utiliée iS(;capnic hyperpnoea, flow fesistive training or pressure resistive fcraini'ng.
Although RMT has con.sistently demonstrated the ability fo strengthen the respiratory
muscles in humans, the results of studies exan;inir'lg" its effect on aerobic‘performance are
conflicting. Pbssibie reasohs for these conﬂicting results include:
1. Small égrnple sizes |
2, Varying subj ect characteristics (with respeét to gender and ttairﬁng status)
3. Poorly ée’lected p.erforrr'lance‘ outcjomermeasures |
4, Non-vélida‘ped training devices (with respect to accuracy and reliability of ,‘ ‘
. breathing resistance).
5. 'Popr study design
6. bifferent RMT regimes (with respect to the ,training load, duré;[iofl, type of device -
and breathing pattern)
- 7. RMT does not irhp_rove pérformance

Some ways of addressing the limitations of previous studies include:



-

.1, Using a randomized clinical trial study. design (one experimental and one placebo

group) -
2.. Appropri:ate sample ‘size supporting a small effect size
- 3 'Usinga validated‘and reliable RMT device
fl. Using a RMT regime previously demonstrated to eli'cit performance
improvements o o

5. Control of breathing frequency (f) and tidal volurne (V1) during RMT.

Stat‘ement of Purpose

The primar§.r purpcse of thts study Was to determtn,e the effects of RMT-on 8krn -
cychng time trial performance | |

The secondary purpose of this study was to 1nvest1gate how RMT affects varlous
physmloglcal parameters that ’may be mﬂuenced by RMT and s’ubsequently 1mprove
: performance These parameters are maxrmum oxygen uptake (VO;max) maximum &
aerohlc power (MAP); resplratory muscle strength and endurance blood lactate

concentratlon; perceptlon of .breathlessness; perception of muscular effort; Vr; £

Statement of Hypothesis

" The primary study hypothesis is: -

e The 8km cycle time trial tirne will be signiﬁca_ntly shorter in the RMT group

compared to the placebo group.



The secondary study hypotheses are:

* Global RM strength and endurance and diaphrag:m muscle stredg{h will improve
‘significantly in the RMT group comparéd to the placebo grdup.

¢ The work of breathing will decrease signiﬁcantly in the RMT group compared to
;the contrdl group. This will be expressed as a éigniﬁcantly lower £, VO, Vg, and
increased V in the RMT group compared to the dontrol group for a 'given |
constant high intensity };ower output. | -

. Thc;,' blood ladtate concentration will be signiﬁcanﬂy lower in the RMT group
compared to the control group for a constadt high intensity power oufpuf. |

e The perception of bre‘athlessne;s and ‘;he percepﬁon of mdsc':ularr effort by/the legs

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

. constant high intensity power Outpdt.

Significance of Study
B | " It is important that every new method rof training undergoes adequate scier_ltiﬁd
scrutiny before it is accepted in pra;:tiCe. Currently, the benefits of RMT on aerobic
i perfofmance are undertain. The resul'tsiof this stddy will help determine whether RMT
impro{/es performance in moderately ;crdined cyclists. Additionally, it will cont;ibute new - .
“knowledge to the literature reémding the effects of ‘RMT with a controlled breathing |

pattern on RM function.



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 expiratory process of respiration during restihg breathing'is passive and 1'1tilizes the
élastic energy sfored‘ in the lungs and inspiratory rﬁuscles (Celli 1998). During exercise:
- or forced exf)iration, this process becomes active with the compression of thé rib cage

and abdominal muscles, all which act to increase the interthoracic pressure (Celli 1998).

Functional Anatomy
Diaphragm 7

The diaphlragm 1s the primary.inspiratory muscle (Loring and DeTroyer 1986).
Traditionally, “the diaphragm was thoﬁgh of as 2 single dome shaped muscle that insertec‘l'
into the lower ribcage (Loriﬁg .and DeTroyer 1986). However, Tthere is evid.ence that the’
diaphragm C(‘)nsists of two independeﬁtly operating rr;usculotendin;)us segrﬂents, a cds{:al
~segment and crural éegment that are connected by the non contractile central tendon (De
- Troyer, Sampsoh et al. 1981).

The identification of the crure}l and costal portions of 1;he diaphragm as separate
muscles arises from their different embryological origin, inner?ations, and mllécle fiber
coﬁtent. The human costal segment arises from the myobl_e{sts 'originatil_lg in the lateral

body walls whereas the crural segment of the diaphrégm develops in the doré@l mesentery



of the esophagus (Loring and DeTroyer 1986) Anatomlcally, the costal- segment
, or1g1nates from the central tendon and 1nserts on the x1ph01d process anterlorly, the lotzver
.costal margln anterolaterally, and the tenth to twelfth r1bs laterally while the crural ‘
segment or1g1nates from the anterlor surface of the lumbar spine and surrounds the
. esophagus hlatus (Rochester 1992 Abe Kusuhara et al. 1993). The crural segment has
a hrgher proportlon of slow tw1tch ox1dat1ve fibers and a lower proport1on of fast twitch -
glycolytlc ﬁbers than the costal segment (Rlley and Berger 1979) EMG stud1es have
conﬁrmed that the crural d1aphragm is innervated by C6 and C7 while the costal
d1aphragm is innervated by C5 and C6 (De Troyer, Sampson et al. 1982). These muscles ‘
“also differ in their mechamcal action on each segment of the nbcage DeTroyer etal |
(1 982) demonstrated that the costal segment expands the lower r1b cage and increases
- both lung volume and abdomrnal pressure. The crural segment also increases lung
' volume,:abdominalrpressureand abdominal dimension but has 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 draphragm it has
_ ‘been proposed that costal diaphragm is in series whlle the crural segment is in parallel
- with the intercostals and accessory muscle (DeTroyer, Sampson et al. '1981). Howeyer, a
| subsequent study by DeCrarner et al (1984) has suggested that the costal and crural |
portlons of the dlaphragm behave as 1f they are mechamcally arranged partly in parallel
and partly in ser1es at functional residual capa01ty (F RC) but move into a pure mechanical -

- series arrangement as lung volume increases.



The diaphragm. accounts for approximately 60% of the total volurne displacement
between residual ‘v.olume (RV) to total lung c'apacity (TLC), with its 'relative‘contripution .
being approximately 25% greater between RV and FRC than between FRC and TLC
ﬂ f.(Rochester 1992) Itis the axial portlon of the diaphragm that shortens the most during

1nsp1rat10n and represents 1/4 t0 1/3 of the total surface area of the rib cage during quiet

- breathing (Lormg and DeTroyer 1986) The 1nsp1ratory action of the dlaphragm can be

explamedin three ways. First, the piston like axial displacement of the diaphragm forces
the abdominal contents downward and forward tnus increasing the vertical diniension.of o
the chest cavity and the‘.transverse diameter of the thorax (Mead 1‘979; Troyer and Loring _ :
1986). Second, the increased intra alddorninal pressure from the descent of the

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

| outward and resulting in 1ib cage expansion (De Troyer and Estenne 1988). Finally,
contraction of the abdominal contents during‘inspiration opposes the descent of the .

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

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

. The intercostal Muscles

The intercostal'rnnscles are comiposed of the external and internal fibers, botn
innervated by Tl-'ljlé (Epstein 1994)1. According to the'originai theory proposed by
Hamberger (1749), contraction of external intercostal muscle will tend to raise the ribs
and inflate the lungs beca’dse of their orientation and‘i_nsertion points.- This is because the
muscle ﬁpers slope caudal and ventrally from the rib a‘po\;e to the' rib below and .their '

lower insertion is further from the center of rotation of the ribs than thieir upper insertion.



In contrast, the internal intercostals muscles are oriented in an opposite fa.shion, slopiné
obliquely caudal and dorsally form the rib above to the one below so that the‘i'r lower |
insertion is closer to the center of rotatio'n of the ribs than the upbe‘r one. Consequently, |
this muscle will lower the ribs and deﬂate‘ the lﬁngs (D;eTroyer et a’l,‘ 1999). |

Recently, .De Troyer et al (1999) identified a neural gfadient between the dorsal
?nd ver;tral parts of the rib cage and between the rostral and caudal interspa‘wes and this
gradient mirrors the mechanical advantage gradient of both intercostals muscles. The
egfernal' intercostals .in the dorsal third of fhe %ostral interspaces ha\;e a large-inspiratory
mechanical advantage which decreases'an‘d reverses to an éxpiratbry mechanical
advantages as one moves toward tfle costochondral junctions and tow'arvd ’éhe base of the
1ib 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 exl;iratory mechanical
advantage which decreases and reverses to an inspiratory mechanical advantage as one
moves ventrally and cranially toward the rostral interspaces (De Troyer, Legrand gf al.
1999). As one moves Iin the cranial and ventral direction, intefnal infercostal expiratory
activity decreases until it is absent in the middle and ventral pbrtions of the most rostral
segments. A similar effect is observed with externél intercosta} inspiratory muscle
~ activity as one moves toward the costochondral junctions and toward the base of fﬁe rib
cage (De Troyer, Legrand et al. 19995. f |

Other studies have reported efferent dischar;ge to the external intercostal muscleé
in the caudal section during expiration and to the internal intercoétal mﬁscles in the 7

second interspace during inspiration (Le Bars and Duron 1984). It has also been reportﬁ:d



9
. that the extérnal and intefnal intc?rcosta'ls 1n a given interspace often‘c';ha;ng'ge their lengtﬁ in
the same direction c}ﬁrin‘g breathing (Decramer, Kelly et al. 1986). ' “
The claési‘cal classification of the parasternal as an external intercostal muscle

sheuld also be addressed. " Anatomically, this mu's.clé should Be class‘iﬁed as an interr;al

. intercostal muscl_e because there is oﬁly 'one‘layer ‘in this' region (De:Troyre_r, Legrand e‘; |
al. 1999). Since this muscle plays a pred;)minant role in inépirétion; it alsc}‘refutes : -
Hambfarger;s thecry that in‘;ern’ai and external intércostal muééles are responsibie only for
expiration and inspiration fespgctively. : Needle EMG étu“dies de;monstr'ate the parasternal

muscle is always activated duriﬁg prﬁnary breathing and is considered a primary

inspiratory musélef(De T_foyer and 'Samps()n 1982). “

‘Scalenes

The scalenes muscles (anterior, medius,fand posterior) run fror‘n the transvé;se
' pro‘césse‘s of the lower five cervical .\Igrtebrae to the s'uperio\r‘aspect of the first and
se_'cc'md ribs and are innerva;md b}; C4-8 (Epsteiﬁ 1994)." Needle EMG studies show these
muscles to be the priméfy muscles of réspiratio,_n aé activity begins -a:t» the or;set of A
inspirat{on, in concert with thé diaphragni and parasternal muscles, and peaks at the end
of inspiration (De Troyer and Estenne 1984).’ The‘ dction of this muscle is to lift‘thé

sternum and the first two ribs, leading to an upward and outward expansion of the upper. -

1ib cage (De Troyer and Estenne 1984).
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: A’bdominal Muscles
: T,he;abdomin.al muscles are considered the fnost powerful expifatory muscles and
include the external oblique, rectus abdominus, internal oblique and transversee
- abdominus mdseles (Cambell, Agos_toni etal. 1970). The externalr obliqil_eis‘the most
superficial abdominal rnuscle and originates by ﬂeshy digitatiens from the externai
surfaces of the lower eight ribs and inéerts into both the ilia'e ctest inferieriy and the linea
alba med1ally (Loring and DeTroyer 1986). The 1nterna1 obhque ongmates form the
’ 1ngu1na1 l1gament iliac crest and lower portion of the lumbar aponeur051s and inserts into
- the anterolateral surfaces of the cartilages of the last three ribs (Loring and DeT royer
1 986). "l'"he ttansverses abdominus lies deeper to these muscles and 'eriginates frorn the
inner surface of the cartilages of the last six rihs, lumbar fascia; iliac crest and the
inguinal ligament a'nd’ inserts inte the aponeurosis; that ferm the posterior lamina of ‘the "
rectus sheath (Loring and DeTtoyer 1986). The rectus abdon"tinns~ extends axially along '
o the whole length of the ventral part of the abdomen, external surtaces of the 5%, 6™ andm
gt ceétal cartilages and _inserté to the :pubiis (Loring-and DeTroyer:1986).. The teetus
.abdomtnus is innervated by T7-12 while the other abdominal muscles are innervated hy ‘
T7-L1 (Epsteln 1994). |
Durlng resting resplratlon explratmn is predommately a passwe process that
* utilizes the energy stored in the e}astlc propertles of the lungs and inspiratory muscles |
‘(Epétein 1994). Howei/et, during exﬂercise and voluntary -hyperventilatien there is an,
increased recruitment of the expiratory mnecles v(zhtch act toﬁ deﬂate the rib cage by

pulhng the lower ribs and sternum down (De Troyer, Sampshn et al. 1983). This action
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. will raise the intra-abdominal pressure and decrease the end expiratory volume (\Klest

) 1995 Ahvert1 Cala et al 1997) These muscles also prevent bulgrng of the 1ntercostals |
spaces by stiffening dunng contraction. ‘Although the abdominal muscles are generally‘
regarded as eXpiratcry in nature, their role during inspiraticn-shculd not be
_ underestimated. iThe increase in abdominal pressure ‘durin‘g'active expiration places the
diaphragm at a mcre adyantag'eous position on its length tenslon curve by displacing it
further into the thorax and increases the passive elastic energy of these muscles (Troyer
and Loring 1986; Ahvert1 Cala et al. 1997). This energy is released during the beginning '
of i 1nsp1rat1on thus contnbutlng to the inspiratory process (Troyer and Lormg 1%986) In

addition to their respiratory, the abdominal muscles are responsible for postural act1v1ty

'(Loring and DeTroyer 1986).

Sterno_mastoz’ds Muscle

| 'The ,sternomastoi'ds.runs from the mastoid process and the occlpltal bone to the
‘manubrium and the medial aspect ol the clavicle and is inneryated by cranial nerve }ll
‘and C1-2 (Epstein 1994). This muscle is,quiet during resting respiratlon but is ’acti‘vated
during high minute uentilation and lung volume and contributes to ins'piration b}l
increasing tidal volume (VT) (Danon Druz et al. 1979) Its primary act1on is 11ft1ng the

sternum and expanding the upper 1ib cage during 1nsp1rat10n (De Troyer, Estenne et al.

1986)
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Trtangularis Sterni Muscle
) The triangnlaris sterni muscle, a primz{ry expiratory muscle, driginatee from the
lower half of the sternum anrl inserts en the costat certilages of ribe 3-7 (Epstein i_§94).
During forced expiration or high minute ventiiatien, the action of this muscle is coupled
with that of the abdominal muscles and acts'to pull riES‘cauelally, deflating the rib\eage :

(De Troyer, Ninane et al. 1987). This muscle is innervated by-T1-6 (Epstein 1994). )

Cont-ractile properties of the RM
| The respiratery muscles behave in a similar manner as skeletal muscle with
respect to the modnlatio‘n of their force outlnut. The length-tension retationship in skeletal :
muscle has been explained in detail elsewhere and is beyond the scope of thie thesis but
briefly, the force output of these muscles is dependent on tneir‘p‘recontractile length or
resting length (length-tens1on relatlonshlp) and the ve1001ty of shortenlng (force velocnty
relationship) (F arkas Cerny et al 1996) Flgure 1 (A, B ,C).' The maximal force generatrng
' ncapamty of the diaphragm occurs at a lung volume that is between FRC and RV .when
measured with twitch transdiaphragrnetie pressnre (Pd_i,twiteh)'(Smith and Bellemare
'1987). The Pdi,twitch arnplitncte decreases by about 5% 2t 40% of TLC or supine FRC,
* decreases a further 15% at 50% TLC or upright FRC and falls by about 60% from
rnax1mal at TLC. In contrast to the dlaphragm the neck 1nsp1ratory and parasternal
- muscles shorten to a length that is closer to their dptimal' force generating capacity length

at high lung volumes (Jiang, Deschepper etal. 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
capacity on operating length (B). Figure 1 (C) represents the idealized relationship -

between contractile force and velocity of shortening of the human diaphragm. The point

identified as “MVV” is an estimate of the shortening velocity during unencumbered
MVYV. Dia - diaphragm; Sca — scalene; PS — parasternal intercostals. Reprinted from

Celli (1998) and Farkas et al (1996).
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The measure of maximum statlc inspiratory pressure (MIP) is greatest at RV, falls
: off slightly at FRC and dechnes to zero a TLC- (F arkas, Cerny et al 1996). Since the
, diaphragm has a larger shortening capacrty than the other 1nsp1ratory muscles, the
relationship between MIP and lung volume results pr1mar1ly from the force- -length
| properties of the diaphragm (Farkas, Cerny et al. 71996)1 MEP is maximal at TLC and
declines progressively as lung volume is decreased to RV (Farkas, Cerny et al. 1996). -
" The force vélocity relation‘ship'of the respirator‘y muscles is currently 'an'area of
' uncertainty (Farkas, Cerny et al. 1996): ’l‘he in situ relationship between ' :
trandiaphragmatic. pressure (Pdi) and inspiratory flow rates have been described as linear
by some and hyperholic b}; others (Kikuchi, Sasaki et al. 1982; Topulos, Reidlet al. 1987,
Tzelepis, Vega etal. 1994). Regardless, ouerall :pres_sure de\/eloprnent by the either the
diaphragm or the combination of the respira_tory muscles follOvl/'s' some type of inverse
relationship ,with the velocity at which the rnuscle is shortened (Farkas, Cerny et al.

1996).

Ventilation and exercise

| ”l‘o facilitate the increased ventilatory demands during exercise, there is an
increased motor unit recruitment of the diaphragm and accessory inspiratory muscles.
: ThlS recrultment acts to pull the ribcage upward and forward creating an increase in the
* lateral and anteroposterior diameters of the thorax dur1ng 1nsp1ration 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 1956). The pectoralis

major and minor, latissimus dorsi, serratus anterior and trapezius muscle may also play
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an inspiratory role on the thorax because of théir anatomical locétion (Ceil)i,l 998).'
Although their respiratory role has not beén fully studied, according to their “r‘nechanic.al
arrangement, if the extrathoracic portion is fixed, their contraction should help e)(:pand‘th;,
rib cage b'y pulling the superior rib cage outwarc.ls' and upwards (Celli, Rassulo et al.
1986.;bC_elli 1998). Durin;g normal resting breathing, the diaphragm accounts for -
-approximately 50% of the ihspif'atory volume change with _tile rib cage rﬁuécles

(primarily the parasterndl muscle) providing the rest (S:Ileel 2002). Exercise markedly
increases diapﬁagm recruitment but measurements of Pdi.and surface électrorr‘lyogram.
(EMG) have shown that its contribution to totél réspirafofy muscle pressure decreases as |
exercise progresses..:l‘his is evident bya plateau in diaphrégin activity at arpund 400% of
resting values while the tc;tal- respiratbry muscle :pres'sure‘o'l_ltput is increaéed by over 500-7

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

Fiber Typés

| Similar to skeletal musé}e,'the RM’s also differ in their ﬁber composition. The
‘ diapﬁragm and intercostals have a highef conipo.sition of_slbw twitch fibers (55%‘ aﬁd
65%- resp;ectively) than fast twitch fibers (45% and 35% reépectively) while the scalénes
muséles havé a higher composition of fast twitchl than slow twitch fibers (65% fasé twitch
ana 35% slow tWitch) (Sharp and Hyatt 1986). The increased fast twitch percehtagé 1n '
tﬁe scalenes enables a faster céntraction time than the diaphragm and may plé); an
ilnpbﬁant fble in‘achieving the higher Véntilation rates observed during exercise (Epstein

1994). With regards to the expiratory muscles, the rectus abdominus is almost equally



16

composed of fast twitch and slow twitch fibers (46% slow twitch and 54% fast twitch) ‘

(Hards, Reid et al. 1990).

Breatﬁing Pattern during Exercise
The breathing pattern exhibited duririg'exercise is a consequence of a hlglrly
. coordinated effort betuveen the r’espiratory‘ muscles. During resting breathing, the mean |
‘ventilation rate (Vg) is betweerl o-8L/min and during intensive eiercise in 'the highly
trained individual can exceed 200 L/min (Whipp and Pardy 1986 Sheel 2002) The
increase in Vg durrng exercise is caused by increases in. f and Vt. At lower Vg, increases
in both Vr and f are responsible for the rise in V. Increases in Vyare achreved by
decreasing the end-expiratory volume and incréasing kthe‘ end inspiratory volume while
‘increases in f'is achieved by decreasing both inspiratory (Ty) and expiratory tirrre (Tg)
although there is a greater decrease in TE than in Ti (Sheel 2002). The increase in V1 will
. generally plateau at about 50% of the individuals v1tal capac1ty (et/en in h1ghly trained
1nd1v1duals) and'is followed by a coutmued increase in fto fa01l1tate add1t10na1 increases
in Vg, This latter increase in Vg is achieved by further decreasmg both 1nsp1ratory (T)
and ekpiratory time (Tg) (Whi_pp and Pardy 1'987’6). Jwill increase by 1-3 times the resting
value.and can _reaclr tlaluee in excess of 750 breaths per minute (bpm) during high'iutensity
. exercise (Spengler, Roos et al. 1999). At lower Vg, such as those observed at the
beginning of exerciee, the flow resistance of the respirator}r system is low; and the output
of the system is limited by the contraction of the resloiratory muscles, therefore, it is more‘
efficient to increase Vrthan increase f (Bartlett, Brubacll et al. 1958b). At higher Vg,

such as those-observed near maximal exercise, the impedance of the respiratory system
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increases and the respiratory system is méstly limited by the férce;of the éontract,ion )
i (B'artlett, Brubach et al. 1958b). .1t is likely that gri increase in f° is thé most e’f.ﬁcie:nt |

method (lowest respiratory work ratejvof making subsequent increases in Vg (Mallios an.d
Hodgs_ém 1994). |

Altflough' it is cléar that Vg does inc;ease with exercise, the mode of exercise has

shown to affect the type of breathing pattemde'veloped. Térméd entrainment, Mahler et
al (1.991) reported that elite rowers favored a 1:1 (breath every stroke) or 1:2 (2 breaths
every stroke) breathing-pattern which developed througﬁ trainingr (Mahler, Hunter et al.
199i; Mabhler, Shuhart .et al. 1991). ISimilarly, Paterson et al (1986) reported that f°
showed a clear, but intérmittent tendencyto entrain with liml? frequency dﬁring rﬁoderate
intensity cycling (Péterson, Wood et al. 1986). It has been suggested that the V;; pa’;tern
exhibited during exercise develops as a result.of locomotic}n rat:her than the converse and
may require only a few months to ‘deve'lop‘depending on the individual (Hill, Adéms et
al. 1988; Mabhler, ‘Hunter et al. 199i). . The reason for this is because the ldcomotidn
‘pattern is more consistent t}-lanlthe breéthing 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 éltrength and endurance meaéﬁres aré imioortant for deterrhinihg the
_ effectivenéss of a RMT progfém but unlike the limb muscles, the RM’s are difficultto -
ev‘a.lluate directly because of their inaccessibility (Clant.on and Diaz 1995). Neverthelesé,

 avariety of different methods are commonly used to assess respiratory muscle strength
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and endurance in both the clinical and research settfng. These measures inc}ude:
maximum static inspiratory and expiratory bressures measured at the mouth -(.MIP anct .
MEP respectively), sniff esonhageal pressure (sniff Pes), maximal transdiaphragmatic
pressure (Pdimax), constant load resistive breathing (CLRB); incremental load resistive
breathing tIt;RB) and maximum sustainable ventilatory capacity (MVSC) (Laporta and |
Grassino 1985; Clanton and Diaz 1995; Johnson, Aaron et al. 1996; Perret, Pfeiffer et at.

11999; Inbar, Weiner et al. 2000). These methods will now be indivtdually described.

Maximal Inspiratofy Pl‘essurer (MIP)

MIP is the maximum inspiratory pfessute 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
h1ghest values A highly significant correlation between MIP peak and MIP 1-sec
average has been reported (r > 0.97, P<0.000t) (M_cConnell and Copestake 1999). Since
there is little or no airflow &uring 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 pressure (Pa01a and Aldrich 1998) Although the method of measurlng MIP
varles shghtly between studies, baswally it requires the subJ ect to perform a maximal
1nsp1ratory effort against an occluded mouthpiece (Muller maneuver)(Flgure 2). The
mouthpiece has a small air leak to prevent the facial: muscles from contr1but1ng to the
pressure development and is attached to a rnanometet (Koulourts, Mulvey etal 1988; -

Rochester 1988; Reid and Dechman 1995).



19

Small Leak —»

Manometer

Mouthpiece —»

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 athle£es range from 104-171§th20 and in |

‘normal individuals raﬁge from 127"-1 38cmH20 (Table 1). MIP has been pos.i'tively_ |
correlated with standing height, body weight and physical activity (Harik-Khan, Wise et
al.-1998; Carpenter, Tockman et al. 1999). The day-to-day reliabﬁity of MIP
" measurements has not been well evaluated. Previous studies have measured. MIP using
‘between 3 — 20 conse‘c:ﬁtive measurements (Wen, Woo et al. 1997; Maillard, Burdet et al.
1998; McConnell and Copestake 1999; Volianitis, McConnell et al. 1999). lUsing 18-20
‘measurements for MIP tencrl to elicit values that are between 7- 1,2% higher than using 3
measurements for MIP (Fiz, Montserrat et al. 1989; Wen, Woo et al. 1997). Reasons for
t’he varyirig Vresults reported between studies may be attributed to subject motivation ana'
their familiarization with the maneuver. Since the MIP maneuver is a maximal éffoﬁ,
_'subj ects not familiar with maximal exértion or have poor motivation will underestimate
their' true values (Decramer and Me;clclem.1995; Pacia and Aldrich 1 998;VShee1 2002).
This maheuver also‘r‘ec'luires coordination'of the RM’s in a manner than manyv individuals
may be unfamiliar with (Laroche, Mier et al. i988). Althougﬁ MIP proyides a relatively
simple and economical method to méas:ufe overall RM strength, ’it may undere'stimate‘ the
actual value when fewer than 18 maneuvers are used. This may be problgma’gic in the
eldérly or diseased populatior; ;where motiva_tion and fatigue may prevent the measﬁre of
~‘an individpal’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).
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Table 1: Normal values for various measures of respiratory muscle strength

Technique | Lung Volume Subject 1 Value Mean | Reference
- (@ measurement | Characteristics cmH,0 (SD)
: MIP V
MIP RV Healthy adults 127 (8) | (Hart, Sylvester
: - | et al. 2001)
MIP RV Club rowers 171 (9) (Volianitis,
McConnell et al.
B | 1999)
MIP RV Endurance athletes | 142 (24) (Inbar, Weiner et
: ' al. 2000)
MIP RV Moderate trained . | 168 (40) ‘(Sonetti, Wetter
‘ cyclists ‘et al. 2001)
MIP RV Trained cyclists | 104 (8) ‘(Romer,
: McConnell et al.
: : 2002)
MIP RV Female rowers 104-130 (12) | (Volianitis, _
a McConnell et al.
' : 2001)
MIP RV Healthy Adults 138 (24) (Volianitis,
, McConnell et al.
2001)
‘MEP .
| MEP. TLC Aerobic athletes | 165 (30) (Amonette and
: Dupler 2001)
MEP FRC Healthy adults 161 (37) (Rubinstein, -
: : { Slutsky et al.
K 11988)
MEP TLC Normal males 233 (84) Black and Hyatt
| MEP TLC Normal males 216(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 - [FRC 9 normal males, 145 (37) (Laporta and
(combined) Inormal female Grassino 1985)
Pdi FRC . 9 normal males, 180 (14) (Laporta and
(feedback) Inormal female : - | Grassino 1985)
Pdi .RV Normal male 97(34) -(Chan, Cheong et
(Muller) '

| al. 1996)
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{ Pdi RV Normal males 108 (30) (Miller, Moxham
(Muller) ' et al:-1985)

| Pdi RV Normal males 190 (26) | (Bye, Esau et al.
(Muller) 1984)
Pdi FRC 9 normal males, | 150(33) - | (Laporta and
(Muller) Inormal female " | Grassino 1985)

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

Maximum Expiratory Pressure (MEP)

MEP is a simple r;on;invasive method of assessing globa{ expiratory muscle strength.
(Rub‘instein, Slutsky et al. 1.9 88). Normal values for MEP rr;mge 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!(Fi'gure 2). Similar to MIP, measurements are taken as a peak

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

. Diaz 1995). The highest measurements of MEP are obtained ét lung volumes greater
than 70% of TLC because the ma;j or expiratory muscles are at their optimal f.c>rce
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 mquthpieée will significantly affect the
measuremeﬁt. Rubinstein et al (1988) rep;)rted that a large circular or scuba divin,;g
mouthpiece with the cheeks suiaported by lche hands resulted in higher values of MEP
than the no hand method. From experi;:nce in our lab, subjects can find it difficult to

exhale forcefully from TL‘C 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. ‘Curréntlly MEP is thé
. primary method used‘to measure, global expirato'ry muscle strength.
Maxim’a] Transdz’aj;hragmatic Pressure (Pdimax) 7 h

The dia;éhragm is the major inspiratory muscle, and thus the assessment of its
function is importani in both the research and the clinical setting. Duomarco and Rimini
(1947‘)‘ were the first to theorizé on the pressure changes in the abdomen and pleura t}'la-t‘ .
would occur du\ring inspiration (Macklem 1998). They hypothesized that during
inspiratiqn, 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 inspira;cory muscle contraction \;vould lead to a decrease
in abdominal pressure and an inward'displacement of the abdominal wail. Agostoni and
Rahn (1960) were the first to measure transdiaphragmatic pressure and qugntify the |
_diaphragm’s contribution to. reépiratory 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 (baﬂdon wall; esophageal wﬁli and mediastinal
structures) is zero (Milic-Emili, Mead et al. 1964). In order to minimize this pressure
difference, a volume éf about 0.2-0.4ml of air sh01'11d be inserted into thé balloo’n,
althdugh this has been shown to vary with balloon charécteristics (wall thickness and

cross sectional area) (Milic-Emili, Mead et al. 1964; Lemien, Benson et al. 1974). Ideally, '



24

‘the amount of air that should be inserted into the balloon should be on the lower linear

. portion of its pressure volume curve (F igﬁre 4).

Pdi=Pab-Ppl

_ 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 between 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). -
Siinilarlyl 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; Miliq-Emi_fi 1984). Abdominal

pressure is estimated from the pressure in the gastric balloon (Pga). Distension of the
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stomach is not an issue as in the esophagus but rather it is impoﬁant that the gastric . |
balloon doesn't empty when gasfric pressure becomes highly posiﬁvé such a; during -
forced expirations (Macklem 2002). Therefore enough air should be inserted into the
balloon to prevent emptying (~ 200cmH,0 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 becau.se its chélracterihstics in water closely
parallel its characteristics in the esophagus palj:iculariy when large volumes are required
(Lemen, Benson et al. }974). The stomach is also. considered a liquid container, and thus

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

Milic-Emili 1984).
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Figure 4: Plot of balloon pressure plotted against balloon volume for sho,rt_x and
long esophageal balloqns. ‘

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 sniff witﬁ th;e nostril uhoccluded), a Muller inaﬁéuver (simiiar 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 effoﬁ with feedbac;k)
(Laporta and Grassino 1985; Miller, Moxham et al: 1985). The combined Iviﬂler
maneuver provides a r-nore 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 Pd:i (Laﬁorté and Grassino 1985; Hershenson, Kikuchi et
al. 1988; Nava, Ambrosino et al. 1993). With a combiﬁed maneuver, the diaphragm will
first match the pressure exerted by the rib cage muscles and subsequently shoﬁen with
any additional force. To maintain the lerig‘gh of -fhe diaphragfn at FRC, the abdominal ‘
muscles must contract and increa_se Pab. Again, this will require the diaphragm to '
increase its activation to prevent it from being pushéd into the thorax (Laporta and
Grassino 1985). In the gnd, an estimate of the actual pressure that the'diaphragm can
hold is provided (Laporta and Grassino 1985).“ The primary limitation of thi‘s maneuver
is the difficulty of coordinating it in naive subjects (Chgn, Cheong et al. 1996).

In contrast to the combined maneuver, the Muller maneuvér and the sniff
maneuver will elicit squaximal measurements of Pdi be'cause 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 thé diaphragm wﬂl_be further reduced (Millef, Moxham et él.
1985). Rather than providing a measure of the maximal force generating capaéity of th¢ o
diaphrqgm, the sniff and Muller maneuvers provide’an estimate of the pressure across the
diaphragm during a maximal inspiratory maneuver. Also, the sniff and Myller 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 obsérvéd (Laport;a
and Grassino 1985; Miller, Moxham et al. 198-5;' Verin, Delafosse et al. 200{).

Of the three maneuvers, the sniff is the easiest to perform, requires the least
learning and has low intra subject \;ariability (coefficient of variation (CV) = 7.2%). It
may be expected that the Muller manéuver would elicit higher Pdimax values the;n the
sniff maneuver. :l“his 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 ét ai. 1996).
However, the opposite is generally true. ‘ This may occur because there is greatér
diaphragm activation during the sniff maneuver than during the Muller maneuver an;i/or A
because there is an antagonistic actioﬁ of other respiratory muséle 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 repe;atable without tiring (Miller, Moxham et al. 1985). The sniff maneuver
seems ’;o be the most practical method to assess the pressure across the diaphragm during

!

a maximal inspiratory maneuver in naive subjects,

Sniff esophageal pressure (sﬁiﬁPes)

. Although MIP is a relatively simple non-invasive metflod of deterhiniﬁg 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 coordiﬁation rather than muscle weakness (ngitier, Rahm et al. 1994).

An alternative method used to measure maximal inspiratory pressure is 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 i(;w MIP |
caused by poor technique or lack of motivation from those with trﬁe inspiratory muscle
weakness (Laroche, Mier et al. 1988). Furthermore, MIP can underestimate alveolar |
pressure (Pa!v) because of tissue cdmpliance in the upper airway or in patients with

~ severe airway obstruction whe-re there is often a substantial lag of rtransmisrsion of Palv to
the mouth (Jaeger 1982 , Murciano, Aubier et al. 1982; Milic-Emili 1984). The within
day and bgtweeﬁ day coefficient of variation (CV) for Sniff Ppl is 5.2% and 4.1%
respectively (Koulouris, Mulvey et al. 1989). Unlike sniff Pdi, éniff Pes is not affected
by the type of maneuver performed whether it be ma;inly diaplﬁagm or mainly ribcage K

(Verin, Delafosse et al. 2001).

Constant load resistive breathing (CLRB)/ Increme;ﬁ threshold loading (ITL)

CLRB and ITL are two methods used to assess RM endufa;lce. The CLRB
method £equires the subject to breath against a set resistance until task failure while ITL
requires the subj eét to breath against a resistance that is increased every 2 minutes uﬁtil
task failu;e. Thé outcome measure used for CLRB is the time the resistance can be
sustained while the outcome measure for ITL is the maxirﬁum resistance that can Be '
sustained for 2 min. The advantage of the ITL method is tﬁat breathing pattern has a
smaller effect on the intrasubject reproducibility of this n;.easure as compared to CLRB
(CV of 20-65% for CLRB vs. CV of 0-14% for ITL) (McElvaney, Fairbarn et al. 1989).
However if fis controlled, both methods produce fesults that c_lo not differ significantly

(Fiz, Romero et al. 1998). Perret and Pfieffer et al (1 999')7 reported the CLRB miethod to
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be the most sensitive non-invasive measure 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 Ventilatbry Capacit); (MSV.C)

i. This breathing endurance fest is an extension of fhé 15—second MVV test.
Although specific methods 'vary“betrwegn studies, this test measures the time a percentagé )
of MVV cén be sustained. This percentage 'generally rénges between 65% - 90% of the
15 second MVV (Spengler, Laube et al. 1996; Markov, Spéngler 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 MVSé is due to changgs in
ventilatory impedance or to clianges in muscle function (Clanton and Diaz ‘1.995).
Additionally the effect of leAaming or familiarization may ha\;e a:sighiﬁcaﬁt influence on

the variability of this test as -V\.’i'[h other volitional resp;irator}-/ muscle tests (Eastwood,

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

Evidence against the respiratory muscles limiting aerobic performance

" There are sevéral reasons why the respiratory system may not be a limiting factor
for aerobic pefformance (Leith and Bxadiey 1976; Fairbarn, éoutts et al. 1991). First,
indirect evidence is'obtained from obsewations that maximum ventilation (Vemax) during

- exercise never meets the Vg achieved during 15-second MVV (Bputelli\er 1998).



30

Second, e{/en sedentary subjects are able to increase their Vg whé'n they naar the end ot."
an incremental exercise test suggesting that the r'espiratorgl muscles are not fa'tigued
(Boutellier 1995). Lastly, a number of studies have indicated that the dxygen 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 Vg achieved in this short period is not representative of the Vg attainable
for longer durations (Boutellier 1998). Second, hyperventilation during high intensity
exercise only lasts for a short duration. It is pos;sible that the recruitment of higher force
producing, anaerobically dominant fast twitch fibers are responsible for this short-lived
increased force production. This is analogous tolan individuai’s ability to perform a final
sprinf well above their usual pace at the end of a marathon. Lastly, oxygen saturation is
only one determinant of aerobic perfqrmance. Even though Vg appears.to be high
enough at maximal workloads to maintain oxygen saturation of the blood, it is possjble
that Vg may limit performanc;e in ways not related oxygen saturation (Wasserman, Van

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

Suﬁport for the respiratory system limiting aerobic performance

The rerspiratory system may play 2 limiting role on athletic Iaerformance,because :
of evidence suggesting RM fatigue following exhaustive exercise and its possible
inﬂaence on blood flow distribution (Boutellier, Buchel et al. 1992; Boutellier and Piwko

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



31

RM Fatigue ,
| The term fatigue has several meanings.. For the context of this j)aper, fatigue

refers to a conditioﬁ in which there is a reduction in the force-generating capécity of the
muscle resulting from muscle activity under load that is reversii)ie by rest (A;nerican
Thoracic Society1990). Fatigue of the RM’S can occur at any one of the many steps
ipvolved in voluntary muscle activity and has been separated into central and peripheral
cror\nponents (Roussos and Macklem 1986). Peripheral fatigue refers to a reduced force
generating ability at tiqe periphery and can in&plve impairments in neuromuscule;r
transmission and its propagation down the sarcolemma, 'dysfunctidn within the
sarcoplasmic reticulum involying calcium release and uptake, availability of metabolig
substrates and accumulation of mgtabolites énd actin—myoslin crossbricige interaction
(Roussos and Macklem 1986; Coggan and Coyie 1991; Enoka and Stuart 1992; Balbg,
Thompson et al. 1994, Davis anc.l Bajley 1997‘; Powers and Héwlej_z 206 1). Central
fatigue refers to a reduc;ed central motor output aﬂd can include a reduction in the number
of motor units involveci in the a;cti\}ity or reduction in motor unit firing frequency as well
as the influence of psychological factors such a motivation and perception (Ikai énd Yabe

- 1969; Asmussen and Mazin 1978; Asmussen and Mazin 1978; Davis and Bailey 1‘997).

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

Bellemare (1995) .
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- Measures of RM fatigue
The various methods used to estimate RM strength (discussed éarlier) have also
been used to estimate RM fatigue. These‘ methods iﬁclude MIP, MEP and Pdimax.
Althdugh‘ 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 gnd the significant role of motivation on
pressure develoi)ment (Johnson, Babcock et al. 1993). Two other methods used to
estimate RM fatigue are EMG spectral shift and k;ilateral phrenic nerve stimulation
(BPNS). With an EMG spectral shift, analysis of the EMG in its frequency domain
delineates its power spgectrum (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).
pimitations of this technique include interference from other muscles, location of
elé;ctrode piacement and substantial cardiac artifact when using eéophageal electrodes’
(Yan, Lichros et al. 1993; Pacia and Aldrich 1998). Sieck and Fournier (1990) als‘o
challénged the vélidity of EMG as an index of fatigue because chapge's 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 beca}u’se of ité effort independence.” However, the
reliébility of this measure depends on muscle length, ‘abdominal com.plianée;'quasi
isometric condition and supramaximal stimulation (Johnson, Babcock et al. 1993; Mador,
-~ Rodis 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 substanﬁal contribution to

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

The effect of exercise on RM fatigue
Numerous studies have used measures of MIP, Pdimax and shifts in the frequency
spectrum of the diaphra{gm 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 & | Subject % Change in | Reference
‘intensity training measure .
MIP 42.2 km marathon | Healthy male | -16%* (Loke, Mahler
: ‘ : et al. 1982)
MIP " | Max incremental | Untrained -10%* (Coast, Clifford
test | males et al. 1990)
MIP- Max incremental | Highly trained | 0% (Coast, Clifford
test XC skiers et al. 1990)
MIP Multistage shuttle | Moderately -10.5%* (McConnell,
run ‘ trained - | Caine et al.
1997)
MIP 17km run 6 well trained | 1.9% (Nava, Zanotti
. et al. 1992)
MIP 85% of VOmax | Healthy 1.1% (Perret, Pfeiffer
to exhaustion ) et al. 1999)-
| MIP 20km TT Well Trained -18%* (Romer,
: cyclists ~ . | McConnel] et
: - | al. 2002)
MIP 40km TT Well Trained -13%* (Romer,
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McConnell et

cyclists
al.2002)
| MIP Max incremental | Trained rowers | -7%* (Volianitis,
tests McConnell et
, al. 1999)
Pdimax 80% of MAP Normal males | -12%%* (Bye, Esau et
(Muller) . al. 1984)
Pdimax ' 95% of MAP Variable 0% (Johnson,
(Muller) : ‘ training - Babcock et al.
(low-high) 1993)'
Pdimax 95% of MAP Variable -12%* (Johnson,
(combined) training Babcock et al.
‘ ‘(low-high) 1993)
Pdimax 85% of MAP Variable -10%* (Johnson,
(combined) training Babcock et al.
(low-high) 1993)
Pdimax 85% of MAP Variable | -11%* (Johnson,
(combined) training Babcock et al.
(low-high) 1993)
Pdimax,twitch | 95% of MAP Variable -13%* (Johnson,
training N Babcock et al.
(low-high) 1993)
Pdimax,twitch | 85% of MAP Variable -18%* 1 (Johnson,
) training Babcock et al.
(low-high) 1993)
Pdimax,twitch | 70-75% of MAP Healthy -19%* in 9 of | (Mador and
subjects 14 subjects. 5 | Dahuja 1996)
‘ : did not change
Pdimax,twitch | 80% of MAP Healthy -17%* (Mador, -
subjects Magalang et al.
' | 1993)
Pdimax,twitch | 65%-75% of MAP | Elderly 0% (Jeffery Mador,
sedentary 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 é.ociety19‘99).
Subjects that are able to withstand increeis"ing levels of dyspnea for a lohger period of
time are more likely to fatigue their I}M’s d ohn§on, Ae;ron et al. 1996). The rnethoci
used fo measure fatigue may also play a fole in identifying RM fatigue. Most of the
@ethods u'sed to estimate RM fatigue are vyolitional in nature and require the hindrance of
a mouthpiece and nose clip. Possible decrements in these measures may be motivational -
in nature rather that actuai RM ,falltigile (Decramer and Macklem 1995; Sheel 2002). As
discussed earlier; the only objective measure of RM fétigué that has been used is bilateral -
phreniq nerve stimulation. Only 3 of the 5 studies showed decreménts in Pdimaxtwitch
while the other 2 studies digl not. Additionally, these measurements did not account for
extra-diaphragmatic fatigue. VRM fatigue likély exists in motivated subjects following
exhaustive exercise, but more studies need to be performed using c;bj ective fnethods tol
éstimate RM fatigue before any generalization can be made.

Another method used to investigate the relationship between RM fatigue aﬁd
performance is thé voluntary induction of RM fatigue and observing its effect subsequent
performance. Madbr et al (1991) reported a significant decreaée in the time to exhaustion
when cycling at 90% of VO,max following bfeathir;g through a pressure resistance

equivalent to 80% of MIP until task failure. This résulf 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 iﬁduction of RM fatigue (bfeathing through a
pressufe resistance equivalent to 60-80% of MIP until task failure) in normal subjects
alters breathing pattern at rest and during maximal intensity exercise by increasing f'and
either maintaining or decrea.sing V1 (Gallagher, Hof et al. 1985; Mador and Acevedo
1991; Yan, Sliwinski et al. 1993; Sliwinski, Yan et al. 1996). The dégfee of tachypnea
elicited by inspiratory muscle fatigue tended to correlate with the‘maignitude 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 iltl 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 éptimal position of its length tension curve. This allowed
the maintenance of the same V with less shortening of the iﬁspiratory rib cage muscles

and an increase in f by decreasiﬁg 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 th.e 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 (VO,) and a parallel in'creasre in leg

vascular resistance. Conversely, unloading of the RM’s results in a significant increase
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in leg blood flow and VO, a parallel decrease in leg vascular resistance and a greater.
work rate for a given VO, (Harms, Babcock et-él. 1997; Harms, Wetter et al.- .1998;
Harms and Dempsey 1999; Harms 2000; Harms, Wetter et al. 2000). These results

) demon'straté the importance of the blood flow interaction between the RM’s and the
peripheral muscles during maximal intensity exercise. Since cardiac output revaches 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 preferen"tial share of
the cardiac output during high inte;nsity workloads, blood flow and oxygen delivery to the
| locomotor muscles will decline (Dempsey, Harms et al. 1996). Shock in animals hag
shown a redgction in blood flow to all parts of the body except the RM’s where an
increase of up to 17% of the total cardiac oﬁtput was obs‘erved 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 étudies
" have demonstrated that both diaphragmatic and expiratory muscle fatigue associated with -
ﬁrolonged heavy exerci-se 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 et al. 2002; De,rchak; Sheel et al. 2002). This
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vasoconstriction is thought to be due to a metaboreflex and can result in ciecreased bloéd
flow to the locomotor muscles during exercise-(Harms, Babcock et al. 1997;- éheel,
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 VO;max following unloading of
the respiratory muscles(with a‘ préssure assist device or a helium/oxygen mixture (Aaron,
- Seow et al. 1992; Harms, Wetter et al. 2000). However, unloading of the RM’s at 1owe;
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: isocapnic hyperpnoea, flow

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

Isocapnic Hype;*pnoea (IH)

Isocapnic hyperpnoea is volunte{ry breathing at a predetermined target Vg
(Powers? C;oombes etal. 1997). Subjects breathe through a 2-way valve and
measurements of Ve, f gnd Vr are recorded. Carbon dioxide (CO,) is added at a rate
required to maintain the fractional concentration of CO; in the expired air (Féirbarn,
Coutts et al. 1991; Boﬁtellier, Buchel et al. 1992; Boutellier and Piwko 1992). As the
ability to maintain the target Vg becomes easier, the overload is increased ‘by increasing

the for V1. 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 ééraw
increases the resistance to air flow and makes it fnore difficult to breathe. Although this
type of device is simple, inexpensive and portable, the airflow rate has a major effect on
the magnitufle of the resistance produced (Gc;sselink and Decramer 1994). With a given
oriﬁc‘e‘size, resistance can vary from almost a negligible amount when airflow is minimal
to a considerable afnount when airflow is maximal. Thus appropriate training intensity is
onl}; achieved if an adequate térget 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 airflow rates in human subjects.

Pressure resistance training device (PRD)

Pressure resistancetraining devices consist of a spring-loaded valve that requires
a minimum inspired or expired mouth i)ressure to enable airflow. Increasing or
decreasing the tension in the spring alters the work of breathing by adjusting the

minimum préssure required to enable airflow. The _advaniages 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 the fand V adopted during training can
compromise the training adaptations when they are not controlled. In 'spite of this

lihitation, 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 adapf to strength and endurance
training. ‘As one may expect, specif_lc strength and enduranc;e tréining regimes will result
in different physiological adaptations within the muscles. Strength fraining results in an
initial neural adaptation followed by an increase in muscle cross sectional-aréa (Sale
1988). The improved neuromuscular component is due to an enhanced intramuscular
recruitmennt pattern and intermuscular coordination between the RM’s as well as an
increased intramusclular firing rate and synchronization of the motor units (Sale 19§2).
The increase in muscle cross seciionél 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 occuré as a result of protein synthesis, primérily actin and myosin in .
the myofilaments, which produces a greater number of contractile units.

Endurance training adaptations in skeletal muscle is characterized by an
improvement in their oxygen extraction abilifcy (Ddcherty and Sporer 2000). This is due |
to an increased capillgrization and mitochondrial enzyme coﬂcentraﬁon and myoglobin
cpntent in the muscle (Holloszy and Coyle 1984; Hoppeler, Howald et al. 1985).
Additionally, a shift in ﬁbey—type recruitment to type lla fibers along with an increase in

their oxidative capacity have been reported at highér l?vels of exercise intensity (Dudley,
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Abraham et a;J. 1982; Staron, Karapondo et al. 1994). Increased oxygen éxtraction abil’ity'
of the muscle can also decrease its lactate production because of thé 'muscles. Idecrease;d
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 tor the principle of
specificity, training adaptations will be specific to the typé of training performed (Pierce, ‘
Weltman et al. 1950). The overload principle states that the stréngth, endurance and
hypertrbphy 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 (3 O-A;O% of maximal isometric force) and
hi.gh 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 muécle shortening at smaller loads (Figure §) (Caiozzo,
Perrine et al. 1981; Behm and Sale 1993; Moritani 1993; McBride, Triplett-McBride et

al. 2002)
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Figure S: 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 locomptor muscle) (Grinton, Powers'eft
al. 1992; Powers, Criswell et al. 1992; Powers, Criswgll et al. 1992; Powers, Lawler et al.
1992; Powers, Martih et al. 1992; Powers, Criswell et al. 1994; Powers, 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 Gollpick 1982). Similarly, the
glycolytic enzymes LDH aﬁd hexokinase have also been shown to increase sigﬁiﬁcaﬁtly
in the diaphragm following such training (lanuzzo, Noble et al. 1982; Powers, Criswell ef
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.crurai and costal pérts of

the diap‘hragﬂm respond différently to training, with a n{aj ority of the training adaptations
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occﬁrring in the costal portion (Péyvers and Criswell 1996). The paraSterﬁal muscles also
respond to training in a similar fashion as the diaphragm. Ten weeks of end;rance |
training has reportedly increased the Krebs cycle enzyme activity of citrate synthase and
succinate dehydrogenase by 40% in this muscle (Powers, Criswell et al. 1994). Recently,
Vrabas et al (1999) reported a reduction in the rate of diaphiagm fatigue in the rat
following treadmill training for 5days/v§eek, 6(5min/day for 10wks at 70% of VO max
(Vrabas, Dodd et al. 1999). They speculated this to be a consequence of the 10%
increase in citrate synthase, 12% increa.se in superoxide dismutase and signiﬁcant
increase in Type 1 fibers in the diaphragm folloWing this training intervéntion. 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 cellular 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 thé
increased work of breathing that severe COPD patients are chronically subj e;ctéd 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 in_vestig;elted the cellular

adaptations to training of the RM in humans, indirect measures of RM étrength and .
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endurance haive had to be used to assess training adaptations. These studies suggest thét
the RM’s respond to training specificity and overload in a similar manner as”skeletal |
rnu.scles (Tzelepis, Vega et al. 1994; Tzelepis, Vega et al. 19\94; Tzelepis, Kasas et al.
1999). Table 3 summarizes the changes in MIP following RMT in athletes. Significant
improvements m both RM strength measured as MIP and RM endurance measured as
CLRB or ITL have been observed following RMT with a pressure resistance device when
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 2‘11. 2001; Volianitis,
McConnell et al. 2001; Romer, McConnell et al. 2002; Wiiliams, Wongsathikun et al.
'2002). N‘o~ significant improvements in velocity dependent tests such as MVV have been
observed following this type of traiﬁing (Inbar., Weiner et al. iOOO; Hart, Sylvester ef 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 héalthy :
population (O'Krby and Coast 1993; Lisboa, Munoz et al. 1994).

Although no minimum Vg has been established for hyperpnoea training,
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; Si)engler, 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 tﬁe effects between pressure resistance and hyperpnoea training
ére 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 strength 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 valués following training with a Pressure or Flow resistive

device.

Type of | Training Load Duration Change in MIP (%) | Reference

training , Experiment Control | .

PRD 30% - 80% of MIP | % hr/day, 25%** 1% (Inbar, Weiner et

10wks al. 2000)

PRD Max resistance 30 breaths, 45%** 5% (Volianitis,
which 30breaths 2times/day, : McConnell et al.
could be 4wk 2001)
completed

FRD 50% of MIP 10min, 18%** 3.8% | (Hanel and

2times/day, Secher 1991)
4wk

PRD, IH | 47-55% of MIP 40 breaths, 8%** 3.7% | (Sonetti, Wetter

' Swks et al. 2001)

PRD Max resistance 4wks (unsure | 31%* - (Williams,
which 30breaths of protocol) ‘ Wongsathikun et
could be al. 2002)
completed

PRD Max resistance 30 breaths, 28%** 1.7% | (Romer, -
which 30breaths 2times/day, McConnell et al.
could be 6wk 2002).
completed ‘

PRD - Max resistance 30 breaths, 12%** 1% (Hart, Sylvester
which 30breaths 2times/day, et al.-2001)
could be 6wk
completed .

** 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 resﬁlts that can be explained from the'
pro?ocols used. Generally low flow rates have been shown to have less of a ,t.raining |
effect than high flow rates (Belman, Thomas et al. 1986). This can prdbably be attributed
to the flow rate dependency of these devices

Although jﬁprovements 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 stre;lgth. *Suzuki et al (1993) and Wanke et al (1994)
reported a 30% improvement in Pdimax performed as a combined feedback maneuver
and sniff maneuver respectively, while Hart et al (2001) 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 diaphra:gm
strength is still uncer\‘:ain.

In contrast to strength and endurance tests, pulmonary function measurements of
vital capacity (VC), forced vital capacity (FVC) and forced expiratory volume in 1
second (FEV) have not been reported to change following RMT (Fairbarn, Coutts et al.

1991; Hanel and Secher 1991; Boutellier, Buchel et al. 1992; Boutellier and Pivg{kb 1992;

Inbar, Weiner et al. 2000).

Effects of RMT on measures of ventilatory and metabolic performance
. Several studies have evaluated the effects of RMT on ventilatory and metabolic
measures. Spéngler et al (1996 & 1999) and Boutellier et al (1992a) reported a decrease

- inblood lactate levels at the end of an incremental cycle test following IH RMT while
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other studies including a recent’stt%dy by the same group\ failied‘ to detect a‘ny between .
group changes in blood lactate concentration following IH and PRD RMT (I;oufellier,
Buchel et al. 1992; Spengler, Laube et al. 1996; Spengler, Roos et al. 1'999; Sonetti,
W‘ett‘er' et al. 2001; Stuessi, Spengler et al. 2001; Volianitis, McConnell et al. 2001). Itis
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 n(_)f
significant between groups. The decrease in the perception of dyspnea at each stage of
an incremental ro'wing 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 tﬁat
this change might be indicative of a decreased work of breathing. Although conflicting,
some studies have shown an increased V1 and decreased f during submaximal constant
load tests follo_wing 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). VOomax,
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; Boufellier
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 muscie rfatigue measure.d by MIP following PRD RMT

in trained cyclists and rowers .



48

Effects of RMT on athletic performance

For any training intervention, field perfogmance is an important measure of an
interventions success. Despite the numerous studies, the benefit of RMT on athletic
performance 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 (2001) and Mark(?v et al (2001) (although the last two
articles appear to be from the same study) reported a prolonged cycling time following IH
RMT in both seder;tary and normal trained subj ect. Similarly, Volianitis et al (2001)
reported an improvement in the 6 min and 5km performance bouts folléwing PRD RMT
in rowers and Romer et al (2002) reported an irﬁprovement of 3-4% in 20 and 40km cycle
time trial performance following RMT. Other studies have failed to report such
improvements in performance (Morgan, Kohrt et al. 1987 Fairbam, Coutts et al. 1991;
Hanel and Secher 1991; Sonetti, Wetter et al. 2001). Fairbarn et al (1991) and Mo_rgan et
al (1987) reported ﬁo significant changes in cycling time when performed at 90% and
‘95% of VOymax following IH RMT, Sonetti et al (2001) reported no significant changes in
8km time trial performance following PRD and IH RMT and Hanel et al (1991) reported

no significant imprdvement in the 12km distance run following FRD RMT .
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ining the relationship between RMT and aerobic

performance '
~ Reference RMT Sample Training Training load f Outcome measures
Method size/subjects frequency
(Boutellier IH 4 sedentary Y2 hr/day; V- 76- 38 b/min CE-1,BE-1,BL-]
and Piwko subjects 5days/week; 102L/min O, saturation — NC
1992) 4weeks
(Boutellier, IH 8 healthy V4 hr/day; Ve~ 85- 38-46b/min CE-1, BE,MVV -1,
Buchel et trained 5days/week; 160L/min Vr-2.3-3.5L AnT-NC
al. 1992) subjects 4weeks VO2max, BL (cycle
test,V02max) -NC
(Spengler, 1H 19 healthy Y2 hr/day; Vg - 40-50b/min CE-1BE,MVV -1,
Roos et al. active males Sdays/week; 123 162L/min VC, FEV-NC
1999) 4weeks VO,max, MAP, AnT - NC
. BL (cycle test,V02max) - |
(Markov, IH . 13E E,: % hr/session; V. 60% = 79% CE-1,BE-1
Spengler et 15C 40 session within of MVV MAP, VO;max : NC
al, 2001) 9 Ex: 15wks
Healthy E,: Y2 hr/session;
sedentary 40 session within
15wks (endurance
training)
(Spengler, H G1-10 high V¢ Y2 hr/day; Gl- Vg Gl- CE (AnT) -1, VOmax,
Laube et al. and Lowf Sdays/week; 113->150L/min 40b/min, Vemax ~ NC
1996) G2-9low Vg 4weeks G2- Ve 2.6-3.8L BE, MVV -1
and high f 128->160L/min G2- _BL- | at 10-14thmin of
Active males 38->60b/mi cycle test
n,2.2-3.4L
(Fairbarn, H 5E,5C 3x8min Ve - - CE (90% VO2 max),
Coutts et al. Well-trained sessions/day 4 155->173L/min VO,max, Vemax- NC
1991) cyclists days/week; Nothing about BE-1
4 weeks Vyorf
‘(Inbar, PRD 10E,10C Y2 hr/day; Begin at 30% - MIP-1,BE-1
Weiner et Endurance 6days/week; and increased to FVC, FEV, MVV -NC
al. 2000) athletes 10weeks 80% of MIP VO2max, VE max,0, sat.,
’ AnT-NC
(Volianitis, PRD 7E,7C E: 30 E: begin at 50%" - MIP - 1
McConnell” ’ Elite rowers efforts/session of MIP - max 6min, 20km performance
et al. 2001) 2 session/day pressure could test- 1
C: 60 efforts/day sustain 30 CR-10 BORG scale - |
11wks ~ breaths
C: 15% MIP
(Sonetti, PRD/IH 9E,8C PRD: 3-5min/day, 50% MIP E: 57-68 MIP - 1
Wetter et Moderately IH: 30-35min/day Vg-50-60% b/min (IH) 8km TT-NC
al. 2001) trained cyclists Sdays/week MVV : V02, submax test: NC
5 weeks ’
(Hanel and FRD 10E,10C 2x10min/day; 50% of MIP 6-8b/min 12min track test - NC
Secher College 7days/week MIP - 1, FEV, FVC-NC
1991) students 4 weeks VO2max, VE max - NC
(Morgan, FRD 4E,5C 4times/day (2min, - - CE (95% VO2 max) — NC,
Kohrt et al. Moderately 5min, 9min, 12min) Training load - 1,
1987) trained cyclists 5 days/week; BE, MVV5-1
3weeks VO2 max - NC
(Romer, PRD 8E, 8C E: 30 E: begin at 50% - "MIP-1
McConnell Highly trained _ efforts/session of MIP > max 20km, 40km performance
et al. 2002) cyclist 2 session/day pressure could test - 1
C: 60 efforts/day sustain 30 MIP following test - |
6 wks breaths
C: 15% MIP

IH; Isocapnic Hyperpnoea, PRD: pressure resistance device, FRD: flow resistance device, Vg: ventilation rate, BE: breathing
endurance, CE: cycle endurance, BL: blood lactate, MIP: maximum inspiratory pressure, AnT: anaerobic threshold, MAP: maximal
aerobic power, V0,max: maximal oxygen uptake, Vr; tidal volume, f: 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 desigh.

Placebo Group )

Perceiving that an intervention will improve performance can have a significant
effect on the outcome itself. Clarke et al (2062) reported a 3.8% and 5.4% improvement
in a simulated 40km time trial in subjects who were falsely told they were receiving
earbohydrate (CHO) supplementation compared to sﬁbj ects 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 s.igniﬁeant, particularly when the margin between a medal
standing is as small as several percent. Although RMT studies by Boutellier et al
(1992a,b), Spengler et al (1996, 1999), Stuessi (2001) and Markov et al (2001) reported
significant 1mprovements ina 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 in difﬁcult to determine how much of the improvement
observed in the experimental group ef these studies is due to the RMT and how much is
due to the expectation of improving performance This is one of the observatlons 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 Volianitis 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.

2)

b)

The v_ariability in the outcome measures were greater in the study by Sonetti et al
(2001) compared to the studies by Romer et al (2002) and Volianitis et al (2001),
thus decreasing the ability to detect a significant difference. Tﬁe variability in
mean improvement time for the time ftrials 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 tirr.le 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 Songtti et al (2001) might mask any possible improvement from RMT and may
be a consequence éf the subjects lower training status. |

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 VO;max

around 4.60 L/min, their baseline MIP was only 104cmH0. In contrast, the
cyclists in the study by Sonetti et al (2001) used cyclists with a lower mean
VO;max (4.07 I;/min) but a much larger MIP of 168cmH,0. Since the former
study showed larger performance improifements 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 trainihg 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 s{:udy (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 cbntrol/placebo groub 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
parameter;, particularly when the outcome measures exhibit considerable variability. It
can be estimated that a sample size o£ i2 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%). Itis
likely that n;any of these studies may have been expecting a large effect size following
RMT (around 20-30%). Expecting a large effect size is unrealistic particulariy be‘cause
the respiratory system is less of a limiting factor t}{an the carciiovascular and locomotor
systems (Boutellier and Piwko 1992). Therefore, any improvements following RMT are
likely to be'small 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

v -

The use of inappropriate outcome measures may be another explanation for the

conflicting results reported in recent studies.

Maximal Oxvgen Uptake

VO2max vglués using incremental tests have shown to be insensitive to certain
training adaptations, particularly those in highly trained iﬁdividuais (Daniels, Yarbrough
et al. 1978; Foster, Schrager et al. 1996). It is possible that this t.est may a}so :be |
insensitive to RMT adaptations and thus a poor outcome measure of aerobic performance
in these studies. Additionally, training induced imﬁrovements in the critical power of the
RM’s will generate a much smaller imprévemen’t in an incremental test éompared to an
endurance test (Walsh 2000). Thus, a larger sample sizé would be required o generate
the same statistical power when using an incremental test as compareci to an endurance
test performed.at a constant work-rate. This may be a key limitatiqn of the study by Inbar
et al (1999) WHere the only performance measure used was an incremental VO,max test

(Inbar, Weiner et al. 2000).

Open-ended tests

Using time to exhaustion tests 'is another limitation of the studies by Féirbarn etal
(1991) and Morgan et al (1991). These types of tests are shown to exhibit substanti;al
individual variabil'ity when compared to time tfial tests (interclass correlation coefficient
(ICC) =0.47 vs. 0.97) (McLellan, Cheung et al. 1995; Harms, Wetter et al. 2000; Sonetti,A

~ 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 l.arger sample
size would be required to detect a signiﬁéant difference when using these tyl;es of tes’;s.
Thus the inability of these studies to detect a signiﬁcént difference in p.erformance
fol‘lowi'ng‘ 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 ex;ictly what this type of test is meaéuri'_ng. ‘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 open-ended tests, a fixed distance time trial test shows small random
variation between trials. Hickey et al (1992) réported an intraindividual CV rangin.g
from +/—0.95%‘ to +/-2.43% with the shortest' di:stance having the highest variability .
Similarly, Sonetti et al (2001) reported a small CV ranging between +/- 0.9 — 1.1% for an
8km time trial. The reason for thé considérably lower random \;ariabili;[y 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 fnaigifnal intensity



55

exercise where cardiac output becc?mes a limiting factor. This observation ié supported
by Volianitis et al (2001) who reported improvements in the 6 minute distan;e and 51§n
time When testing was performed on a rowing ergométer. Such activities are likely to
havla béen performed at an inteﬁsity close to 100% o-f VO;max and 85-90% of VO,max
respectively. On the other hand, the positiye results reported in the literature also suppdrt
the benefit of RMT at lower exercise intensity. Boutellier et al, (1992a & 1992b),
Spengler et al (1996 & 1999), Markov et 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 cieﬁnitely cgﬂclude which exercise intensities benefit
from RMT but it is possible that more than one physiological adaptatioh 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 particular important parameters of RMT regimes that may be an important
determinant of the success of RMT are the fand Vr adopted auring RMT. Although |
most of the studies using hyi)erpnoea 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 repofted between studies that havé used IH or PRD.
Belman et al (1986) reported that subj ects who chose their own ftended to adopt a slower
| breathing pattern than ﬁormal. Such a pattern is bet‘Fer t’olerated by subjects because it
results in lower respiratory pressures, reduction in RM work, reductioﬁ in the sensation of
br.eathing effort and a slower rate of RM fatigue development ('Belma’n','Thomas et al.

1986). In fact, when using PRD RMT devices, the estimated work of breathir}g is



56

significantly lower when adopting 2 Jfof 15bpm as opposed to 30bpm (Be:‘lman> Botnicl;
et al. 1994). The adaptations of the RM to trainin;g are aiso specific to the 1u,r.1g volurr.le :
and speed ,at which the training occurs (Tzelepis, Vega et al. 1994; Tze.lepis, Vega et al.
1994). Training effects may be reduced during a breathing pattern that adopts a low Sfand
Vr 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 tr!ain the RM are JH and PRD RMT. As
discuésed earlier, IH RMT only showed improvements in ﬂéw resistive test such as MVV
and MVSC yvhile PRD RMT only showed improvement in pressure resistive tests su'ch as
MIP, CLRB and ITL. According to the recent studies by Volianitis et al (2001), Romer
et al (2002), Spengler et al (1996 & 1999), Markov et al (2001) and Steussi et al (2001)
both PRD and ITH RMT aijpears to improve aerobic ﬁerformance in both highly trained
and normal subj ec.ts. '1jhe current literature suggests that the adaptations of the RM to IH
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 RMT that may
provide some further insight in to the mechanis;'n 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 traihing bouts
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(Boutellier, Buchel et al. 1992; Boutellier and Piwko 1992; Spengler, Lau’be et al. 1996;

- Spengler, Roos et al. 1999; Inbar, Weiner et al: 2000). Wide variations in tra’t‘ining loe;ds
have also been used for RMT. Training loads when using a pressure resistive training

~ device and hyperpnoea training have ranged between 30% and 80% of MIP and betwee'nr
76 and 170L/min respectively. A summary of the various traiﬂing 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 skgletal 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 nc;,ural adaptation (iﬁproved 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 fraining load and duration has yet to be
established, pr§liminary research suggests that PRD RMT should performed for at least
4weeks at 50% of MIP consisting of 2 sets of 30 breaths/day (Volianitis, McConnell etal.
-2001; Romer, McConﬁell et al. 2002). . The RMT regime for IH should be pérformed VS

hour a day for 4 weeks at around 60-85% of MVV (Spengler, Laube et al. 1996;

Spengler, Roos et al. 1999).

Subject Characteristics

Subject characteristics between studies vary considerably. Boutellier et al,
(1992b) used sedentary individuals, Sonetti et al (2001) used moderately trained cyclists

and Inbar et al (1999), Fairbarn et al (1991), Romer et al (2002), and Volianitis et al
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(2001) used highly trained enduraoce runmers, cyclists and rowers. It is difﬁcult to -
determine from ‘the current literature whether training status is a confoondiné: factor io
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 adaotation to RMT. The high baseline strength of the subjects in the
study by Sonetti et 51 (2001) 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 (2001) that used subjects with lower
baseline RM strength and did show signiﬁoant improvements in performance.

Another suggestion is thaf less trained subjects are more variabie than highly
trained individuals in tests measuring pexl'formance. Highly trained individual are less
likely to be affected by motivation, familiarization and acute physioiogical 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 .du_ring
maximal inte11oity exercise in trained individuals (Aaron, Seow et al. 1992, Horms,
‘Babcock et al. 1997). The author propooes that RMT may decrease the RM’s blooc} 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
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This model is based on the adaptationsto training that have been reparted 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
breatI}ing as a result of more efﬁcien‘g muscles (Volianitis, McConnell et al. 2001; Romer,
McConnell et al. 2002). Consequently, RM fatigue is reduced or delayed (less
tachypneic b?eathing 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 PaCO,. This would reduce its
_ known stimulatory effect on Vg, which in turn wbuld suppress tha work of breathing and
possibly reduce the perception of ayspnaa (Johnson, Aaron et al. 1996; Wassarman,
tHansen et al. 1999). All these effects would increase the proportion of blood flow
available to tha working 1ocomotpf 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 uﬁdefwent baseline testing of the
performance variables. Subj ects assigned to the experimental group underWeht pressuré
resistive RMT consisting of 3 sets/day, 6 days/week for four weéks at 50% of their
maximal inspiratory pressure (MIP) while subjects assigned to the control group followed
a similar protocol €xcept that the ;craining load was set, at' 10% of their MIP. At the
completion of training (4weeks), post-experimentél testing was conducted on the same |

variables as in the pre testing sessions.

Testihg Sites
Pulmonary Function Lab, Rockyview General Hospital, Calgary, Alberta and
Human Performance Laboratory, Faculty of Kinesiology, University of Calgary, ‘Caigary,

Alberta.

Subjects’

Sample Size/Subject Recruitment

26 competitive male road cyclfsts, 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.ec}ﬁ/calculators/powercalc/normal/n—Z-unequal/n—Z-uneq -var-
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samrp_.p_hp_ ). The calculation was l?ased on theé 8km tiﬁe trial (primary ou;ccome) using‘
cycling data fromlpast research (Sonetti, Wetter et al. 2001, Volianitis, McC;nneil et él.
2001; Romer, McConnell et al. 2002). \}ariability in repeated time triéls have ranged
from 1.0-2.7% and performance improvements from RMT have ranged from 2.0-4.6%.
The probability of conzlmitting a type I error (alpha value) was set at 0.05. The
probability of committing a type II error (beta v;ilu’e) was set at 0.20, thus gi\}ing a power
of 0.80. |
To measure an effect size 6f 2.0% between’t};e experimental and control group
‘ usfng a standard deviation of 1.7%, a saﬁple size of 12 participants per groups was
required. Assuming 1 drop’out per group, 13 subjects per gr(l)up was the intended sample
size.
Inclusion crit-eria
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. Vbzmax greater than 3.85 L/min or 55 mi/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 I;rogram required for this study
Subjects were recrui’Fed by the primary investigator through advertisements in -
local Bicyclé shops; triathlon, moﬁn,tain 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 ongomg until June 2002. This study was performed in
3 batches for logistic reasons (between 6-9subjects per batch): batch 1 fromJ anuary;
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 physic.al testipg sessions (Appendix C). The purpose of this initial
8km time trial ride was to increase the participant’s fa£niliarity with the test. Also, all
‘ participaﬁts 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. Duringall te;ting sessioné, subjects were told to:

* Abstain from vigorous exercise 2 full days prior to each testing session

e NO céffeine beverages at least 6 hours before each test or training session

o 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:
_ o Onsetof angina or angina like symptoms
" e Signs of poor perfusion: lightheadedness, confusion, ataxia, pallor, cyanosis,

nausea or cold and clammy skin
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e Failure of heart rate to increase with increased exercise intensity
e Subject requests to stop -
e Physical or verbal manifestations of severe fatigue

"« Failure of the testing equipment

Outcdme-Measures
These were the outcome ;neasﬁres for the study:
1. Cycle time trial performance
2. Maximal il‘lcremental e;(ercise test
3. Constant load submaximal test .
4. RM strength and endurance tests
As well as assessing pe‘rformance from a l(aboratory perspective, these measures also
extend the applicability of thé results to a practical settiﬁg. A sport physiologisf 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 cyc'le time trial.

This outcomé measure has low random variability (CV: +/- 0.9-1.1% and ICC of
0.97), is used for training purposes, shares manyrsi_mila'rities with cdmpetition, andisa
distance that would be minimally affected b_y motivation (Sonetti et al, 2001)‘.
* Additionally, it is performed at an inte!ngity equivalent to about 95% of VO, max, which
is an intensity that may benefit from RMT. During the time trial, heart rate was measured
ﬁsing an elecjcronic heart ratg monitor (Polar). The time tri\;lls were pe_rfomied in tPe

Human Performance Lab’ an a set of Kreitler rollers .(Kreitler Rollers Ir.ic.,‘ Ottawa, KS) in
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the “killer headwind” mode with S}lbj ects using their own bicycles. The 1:01161‘8 had the;

- front fork fixed for these tir'ne trials so-that subjects with little on no rollers é;cperience
could perform the trials with minimal learning. Each time trial began with a warm-up of
S-iO minutes and-subjects received real-time in,formation on their speed only. Other |
feedbgck was not provided to minimize additional motivational effects in subsequent

| trials. Tire pressure was maintained at the same pressure for each time frial 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 trjals. Subjects performed a

practice time trial before the start of the study to become familiar with the test.

Maximal incremental cycle test (VOsmax test).

A gra&ed cycle, maximal oxygen Cons_umption 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 (McLella{n 1985), was observed. LI“here:after, Vthew
workload was increased by 15 W évery minute until subjects fell below a cadence of
50rpms. Vg, rate‘ of carbon dioxide expir'ation (VCOy,), rate of oxygen uptake (VOy),
ventilatory équivalents for carbon dioxide and oxygen (Vg/VCO,, Vg/ VO,), V1 and f'was

‘measured t;reath—by-breath using a Sensormedics Vmax 2200 me’caﬁolic 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 fest. 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 .subj ects

(Nordeen-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 equivaient to AT + 50%A where AT is the work rate
coi‘re—spor_lding to the pre-training 2" ventilatory threshold and A is the difference between
the work rate corresponding to the 2" ventilatory threshold and MAP for that'subject.
Sﬁbj ects bégan with 4 minutes of cycling at 56W followed by a maxirﬁum of 10 minutes
of exercise at the pre-determined workload. If subj ects were unable to complete the full
10 minutes.of exercise (cadence fell below 50rpms), the tefmination time was rec;ordeél
and the subj ectt;,xercised for the s:;lme time period in'the post training exercise test. Vg,
VCO,, VO,, HR, v, Ti/Tror and f were measured using the same method as the
incremental cycle test. In addition, blood lactate was assessed at pretes;[, 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 Portablé I;actate
Analyzer (Arkray Factory Inc.). The lactate pro anglyzer 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 ;'11 physié)logi-cal range of 1.0-18.0mM (Pyne, Boston et
al.'vZOOO).’ The perception of breathlessness and muscular exeﬁidn by the Iegs was

assessed using a modified CR-10 Borg scale at baseline, 3 and 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).

ReSpir&tozy muscle strength

Global inspiratory and expiratory muscle pressures were assessed as the peak
values for MIP, sniff Pes and MEP while the diaphragm’s contrii)uﬁon to maximal
inépiratory pressure was aséessed as thie 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 insertior£ of a balloon, 6cm
wlong, 1.05cm in diameter, and containing 0.4ml of air attached to polyethylene tubing
(100 cm in length, 1.7mm ID) po‘sitioned in the midesophagus about 45cm from the
anterior nares. Pga was measured using a secc;nd balloon and ‘tubing of the same
dimensions but containing lQ.O ml of air, positioned in the stomach 65cm from the
anterior nares. This volume was?equivalent to about 200 cmH20. Each balloon catheter
system recorded a Zero pressure change over a range of balloon voiumes frorﬁ 0.4-4.0ml.
“The 10ml inserted into the gastric balloon showe& a linear'relationship between an
external pressure of 0 —;1 50cm H20 (Appendix D). The detailed constructions of the
balloon-catheter systems are provided by Mead et al (1955). Bothrballioons were p'assed
through the same nostril after topical anesthesia of the nasal mucosa (lidbcaine'2%) and
were swallowed by drinking cold water through a straw. Once in their respective
location, the ballol)ns were emptied by sﬁbj ects performing a valsalva maneuver with the
catheters open to atm_ospherp and then filled with either 0.4ml or 10.0ml of air. The |

mouthpiece and balloon catheter systéms were connected to Validyne MP 45-1 pressure
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~ transducers (Validyne, Northridge, CA), rangé +/- 200cmH20 that had tht;, signal

demodulateéi and ampliﬁed by a HP 8802A medium gain carrier Amﬁliﬁer and a’na‘lyz'ed

using batasponge© 2000 comiauter program (sampled at 100Hz). i’diniax was c:)btained

from a separate pressuré transducer that had the Pga cathete'f a;ttached fo the pqéitive end
and the Pes catheter attached to, the negative end (Pdi = Pga —VPes).‘

The protocol for the assessment of MIP and MEP was similar to that ogtlined by

Clanton and Diaz (1995), Black and Hyatt (1969) and Wen et al (1997).

Nose clip was attgched to the subject;s nose to pre'vent leakége.

e Subjects were asked to take 1 or mc'n're deep breaths and theg exhale to RV. The
subjects then inhaled maximally and were asked to maintain inspiratory efforts for
greater than 1 second.

e ' The procedure was repeated a maximul;l of 20 times. The recorded value of MIP
was taken as the average of the three l‘argest peak values obtained . |

o Testing of MEP utilized the same procedure as MIP except th:att maximum

expiratory effort was:'produced at TLC and witﬁ the thleeks.supportéd by the

hands.

Pdimax was measured using two different protocols. The first protocpi was the
same one usec.l to perform MIP (Muller maneuver). ‘Thisr Vprotocol 1s similar to tha;t
outlined by Miller et al (1985). The second protocol used to measure Pdimdx involved

| subjects performing maximal sniffs (short sharp sniffls as hard as possible and such that

peak Pdi is not sustained) while seated with at least 2 quiét breaths between each sniff.
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Subjects were provided with visual feedback of sniff Pdi. Maximal sniffs were

- performed until a plateau value was reached and was followed by a further 8;'10 maximal
sniffs to ensure no further increase (Miller et al, 1985). Sniff Pes was determined from
the sniff Pdimax maneuver. ;l"he value immediately preceding the maneuver was
assigned an arbitrary value of zero and changes in pressures swings were determined fof
Pdi and Pes (Ford, Whitelaw et al. 1983; Wanke, Formanek et al. 1994; Wanke, Toifl et
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 7

“minimize any additional variability that may be introduced through positioning and the

volume of air in the balloons was checked periodically.

Re&piratory muscle endurance

Respiratory muscle endurance was assessed \.Niﬁh constant load resistive breathing
(CLRB). CLRB was measured by breathing against a pressure resistance equivalent to
50% of MIP until exhaustion. This is sirﬁilar to t}}e protocol used by Perret et al (1999)
but the res.istance was 30% smaller. During the CLRB test, éubj ects ventilated at a V of
2 L and at a fof 35 bpm. From preliminary testing, we found 50% of MIP to Be the
.maximal resistance that subjects could ventilate at while maintaining a f'of 35 bpm and a
V:T of 2L. Feedback on these parameters was provided ona breéth—by-breath basis using
the Sensormedics Vmax 220 metabolic carts. The test was terminated when the f 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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Table 5 outlines the time line for this study.

Table 5: Time line for study
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Baseline Measures Training Post-training Evaluation
Period
: 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
7 PFT Submax Test | 8km TT | 8km TT | MIP re-evaluated on PFT Submax Test | 8km TT | 8km TT
VO,max MIP/MEP/ the first day of each | VO,max MIP/MEP/
Pdi/CLRB week Pdi/ CLRB

All recruited subjects began with a VO,max 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 gﬁidelines (1995)

or a VO;max 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 assessed 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 resti'ng period, subjects were assessed

for CLRB .

" In thé third and fourth testing session, following a minimum of 2 full days rest
period between each test, subjects performed two 8km maximum effc;rt time tri;cils. The
purpose of these trials was to establish reliability of the baseline time trial infdrmation
and allow familiarization.

Subjects then underwent sequential randomization into one of two groups: RMT

or C.

Training Intervention

zsm'"

Figure 7: THRESHOLD Inspiratory Muscle Trainer (Respironics Inc., NJ )

Subj ecté assigned to the RMT group performed RMT for a period of 4 weeks with
the. THRESHOLD Inspiratory Muscle Trainer (Respironics Inc:, New Jersey)(F igum .
This PR RMT device had been modified by the manufacturers to elicit an adjustable.
resistance between 15 —950mH20 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 effe.ct on this
resistanpe (Gosselink, Wagenaar.et al. 1996; Johnson, Cowley et al. 1996). buring thé 4
week training period, subjects trained 6-days/week, 3 sets/day, 30 breaths/set on their
own time with a l-mihute rest i)ctween sets. Subjects wére instructed to breathe from RV
to TLC at a f'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 subj e;cts éﬁrrent MIP ‘t;y 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 %ampeﬁng 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 repéat MIP tests that occurred at the
beginning of each Week of the 4-week training period. During each training session, the
subjects were ipstructed to train in the seated position in order to simulate cycling

positién. 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 pr6t0c01 as the’
experimental gfoups. Sham RMT consisted of a training resistance set to 10% of the -
subjects MIP (did not change if MIP incr'eased), a f'set at 35 breaths per minute and a V¢
from RV to TLC. Sucha régistance 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. Te maintain subject naivety and expectation of

performance improvement, subjects were blinded to their group assigninent.

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 clianges in
their regular exe_rcise training sessions er with RMT comf)liance less than 85 % were not
included in any of tlie study e'alculations. 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
subj ects were re- evahiated for the VO, max test, submax1mal 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. Subj ects continued to train with the device at
the last adjnsted resistance during the post-testing ‘Iijeriod ho'\ivever; they did not tr‘ain one
day prior to each testing day.” The purpose of this training was to maintain any training
adaptations over the post-testing duration. Snbjects were given arnaximum of 7 days to
recoi/er from an;rl sickness. |

Subjects were' required to .commit to 11 evaluation sessions duiing their study
involvement. The spirometry, VO,max tests',and submaximal tests 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 nor;nality. fqr
P-values greater than 0.05, an independent sample t-test was performeci between
experimental and placébo groups to test for between group differences and dependent
sample t-test was performed to determine within group differences. When the
-assumption o.f normality was not fnet, the Wilkoxon Signed-ranks test was used to test fof
within group differences and the Manri-Whitney test was used to test for between group
differences. The vr;riables of interests were: |

a. 8km time trial performance

b. VOmax
c. MAP
d. MIpP
e. MEP
f. Sniff Pes
g. 'Pdimax

h. Sniff Pdimax
| i.  f(last 30sec of submax test)
j. Vr (last 30sec of submax test)
k. Ti/Tot (last 30sec of submax test)
1. CLRB
m. Smin post lactate concentration
n. Perception of breathlessness and end of test

0. Perception of muscular exertion at end of test -
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§ CHAPTER F;OUR
RESULTS
Subj ects’

' ‘Twérllty-six male competitive cycliéts (8 triathletes, 8 road cyclists, 9 moﬁntain
bikers and 1 speed skater) were initially recruited to participate in this study. One subject
was identified as having e'xe'rcise-induced asthma (EIA) by a fall in FEV1 greater than -
15% following the maximal incremental test. However, he was keptl in the study because
he was ﬁ‘naware ;chat 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 (heniorrhéids, pu}le’d
groin/nerve problems and lack of interest). Tilerefore, 23 subjecjcs (13 RMT and 10
placebb) .completed the study and were included in the results except where stated. One

| subject in 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 excludeci from all the MIP and Pdimax ;ricasurements ..
Only the CLRB measurement violated the; éssumintion of normality and thus non-
parametric statistics was used‘ to an'alyze this variable. All other variables met the |
- assumption of 'norméility and as such, parametri{: statistics was usecll.‘ |
The baseline c};aracteristics of the participanté that completea the study ‘are. ‘
presented in Table 6. The piacebo and RMT group did not differ in age, height; weight,
FEV1 and FVC at hbase‘line measﬁrements. - Although in absolute values (L/min), the

placebo group had a higher VO;max 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



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 subjects (mean +/- SD) .
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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 ‘
VOymax (ml/kg/min) 58.02 (4.34) 55.64 (5.57)
VO,max (L/min) 4.50 (0.31) 4.03 (0.29)
MAP (W) 339.00 (33.31) 320.77 (21.68)
Resting Pulmonary
Function ,
FEVC L) 6.49 (1.55) 5.74 (1.05)
FEV1 (L) 4,97 (1.21) 4.65 (0.90)
MIP (cmH20) 148.73 (20.44) 125.00 (22.72)*
MEP (cmH20) 182.16(34.81) 185.00 (42.07)
CLRB (s) 75.60 (164.05) 90.00 (98.36)
Time Trial Performance o
8km (s) 854.30 (61.10) 1850.58 (42.43)*

"n=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)

cmH,0 and for the experimental group increased significantlyfrom 65.2 (12.0) cmH,0 to

75.6 (15.7) emH,0 (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 signiﬁc.ant increase in MIP, sniff Pes, and CLRB that

exceeded that of the placebo group P= 0.0.36,‘0.031, 0.025 respectively Figul‘re 8, Table
47). No change in MEP, Sniff Pdimax and Muiler’ Pdimax, FVC and FEV1 was observed
in eilcher group although sniff Pdi for the placebo group did decrease significantly
following training. Repeat measurements of MIP without the Pes and Pga bailoon
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= 0.4_9, P =0.02); sniff Pes and sniff Pdi (r = 0.45, P = 0.03). The correlation
between sniff Pdi and Pdimax Muller was not significant (r = 0.4, P = 0.07). There was
" no significant correlation between MIP and height; we1ght or age (P>0. 05) A tracing of

the MIP, MEP, Pdimax Muller Sniff Pdi and Sniff Pes can be seen in Appendlx G.
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Table 7: Measurements of respiratory muscle and pulmonary function before and after 4
weeks of RMT for the placebo (pré (C) and post (C) respectively) and RMT ‘group (pre
(E) and post (E) respectively) (mean +/- SD). -

CM 5 4
H>0 0

-50 7

delta MIP (C)

~

delta MIP (E)

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) **!
-MEP (cmH?20) | 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) 189.25(183.24)**!
EVC(L) -6.49(1.55) 6.21(1.41) 5.74 (1.05) 5.53 (.71)

FEV1 (L) 4.97 (1.21) 4.73 (.89) 4.65 (.90) 4.40 (0.71)
Pdimax 133.5 (31.57) 1372 (47.05) | 118.82 (36.98) | 120.74 29.65
(cmH20) o

Sniff Pdi 128.33 (38.49) | 117.3(38.70)* | 115.25 (27.34) | 112.97 (22.66)
(cmH20) . ~

Sniff Pes 108.6 (29.98) |.105.6 (27.19) | 93.17 (24) 103.92 (29)*!
(cmH20) :

“n=12 (*) p<0.05, (1) delta C vs. delta E p <0.0S

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: cmH,0
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Maximal Incremental Test

Neither the placebo group nor RMT group showed a significant chenge in VO;max
following 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 (E) and
post (E) respectively) (mean +/- SD). -

Pre (C) Post (C) Pre (E) Post (E)

VO;max (L/min) 4.50 (0.31) 4.47 (0.37) - 14.03(0.29) 4.19(0.33)

VO,max (ml/kg/min) | 58.02(4.34) ~ |.58.50(5.72) | 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<0.05,

Time trial

The second 8 km TT time of the baseline measure for all subjects was slightly faster
that the first (864s vs. 855s) but these times did not ‘signiﬁcanﬂy 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 +/- 2.0% or —
20.7 +/- 17.0s, P = 0.004, raege 0.94% to - 5.0%; Table 9, Figure 9). The RMT group
‘time trial performance remained unchanged from beseline. following the traiﬁing period .(-
0.4% +- 2.1% or — 3.6 +/ 18.2s, P =0.5), renge t0 3.3% - 4.8%). The improvement in
| the placebo group 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 Vthe 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) respectwely) and RMT group (pre (E) and post (E) -
. respectively) (mean +/- SD). .

Pre (C)

Post (C)

Pre (E)

TPost (E)

TT (s)

854.30 (61.10)

833.60 (52.70)*!

847.00(38.55)*

=12 (*) p<0.05, (!) delta C vs. delta E p <0.05

40
20
Change in time
(post-pre)(s)
0
-20
-40

delta it (C)

850.58 (42.43)*

delta tt (E)

Figure 9. Comparison of time trial performance Placebo (delta tt (C)) vs. RMT
(delta tt (E))
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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 hne) indicate an
improvement from initial test.
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Baseline values for the submaximal constant load test duration and test intensity were

not significantly different between the placebo and RMT group (Table 10). Following:

training, the placebo group saw a reduction in f'that exceeded that of the RMT group (P ="

~0.04). Both groups saw a significant reduction in blood lactate and increase in V but

these values were not significantly different between groups. No change in Vg, Ti/Tot,

VO,, 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 of 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 +/- SD)

(Lactate taken Smin post test, Borg measures taken immediately at test termination)

Pre (E)

Pre (C) Post (C) 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)
Vg (L/min) 150.05(40.15) | 147.95(33.45) | 153.56(25.22) 154.42(6.27).
Vr (L) 3.11(0.27) 3.43(0.16)* 3.01(0.12) 3.10(0.12)*
£ (b/min) 49.18(3.79) 43.59(3.36)*! | 51.60(2.36) 50.19(1.99)
Lactate 11.2(1.03) 9.11(1.03)* 12.68(0.81) 10.92(0.68)*
(Sminpost) :
Borg 4.75(1.28)° 4.50(1.92)° 6.83(1.99)* 6.58(0.65)*
Breathlessness
Borg Leg 6.62(2.06)° 5.5(1.41)° 7.752.17)° 6.91(1.92)°
VO, 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, :n=8, *:n=12
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CHAPTER 5

DISCUSSION

In an attempt to help gain a better understanding of the effects of RMT on aerébic
performance, 4 weeks of PRD RMT on corﬁpetitive male cyclists was conducted using an
experimental design that included: a true placebo group, measurements of global RM and
diaphragm strength, control of Vrand fduring the training prograﬁ. The present study
found thét RMT improved global RM 'streﬁgth and endurance but failed to improve
aerobic p\erformance in moderately trained cyclists. The secondary outcome measures
will Zbe discussed before the primary outcome measure '(8 km time trial) because the
secondary outcome measures provide some of the backgroimd for the discussion of the

primary outcome measure.

Ré’spiratory Muscle Strength and Endu”rafice

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 suﬁpoi‘t previous literature showing -
that 4 weeks of RMT wi;[h a ioressure 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). N |

Although the MIP maneuver is a simple, non-invasive method 6f estimating
overall RM strength, it is volitional in nature, can be difficult fo coordinate in certain
inciividuals and may require a learning period to obtain reliable maximal values (L'arofche,

4

Mier et al. 1988; Wen, Woo et al. 17997; Maillard, Burdet.et al. 1998, Pacia and ‘Aldrich
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1998; McConnell and Copestake 1999; Volianitis, McConnell é-t al. 19995. Repeat
measurements performed on all subjects before and after the training period ;vitﬁout tl;le ‘
distraction of the balloon catheters revealed a sligﬁt but honsigriiﬁcan;c increase in

~ baseline values in both groups (C: 5%, E: 4%). Furthermore, the RMT group exhibited
an increase in MIP that was signiﬁcantlfy greater than the placébo 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
maﬁeuvér. However, one RMT subject exhibited high bétween:ar’ld within testing session
variai:ility (delta MIP value fell well outside ;che 95% CI). This exemplifies the possible
difficulties experienced by éertain individuals when performing this maneuver.

Sniff Pes is a more familiar maneuver used to estimate global insﬁirgtory'muscle
strength particu_lquy in patien;cs with RM weakﬁess (Laroche, Mier et al. 1988). The
measurement of sniff Pes in the participants of this study exhibited much less var‘iability
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 vali'ms
- of sniff Pes were much lower than the values obtained by MIP measurements, whic;h is in
contrast to that reported by Laroche et al (1988) and Hart et al (2001). Thedretibally,
sub5 ects that are able to coordinate the MIP maneuver properly and‘ maximally should
obtain a higher value than that provided by the sniff Pes maneuver becal_lsé the former is
an-quasi-isometrié maneuver (less shortening of the inspiratory. muscles) whiie the latter

is a dynamic maneuver (Miller, Moxham et al. 1985). The higher \}alu_e's, obtained by the
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MIP measurement in the moderately trained subjects used in ‘;his study méy be a result‘of
their ability to coordinate the maneuver prdpg:rly. and maximally.. . ” |
Following the training intervention, the RMT group showed a25% improvement
in MIP (19% ﬁsing thg repeat measurement) and an 11.5% improvement in sniff Pes.
" The smaller increase in MIP in the repeat measu'rement is due predominately to the
- higher' baseline value (125-130cmH20) 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 §trength (Leith and Bradley 1976; Hanel
apd Secher 1991; Inbar, Weiner et al. 2000; Hart, Sylvester et al. 2001; Sonetti, Wetter et.
al. 2001; Volianitis, McConnell et al. 2Q01 ; Romer, McConnell et al. 2002). This ' )
suggests that the RMT regime used in this study is effecﬁve in improving RM strength
Aand comparable to other studies. Few studies have used sniff Pes to estima’té global
inspiratory muscle strength following a RMT program. The 11.5% improvement in sniff
Pesisin agreer‘ne‘nt with Wanke et al (i 994a,b) but ip' contrast to Hart e;c al (2001) where
no significant improvement was repor.ted.' It is possible that the small sample size used in
the latter study (6 subjects/group) increased their chances of incurring a Type IIV error and
missing‘the detection of a difference if it existed.

Since the RM’s adapt in a similar manner to the skeletal muscl;as, the
improvement in RM strength i'n thié study is likely due to an improved neural and
intramuscular adaptation. Neural adaptations to training .ar'e predominatély 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 heural adaptations have been



86

described in detail in the introduction, but briefly they include: more efﬁc;ient
recruitment, increased neural activation, motop'qnit synchronization, and ex&tability éf
the alpha motor neurons and/or mptor end plates and decreased Golgi tendon organ
inhibition (Sta;on, Karapondo ét al. 1994). The acute in_tramuscular adaptation likely
involves an increase in the percentage of type IIb fibers and con\;ersion of fast fiber types
(type IIb - 1la) (Staron, Karapondo et al. 1994). .

The results of this study suggest that 4 Weeks of PRD RMT can increase globai _
insp.iratory muséle strength as measqred by both MIP and sniff Pes in moderately trainéd
cyclists. The smaller variability observed in the sniff Pes might make if more sensitive to
changes over time and the familiarity of the manéuver might make it less Sl;.SCCptible toa
familiarization effect. | ‘ .

MEP did not increase following the 4-week RMT period. ;l“hé RMT device used
in this study only héd an inspiratorf reéistance and the only external resistance was that
of the mouthpiece itself (~210mm?). The mouthpiece may add some additional
resi_stanc;: particularly when breathing at higher flow rates, but this additional: resistance
1s likely to be small. Since MEP was un;:hanged following RMT, the external resistance
imposed by the RMT devicé mouthpiece is no{ substantial enough to increase expiratory
muscle strength. |

The non-significant change in the Pdimax of the RMT group when meaéqr'ed
using a Muller or sniff maneuver suggests than MT d(;es not increase the force -
produced by the diaphragm during a maximal quasi-isomefric or dynamic maneuver.
This result is in agreement with Hart et' al (2061) where no siggiﬁcant improvements in

twitch Pdi or sniff Pdi were observed but is in contrast to Suzuki et al (1996) and Wanke
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et al (1994) where a significant improvement in Pdimax measured usi;lg a; combined ‘, |
maneuver and sniff maneuvef resp‘ectively,was qbserved. There are two pos'slible réas‘ons
* for these conﬂicting results.

‘First, a weakness. of ft‘he study by Suzuki et al (1996) was that Pdimax was not
measured in the control group, so it is ur;known whether this improﬁement was due ‘to a
learning effect or an improvement in dialz)hragm strength. Since the combined maneuver
is difficult to perform in né‘fve individuals, there is a greater likelihood for a learning
effect than the ‘othgr maneuvers used to measure Pdimax (Chari, Cheong et al. 1996).

Second, a maj;)r limitation é)f 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 diaphfagm, these mallleuve;s are measuring the
force produced by the diaphragm during a mgximal inspiratorsl effort, which is generally
less than the maximal force ﬂgenerating capacity of the diaphragm (Laporta and Grassino
1985; Hershenson, Kikuchi e;c 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 ekpianation fo; the increased
sniff Pdimax observed by Wanke et al (‘1 994) where their incréase in sniff Pes was ‘much
larger that what Was reported in this study (38% vs. 1 1.%).' The sample of COPD patients .
used in their study may have had RM weakness particularly at RV and this is supported
by low béseline values of sniff Pes and sniff Pdi (sniff Pes 60cmH20 and sniff Pdi 80-90)
(Wanke, Formanek et al. 199‘4). 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 beeﬁ large enough to incfeas'e} the diaphragm’s aétivatior'llduring tile
maneuver. |
‘The significant decrease in the piﬁcebo group’s sniff Pdi following RMT was
unexpected. It is uniikely that the RMT in this grc.)up impaire'c{ the diaphragm’s‘ force
production during maximal iﬁspiratory pressures especially since Pdir;aax 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
‘ signiﬁ;:ant variation in sniff Pdi during diéphragma;tic, extradiaphragmatic and natural
srﬁff maneuvers. This variability was a result of changes in Pga siﬁce thq Pes remained
consistent during‘these different rnéneuvérs and was concluded by the authiors to be
attributed to varying degrees of digphragm and abdc')minal muscle activation. The results
of this study exemplify the limitation of using sniff Pdi to measure diaph:éagm strength
during a maximal inspir'at;)ry maneuver. |
In summary, RMT increases the rib cage muscles al;ility to generate larger
“maximal inspiratory pressures but does not alter the diaphragm’s contribution.
The significant correlation between MIP and sniff Pés in this study provides
support for the theorétical relationships e‘xpected bc’;tv;/éen these variabies: and is in. ,
agreement with the results from Koulguris et al (1989). buring a Muller maneuver
ag;inst an o‘ccluded mouthpiece, the change in mouth pressure will be closew to Ppl when
there is little or no airflow during the effoft tPacﬂia and Aldrich 1998). Since this
assumption is invalid if the glottis closes or if there is ~signiﬁcan’c éuctién by the cheek and

pharyngeal mﬁsoles, a small leak is introduced into the mouthpiece to prevent the



89

‘development of spuriously strongly negative airway pressure '(Pacia and Aldrich 1998):
The measure of Pes.provides a mo‘re direct estimate of Ppl because there is no inﬂuen}:e
from glottis closure or cheek musclés on the values of Pes obtained. Possible reasons for ;
the vé:‘riaynce MIP not explained iay sniff Pes may be. attributed to technique issues such as
difficulties in coordinating the MIP manéuver, the volitional nature of tﬂe tests and the
hindrance of a nose clip. Additionally, the variable. effect of the cheel; muscles on
pressure development may also add to-the unexplained var.iance. A significant
correlation would also be theoretically expec;géd between sniff Pdi and Pdimax Mullerv
because they are both measuriﬂg the force -produéed by the diaphragm even though a
slightly different maneuver is used. In contrast to theoretical expéctation, this -
relationship was not significant (1;= 0.07) in this study. This might })e e?(plaiﬁed by the
same factors that contribute to the unéxplained variance between the MIP and sniff Pes
ma.meuver. Additionally, in contrast to Pes and MIP, abdominal contraction will have a
substantial effect on Pga and Pdi aﬁd _cqntributeé to the substantial variability repOrtéd in
this ﬁeésmement (Laporta and Grassiﬁo 1985; Miller, Moxham et al. 1985; 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 agaiﬁst a constant
resistance eciuivalent to 50% of MIP following RMT. This is in agreement with Inbaf 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 VO max, ‘MAP, FVC and FEVl was observed following RMT (Inbar, Weiner et al.
2000; Sonetti, Wetter et al. 2001; Volia;nitis, McConnell etal. 2001, R?mgzr, McConnell
e‘? él. 2002). This finding in not unexpec;ced_since 'VOzmax is insensitive to small changes
in performance improvements (Daniels, Yarbrough et al. i978; Fosfer, Schréger et al.
1996). |
Both the RMT and placebo group exhibited significant reductions in their blood
lactate cbncentrationé, but these concentrations were not significantly different between
groups. This is in agreement with‘previqus literature that have shown reductions in blood
lactate that have not exceeded that of ’che. control/placebo group (Spengler, Roos et al.
1999; Markov, Spengler et al. 2001; Sonetti, Wetter et al. 2001; Stuessi, Sbengler et al.
2001; Volianitis, McConhell et al. 2001; Romer, Mc;Connell et al. 2002; Williams,
'Wonésathikun 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 trainin;g 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 samprler sizes would be requ.ired
to detect a between group difference in fhis measure if it really exists.
The perceived exertion by the legs and the perception of dyspnea _w.ere 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 th{s study aré
_ in agreement with previous literatljlre (Suzuki, Yoshiike et al. 1993; Sonetti, '\'Netter’ et al.
2001; Volianitis, McConnell et al. 2001; Romer, Mcéomell et al. 2002). The theoretical
basis for expecting a reduction in the perception of dyspnea is that an improvement in the
forc§7generating capacity of the :RM following RMT would decrease theif relative
’;ension fora given level of Venﬁlation and delay RM fatigue (Romer, McConnell et al.
2002). Reducing fthe work of the RM and delaying their fatigue may redirect greater
“blood flow to the periphery. Improved blood flow to-the exeréising niuscles may be
.aceompanied with increased c;xygen delivery, reduceci lacfate production and reduced
" periphery effort sensation (Harms, Wetter et al. 1998; Harms@OOO; Romer, McConnell et
al. 2002). Similar to blood lactate, the sljght reductioﬁé in mean values of these |

measures following RMT may be due to overall physical training rather than RMT.

Time trial performaﬁnce!

The primary outcome measure of this study was the 8km cycle time trial. There
was a significant 2.4% improvement in the Iﬁlacebo group time trial perforrhancé 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 fouﬁh study in this group and fail‘s‘to show any |
benefit from RMT‘c;n perfofman,dei. Studies that_ have not used true placebo éroups m
their eXperimental design have been criticized for having weak internal validity (Sonetti, -
Wetter et al. 200-1; Romer, McConnell et al. 2002). As reported earlier, expectation of
improvement alone can account for a 3-5% improvement'in time triai performance.
Studies reporting impro;/ements in performance following RMT that have not used atrue
placebo group may be important for hypothesis generating, but are not adeqﬁate for
making any meaningjgful conclusions. The piacebo groﬁp in fhis study satisﬁed the ;:fiteria
established by Ojaunen (1994) which are: 1) the placebo needs to be inert; 2) it should
generat;a expectations, involvement, subj eét utility, and Be meaningful to the subjects.
The placebo group trained with the same device using the exaét same brotocol as the
ex.perime\ntal group except that the resistance was set at 10% of MIP. i‘o maintain
subject naivety of the resistance, the device was completely. covered with a 3M™ tamper
..resistar.lt security tape such tﬁét subjects in neither group knew what re'sistancé they were
training at and both groubs had equal contact time with the technician. The only
information given to the subj ecf wés that they were randomized to two groups, but the

nature of the groups was not revealed until the completion of the study..

Of the 3 'previ(_)us studies utilizing a RCT design with a tru:e placebo group and

: ﬁme trial performance outcome }neasure, the 2 studies that reported a signiﬁcant '
improvemenf’ used subj ecté that were highly trained anci homogénous in characteristics
(trained national team caliber rowers, trained cycliéts VOzmax ~64mi/kg/min) (Sonetti,
Wetter et al. 2001; Volianitis, McConnell et al. 2001 ;. Romer, McConne}l et al. 2002).

These types c;f subjects are lfkely to have much less variability from internal and external
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sources (motivation, training, familiarization) and thus any impro-vement t‘ronr RMT is.

- less likely to be masked. “This stncly however, ueed moderately trained snbj eots (VOzrnax
~55-58ml/kg/min) that had a similar training status as the subjects usecl by Sonetti et al
(2001) (VO max ~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
" 1s likely 2 significant factor in determining the success 'of RMT on improving tirne trial
performance. Highly trained athletes are more likely to dernonstrate‘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!subj ects used by
Romer et al (2002) and Volianitis et al (2001) hed a much lower initial RM strength than
the subjects used in this study or in the study by Shnettl et al (2001) (lOOcm HéO vs. 129-
168cmH20). It is possible thati su_bjeots with weaker RM’s hacl larger roorn for
" improvement in RM strength and experienced greater RM fatigue than individuals with
stronger RM’s. This might make theee subjects meore likely to beheﬁt from RMT and
explain the larg’er irnprovements in RM strength rreported hy these studies (28%& 45%

vs. 8% & 25) (Coast, Clifford et al. 71990; McConnell, Caine et al. 1997).

A possihle 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
: expenmental group and had a greater effect on performance Although several studles

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 ar;a generally Sl(‘)W‘
. and protracted (Sonetti, Wetter et r;ll. 200,1 ; Volig.nitis, McConnell et 'ai. 2001, Romer;
McCo;ingll et al. 2002). In contrast, this study had the placebo group train using a |
dynﬁmic breathing pattern, similar to that used during Iﬁ RMT. The onfy major
difference initial_lsf expected between:th‘e placebo and RMT group was the resistance at
which training occurred. Howev;:r, it is also likely that the-two groups differed in the V1
at which they trained such tilat the plae;ebb‘ group adopte;d a larger Vp than the RMT
groui) because they had a smaller resis{anée to overcome. A larger V1 would have
resulted inka Vg that wés cl.oser to that used during IH RMT. 'Tk;is study-raises the
bossibility that the f'(speed of the inspiratory contrac’:tionj and Vr ado‘pted‘during RMT
may bé more important to improving RM performance than thé resistance at whi;:h
traiﬁing occu'rs’. This has:_beer.1 investigated in skeletal muscle where a greater .
improvement in movement velocity capabilities wére observed in subjects that trained at ’
" 30% compared 80% of their 1 repetitionr maximum in the sqﬁat (McBride, Triplett;
McBridé et al. 2002). | Additionally, the improvemen‘gs in the velocity of shortening of
skeletal ﬁauscles are specific to the training workload (Morftani 1993). For example,
training with no resistance increéised the Velocitj;/ of shortening at no resistance‘wﬁile. :
“training at ‘a resistance eciuiva,lent to 50% of -maxir;lufn increaéed the Velo"city of
shortening at this \;vorkload with smallér irhprovements a’; other workléads. These studies -
suggest the imp01“tan¢e of the specificity of the movemen;c used dur.ing RMT and provides
theoretical support for the improvemeﬁts in performance following IH RMT. During
* exercise, the ability for the R_M’s to develop forces/pressures a‘; high shortening velocities

is important for increasing Vg. ‘This is particularly important at higher il'ung 'vqlumes |
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where the force generating capa01ty of the RM is reduced. The better adapted the RM S
are to generating forces at high shortening ve1001t1es when utilizing largér 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 h1gher 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 sucli this training might have comprised an improvement

in the velocity of shortening. If this group did use a smaller Vr to maintain the set f;

_ 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 in fand increase

.in Vyobserved in the placebo group provides support for a possible training adaptation in
the placebo group that exceeded that of the RMT group. A reduced fand increased Vr
would suggest a decreased work of breathing that may utilize a smaller proportion of the
oi/erall blood flow and produce smaller amount of lactic acid (Volianitis, McConnell et

al. 2001; Romer, McConnell et al. 2002). The altered breathing pattern observed 1n the
placebo group is in agreement with the studies by Romer et al (2002) and Volianitis etal - .
(2001) where a trend towards a less tachyprieic breathing pattern was observed following

RMT.
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Another possible explanation fo’r_ the results of this study is that th.ey may be . |
because of chance. Although sta,tiétiéal methods_ are useful for decision mak‘i,ng, wheﬁ
alpha is‘set at 5%, there is a‘0.0S probability of rejecting the null hypofhesis when it is
true. Therefore, althouéﬁ small, there is a possibility that our sampleé fell on thé

R ) . Y
extremes (tails) of the normal distribution curve.

The above discussion has centered on varjous reasons why the RMT group did .
not impro{/e their 8km performance time trial. To prdvide a ;:'omprehensive discussion,
one other possible reason for thé results obtained in this study is that RMT does not.
improve ée;obic performance. From a theoretical persbective, an improvement in aerobic
performance caused by RMT could be from a decreased work of breathing and an
attenuation of RM fatigue. ‘The Vexistence of RM fatigue following aerobic exercise is
still conflicting aﬁd is likely‘ influenced by fitness level, motivation exercise dil‘ration and
exérci'se intf;nsity (Loke, Mabhler et al. 1982; Bye, Esa;J etal. 1984; Cdast, Clifford et al.
71990; Nava, Zanotti et al. 1992; Johnson, Babcock et al. 1993; Mador,' Magalang et al.‘
1993; McConnell, Caine ef. al. 1997; Perret, Pfeiffer et al. 1999; Vqlianitis, McConnell et
al. 2001; Romer, McConnell et al. 2002). These studies. sugg'est the possibility that the
RM’s do not fatigue following exercise and as'a result, there is nd subsequen;c : .
vasoconstriction of blood flow to the hperi'pheljy. Since Vg, VO,, blood lactate, penceivéd
exertion by the legs and the perc'eption.of breathlessness did not change following RMT
- in this study, it might also be sﬁggested that the \reported adaptations of the RM’s to

whole body endurance training are sufficient enough to overcome any limiting effect they

n’;ight have on.performénce (Robinson and Kjeldgaard 1982; Coast, Clifford et al. 1990).
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" Thus, any subsequent improvement in RM strength and endurance following RMT will

not provide any additional benefits in performance.

‘Although subjects were randomly assigned to either a placebo or'RMT group, it is
possible that the groups differéd in their reétilar iahysical activity during the étudy and the
" improvement in the placebo group was a result of %ncreasec_l physical activity. ﬂowever,
this is unlikely because physical activity logs during the study period were consistent
between'r groups with réspect_ to the number of training hours. Th;e intensity level or
fnodality of the workouts were not quantified leaving the possibility that these parameter
may have differgd between the groups and thus accounted for improvements in
performance. Future st‘udieé should quantify the influence of training intensity and
- modality in the training logs to minimize the confounding effects of these pa:r.ameters on

performance improvement.

A potential critiéue of the study methods is that the training duration was not long
enough to induce training ad_aptations. However, the improvemerﬁs in RM stren;gth
_measured by MIP in this study were similar in magnitude to other studiés that have
slhown improvements in performance. Furthermore, al‘though the 'study by Vbliani’éis et al
- (2001) used a fraining program tﬁa‘; lasted 11 weeks in duratibn, an improvement in RM
7 strengfh and rowing performance was obser\'/edr within 4 weeks of training, and 7
édditional weeks of training did not result in ahy further increase in RM strength or time

trial performance.
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Another possible criticism of this studyis wheiher an 8km time trial is an
adequate outcome ihat wouid beneﬁt from RMT. Studies snowing ir'nprovernents in -
performance that have nsed a placebo group have been conducted at a yariety of
intensities that ranged from 72% of MAP to 100%o0f VO,max 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 VO,max and thus withinthe range
of these previous studies. Thus, the intensity of exercise used in this study has the

potential to be iniprqved by RMT and is likely not the reason for centrasting results.

Limitations of study ‘ i

As mentioned previously, the training status of the.study partieipants may be an
important determinant of the effectiveness of RMT on performance. The two s’ciidieS' 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 meaisuies for several reasons including:
1) familiarity with performance test ef interest (i.e. time trial) so there is less of learning
effect; 2) are highly motivated, 35 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 eny influence of RMT on performance in 'ther
subjects used in tnis 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 strepgth used in t}}is study were iimited to
measuring the muécle’s force generation during maximal inspiratory ‘pressur;. It has |
been suggested that the diaphragm is not maxir’naﬂy activatedrduring such a measurement
and is possibly limited by the strength of the ribcage muscles (Hershenson, Kikuchi et al.
1988; Nava, Ambrosino et al. 1993). Consequen:dy, it was not possible to diséern
whether maximal diaphragm strength was improved by RMT. The combined maneuver
with feedback and bilateral phrenic nerve stimulation are two other methods that can be
used to provide information maximal diaph{agm étrength. The combined ﬁlaneuvér,-
described in the introduction provides a more accurate estimation of Pdima>; (Laporta and
Grassino 1985) but is still volitional in nature, reqﬁires thé hindrance of a mouthpiece aﬁd
is difficult to coordinate in ‘novice subj eéts. Bilateral phrenic nérve stimulation is a more
ol.)j ective 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. Th‘efefore, MIP-and sniff Pes are still the
;Jest methods to assess RM strength although they both have several limitations that have
been discussed previously. |

An improvement in RM perforr;xance from the increased f that was used dufing
the RM training regime was indiscernible. One poséible adaptation to such a breathing
pattérn would be an increased ‘velocity of shortening of the fnuscles. It is well accepted
that skeleﬁal muscle decreases its ability to generate force with incréasinig velocity of
contraction.' With ventilation rates exceedi.ng 200L/min in highly trained subjects at

maximal exercise, increasing the RM’s velocity of shortening for a given pressure
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generation would enable one to mamtam higher Vrduring increased f Recently, Romér
et al (2002) was the first study to measure 1nsp1ratory 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 ’;heif
Qelocity of shortening during\an iﬂspiratory effort but whether the breéﬁhing pattern usedr

during the training in this study results in greater improvement has yet to be iﬁvestiga;ced.

The three participants that dropped out of the study were in the placebo groﬁp.
‘An argurﬁent can be ’made that these subjects dropped Voﬁf becéuse they thought they were
in-the placebo group or did not believe they were receiviﬁé any training adaptations and
thus the validity of this study may be comprised. It is unlikely that these drdpouts were a
“ result of these concerns. First, one subject droﬁped out beforé ‘he was‘even told what
group he was randomized to because he was pnhappy with his VO,max result. Another
subject dropped out half way during the training irlterventior-l 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 tri;ll suggests that 4 weeks of PR RMT does ﬁot
improve aerobic performance in nﬁoderately 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, Weiper et al. 2000; Sonetti, Wetter et al. 2001; Volianitis, McConnell et al. 2001;

Romer, McConnell et al. 2002).
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Subjects are needed for a study exarﬁining the effects of
RESPIRATORY MUSCLE TRAINING on ATHLETIC
PERFORMANCE.

Criteria: |
e 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: :
e Recruited subjects will undergo VO,max testing, submaximal constant load
testing, lactate testing, time trial testing
e Respiratory muscle training for 4 weeks .
e Minimal impact on your current training program

At no cost to subject:
e 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@ucalgary.ca if you have any question regarding this study or
you would like to participate in this study.

if
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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 w1111ng 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
55ml/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,
~5min/day (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 durmg the study time period
and 2 weeks before.
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Book Times with me.

e Book all 4 days at once. -
e 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 iliness, 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. :

| 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

El®E) UNIVERSITY OF

FACULTY OF KINESIOLOGY
SPORT MEDICINE CENTRE

Consent Form

Research Proj ect 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 1year, 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:
Abstain from vigorous exercise 2 full days prior to each testing session

NO caffeine beverages at least 6 hours before each test session

NO alcoholic drinks 6 hours before each test session

NO smoking 2 hours before each test session.

NO food 2 hour before each test session

Two incremental cycle ergometer tests to exhaustion to determine maximal
aerobic power/VO;max; 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.

A e
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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 tralmng regime during
this time

8. Training log of your RMT sessions

Maximal aerobic power/ VO,max 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
VO,max measurement less than 55ml/kg/min will be excluded from the study. Both
before the VOonax test and 5-15 minutes after the VOopax test, subjects will have
spirometry assessed (maximal flow-volume loop).

8km cycle tlme trlal will be performed in the Human Performance Lab, University of
Calgal"y 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 VO,max for that subject for 10minutes. In addition, fingertip blood samples will be
collected at baseline, 5Smin, 10min and 5min post test. Each time a sample is drawn,
approximately 5 ul 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.

Insplratory and explratory 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. '

Insplratory muscle trammg will occur over 4 weeks: 6-days/week, 3 sets/day, 30
breathes/set at a predeterrnmed 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 VO,max 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 fingertip blood samples taken
on during submaximal constant load tests. On each occasion, you will provide 4 blood
samples but no more than 400 pl (0.400ml) of blood will be collected. The first set of
samples will-be taken in the 1% week and the second set of samples will be taken in the 8
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-term 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 teserve 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 conduicting the tests. You still have all your legal
rights. Nothing said here about tréatment or compensation in any way alters your right to
recover damages. . o :

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 this.research, 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,
please 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 10m1 air
inserted into balloon. '
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Appendix F: Regular physical activity training log

RMT STUDY EXERCISE TRAINING JOURNAL

LAST NAME: FIRST NAME: SUBJECT NO:

MONTIH OF ENROLLMENT (Please circle): 1 23456 7 89 10 11 12 DATE OFF DAY 1:

Pleasc indicate the type of training performed under training modality (ie. cycling, swimming). Please indicate the total

training duration (if you did more than onc training modality, indicate total training duration). Please indicate intensity level of
training (Heart Rate il known, and low/medium/high level)

Date of ddy one lcfcm to the day you begin recording |nlmmdl|0n (two wcck% prior to l'lst testing (Iay ie. l eb 1)

Trainin Trammg Duration | Training Intensity Day ' | Training = [ Training * | ‘Training Intensity
i “Modality @ © S (HR)&(Low/Mcd/ngh) nh Modahty ; ;z' Duration . - | (HR)&(Low/Med/High):
1 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

If you have any questions, please call Sidd at 220-8949 or email at sthakore(@ucalgary.ca.

9¢



Appendix G: RMT Log

RMT STUDY SUBJECT JOURNAL

LAST NAME: FIRST NAME:

MONTIH OF ENROLLMENT (Pleasc circle): 1 23456 7 8 9 10 11

Please indicate with a check the days that ynu (Ild ymn halnml: Also note il you Cnu)untmcd any problems during llammg

DATIE OF DAY 1:

SUBIJECT NO:

Day | Training ~ '| Complications ' i Day ' | Training | Complications
| 17
2 18
3 19
4 20
S 21
6 22
7 23
8 24
9 25
10 26
11 27
12 28
13 29
14 30
15 31
16

If you have any questions please call Sidd at 220-8949 or email at sthakore@ucalgary.ca.
Training 6 days/wecek, 3 sets of 30 reps/ day, cach set is performed at a breathing frequency of 3Sbpm using your entire lung

volume. Therefore each set should take just under Iminute

LEl
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Appendix H: Tracing of Subject # 11°s MIP, MEP, Pdimax, Sniff Pdi and Sniff Pes -

Sniff Pdi, Pga, Pes

150

—Pdi
Pes
~----Pga|

100

i
50 |

0
|

M\@,_wm_w N e

"'""Vt\».m

J ] w T
. 1000 1200 1440 1600 1800 2000
-50 ~ i

|

|

N

V

-150
Time (ms)
MIP and Pdi Mulier Pdimax Muller
——MIP
200
150

100 {\'\*

. R

/\
N

ow/.\./ , W/

1000 1500 2000 2500 3000

3500

-100 }

-150

-200

" Time (ms)



139

MEP

250

200 A

150 ‘ M

-
o
o

Pressure (cmH20)

[4,]
o

. k S L

. T l
500 1000 1500 2000 2500 3000 3500 4000

Time (ms)



