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68STRACT 

This study Investigates dyspnea and the mechanlcs of breathlng dunng progressive 

exorcise Three subject groups, athletes, ,ormal sedentarysubjects and chromcobstructlve 

dlseaseJ pAtients were stlldled during progressive exorcise tC'~J t1ng to exhaustion on a cycle 

ergometer Subjects rated dyspnea on a Borg Scale Insplratory f1ow, esophageal/gastnc 

pressures and nb cage/abdofTlInal dlsplacements were measured 

SubJects rlcmonstralcd two patterns of dyspm:a response 10 changes ln esophageal 

(ploural) pressure /\11 athleles, two normals and flve patients were termed "low dyspnea 

rosponders", (LOR), whereas the remalnlng subjecls were termed "hlgh dyspnea 

responders", (HDR) 

LOR demonslrated large, rapld negatlve gastnc pressure SWings, coupled wlth 

outward abdominal dlsplacement during early inspiration when compared to HDR, 

suggestmg Ihat LOR utillzed abdominal muscle relaxation at the onset of InSplratloll. ThiS 

Illechamsrn appears 10 prowje an extra Insplratory force contributlng to the mcreasing 

ploural pressures roqulred ThiS breathlng pattern appears to dimimsh the sensation of 

dyspnea at a glven pleural pressure. 
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Il 

~5ES.uME 

Cette étude examine 1:' dy~')'~ '1' "'t les mécaniql~es de la rcs~)I(atlon dur.mt 

l'exercice progressif Trois groIW.--,· lont les athlètes. les norlllilUX ~éd{'lltclIlCS, 

ainsi que des patlen is avec ~ "'IL, 1 P ( ,tructive chrOnique ont été p.tudlf's dur.Hlt 

l'exercice progressif rnaxln \ SI 'Ile de Borg était utllls(!c pour Id mesure 

de la dyspnée Débit resplrak., r ' laglennc et gastrique ct depl,lcmncnt de 

la cage thoraCique/abdominale ont .JdSSI • ~;lIrés 

Les sujets onl dG:1lontré deux types de réponses dyspncHll1es aux cllémq~Il1{,l1ts de 

pression ::;esc'Jhaglenr.e Tous les athlètes alllSI que deux normaux ct cinq l1éltlents f~t(llellt 

classés comme repondants a lIec tres pell de dyspnée (RPD). tél tl c!is qllC les slIlf'ls rf'stants 

étaient ciassés comme répondants avec dyspnée ImportéHlte (ROI) 

RPD ont némoptré de gfiJncls et mpldcs chanrwrnents d'mnplltlldn en dlrœtloll 

négative de pression gClstnque ainsI qu'une élllqfl1pntalion de ICl clrconfémn,,:e abdomlnal(! 

durant la première partie de l'inspiration comparé aux ROI, slJ(JÇJôrallt un relikhnnH!nt d('s 

muscles abdomln~lux dClns le groupe RPD au déhut de l'Inspiration Cc rneCanl~llle sembl(! 

apporter un ClJout à la force InSp!réltolre contnhuant CllnSI à Clugmentcr Iii pression plf!urille 

reqUise Ce patron respiratoire semble diminuer la sensation de dyspnôe a toue:; les Illveaux 

de la pression pleurale 
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C";APTER 1 INTRODUCTION 

Dyspnea may be deflned as breathlessness, dlfficult or laboured brf'c1tlllng ,md IS 

a psychophyslcal sensation whlch becomes a major debllltéltlllg f(\dor for péltlPnts slIffprlllg 

from Chronlc Obstructive Pulmonary Disease (CO PD) Melny propOSills hclve becll 

postulated concernlilg the pryslologlcal élnd psychologlcal \,,1 li ses of dyspnf\l, howpvpr no 

precise mechanlsm of dyspnea has been Identlfled to clatp 

Presumably, dyspnea is a sensation resultlflg from il Illlrnt)('rof IIlIPHPlclted SIIl111111 

For example, the dlseasecl slélte of the resp:.-atory system lJl COPD pdllcnts Illdy 

dramatically effect percelved dyspnea The COPD patlerll may expenpl1ï,p ovprwhplllllll!] 

and E'xerClse limltlflg dyspnea upon even mlld exertloll, wh creas III normal SlIblec:ts, 

exercise IS rarely hlllltecl solely by dysrneil Only L1pOIi f'xtreme, stmnuOlls f'X(~1 CIS(~ Illdy 

dyspnea become a IUTlltlng fdctor for norméll subjects 

The followlrig presents (] summéJry of the contents of tllIs tllesis 1\ relevallt litmélture 

revlew IS presented ln Chapters 2 tü 7 Iilduslvely 

Chapter 2 will élddr _ss tlle functlonill anatomy of the resplratory muscles 

Chapter 3 dlscllsses Chronlc Obstructive Pulmonmy Diseilse élnd the mechéllllcéli 

limitations It places upon the; rcsplratory system 

Chapter 4 will address ventilation dunWJ exerClsc ln both norrnal/athletlc sublects 

and CO PD patients, and the rTlechanlcs of hreattllrlg dunnu cxcrcisc 

Chapter 5 examines resplratory muscle coordination and the mecharm;s of br('atl'oln!J 

and revlews the vanous methodologles eXlstlilg for buth the qlJélntlficatlon ilnd qUilhfir:dtlon 

of resplratory muscle actlvlty 

Chapter 6 will dlscuss the sClentlfic fle:d of psychophyslcs FoliowlflCj a brlef 

histoncfli reVlew, the application of psychophyslcs to studlcs of respiration will he dlscussed 

Chapter 7 addresses the speCifie resplratory perception of dyspnr;a ano (!XilrTllnm, 

studles speclfically addressln~J pOSSible stimuli of thls sensation 

Chapter 8 will dlseuss the methodologyof thls study whose flrst objective WfiS to 

investigate the relatlonshlp between dyspnea and work, ventilation and pressurf; chanqes 

in three distinct sublect groups, ellte athletes, normal subJects and CO PD patients 
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The second objective of the present study was to examine muscular coordination 

and rcsplratory mechanlcs dunng progressive exercise testmg to determine if a relatlonship 

eXiste, to subJect's percelved dyspnea 

Chapter 9 presents the results of this study. 

Chapter 10 Will JISCUSS and Interpret the results and discuss future areas for 

investigation 

This study attempts to both quallfy and quantlfy parameters contributlng ta a 

subjccts' subjective sensation of dyspnen Cltntcally, a better understanding of possible 

mechanlsrns of dyspnea IS essential for appropriate patient management. 



CHAPTER 2 FUNCTIONAL ANATOMY OF THE RESPIRATORY MUSCLES 

The thrust of thls thesls IS on respira tory muscle Interaction III tH'dlth élnd dISP,lSC 

This descnption of the structure t:Hld functlon of the resplratory muscles provldps thp bdSIS 

for future reference 

Ali muscles compnslng the resplratory system are skelf'tdl (dS ,my 11mb ll1uscle), 

whose primary task 15 to dlsplace the chest wall, reSlJltlllÇJ III vf'lltlldtlOIl of Ill(' IUlln!-. 

Functionally, the chest wall can be dlvlded Into two compartrnl'Ilts l1lf'ctldlllïdlly arr,Hl~JCd 

in parallel, the nb cage (RC) and the abdomen (AB), seporatcd frnlll Cd cil othcr by d 111111 

musculotendlnous structure, the dlaphragm [1] Glven thplr drrangPllwnt, dll IIH'r('asp III 

lung volume can be achleved by clther (m InCfeélse III RC or AB volunlt'(1.21If1n 2.11 

2.1 The Rib Cage 

Structurally, the RC conslsts of the thoraclc vertebrae dorsally. UpOIl whlCh Ill(' hOlly 

nbs articulate wlth the transverse processcs and vertebral bodies The skeletéll ilrctH!~, .If(' 

completed via costal cartilage and articulations jOlnlnCj the bOlly nbs to the Stf'rrlWll vPlltrdlly 

The nbs' movement IS laroely monoaxlal (rotéltlon ,Ü>AJt the aXIs dcflllf'd by th(~ nbs' 

articulations wlth the vertebral bodies and the transverse procw,'-,cs (:lA\), how(!ver, 

glven thelr confiouratlon, nb movement can (Jlso nr;cur 011 i1 Sdqlttdl, frollt,,' or dXI.!1 pl,II1(' 

Mechùnlcally. any muscles whlch elevate the nbs Will provlde an Insplrdtory lorr (', wtlllf! 

muscles that lower the nbs Will have dn explratory affect [11 The horllonldl ()fI('nliltIOTl of 

the upper nbs as weil as the more restnctlve sternal altachrnents r(!sult Hl il "plJlTlp handlft 

motion upon InSplréJtlon, and movernent as a unit wlth the sternlJrn [5.61 ln C()nlrd~.t, 1I1(! 

lower rlbs enJoy greaterfreedorn of rnovement dunng Insplrdtl0tl, rTlOVlnfj hoth crmllally ilnd 

laterally III the sa called "bucket-handle" pattern 

2.2 The Diaphragm 

The dlaphragmatlcflbers radlate from a central tendon to msert penphf.!rally tJs (~Ith(~r 

the crural (vertebral) or costal portions The dlaphra~-lm has been descnbed as an (~IIiJltlci.l1 

cylindrold. capped by a dome (the centra! tendon) [1.2.7J The cylmdncal portion of thf! 
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diaphragm is opposed to the inner aspects of ttle lower Re, torrning thf' "70r)(> of clpposltlon" 

[8,9]. The zone of apposition, thus, makes the lower Re ln effl'l't, d part of tlll' 1\8 

container, whose movement IS a dlrert result of chcln~)l's Hl ,lbdomlr1ill prl'ssurp W.lh) 1\'::. 

the draphragm shortens dunng InSpiration, there IS a plslon-Irkp dlSplacPrllPllt of Ihl' dOIlH' 

related to the dÂlrll shortenlll': of the 70ne of apposition [9,10J, WIIIl d ~lIhs('qll()nl 

expansion of Ihe thoraclc cavlt~: Durrng a qUiet inSpiration, cOfllr,H'IIOn ,md d(~scl'nt of tl1(' 

dlaphragm thus results ln a fa Il ln pleural pressure (Ppl) ln thp thm,l('IC cclvlly, ,Hl Inm'.l~,l' 

ln lung volume or decreélse ln alveolar pressure, dE'ppndlnq 011 wllC'ther Ih(' ,lIrw.ly·, ,m' 

ùpen or closed, and an Increase ln Pab As the I\B IS fllechilfllcdlly con;';ldI'IPc! d "lrqllid 

filled" container wlth the maJorrty of Its parb f,onsldered (1<: bnny str lIcluws), Il:; rnOVnilH'Il1 

is largely Irmlted to the ventral abdominal wdll nnd to the tliélphrdqm TIlf'r('fon', d<., r'\lb 

increases wlth dlaphraornatlc clescenl, tilt' V()lllrdl ilhdorTlllldl wdll !llOVPS outw,lr(I'::. 

The resultant fdll ln Ppl has an <:xplr,llory ilr.llon on the' f~C TllI', l', (,ollllt(\rhdldllC! 'd 

by two Insplratory cffccts cf dlaphragm,ltlc cnntrdctlon IlpOIl tlll' l(lwI'r lU, IB.11.121 

These al e (1) the appnsltlonal component, whlch acts to ('xp,IIHl the l(Jwf'r r~c: ,lIld l', 

dependent on the ~Jrnnllnt of rlS<: of P<lb, AB wall cornplrilllcc ,me! the <.,1/(' ()f Ill(' IOrH! of 

apposition, and (II) the rnsertlonal comp()nr'nt of the' casteil pnrtlon of tht· dldphrcl<JrTl, whlch 

also aets to 11ft rmd mtate outwards the' lower Re mall11yll1 th(; tmnwers() direction, f(!'ll1ItIflCj 

dlrectly from the action of the dlaphraÇJrTl ilt Ils Ins<:rtlon on thp.lower SIX nll', 17J llw',(! two 

forces are active only If tht) contrddll11j dl(lphra(Jrnatlc muscle flh(;rc, 1f'rT1dlll (JrJ(!nt(·(j 

eranlally, thereforethe abdornlnal visceral m,1<)S nets as ri bmke to eXU;<,~)IV(' dldphr,HllIlclllc 

descent and also as the fulcrum aqé1lnst whlcll the; dlaphraqm pWltH;C, tn 11ft !tl(' low('r nhc, 

[1,13] It has also been demonstrated that the dldphragrn has an exrmiltory action upnn 

the upper Re, dlrectly rel3ted to the fall ln Ppl InLlIm~d dunng dlaphraqrnatlc cor tlrclctIUIl 

[1,14,151 

Although authors dlsagree about the extent to whlch the! dli.lphranrn aet,> sol(;ly tn 

cause the requlred Insplratory force [11,16], they ail sp,em to aqm(! that the lf1~plr(Jt()ry 

effeet of the dlaphragm IS large at low lung volumes rl] HOW(!Vf:r, as lunq V(JIIHTH: 

increases, the zone of apposition dlmlnlshes, and there IS less apPw,ltlonal foru: wJlfl'lln 

the insplratory direction via the inereased Pab As a consequence, the: (:xplrdtory action 
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caus8d by the Increase ln the fraction of nbs exposed to Ppl domlrlates [9,11,12] At 

extremely hlgh lung volumes (approachlng Total Lung Capaclty (TLC)), as the zone of 

apposition dlsappears, the Insertlonal forces of the dlaphragm on the lower RC behave ln 

an exrmatory nature r9] 

ln thc normal subJcct, utlllzlng the dlaphragm as the sole muscle of Inspiration would 

c;:Juse dlstorl/uns of tlle RC at aillung volumes r1] However, at rest, a umform expansion 

of both the lJpper and lov.u'r RC ln the antenor-postenor (A-P) dlameter and in the 

transV(~rs(; dl8rnetcr of the lower Re 15 observed ThiS Indlcates tha! even dunng re3tlng 

breélthln~J. normal humans contract other muscles of the RC to COullter the dlstortlonal 

dlaphranrnatlc forces, resultlng ln a unlform expansion and enhancE:.d A-P dlameter of the 

lower Re élnd expansion of the upper RC 

2.3 The Neck Muscles 

2.3.1 Stcrnoclcldomastoid 

The stunoclcldomastolds onglnate at the mastoid processes and insert onto the 

ventral surf(lce of Hl() sternum and medlal thlrd of the clavlcle ln normal subJects. durlng 

qUIet brnathlrlO, tllp sternocleldornastolds are Inactive and therefore not responsiblefor the 

upper Re cxpdnSlon obsprved at rest However, dunng hlgh levels of ventilation (le during 

exerclsc), or wlth Insplratory loadlng (18 expenmpntal and dlseased states), they actively 

help to créHlléllly dlSplélW the sternum and expand the upper Re, predomlnately ln the A-P 

direction Thelr actlvlty also results ln sorne transverse expansion of the upper Re 

(1,17,18] 

2 3.2 Scalcnes 

The scalenes conSlst of three bundles of muscles, running from the lower five 

cervical vertebrae ta the upper surface of the flrst two nbs It was previously thought that 

the sCéllenes. like the sternocleldomastolds, were only "accessory" muscles of Inspiration, 

bccomlnn dctlVdy recnllted only dS ventllatory demands were slgmflcantly Increased above 

resling hec1th/110 [17] Tod<1Y, thelr raie as a pnmary Inspira tory muscle, even at qUiet 

breatt'In~l hlls bper. recognlzed [18,19] Thelr Insplratory activity IS to expand the upper 
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Re mainly m the A-P direction (15J, and to cranlally dlsplac(' the sternum (21 Thf' sc,llt'!1f'S 

shorten very Iittle, even dunng a vital capaclty manoeuvre, thereforc It appp(lrs tlhll th(' 

scalenes will malntaln lhelr contractile force even at very hlgh lung volulllps (181 

2.4 The Intercostal Muscles 

There me two distinct muscle layers orlglnatln~l clnd II1sertln~llnt(l Ihn nb caflc, the 

sternum and the spinal processes known élS the extC'rnéll and IIltw!1(ll Intf'rcost.lls 

respectlvely The external mtercostëlls orlC]lnate from the tllbcrr.b.: of Pdr.1! upper nh 

dorsally to Insert obllquely caudal and vermal to ear.!l respective rlh !l('low dt !tH' 

costochondral juncllons and lay superflclal and at nght an~)les 10 tbu Illh'nldl IIlt('rWc,!.lls 

ln contrast, the Internallnlercostals extend from the slcrnocostéll jllllctlom, vf'ntrdlly ln rI"l 

obllrWe1y caudal and dorsally from the nb above 10 thn nb bdow 10 1115('rt 11110 the ,lIlql(!s of 

the ribs [1] 

The parastern31 muscles are the Interchonclral portion of the mternallntmcostill<; and 

are the only muscles sltuated ventrally between the sternllm and costochondrdl jlHlcllons 

[1,7]. 

Dorsally, the levator costae mU5Cle runs from the Imnc;versc prclces'.;(", of thn 

vertebrae cranlally to the angle of the nbs cnlldally NlfJr mllch conlroV('r!->y. Il 1" now 

accepted that the externallntercostéll muscles, the leviitor costrl8 rmd the pmash !rr1dl<.., arp 

insplratory ln natU":"J, acting to expand the Re, wherehy th() Int(>ros<..,(~()IJS pnrtlo[1 of !tH! 

internai Intercostal :> are explratory m nalun!. dœreasmf] Re rJliHm!ter S(~I(Jr,\lv(! SllrTlllliltlon 

of the parasternals n dogs results ln an (~I('vatlon of the nbs, dr'sumt of 01(: ',I(~rJllHn and 

subsequently, an mcrease ln lunO volufTlp. (201 Althouqh th(~ rm:dldrll<..,m<.., of ;J(,IIO[l ln 

man of both the mternal and externf-ll Intr:rr;nstals are still llnr:!f:ar (21.221. Il IS b(!II(!v(:r! 

that through a coordillated mech21nlsm. the mlr;rnal and exlr!rnal mtf!rLostal<) me! abl(! to <ici 

in opposite directions on the Re (23,24) Expenmr::nlallon h<is dlso sh()wn that thr! 

parastern;;!ls are rhythfTllCéllly rlctlve cven dUring qUiet Hlsplrallon'> (23,25), wtllie !tH: 

contributions of the external mtercostals and levéitor costae are Ilrnlt(;rj HOW(:Vf;r, th(; 

sternum does move cranlally ln seated humans dlJnnq qUlf~t InSrJlratlon, Indlcalinq Ihilt th(! 

scalenes counteract the parasternal's action on the sternum 
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It has heen proposed that the mtercostals (excluding the parasternals) may play 

more of a non-resplratory than true resplratory role, namely providing the muscular force 

for trunk rotation and postural maintenance [26,27] 

25 Triangularis Stern! 

This fiat muscle IS also known as "transversus thoracis" or "sternocostalis" It Iles 

deep to both the stf~rnum and the parasternal muscles Its action IS reciprocal to that of the 

parasternals. namely a caudal dlsplacement of the nbs with a slmultaneous cranial motion 

of the sternum [28) ActlVlty of the tnangulans sternl IS not seen m humans dunng qUiet 

breathlnfJ m the suplne posture [29]. however actlvlty has been observed ln standing 

subJecls ilt resl [30] This muscle IS contmuously active dunng expirations below 

FlInctlondl Reslduéll Caraclty (FRC) as weil as dunng spontaneous explratory efforts 

(coughlrlg. slnglng. sreech) [23,29] It r;an be assumed that durmg Increased ventllatory 

demilnds. Cf) exereISf'. the tnanÇJulans sternl Will become actlvely recrUited along wlth the 

Internillmtcrosseolls mtnrcostals to lower the nbs, Increase pleural pressure and ta actlvely 

force the eXpiration [23) 

2.6 Abdominal Musculature 

As prevloLJsly mentloned, the abdomen IS a vlrtually incompressible liquid-filled 

container, hellee only the dlaphragm or ventral abdominal wall can be displaced. The 

ventral lateral wdll 15 ('ornpnsed of four main abdominal muscles, whose functions play a 

major rolr' Hl respiration [1) 

The most ventréll of these muscles is rectus abdommis, origlnatlng from the ventral 

ilspect of thp sternum, the flfth. slxth and seventh costal cartilages and runs along the entire 

length of the vpntral abdominal wall to Insert caudally Into the pubiS The other three 

muscles form ttlC lateral élt1dommal wall and thelr aponeuroses form a sheath about rectus 

ilbdomlnl5 Thesp élre 1) the external oblique whlch onglnates from the outer surface of 

the lower 81ght nhs (covenng both the lower nbs and Intercostal muscles) to msert mto the 

Il lac crest clild ln~lUlnalligament, 2) the Internai oblique whlch lies deep to external oblique 

dnd onglndtps from the IllélC crest and Ingumaliigament and runs cephallcally to Insert on 
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the costal margin and also forms an aponeuroSIS whlch comprises part of the rectus ShC,lth, 

and 3) the transversus abdomlnls whlch Iles the deepest and ongilldtes from tlH' IIHler 

surface of the lower SIX nbs and Interdlgltates wlth the cost,ll IllsC'rtlons of the (lI,lphr,lom, 

and from the lumbar fascia, I!lac crest (lnd inguinal Ilgéllllcnt Its mllsclf' bllik rllns 

circumferentlally about the abdominal Viscerd to Insert ventrnlly IIlto the mctlls Shf'dth (21 

Mechanlcally, these four muscles aet ln both non-rCSplrdtory functlolls dS the prlfl,(' 

flexors and rotators of the trunk and ln postural staol!lty as WE'Il d(,fll()nstr,ltll1~l n~splrdt()ry 

actions. Twn principal actions ?"e d,splayed by the abdornlnalll111scl('s III rf'Splrdtloll Flrst, 

their contractions result ln an illcrease ln Pab whlch ln turn forcps the dl,lphr,l(llll Cldllldlly 

into the thoraclc cavlty ThiS dlaphragmatlc ascent InCr(~ilSf'S plf'urdl prpssl!r(' ,Hle! (If III(' 

glottls IS open) decreases lung volume Sccor cUy. contr,letlon of the dhdolllllldllllllSr:!t"'; 

also has a direct effect upon tlle Re Glven thelr msertlolldl i1t1clctlf'1()llt~ to 111(' lowl'r nh~, 

and sternum, contraction of the abdorT1lnélls shollid result III (l CrllHL,1 dl<,pld(.('ITWIlI of t1H' 

lower nbs and subsequent deflatlon of the Re Howt~vm, f:Xpt:rllllt'f)l"tIOIl hd:, 

demonstrated Ihat abdommal acllon on the Re IS more cornplf'x th,lIl Ju"t il purr! Il 1 .... ('rtIOllrll , 

explratory effect An opposlng IIlSplréltory action of the Re has hf'f'1l df!n!of)slrrl{(:d ln d(Jfj', 

[22] ThiS "Inflation" effect on the Re 15 dlrcctly due to tth! Iner(:d'>(! III p,tlJ n~~uIIIlHl from 

abdominal rnuscle contraction The zone of oppOSition of the dlrlpllfélqrn pcrnllt~ !tif! dlrl:cI 

transmission of Pab to the lower Re Also, when the Irlcrcased Pab force~ lIl(! dlélpllrrHJrTl 

eranlally, thls muscle IS stretched, and the resultant passlv(! tension allow" t1H! dldpllrrHjrJl 

to aet through ItS msertlonal forces to ralse the lower rlbs (2,22,30] 

Although the shape of the Re dlffers ln hlJmans, (=lwj therdore Irl:-,(~rtl()llill foru!~, im: 

different. It IS still proposed that the action of the abdominale, llpon thf: Re IS il billilflC(! 

between the Insertlonal, explré:llory force and th/) InSplréltory foru: rr:ldt(;d tn tbr! rI',(: III 

abdominal pressure [1] Upon I~,olatlon, contraction of the rcctl') ilbrJorTllrll', Hl hlHTldm, 

results ln a caudal dlsplacement of the sternum, a slgnlflcant decn:él~(! ln ttJ(! f\-p dlarnet(:r 

of the lower Re and a small Increase ln Ils tron~verse dlameter [31] ContrrlctlorJ ()f thf: 

external oblique ln humans causes a 5mall caudal dlsplau!rm~nt of thr; stmntJrTl i:Jnd a 

marked decrease, rather than an mcrease as seen ln the: dO(J, ln th(~ ~~e tranwerSf! 

diameter [31] 1 n hurnans, the Isolated actlvlty of Internr=ll oblique and transversus 
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abdomlnls have not been demonstrated 

The raie of the abdomlnals as explratory muscles IS not dlsputed, but thelr raie as 

"accessory" muscles to inspiration IS now acknowledged By contractlng dunng expiration, 

the abdominal muscles can reduce lung volume below the passlvely determined end­

explratory volume ElrIstlc energy may be stored ln the chest wall dunng eXpiration, whlch 

sLJbsequently cOIJld asslst the proceedlng inspiration [7] Also, t~e resultant cranial 

dlsplacernent of the dlaphragm Increases ItS curvature, decreases ItS iadlus and thus allows 

for a gmater w~nmatlon of pressure for a glven tension [7] Abdominal muscle actlvlty 

dLJnnfl explr,ltlon (llso Improves the dflclency of the dlaphragm as a pressure generator, 

Improvlfl[J Its dhrllty tn expand the lower Re, due to an Increase ln the size of the zone of 

apposition Fi2J The IIlSplratory muscles are also lengthened to a more favourable 

opcratlno IpflDth, pr~rmlttlng them to generate 0 glven amount of volume with much less 

activation ln 
It has bccn dernonstrated ln the horse [33] and the dog [34,35] that at the 

end of expiration, the respira tory system IS below ItS restlng position and at the onset of the 

next InSpiration, abdominal muscle relaxation allows the dlaphragm to descend passlvely 

pnor to active; InSplratnry muscle actlvlty ln the dog, thls passive abdominal relaxation at 

the 0nset of inSpiration, pnor to the onset of InSplratory muscle actlvlty, accounts for 50-60% 

of that alllrTlill's Mal volullle (Vt) [36J 

ln huméllls, ton le abdomln31 muscle actlvlty, assumed to be unrelated to respiration, 

IS obscrvcd at rest ln the standing position ~30,37J However, dunng conditions of CO2 

breathlng or IIlSplratory loadlng, rhythmlc expiratory recrUitment of the abdominal muscles 

15 observed (38,39,40] 
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CHAPTER 3 PATHOPHYSIOLOGY OF CHRONIC OBSTRUCTIVE PULMONARY 
DISEASE 

3.1 Symptoms and EtiQlogy of COPO 

The broadterm "chronlc obstructive pLilmonarydlsease (COPD)"ls tradltlol1dllyusnd 

to describe three speclfic conditions' chronlc bronchills, asthrn,} ,1110 cmphYS(,fll.l, ,111 of 

which are characterized by eltller chronlc expira tory cllrflow hl11lt,ltlOflS dlHl/or IIlcr(,dSt'd 

airway reslstance [41] Estabhshed nsk factors for COPO 1Jl('llide Incrcds('d (l~)(', 

cigarette smoking, occupahonal exposures, élli pollution cHld dlphd ,-dfltltryPSIIl ddlCll~JlCy 

[42]. 

Ali patients partlclpatlng ln thls study werp cllrllC'ally dl,lQllOS('c! as hélVIJH1 chrol1l(; 

bronchltis, emphysema or a comblnatlon of both Asthm.ltlcs wcre not "tudlpd therpfore tlle 

following diSCUSSion Will focus only on the rclatcd pdtllophysloloqlcs, syrnptollls éHH! 

limitations assoclated wlth chromc hronc hltlS &/or crnphysnrnél 

The major complamt of patients wlth COPO 15 dySpflP(l Whlcll 11[11lls or ilffect~, 

employment and recreatlon as weil as ae tlvltles of dndy hVlnq [43] 

Diagnosls of CO PD IS malllly ach Ifwcd non-lnVél5IVf!ly hy pll1 1ll0flary hlf1c1101l tpStlllfj 

(PFT), includlng splrometry, evaluatlon of thf! flow-volume loop and hllH) voll Hll(: 

measurements [44,45] The forced 8Xplrf)e! vnlurne Irl olle sf'cond (FEV 1) IS tllf' 

volume of gas explred ln 0r18 second followlng il rnaXlrTllHTI H1SpirdtlCJrl (461 imd 1'> 

expressed as the percentage of Its predlcted value whlct- IS bélscd lIpOIl the <,IJIJI(!ct's (H)(!, 

sex and helght [471 The lower the calculatm! ratiO, lJ!JlJally thn mort) ',()ven! tll(! patl(!nl\ 

symptoms are l he Forced Vital Capaclty (FVC) IS the rnaXlrnUfTl fHTlOllnt of dlr Illdt c;m t)(' 

exhaled from the lungs followlllD a maXlmUrrl Insplréllion It 15 dfort iJfld IlrTl(; dep(!I)(j(:flt 

[45] Seventy of an obstrudlve alrway OIS(;élSe C,ln he assc:s<,(;d by the FEV lWVC rdtlo 1\11 

FEV,IFVC of 80% IS normal, 65-79% rnprescnts rnlid Irnpalrrnf!nt, ~O-b:>(lj" lf1dlc;II(~', 

moderate Impalrment and less ttlan 50% represenb a s(;vrJr(; Ob<)trlH,tIOJl 10 illrflow (481 

Causes of thls alrway obstruction mclude excess mlJCOlJS ln the: alrw(Jy'~, (!d(~rn(i, a(,tlv(~ 

broncho-constnctlon, and loss of ILing tissue supportmg the émway [491 

Analysis of flow-volume loops demonstrates low f10w rates for a QIVf.!r1 volume ln 
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obstructed patients When maximum expiratory flow IS severe:y reduced, expiratory flow 

during tldal breathlng may reach ItS maximum level [50] 

There are 3150 observod changes ln lung volumes FunctlOnal Resldual Capaclty 

(F-RC) r':!nd ResldlJal Volume (RV) are consistently Increased ln patients w.th COPO 

[51 ,52} and 111 sorne patients Total Lung Capaelty (TLC) 15 also If,creased (severe 

ornphysema) ThiS Incrcase ln TLC 15 rnalnly due 10 the large RV measured Restmg tidai 

volumes (VI) are often redUCf)d, whereas the breathrng frequency (fb) IS Increased, thus 

maintalnrnga normal or even hlÇJher than averr-ge minute ventilation VE, (greater rncrease 

ln rb than dccrease ln Vt) dunng qUiet broathrng ThiS pattern or breathlng IS the result of 

major adllJstrncnts ln resplra!ory muscle activation from the normal pattern [53] 

ln arder to aclll(~ve il glven volume, large sWings Hl Ppl are requlred ln order ta 

overrornn Hlcreilsed dlrflow rcsistancc and reduced dyl"'amlc compliance ln an attempt ta 

mlnimlzc tlle ne native effeds of explratory flow limitation, COPD patients often have 

reduccd TIlT ICiI ( dut Y cycle), to allow more tlme for expiration [53] Explratory tlme (Te) IS 

lI1ereased (lt the expense of Illsplratory tlme (TI) COPO patients also breathe from much 

hlghor restmq volumes, due to the larger alrway size and hlgher maximum explratorvflows 

that can he (lchleved from volumes above FRC [53] 

Even tllOllot· the' observod alrflow limitation IS explratory ln nature, the COPO patient 

rnarnly cornpensates hy Incrcélslng the work of the Insplratory muscles, observed through 

the' larger Hlsplréltoryswlngs III Ppl ThiS IS a cornpensatorymethod to not only Increasethe 

rnean Insplréltory flow nc>cossary to sllstarn a total ventilation when TI IS reduced but also, 

SlnC8 brcélthmn IS oecurnng a! hlgh lung volumes, It is necessary to overcome the 

concurrent IllcrcasC' III the CldS!IC work of breathing reo,ulred to Inflat€:: the lungs and chest 

wall Smcc more negiltlve Ppl IS requlred to achleve a given tidai volume due to the 

combl!lcd cffrcts of Irlcreélscd (llrflow rC'slstance, deci eased dynamlc lung complrance and 

IIlcreased Ff~C, ttl(' IIlsplratory muscles Elre forced to chronlcally work (lt a hlgher than 

normal fraction of thE'lr InnXlmUm Insplratory force capacity [54] Hypennfiatlon therefore 

IIlcreases tho rnechanlcéli work of breathlng through Increases III both the fnctlonal and 

elastle work requlred 

Severe COPD patients often exhlblt marked positive end-expir(1tory alveolar 
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pressure since the energy potentlal developed during mflùtion IS insufficlent ta retum Ihe 

system to a relaxed end-eXpiratory equllibnum poinl This has been lermer! "auto-PEI:P" 

and provldes an added force the Insplratary muscles must overcornp brfore tht.""' next 

inspiration can begm [55] 

It has been demonstraled thal dunng hypennfldtlOTl, the Illsrmdlory muscles 

(intercostals and accessones) contract bcforc explrallon hdS proccpdcd lonÇJ ell()U~lh for the 

lung and chest wall ta reach thelr respective relaxation volumes [561 Thmefort" thp 

inspiratory muscles appear ta contnblltc ta the IIlcrease III FI~C ill1d k('(~p IIIC' dwsl ill d 

hlgher compensatory volume than would occur solely from IIH) illrw(ly ohstructlon 

[57,58J Aiso It was found Ihat 0;> consurnptlCHl of the respira tory rnlJscl('~ ln pdtlPllts 

of COPD IS Increased, due to the related cllstortlons of Hw nh CdqP CdllS(ld by hyp(!rIl1f1dtIOI1, 

out of proportion to the actua 1 energy rpqllired to pcrform the rncr.h,1I1ICdl work of br(,dthll1~1 

~59). The energy cost of brealhlng IS greéltly Increased for the prf!SSlIre dctllcllly bf!IfHj 

generated by the breathing effort [55] 

3.2 Mechanics of Brealhing in COPO 

ln patients suffenng from COPO, accessory muscles of Inspiration areoften recnlllcd 

even at qUiet breathlng [60], however, hypertrophy of sternocleldomllslold or tlle 

scalenes are rarely observed 

As prevlously mentloned, the sternocleldomastolds actlvcly contmct 10 rillse thn 

sternum a:1d to expand mnmly the AP dlameter of the upper nb ca~Je [1.17,18] Since the 

scalene muscles shorten very Iittle, even dunng full Vital Célpaclty (VC) manoeuvres, thelr 

mtegrity as a pnmary Insplratory force 15 not seve rel y comprormsed ln states of 

hyperinflatlon ln COPD patients 

Wlth hypen nflallon, where the pallent 1::> breathmg at extrr:rncly ~lIqh lung volurn(;s 

(approachmg TLC), the dlaphragm becornes flatlened, thus, thn If1sr~rtlondl forcc;<., of thc! 

dlaphragm on the lower nb cage also behave ln an explratory nature 19], dmwmfj the: lowm 

nbs inwards Also, the zone of appOSition dlsappears wlth hypennfldllon, thr;rdorf;, 

apposition al forces ln the Insplratory direction are comprorrllscd and rc:plau'd by (;xplratory 

forces due to the hlgher fraction of lower nbs now exposed to plf:ural mth(;r thrHl (Jaslnc 
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pressure [9.11.12] As a resUlt, the Insplratory action of the dlaphragm is r::ompromlsed [fig 

3 1] 

Normally as a muscle shortens, ItS abllity to generate force and tension decreases 

Themfore, Increasmg lung volume has a direct effeet on the dlaphragmatle muscle fibres, 

affecttrlg thclr contractile force as the length-tenslon eharactenstlCs of the muscle predlcts 

[61] Lowcr transdlaphmgméltlc pressure can be generated for a glven tension [55]. 

Ounnn acutc hyw~nnfiation whlch may occur dunng an asthmatlc atlack or dunng hlgh, 

strenliOllS (;X(!rCIc,p, the dlaphra~Jm Will lose ItS abliity to aet as a pnme insplratory force 

Chrorllc hypennfldtlon, howevcr, has been shawn to result ln chronlcally shortened 

dlaphragm flhrf!S ln hamsters [62,6:3] Ttlerefare, If an ané1logy can be drawn, the 

len~lth-tenslon charactensllcs nlély not play as IImltlnÇ) a raie 10 the ahliity of the dlaphragm 

to nenerate tens!on ln a chronlcéllly hypennflated patient as prevlously thought The 

Inscrtlon,ll force Ch(lrl~jCS will probabl) "lecome mllch more sign :flcant 

Slrnlldrly to, but to Cl losser denree than Hw dlaphragm [64], severe hypennflation 

places the In~plrdtory Irltercostélls (external, pa rasterna Is élnd leva tor costae) at a shortened 

lenDtt! on thplr re!->pectlve length-tenslon curvcs Therefme, th8y become more honzontally 

orkmtcd IOSlIlq part of thClr' hucket handlc" fiction, resultlng ln a decrease ln the Insplratory 

actlvlty Whlcll the Insplratory Intercostals are capable of gencratlng 

The role of tho abdomln(ll muscles clunng hypennfléltlon has also been addressed 

Il has been IJroposerl thélt the Increascd abdominal muscle actlvlty dunng hypennflation 

attempts to lengthen the dlllphrdgm élr,d restore It to a more Ilormal restlng length Also, 

upon InSplratloll, relllxation é1nd thor('fore outward recoii of the âbdornmal wall has been 

dernonstrélted, dctmg to Icwer nélstnc preSSlJre and facliitate dlapllragmatlc descent [57] 

ThiS role of the abdominal muscles as "accessory rnusclE-s" of inSpiration rnay attempt to 

cornpensate for the ndded energy costs of Hle Insplratory Intercostal and accessory muscle 

actlvltv observed dl/nng hypennflatlon ln patients wlth alr\\fay obstruction [57] 
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CHAPTER 4 VENTILATION DURING EXERCISE 

The resplratory system can be dlvided mto two major functional component5, the 

lungs 1I1emselllcs, whüre gas-exchange occurs, and the ventilatory pump. This pump is 

compnsed of the c..hest wall (nb cage and abdomen), the resplratory muscles, the related 

controllln~l centres of the central nervous system and the correspondlng neural connections 

[66,67,68J 

Exorcise causes the metabohc demands of the exereislng muscles to Inerease, 

therefore pldclnn direct dernands upon the resplratory system This inerease in metabolic 

rate results ln II1creased CO) production and Increased 0, requlrements, demand~ whlch 

are met by the resplrntory system by moving larger volumes of air into and out of the lungs 

[68J 

ExerClse can be classlfled as statle (isometnc) or dynamic It has been 

demonstratecl that dunng statle exerClse, there 15 only a small Increase ln ventilatory 

demands [69,701. whereas, dynamic exerClse imposes much greater demands IJpon 

the resplratorysystcrn The proceedlflgstudy dealtwlth dynamlc exerclse testlng, therefore 

It will be furtl18r dC'taiied 

The Hlcreases ln ventllatory demand are accomplished through Increasmg minute 

ventilation (VE), 

VE = Vt x fb (1) 

whereby Vt = tldal volume 
fb = breathlng frequency 

4.1 Ventilatory Responses to Exercise in Normal Subjects 

Restlng IlllnlJte ventilation ln normal subJects has been shown to be abcut 10 

litres/minute, reprosentlng approxlmately 5% of a normal maximal ventllatory eapaclty and 

compnslng ollly 1-2°'0 of the total 07 consumptlon of the body [71,72,73] The 

maximum VOIUlltélry v'2ntllatlon (MVV), represents the maXimal ventilatory capaclty of the 

resplratory system It h<1s been demonstrated that the MW can only be sustailled for 15-30 

seconds, whoreas 75% of the MW can be sustained for about 4 minutes and 60% of the 



MVV can be sustained for 15 minutes or longer l !lus 60% of the MVV 15 terlllnd tlle 

maximum 3ustamable ventilation (MSV) Smce It is inconcelvable for C'xerclsc t('sllf)~J ta I.lst 

30 seconds or less, It IS more appropnate la conslder thC' mctlsllrcd VE 111 relallon to the' 

MSV [56,74J 

Ventilation has been shown to Increasc IIlHllCdkltcly dt the onset of cxerCISt) 

[75,76], and dunng one minute mcrementéll IflcrCélse5 Hl exerclse worklOdd, the 

increase in ventilation IS in direct proportion to Ihe Incrcdses III CO, output, IIp to the 

workload where metabollc aCldosls IS Inltlélted [77] The If1crf'é1se ln Vf I~ adllpvpd 

through a combmatlon of mcreaslng tlcidl volume (Vt) and bn'<llllln~l fn'quf'IlCY (fh) 1(8) 

Dunng IIghl 10 moderate cxerClse, most of the Incre',lSC \rl Vf 15 dch\(!vpd tllrollqh 1I1Cn'd'.,ltl~1 

Vt, accompanled by a progressive IIlCredSe III fb Howevcr, It hdS b{,PIl d(,l1l()n~trclt('d thdt 

at higher workloads, the IIlcrease Ifl Vt 15 constrillned to abOlit SO°I.. .. of tlw IrHllvldlldl's 

Forced Vital Capaclty (FVC) [78,79,80) and Incredslllq fh hecorncs Ille lllilJor 

contnbutor to the Increasmg VE Wllh elther no further Inr:rCilse or only sllqht II1Crf\I',e 111 VI 

observed [73,80,81] BreathlllÇl freqllency dunnn nlaxlrndl pXf'rCI~(, IS I1CJrrllcllly dbollt 

50 breaths per mlllule, but thls valuc mlly be hlfJher ln hlqhly IrdlfH!d clthl('{(!~, 1321 and 

at these maximal frequencles. é1 decrCi1se ln Vt rnay actually he ob"i'rv(:d pII(Jr ln !lH! 

cessation of exercise [75,83] It IS bclieved that thls patt(!fIl of d Vt of dpproXlIlldt('ly ~)O{:;" 

of FVC and an rb of 50 breaths/mlflutc dunng fTlilXlfTlal nx(;rCl~e rnHllf1l1/f:'-, IIH! work of 

breathmg, respects the mechanlcdl limitations of the syst(!1n élnd provld(:~> ri ~,tJffICI(;n1 

alveolar ventilation to ellmillate the CO) and rnr1lnldln h()m(:o~.,td:.,I~ of art('rIcll blond (FI'>(!'> 

:md hydrogen Ion concentration [83,84,85,86,87,88,39) 

The pressure-volume curve of the res~matory system 1::' such thelt by Inunr!,>lnq VI 

predominantljthrough Increases ln VI, thp flow-reslstlve work of hr(:athmq 1::' rnlrllllll/(:d iJnd 

only when Vt's exceed 75% of Vital Capaclty (VC) do InUf:a<;(:s ln th(~ (:I(1,>IIC work of 

breathing become slgnlflcant [841 The nlélXlmUm fiow VOllJrT18 (MFV) ClJrvf: al<,n proVlf!r;s 

constralnts whlch are generally rcspccted dunnrJ exerClsc (86,BB), how(;vm. It hd'> b(!r;11 

demonstrated that when some normé11 sut)jr:cts mach méiXlmlJm (:Yf:ruc,(;, f:xplrdtory fI(JWs 

may exceed those predlcted by the MFV curve [36] It has b(;f:fl ::,uqge~t(;d Hwt thls rnay 

be due to a bronchodllatlon effect of excrClse, a change 111 t~e clastlc prop(:rtles of the lunrJ 
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or merely by the incorrect placement of the tidal flow-volume curve during exercise on the 

volume aXIs of the restlng maxImum explratory flow-volume (MEFV) curve (88). 

4 2 Ventllatory Responses to Exercise in COPO Patients 

Pallents wllh COPO have simllar VE at rest when compared to normal subjects 

[90J, however, due to reduced alrway conductance and reduced resplratory muscle 

stren!]th, both the MVV and MSV are dramatlcally decreased [91,92] It has been 

shawn that the relatlonshlf" between MVV and MSV 15 the sa me ln COPO patients as in 

normals (74), howcver, glven thelr reduced ventllatory reserve, thelrrestlng VE may account 

for as mLJch ;l~, 40% of the MVV [74.S1.93] Also. the oxygen consumptlon of the 

respIra tory muscles rlLJnng qUlct breathmg has been shown 10 be about 15% of total body 

0 .. conSulllptlon [71,941 Thus, the CO PO patient can only achleve moderate Increases 

ln ventilatIon dLJnnq exerclse [91,95,96] and these Increases ln VE arc largely due to 

dlspror>ortl()Ilate Hlcreases ln fb as compared ta Vt [97,98,99] Patients wlth even 

moderat(~ dcwccs of éllr-flow obstructIon have been shawn ta have expIra tory flows whlch 

he on the MEFV curve at qUIet breathlng [91,97.100], thus the COPO patient 15 faced 

wlttlltmltcd strategl(-)s ta fLJrther Increase VE The patient may shorten Insplratory tlme (Ti). 

to allow groater tlme for eXpiration, however, thls results ln a decreased dut Y cycle (TI/Ttot) 

and il larue IIICrerlSe Hl mean InSplratory flow (VtJTl) requlnng the rnsplratory muscles to 

shorten much more rapldly [68.98] The second possIble strategy IS to Illcrease end­

expiratory lunf) volume [97J. allowlIlg hlgher maxImum expiratory flows, a mOie moderate 

IncrcclS8 ln VtlTI dnd preservation of TI/Ttot [68,~8] ThiS compensation for the limitatIons 

of eYplratory flow rpsult ln mllch hlgher Insplratory elastlc work requlrements as w811 as an 

II1CrCclSe 111 the flow-reslstlve components of IIlSplratory work due to the hlgher VtlTl for a 

glven millute vcnlllrliion [100] ThIS second strategy has generally been observed by 

Invcstl~Fltors [89.98.100]. but adoption of elther the flrst or second strategy or a 

comblndtlol1 of hoth mdy depend ur>on the seventy of the dlsease and to the extent of 

eXplrdtory flow Iml/tatlon As ln normal subJects, sorne Investlgators have observed that 

COPO subjects can clchleve explratory flow rates dunng maximum exerc!se that exceed 

thelr restHlÇJ MEFV curve [91,97]. but the accuracy of these results have also been 
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questioned for the sa me reasons presented in the previous section concernlllg normal 

subjects [89] 

4.3 Limitations of Exercise 

Normally, the ventllatory system has not been regarded as a 11I1111111g faclor of 

exercise ln normal subJec.ts; however, ln patients wlth COPD, Ihclr sf'vcrely 11I11I1p<1 

vertilatory capa city will result III a reduced exerClse capaclty [89,91,B3,100,1011 

Sorne evidence, tholJgh, has been proposed IIldlcatlllg Ihnt Indeecl thl' rCsplrdtory ~;ystcrn 

may somewhat "mit exerClse in normal suhjects at severe workloiHls Arh'lhll hYPOXPfliid 

has been observed, dunng heavy exerClse, III sa~(' hlqhly tr,lI!H'd dthlptt 'S 

[102,103,104) These authors suggested that the Il1PCh<lIlICS of tllL rt!splrcllory 

system, mus~le fatigue or the energetlcs of respira tory mllsclps rTldy hdv(' s(!1 tlH! VI dt cl 

levellower than could have been é:lch leved, Slnce ventJiatory rescrve still (~xls\('d, .1 t Ihf! cost 

of artenal hypoxemla [103] Il has also bcen demonstrdtecl tha~ éI flH)chdnlCal LOIl!->trdlllt to 

increasmg ventilation due ta an explratory flnw limitation m,IY f'Xlst for norlllcli <;lIIJJ(!cls 

undergolllg heavy exerclse slnce explralory flows approé'ch or even (!xc('pd tlH! rlldX11l1l1n1 

expiratory flows as deflned by the rcstlnn MEFV curve at the end of f:xplrdlion 1861 or 

achievE:: maximum values throughout most of nxrmatlon [1 O~)I III ordcr ln fllrttH:r 

mcrease thelr explratory flows, émd thus further lIlc:rei'lSC ventlliltloll, tlle éJthl(!tcs wOllld bc 

forced to breath at hlgher lung volumes This hypennflatron would plaw Hw WlW ~h()rt(!r](~d 

msplratory muscles at a mechanlcnl dlsadvantage, rncreaslnCI th(~ da'1IIL wnrk of brc!dlhlnq. 

decreasmg mechanlcal efflclency an d Increasmg the vuln(!rabliity of the: lIl~plrat()ry rTlllsclw; 

to develop fatigue [106] The flow-volume loop lirnltatron to v(!IltllatIOr1 rn(lY ttlllS he 

valld for normal SUbJ8CtS as Il has been shown that exemc;n ventll~tlon dq(!~) Irnprf!V(! wlth 

11C02 breathlng, posslhly through a rcducllon III the reslstrvr: work of brr:i1Ullnq 

[107,108,109] or to an enlargemcnt of the rnaxlrrml flow·vollHne loop 1110) 

Another alternative to IncreaslIlg VE wltholJt chtlnglnq restlllq lung volurn(: wOIJld bf: to 

mcrease Insplratory flow rates, however, stUdl8S ln norrml slJbjecls at hlqh Intr;r1<.,rIICS of 

exerclse show that both Insplratory flows and pleural pressures (j(f~ <Jlrr;ady clo<,e to 

maximum achlevablevalues [86,105]. Based upon thls observation, Il has bN!n SIJ~JfJestAd 
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that the force-veloclty characterislics of the inspimtory muscles may therefore Impose a 

constralnt on further Increases ln Insplratory flows [111] 

The above discussion concernlng mechanlcal limitations 10 exerClse also dlrectly 

app"es 10 patients wlth COPO, whereby levels of ventllatlonachleved dunng exercise often 

reach the sutJjf~r;t's mé:lXImurn breathlng capaclty [91,93] and further increases ln explratory 

f10w lS IImlte:d by maxII11al flow-volume loop constraints [89,91,93,100] Exercise limitation 

ln capo suhwcts IS (Jlso relaled to reduced respira tory muscle strength (RMS) (92] 

Hypennfl3tlon (assoclatcd wlth Increascs ln FRC) 15 often marked ln COPD subject5, 

resultll1q Ir) shortcnmg of the Insplratory muscles and dlaphragmatlc f1attenmg. thereby 

resultHlrJ ln rkc,eases ln these muscles' contractile forces [61,112] and ultlmately 

decredSI'lf) tlie fTl<lxlmal msplratory pressures for a glven volume that they are capable of 

uenpréllinq Otlwr fddors slJch élS prnlonged Inactlvlty, steroid administration and chronlc 

hypoxwlIa al~)o weak(~n RMS III COPO patients [113] 

Resplrtllory muscle f(ltl~lue can be defmed as "a condition ln whlch there IS a loss 

111 thr. célpaC:lty for df~V(~lorlng force élnd or veloclty of a muscle in response to a load and 

whlch 15 rcvcr"lblc: by resl" [114] Insplratory muscle fatigue during heavy exercise has 

been shown ln some patients, Indlcated by electromyographic spectral analysis 

[115,116,117] nnd transjlaphragmatlc pressure measurements [118]. 

Howcver, otfler Invcsllgators have falled to ObSeNE:' changes ln the electromyographlc 

frcQucncy spedrurn IIldlcéltlve 01 dlaphragm fatigue ln thelr exercising capo patients 

des pile vc:ry hl~Jh pressure generatlons [119] They also failed ta observe any changes 

ln post pxerClse brCclthlflg patterns [120) or Increases ln the values of the pressure lime 

Index of tho dlc1phrafJn1 (TTdl) whlch exceeded the known fatigue threshold [121] 

The c:ornblnéitlol1 of hYPP.rll1f1éltlon and furtherdyn amlc Increases ln FRC whlch occur 

dunng cxerCISf' Jr1 COPD sL!bJects [89,122] forces the insplratary muscles ta operate 

at a dlSddvnlltaflCOl!s Icngth on the length-tenslon curve where theyare predlsposed to 

devcloplIlq f.ltlULJe [74,106,123,124], however, there IS dlsagreement as to 

whetllcr Illsplr<ttory muscle fatigue do es hmlt exercise 

Fll1ally, dyspnea tlélS been shown to slgnlficant\y hmlt exerClse in COPO patients and 

ln normal sublects excrclslng at extremely hlgh levels of work. 

----------------- ----
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Meehantcally, ehest wall behavlour is a function of both the active contractllr 

properties of the respira tory muscles and the passive nlechanlc,11 propprtlrs of the ch('st 

wall's major eomponents. that IS the nb cage, dlaphragnl and ilbdomen Coordllliltion IS 

used to desenbe the neuromeehamcallnteractlon among cllffcrpnt rnsplrdtorymllscln groups 

as weil as between resplratory and non-resplratory muscles [1251 

5.1 Historical Development 

Early Investlgators eonsldered tt1e chest wall as a Single comparlrnent and ~tllclles 

foeused on the statlc volume-pressure relatlonshlp of the rnsplrcltory c.,ystPIlI 

[126,127] It was assumed that mouth pressure (P,'I,.,) rcrrn',ented ttH~ Slllll of tlJ(! 

pressu, es exerted by the recoil of the ehest wall (Ppl wl and tt1() lunq (P. Il) Thp IIldhlltty to 

dlrectly measure these pressures, however, posed II major 1llIlItatlorl, forclII<) carly 

investlgators to use known in-Vitro pressure-volume relatlorlshlps of the lun!) 10 ddermll1n 

Pel,w = Pelr" - Pell (1 ) 

ThiS limitation was overcome ln 1949 wlth the mtrocuctlnn of ttw esorhilqeal halloon 

technique for meûsunng transpulmonary pressures ln VIVO (1281 Now the~ resplralory 

system could be partltlon8d into both Its chest wall (]r!d lunq cOmpOnf!nt<, 

Agostonl and Rélhn [1291 devnlored l!ln rnethod for IIH!ét,>urIlH) 

transdia phragma tlcpressure (Pdl), permlttlnçj Cl rnor(~ cornplf:tr: <HldlySIc:., of tlle uJIltnbll tlOIlS 

of the thoraclc, dlaphragmatle and abdominal components tn Hw fm:dlélTllCrli hf,h;IVIOlJr of 

the resplratory systern Pdl was determlncd by ~.,ubtractlnq the (j,lstriL prr:',c.,urf! (Pqél) 

(measured as an tnJe.>< of abdomlnFlI preSSIJrp.) hy tlle r:~()phi-lq~;dl prr!:,'~lJrf: (p(;'» 

(measu red as an Index of IntrathoraclG or pl eural pr esc,urr:) Thf:y df~t( :rrnlflf·rj thétt Prli cOIJld 

be generated not only by active dlaphmgmi1tlc contrélctlon bul ill',o throlJqh tlH! Pitc:.,C,IVf: 

stretching of the muscle Measurtng PéS and Pga also pcrmlttf:d thc: qlJ:mtlftcdtlon qf the: 

pressures acting to dlsplace both the abdomen (AB) and the.! nb r"FJf: (Re) [1251 
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A parallel action of the RC and diaphragm was assumed, leading investlgators to 

assess Incmases ln lung volume as the summatlon of RC expansion and diaphragmatic 

descent! 130,131, 132J 

5 2 Analysis of Rib Cage and Abdominal Displacement 

Konno élnd Mead ln 1967 hypotheslzed that the chest wall enjoyed two degrees of 

free(jorn. thus changes ln lung volume could be accommodated Independentlythrough RC 

or dlaph{a~Jrn-AB dlsplacement [133] USlng hnear dlfferentlal transducers, the 

anteropostenor(A-P) dlsplacements of the RC versus the AB were plotted under both active 

(Isovolurllf; rmmocuVîPs) and passive conditions (glvmg the RC-AB relaxation hne) at 

volumes ranqlnq From re~ldual volume (RV) to total lung capaclty {TLC) [Figure 5.1] 

Isovolume manoeuvres me performed when tlle sublect. wlth glottls closed, alternately 

contrélcts hls abdominal muscles whlle simultaneously expandlng hls nb cage, thus 

diSplaŒH] volume trom the abdomen mto the nb cage. and th en relaxmg tliS abdominal 

muscles nnd dppressln~ hls nb cage, thus dl3placmg volume trom the nb cage Into the 

abdomen fhe result 15 a series of plotled Isovolume Isopleths from RV 10 TLC representlng 

the dlfferent configurations and maximum excursions (comblnatlons of nb cage and 

abdominal wall) that the chcst wall can have for any single lung volume 

It W3S proposed that resplratory muscle acllvlty could be mferred from ploUmg 

subsequent relative motion dlagrarns. whereby A-P motion of the RC IS plotted versus A-P 

motion of the AB dunng breathmg. In relation to the plolted relaxation IIne and Isovolume 

Isopleths Any devlatlons from the relaxation line would requlre muscular activlty 

DeViations to the left of the relaxation Ilne Inferred elther msplratory actlvity operating on the 

nb cage. eXplrdtory abdominal actlvlty or a comblnatlon of the Iwo, whereas devlatlons to 

the nght of the relaxation Ime II1ferred explratory muscle actlvlty operatlng on the rib 

cage.lnsplratorj élctlVlty 0peratlng on the abdomen or some comblnatlon of the Iwo [133]. 

Re and AB dlsplacement dunng qUiet spontaneous breathlng was found to Ile very 

close to the respective relaxation Ime. however It was noted that sllght devlations to the right 

of the relaxéltlon line occurred dur:ng Inspiration, Indlcatlng trat some Insplratory activlty was 

operatmg on the abdomen [133] The relative volume changes of the RC and the AB during 
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Increaslng ventilation stlmulated through hyperventllatlon [133], re-breathlng [135] and 

exerClse [136] demonslrated substanllal devlatlons from the RC-AB relaxation "ne. 

Durîng eXf~rClse, a shlft towards the left of the relaxation IIne, representlng a decrease in AB 

volume subse(juenl to Incrcased explratory abdominal recrultment, was observed This was 

especlally rnarked at 8nd-cxplratlon However, RC volume at end eXpiration was found to 

be unchan~wd from values recorded at qUiet breathlng [136] 

Konno-Mead analysls, ho'.Vevcr, IS IIrnlted as It does not measure diaphragmatic 

cJlsplacernent (whosc action results ln comlJlned Re and AB dlsplacement) nor does it 

meaSUrf! cnHlléll dlsplacement of the nb cage or spinal flexion/extension [133] 

Incorporatln~l the mcthod of Re ancl AB volume partltlomng [133] wlth establlshed 

Pes and Pq(l mlaxatlon measurcments [129], the static volume-pressure eharacteristlcs of 

the nb cage and abdomen were evaluated [137J 

Ulillzation of the Konno-Mead dlagrams permlts a non-Invasive measurement of 

ventilation and the resultlllg volume measurements have been shown to be withln 10% of 

tllose volumes mC'asured wlth spirometry [125] 

Magnetometers (for measunng Re and AB IInear dlsplacement) [138] and more 

recently, a resrJlratoly inductive plethysmograph (for measunng the cross-sectJonal area of 

t~le Re and AB) [139] arc eommonly used tools to measure and charaetenze eh est wall 

dlsplaccrnent UIIIIZlng resplratory Inductive ~:ethysmography permlts changes ln the 

transverse direction ta be measured, somethlng not permltted ln early studles utlhzing linear 

transducers 

5.2.1 Resplratory Inductive Plethysmography (RIP) 

Bnefly, RIP (Respltrace, Ambulatory Monitoring, Inc., White pl~InS, N Y.) eonsists 

of 2 cOlis of Teflon-msulated Wlre, sewn onto separa te elastlc bands whlch encircle the rib 

cage and the élbdomen and connect to an oscillatory module Therefore, changes ln the 

cross-sectlonéll élredS of the Re and AB alter both the self-inductance of the coils and the 

frequency of thelr oscillators. whlch ln terms IS reflected as changes in tidal volume 

[140,141] 

Several calibration methods of RIP have been described [139,142, 
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143,144] A commonly used and slmpllstlc calibration method IS the Isovolllmf' 

manoeuvre calibration method. based upon the work of Kormo élnd MCdd (139) TIl(' 

validity of measured volumes by RIP dunng moderato ex(:rclsc h<ls becn shown 10 b(' wlthln 

20% of those measured wlth splrometry. howevor Its accurdcy ln 1ll0rlltOrlnl] cnd-pxplrdtory 

volume IS accu rate only If body position rf'marns constant (whlch 15 l)ftf'n Imposslhle dlJnn~l 

exercise testing) [139] Satisfactory results hélve hec:n Obtéltrlf'd lIslnq ReSrJltrdcC' trI 

workloads up to 1800 kpm/min. thollgh cxtraneOlJS body movemf'nt ,md C'ltlH'r Re: or I\B 

wall distortion assoclated wlth much I1lgh8' leV(~ls of cxcrcls(' Crin Imllt ItS dccurdcy for 

measuring volumes Respltrace, !lowpvcr, does accurCltcly monitor reldtlv(, RC ,md 1\8 

motion dunng breathrng and offers a simple, non-lnV.-lSlve mplhod 10 qlJdlltdllvf'ly dssm.s 

changes rn chest wall dl5placements Qualltatlvely, tho Iflfcrence of muscle recrultment iH1d 

coordination IS allowed dunng rnoderate to hlgh levels of exerclse 

5.3 Methods to Infer Respiratory Muscle Acttvity-The Analysis of Pressure 

Changes 

Previously. only the measurement of global rnsplratory or expira tory muscle achvrty 

cou Id be quantified as the dlfference bctwccn the dynamlc Ppl developed dllnrl~J breilthlll~l 

and the statlc relaxation pressure measursd at the sa me volume ln an élttempl 10 qlJémllfy 

indlvldual contributions of chest wall muscles to breathlnq, Goldman et c1/(16) trlv('t.,tlqdt(~d 

the relatlonship of Pes and Pga to RC and AB volumes They 11ypothesllcd Illilt W~H!1l the 

subject is uprlght ane RC and AB muscles am relélxec:!. Ihe dlilpllrdf)rn IS Ille only 

importantly active muscle At rest, thercfore, dlaphraqmatlc contrdctloll wOllld f(!t.,111t ln dll 

increase ln Pga WhlCh would dlsp/ace both the RC and the AB alonq ttl(!lr rdlxalloll 

charactenstlcs and the resu/tant fa Il ln Ppl would aet to Infli1I(; the! IImqs At., an f!xt(:nSlon 

to thls early study, the concept of Infernng resplratory rnuscl(~ action from VOIlHTH;-P((;~)t.,IJr(; 

partltlonlng was Introduced [145) Il WélS sugqested thélt any ohs(;rV(:d d(;pdrtlJH!S from 

the statlc relaxation Ilne when volume was plotterJ arJalnst rm;'-,sur(! Wd');l cornhlfl(:d f(:"IJlt 

of increaslng muscle actlvlty (le rntercostals/accessones) rtnd the! c()()rdlrldll(Jrj of ttldt 

actlvity wlth resplratory muscle actlvlty ln other parts of the ch(!sl wall rl()ttlrlq Rib ca'}!! 

volume (V Rd versus Ppl du ring breath Ing, observed devlatlons from the relüxatlon w(!re s,wJ 
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to reflect the comblnerJ Influence of the dlaphragm, tntercostals and accessories. 

Departures from the statle relaxation Ilne of VHL to Pab observed durrng increasing 

ventilation was sale! to represent solely Intercostal and accessory muscle actlvlty 

It WélS d(~terrnlrl(>d that dlaphragmatlc length IS reflected by changes ln abdominal 

volume [146J It was observed that dunng Increaslng levels of exerClse, end-Insplratory 

dlaphra<)matlc Icnqth dlcl not change however at end-expiration, the dlaphragm was 

IcnçJthened (Inf(:rred by observed decmases ln abdominal volume) This led to the proposai 

that active f!Xplréltnry abdominal muscle contraction appears to have an Important 

InSplréltory raie! This é::r:tlve eX~'lratory abdominal actlvlty reslllt~i ln a lengthening of the 

dlfllihraqrn ta a marc optimiliiength [7], slIbsequently decreaslllg the load placed uron the 

dlaphrafjm hy the sllhsnClucnt InSpiration [146] ln conclusion, It was belleved that 

II1creaslnq éictlvlty nf both Re and AB muscles observed dunng exerclse functloned to 

optlml7C (jlrlphragrné1tlc functlon [145] DlJrlng exerClse, the observation was marè that 

dunnfjlnsplratlon, no change ln Pab sornotlmcs acrurred It was thus concluded that the 

dléiphrélgrn was no lonq.:r f, "lctlonlnq to dlsplace the chest wall but rather the Re and AB 

mllsclp.s, worklnn 111 S('rles wlth the dlaphraÇJm, haa taken over that role and the dlaphragm's 

sole fUllctlon \NilS to Irlnat{~ the Iunos (~Pdl=-~Ppl) [145] 

!n contrast, Mclcklelll ct al propos0d thdt the mtercostal/accessory muscles and 

dlaphra~rn lIct more Hl rJélrdllel, élnd that the cJlaphragm was capable of contractmg quasl­

Isometncdlly, dctln~l rlS a flxé-ltor to prevent the transmiSSion of Ppl to the AB, hence not 

perfomlln~l élny ()x!PrIldl work [147] Thcrefore, If the AB mlJscles are relaxed and ~ Pab =0, 

t!lese lf1Vestl~ldt()rs d('dIICC(i tha! -~ Ppl was actll(::ved by a ccmblnatlon of contractll1g the 

IIltercost.lI/c1Lc('~sory rllll~clos élncl by quasl-lsometncally contractll1g the dlaphragm where 

III contras! to ('()rliel studles wherc they concluaed that the mtercostal/accessory muscles 

wcre solely rcspollslblc for ail work reqlllred to Inflate the Iung [147] 

5.3 1 The Macklem Dlagrarn 

The Macklem dlagrarll was thus developed as another attempt to Infer Inspiratory 

muscle actlvlty [fig 5 2J The Macklem dlagram plots Pel (or esophageal pressure (Pes)) 

measlIred via an esophageal balloon versus Pab (measured via a gastric balloon) and 
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provldes a means of infernng the pattern of reCrLJltment of muscles wlthout havmg to 

measure volu,ne or rhest wall dlsplacement Dunng qUiet breathmg, simllar results were 

found by prp.vious Investlgators [16], whereby the dlaphraym appeared to be the major 

muscle contrélctlnq and the Ppl-Pab relatlonshlp lies along the relaxation Ime (Ime AB) 

Displacemc;nt off tllIS relaxation linO mfms Insplratory muscle recrultment When on:y the 

mtcrcostol/accessory musclm' are i'lctlve, Ppl decreases and PaL lecr"eascs by the same 

i'lmount (Pplls Iri'lnslTIlltcd thraugh a passive dlaphragm). resultlng ln nb cage expansion 

and a parrldclXIcallllwdrd movemcnt of Ihe relaxed abdominal wall (11Ile AC) Intermedlate 

patterns arc] <,éJl(! 10 r(>pres(~nt the comblned action of Intercostals and the dlaphragm (line 

AD) (125.147) 

The Icleél of a quasHsometnc dlaphragmatlc contraction has now been reJected. It 

now appc!ilrS thal nwchanlcally the dléJphragm and nb-cage muscles are IInked both in 

parallc~1 and 111 s(mes dS they act toqother upon Inspiration [148]. If the nb cage 

expclflcls and the dlaphrawn 15 sok~ly ar:tlng as a flxator, abdominal pressure should 

docroaso Slnce the Re wOlllri aet to expand that part of the abdomen eontalned wlthm the 

dlaphrdqrn, tbus reslIltlllD ln cl d(>credsc III Pab unloss abdorr~lnal musclo tone Increased or 

sorne dldptJrcY)rTldllC contraction occlJrred [149J 

Althouqh the qUclntlfir,dtlol1 of the contnbu!lon to breathmg of Indlvldual muscles can 

nol bn ilchlcvcd throuf)h the use of Milcklern dlagrarns (le the abdominal wall IS never 

tot,illy relclxed dlJnng exerclse), the Macklern dlagmm does permit ~he qualitative inferenc6 

of reSplrdtory rnLJscl(~ recnJltment Pdl Iso-lines, whereby Pd, = 0, can be construed and 

thLl5 perrnltllr1<1 the cdlculdtlon of the total dlé1phragmatlc contribution ln terms of pleural and 

élhdolllllldi prpssurf' chanqes frarn thl' x-y coordmates of the Ppl-Pab plot [125] Cornblnlng 

bolh the reldtlve motion dlélgrélms mtroducl'd by Konno and Meé1d and the Pes-Pga analysls 

achlcved thraugh the use of Macklern dlrlgré1:ns IJrovldes the Investlgator wlth a slmpllfied 

method of QuallfymD resplratory rnuscle actlvlty 
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CHAPTER 6 RESPIRATORY PSYCHOPHYSICS 

6.1 Historical Development 

The explol dtlon and elucldatlon of the subjective sensory process has largcly bcc'Il 

addressed through the sCience of psychophyslcs Unllke oL]ectlve sensory physlolO!lY, 

where one IS able to measure both the strength of the stimulus ("md the amplitude of tlle 

response through elther physlcal or chcfl1lc:JI nl('(lIlS, suhjcctlve sensory studles utlillf' 

unique subjective measurernent systems (150) 

1 n 1846, Weber reportecl thdt tll(' "ILIst notlccablp cllffprcncc" (J N D) III Illtnllslty 

between two stllnulr 15 il constzlI1t fraction of the IIltcnslty of the flrst stlflllilus (Wcbpr's LIW) 

[151] ln 1859, G T Fechner defmcd psyChoptlySICS élS cHl eXclct thenry of the rdltloll 

of body and rnmd [152] anrl based on Weber's fllldln~J<;, dcvploped d Idw ~tdtlll!J thd! 

sensation Intenslty ~Jrows as a functlon of the I()~arlthrn of the stimulus (FeclHlPr's LdW) 

[153] 

S S Steven's modlfled these early assumptlons of Fechner and report(~d thdt the 

psychological magnitude of a glven sensation IS a power functlon of the phYSIC<11 rna~Jnltude 

of the stimuli, (Steven's Power Law), [153]. 

whereby 
$ = k<l>" 

$ = the psychologlcal magnitude of the perceived 

sensation 

<l> = the physlcal magnitude of the stimulus 

k = a constant 

n = the assoclé'ltcd exponent 

(1 ) 

The value of n can be obtarncd by pcrformrng a loganthrnlG tran~form of the 

relationshlp, log 'P = log K + n lOf] <I> Therefore, n IS the slope of the best-flttrnq reqr(~sslon 

line betwoen stimulus magnitude and stimulus rntens1ty, and Its valuf~ ha~) ~)(!(m used to 

quantlfy subJects' responses or perceptual sensltlvltles to a vanety of addf:d stimuli 

Percelved magnitude may nse faster than stimulus magnitude, n> 1, It rrlély n~e at the ~arne 

rate, n=1, or il may rrse slower, n<1 [154J Most psychophyslcal rf!latlons may bf! 

described by Steven's Power Law, wlth exponents of n ranglnq from 0 :3 tn 3 Th(! vf:llue of 

n has been utllized to descnbe the relatlonshlp between sensory rn3f)llltlJdes élnd 10 



30 

evaluate dlfferences ln sensory perception between subjects and under dlfferent 

experimental conditions 

A larw-{ range of subjective sensations, examlned undermany stimuli and by varying 

methodologles have been quantlfied through the use of Steven's Power Law 

[153,155,156J These studles have provlded the basls for the direct scallng 

methods IJsed 111 s~lJdles of resplratory sensations. 

6.2 Scaling Melhods 

1\ numhm of potentlal scales exist, each demonstratlng mtnnsicly different 

rnathr~rnatlcal and statlstlcal propertles [157] There are two main ways one can 

construct a sensation or response scale, Indlrectly and directly. 

6.2.1 Indirect Scaling 

The flrst approach IS "Indirect" scaling, wherebythe subject perceives one stimulUs 

from another This approach apphes Weber's JND concept and ItS use has largely been 

Clssociat()d wlth qUé1lifylng, rather than quantlfymg perceptions [156,158] 

6 2 2 Direct Scalm 9 

The concept of direct scallng ln psychophyslcs has largely been contributed through 

the works of S S Stevens, based upon hls Power Law relatlonshlp ln direct scaling tasks, 

observers make quantitative judgements of sensGry magnitude [153,159,160). 

There are two types of direct scaling, ratio scalmg and category scahng 

6.2.2 1 Ratio Scaling 

1\ ratio scale IS one that possess a unique zero. Subjects are asked to rate thelr 

percclved spnsatlon based on a ratio relatlonshlp For eXdmple, the subject may use any 

numbcr, Iflcluoltlg fractions, to assess sensation The subJect IS to'd to focus on ratio 

relatlonshlps ,1r110ng stimulus Intensltles If one stimulus appears flve tlmes as Intense as 

another, thls judgement could be represented by the numbers 1 and 5 or 5 and 25 

rcspectlvely [1591 
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6.2.2.1.1 Magnitude Estimation 

Magnitude estimation, developed by Stevens [161], IS a commonly lIsC'd ratio 

technique to assess percelved stimulus mtensltles SubJects are asked to glvC' cl direct 

numencal estimation of thelr subjective sensation for each of sevf'r<'ll stlfl1ulus lev(·ls, Pltlwr 

with referenc2 to a glven standard stimulus or wlth no prcvlollsly glven ~t(lIld(\rlj The 

maJonty of magnitude estimation studles employ the latter, tcrmcd open magnitude ~callng 

Studies have demonstrated the vahdlty of Ste\len's power law for Cl numbcr of pprcPlved 

sensations scaled through magnitude estlméltlon [153,1561 

6 2.2.1.2 Magnitude Production 

ThiS technique IIlvolves the expenmenter presentlllg numbers one at a tlme III a 

random arder, and the subJect IS asked to adJust the stimulus ta match the glven numencal 

value [161] 

6.2.2.1.3 Cross-modality Matching 

Subjects are asked ta manlpulate the mtensity of a stimulus ln one modahty, e 0 

loudness, ta match the percelved mtenslty of the magnitude of the stimulus of a dlfferent 

mOdallty, e g IIght IIltenslty [159] 

One major drawback of ratio scallng is ln its ablilty to Quantltatlvely permit Inter­

subject companson and evaluahon 

6.2.2.2 Category Scaling 

The subJect IS asked to rate thelr percelved sensation on a provided sCt1le, whlch 15 

IImlted by an mterval range and type of numbers (le subJect 15 not permitted to frm:tloIll7e) 

A tl'ue zero d08S not eXlst Though Stevens has cautloned on the use of such Cf:Ite~Jory 

scales to quantlfy percelved sensations [152], recent IIlvestlnators have retlJrned to 

modlfled category scales for Investigatlllg percelved sensations ln the cil III ca 1 settlnfJ as thf~y 

permit inter-su bJect compansons 
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622 3 Visual Analogue Scale (VAS) 

The VISU al analogue scale (VAS) IS one type of a ratio, Interval scale whlch has been 

utillzed ln the quanllflcalton of a vanety of sensations [162.163,164] The VAS 

consists of a 11n(~, usually 100 mm ln length, w; IIch represents the full range of seventy Of 

the InvestlfJatrx) ~cnsi:ltlon The Ilne may be onented elther hOrlzontally [162], or vertlcally 

[164J ln studles of dyspnea, the bottom of the scale IS descnbed by a phrase such as "no 

breathles::>ness" whJlf' the top of the scale IS tagged by the phrase "greatest breathlessness" 

or "rn<ixlmurTI Imaginable breélthlessness" [164,165) SubJects are asked to mark on 

the scalc thelr Icvcl of tht: sell~atlon undel Investigation at glven Intervals of tlme and the 

dlstrlrlGe (le ln rnllllmders) from the boltom of the scale to the marked level of sensation IS 

quantlfled Subjccts frecly set thelr own Interval Slze, consequently, Inter-Indivldual 

compélnsons are still problo.matlc [166J 

6.2.2.4 Category-Ratio Scaling-The BORG Scale 

One major drawback wlth prevlousJy mentloned ratlo-scallng methods is that they 

do not proVIC)A any dlrf~ct "Ievels" for mter-Indlvldual compansons However, utillzing a ratio 

scale docs permit rnilthcrllatlcal calculdtlons (le usrng Steven's Power Law) and wlthin 

subject cornpansons of perceptuéll scnsltlvlty [1671 

OWll1g to hls studiOS of percclvecl exertlon, Borg's Ratlilg of Percelved Exertion 

(RPE) scale WilS devised to creélte a Ilnear relatlonshlp between heart rate and exercise 

mtenslty for work on ci cycle ergomcter [168,169] The scale conslsts of both 

nurnoncal vdlues élnd adJcctlve-adverblal exprcsslons, ta allow easy Interpretation of the 

meélfllnçj of (1 rdtlnq value Tl1e F~PE scale hEls been wldely used ln cllnlcal studles to predlct 

l1eart r~tc Howf>ver, cach IIlcllVlliual works wlthrn thelr own absolu te range of perception, 

thus Inter-lndlVldLJill ~tlldlCS of perceptuéll sensltlvlty are not pOSSlh'-' 

I\ddressln!) the above Issues concernlilg the limitations ane. jvantages of category 

v ratio sCElles, Bor9 has developed a Simple category scale Incorporating the positive 

nttnbutes of a generai-ratio sCelle. yet the slmpllclty of a category scale [170,171j. 

Numbers from 0 ta 10 are anchored by verbal expreSSions, whose simplicity and clanty are 

ellslly understood by test subJ8cts These expressions are placed ln the correct position 
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10 MAXIMAL 

9 VERY VERY SEVERE (almost maximal) 

8 

7 VERY SEVERE 

6 

5 SEVERE 

4 SOMEWHAT SEVERE 

3 MODERATE 

2 SLiGHT 

1 VERY SLiGHT 
0.5 VERY VERY SLiGHT 

0 NOTH!NG AT ALL Uust noticeable) 

Figure 6 1 Modified Borg Scale 
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on a ratio scale, accordlng ta thelr qualitative meaning [fig 6.1] The resultant modified Borg 

Scale permlts Inter-suhjecl compansons yet has been proven to produce psychophysical 

funcllOns approxlmatlng those obtalned wlth magnitude estimation 

[156.167. 1 71 .1 72.1 73 ] 

6 3 Respiralory Psychophyslcs 

ProrJress ln the study of resplratory sensations has developed slowly. Experiments 

relatlng to perr,r~IVCcJ respira tory sensation have met wlth methodologlcal and conceptual 

dlfflcultlüS, mcliJrllnq controllin.) and IdentlfYlng the appropriate stimulus parameters and 

selccllng the ilpprormate scallnrJ technique to quantlfy percelved sensations [174] 

6.3.1 Threshold Load Detection ln Normal SubJects 

The tlrst stlldles dlrectly related to percelved respira tory sensation were not carned 

out unlll thf) early 1 m)o'~ These studles focused on "indirect" measurements of respiratory 

sensations, sp(~clflc(illy the JND, or Difference ïhreshold concept, based upon Weber's 

Law, llS/S = k, whlch states that the change III stimulus Intenslty needed to produce a 

pmcclved JND (ilS) IS i1 constant fraction (k) of the background stimuli (S) [160] 

Rnslstlve IOclds to Pltller InSplrdtlon, expiration or both, alter normal pressure-flow 

relallollshlps dnd arc lItll17ed ln studioS of normal subJects to rTllmlC the type of flow 

"rmtatlons expcrlcilced by patients wlth obstructive lung dlsease Conversely, elastlc loads, 

wlll<;h dltpr 110rnldl pressure-volume rp.latlonshlps mlmlC the type of volume restrictions 

charélcten7(~d hy pdtlonts Wlttl restnctlve Iimg dlseases [1591 

Edrly stlldlC'S of rCSplrlltory perceptions focused on the abliity of man to detect a JND 

wh en sm,.>11 rl'Slstlve ,mrl elastlc loads were add~;d at qUiet breathlng These Investiyators 

rncdsllred the ,Hided CIi1StIC, llE"o, or reslstlve load, llR"ll' which ellclted detectlon ln 50% 

of ttle IOCiOInD tnals (thrf'shold detectlon level) and confirmed that mûn IS able to consciously 

dotect the dddltlCHl ta breathlll!] of both Insplratory elastic [175] and msplratory and 

CXplrdtory reslstlvp IOé1ds [176] 

Studles addrcssmg reslstlve load threshold detectlon in sitting and suplr:e positions 

III normals dl'fllOnstrated that although the II R50 was mcreased in the supme position, 



Weber's fraction, deflned as the ratio of dR,n to the totallrlltlal b(lckground rl'slsttlIlCl', R\, 

(eg of the breathlng circuit élnd the subject's pulmonary ~esls!,lIlC(,) 'IdS found !o rClllrllll 

a constant [177] A study 3ddresslng the effec!s of tlrlllng, flow dlld IlIlln volume on 

load threshold detectlon ln normal subj8cts dernonstrated tllélt r('SlstIV(' tllrl'shold dph'c!lon 

IS subserved by the relatlonshlp between pressure (lnd flow ov('r tlw Pdrly pdr! of IIlSplrdtloll 

and nelther Increaslng lung volumes or Irlcreasmn backgroulld l()ddl!l~l Cdll~('d d d('cr(,d~f' 

ln reslstlve load threshold detectlon [178] Also, other IIlVE'~!I~ldtor~ dplllnllstrdtpd tlldt 

just detectable loads were detected very early ln tht:; IIlSplrd Il 011 , closn to pt'clk flow 

[179,180] 

6.3.2 Threshold Load Detection ln Patients wlth Asthma and COPD 

Studles on reslstlve load detectlon have becn cdrned out ln both d..,thrndtlc~ ,Ille! 

patients wlth capo It has been demnnstrated !ha! asthrnélL:s df'1ll0nstrdtp d 11Iql]('r th,1Il 

110rmalll Rc,o, yet compélrélble VVeberfractlons whcn compared to norrn.ll ~lJhj('ch Stlldl(!S 

in patients wlth capo, howevE' r, have Ylf'ldmj confltctln[) r(!stJits Wtl(!y ('/ ,JlI1l7\ fOllnd 

that although the nR,o was hlgher ln a patient wlth capo tlH! Wd)f'r frdLlloll Wd C
, '-.IrI1II.1r 

to normal subJects However Gottfried et dl [181,182\ found thd! 111 ri Idrql ~r qroup 

of COPO subJects, both the reslstlve load dp.tectlon threshold élnrl the Weher frdctlon wern 

signlflcantly hlgher when comf)ared to normals 

6.3.3 Mechanisms of Threshold Load Detection 

Later studles have attempted to elucldate the mechanlsms underlYll1q Wt.,lstIVf! load 

detectlon It has bpf'n demonstraled that thrp.shold op.tectlon of élddcd reslsllvf! 10mb WiI~ 

similar before and after vagal block, excludlng the mie of the vaqus ln rfJt.,Ie.,tl'.C IOdd 

detecllon [183] The role of the alrway'j ln reslstlve thre~hold loa(! df~I(:(,II()n Wil'-. 

excluded through demonstratln'J normAl re'3lstlve threshold detectlon Whf!n Ih(: load', w(:rt! 

added via a tracheostomy [184,185], normal reslstlve and r:lasllc l(Jad r!r:t(:dIOr1'-, 

fotlowing anaesthesla of both tlle upper and lower alrwi1ys (186,1871. rmrJ IhrolHjh 

the reduced sensltlvlty for load detectlon r,n patients wlth 31rflow ohstructlon 1177,181,1 B2] 

Reslstlve 10Eld threshold detectlon was '3lso normal 11"1 patiente., wlth r:ornplr:lf: u:rl/lu11 Lord 
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tranS(;c!lon (185,188], wlth spinal anaesthesla of the thoraclc cord (chest wall block) 

(189J and dlmng partial curanzallon 10 weaken the resplralory muscles [190] 

Dunnq ii~<;I<;tf;d rm::chanlcal ventilation, a detenoratlon ln the ablilty to detect added reslstlve 

I01HJ5 occlJm:d (191] 8aserJ on the above. It was hypotheslzed that reslstlve load 

dntectlof) 1'> ln part dlJe to afferenllnformatlon generatcd by the Insplratory muscles and that 

load det(;ctlon Wd'> mf:ch;-mlc;::IIy relatecJ to the relatlonshlp between force and dlsplacement 

and not rm;rf;ly d functlon of elther forœ or dlsplacement alone [175,176,192] and that 

rlctlve rf!~plriltory muscle contr(lctlon plays an essentlal role m the detectlon of added 

rcslstlve load~ (191,193] It has been suggested that patients suffenny from COPD 

rTlcly have a dd(;r:I 111 rcslstlve-Ioad deteetlon (le perception 15 blunted) [181,182] 

6 3 4 Threshold Detection of Ventilation and Pressure 

Furthf'r <;tudle~ nddressmg ventilation and pressure threshold deteclions hc.ve 

dcmonstr;:)tf~d the abliity f)f man to detect Increases ln ventilation [194]. and to detect 

negatlve preSSlJre changes at the mouth 1195] Slnce paSSive ventilation and chest 

vlhriitlon slçJr1'flu-mtly Iflcrecised the pressure load detectlon thresholds, It was concluded 

that afferent information generated from actlvely contractlng msplratory muscles was a 

necrssary component for pressure and ventilation threshold detectlon 

635 Direct Scalmg of Perceptions orVolume, Ventilation, Frequency and Pressure 

The flrst attempts to apply dlr,,~ct scallng techniques to resplratory studles utllized 

open magnltllde estimation and magnitude production to Investlgate the resplratory 

perceptions of vf'ntllatlon, volume and pressure changes Il was eslabllshed that ail of 

thesc sensations, regi1rdless of the scallng technique utillzed, fil Stevens' psychophyslcal 

power IdW model [196] 

Furtller stuefles utlllling the direct scaling method of magnitude production and 

volume rndtchlrlg confirmed the pc,wer law relatlonshlp or subjPct's abliity to percelve tldal 

volull1f', 1I1spiratory flow. minute ventilation and resplratory frequency, wlth perceptual 

Sf'nsltlvltles (n) >1 [197,198,199] When companng mdlvldual subJects, a large 

range of exponents eXlst for each measured sensation [196,197,200] although the 



sen~. 'ivity of an indlvldual ta resplratory variables tends to be simllar for E'dch v,lrIdble (('~] 

subJects wlth a high sensltlvity to Vt also tend to have a hl~lh perceptllcll sel1sltlvlty for 

pressure or ventilation scalmg) [197] One group of Illvestlglltors ddplIllll1t'd !I)clt ttl(' 

exponent for minute ventilation was slglllficantly hlgher th,lf) clttH'r tlddl vofllrl1(' or 

frequency, leading them to conclude that the aS3cssment of Vt~ntildtl(l11 probdbly prnvl<!p,-; 

the most signlf:cant resplratory sensation [196] whlle other HlVPstl~Fltor~ found no stcltlstlClll 

increase ln the exponent for ventilation when compared to Vt or Il)~plrdtory flow 1197) 

6.3.6 The Perception of Achleved Force (Tension) and Pressure 

Studles on the perceptlor of force and pressure hdV(~ utlfllCcl thi' direct sCillulf) 

method of magnitude estimation. wtlCrc s'lhJect~: (lre ilskecl to f'stHllélle tlle Illdqllltudp nf 

thelr percelved sensation of 10é1d ellclt0d hy ülther the addition nf é1 r(,sl~tlvc or eld::-.tlC lo,lel 

at the mouth Loarllng InSplratlOI1 consPCjucl1tly mr:rcases ttw rf''-'plrdtory (~ffort rpqulw<! to 

malntam a glven level of ventilation and causes pressums (rncac,LJr(!cl cl~ éllrwrly pr('S~lJn' 

at the mouth) generated by the Jnsplratory muscles to subseqll()ntly IIH:red~(! tn rTldtch 

ventilatory demand, as descnbed by the eqllatlon of motion. 

whereby: 

Pm us = Yt x Eo + V X f~,) [201] 

Pmus = pressure developed by the Inspira tory 

muscles 

Yt = tidal volume 

Eo = elastance 
y = flow 

Ra = resistanc8 

(2) 

It has been demonstrated that the percelved magnitude of added loads to hrnattllnq 

ln normal subJects and patients wlth CO PD grows as a power functlon of the add(~d Inad 

[181,202] Wlthln 'SUbJ8CtS. the rêlte at whlch the sensory m(j~JnltIJd(~ mU(!i]scd WH';, 

highly correlated dunng both elas!lc and rcslstlvc 10adlnrJ. but rHJéllrl. ~Jr(~(It mtm- .... llbJ(;Ll 

vanabliltyexisted This Indlca!es tha! some Indlvlduals wern more "sensltlv(~" pcm:(~lvlrlq th,; 

added loads than others [2021 

It was also demonstrated that fiXing flow rates dunng reslstlv(~ loadmq and volum(;':, 

dunng elastlc loadlng caused the percelved magnitude of the loads to Increase It was 

concluded that elther the actûal lldal volume and flow rates adopter] or factors n~li:lted to 
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them, such as muscu lar effort, were important attnbutes of the sensation eliclted by loading 

breathlng [202J 

Further Investlqatlon of load sensation ln normals conflrrns that the percelved 

maqnltudr!s uf added r~slstlve and elastlc loads al rest and during Increased ventilatory 

dnve (by CXerCIS(~, C02-stlmulatecJ breathlng and hYPoxla) IS a direct funetlon of peak 

éllrway pressure dunng inSpiration (an Index of changes ln resplratory muscle tension) 

~J(~neratcrJ to ()vcrr,orrH; the loari and an Indirect funetlon of the actual added reslstanee or 

elastancu or comblnatlon of both (at cOlllparable Insplratory pressures) 

r203,204,205J AI~(), Il has been observed tllat pereeptual magnitude of added 

mSlstlVf~ ,Incl elé'lstlr, 10nds Illcreases as the Insplratory duratlon of pressure development 

(dunnq 10JcJlng and statle Inspira tory manoeuvres) Increases [204,206] 

6 :3 7 Magnitude Estimation of Loads in COPO Patients 

A study f:xamlnlnq the perceptual sensltlvlty of a group of COPO patients found that 

the exponr:nt of rnaql1ltude estimation to added reslstlve loads was slgnlficantly lowerwhen 

cornpared to norll1éll~) and Ihat ad jlJstmcnt for background alrvvay reslstance dld not Improve 

the mcasllred ScnSltlVlty [182) A group of aslhmatlc patl8nts, however, demonstra~9d 

sllllllm scnsltlvlty whcn comf"larP-d to normal subJects Pfltlents suffenng from capo have 

long terrll, Intnns/(' reslstlve loadmg of thelr resplratory systems, and consequently are 

alrcady expennllclflrJ chronlc béJckground resistlve 10aol:1g 1 n contrast, asthmatlc patients 

only f'xpenCI1Cf' penodlc Illcreases ln background reslstlvé loadlllg dunng éteute 

eX.1Cerbatloll~ of the olsease Therefore, Il WClS hypotheslzed that capo patients have 

develop(:d blul1tnd percnpllon to IIlcreasmg reslsuve loads [1821 and Ulat the mechanism 

rf'sponslble for IClad detectloll ean be altered by the 10adin~J hlstory of the resplratory 

muscles [207J Moreover, CaPD patients tend ta be older and It has been 

del1lonstrdted thilt dge does play dll Important role III the percelved sensation of added 

loads Perccptual sf'nsltlvlty of added elastlc and reslstlve loads IS less in aider subJects, 

when compar(]d to younger normals [208,209,210] ln contras!, the percelved 

sensation of rcsplratory muscle force dunng statle Insplratory pressure manoeuvres does 

not dlffer between ages [211] 
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The early study of the perceptual sensltlvlty of CO PD péllienls 10 rt'SlstIVl' loadlnn 

[182] did no! !ake In!o accoun! age, however, liltC'r studles lISlflU COPO P Itlf'nts dmi ,1~W­

matched normals have shawn conflict:ng results One s!lIdy showt'd th,l! wtwn COPO 

subjects are compared to age-mé'ltched normals, tl!e pe'-:clved rnclfll1lludl' nf dddf'd 1(l,lds 

werf:; simllar [210], whereas another study demonstratcd lhdl CVCIl c1f!('r correctloll for 

insplratory duratlons, COPO subjects demonsirdtpd lowcr scnslllvlty to ildd('d PlclSllc (llld 

resistlve loads when com pared to age-matched florrn,lIs [212) 

6.38 Mechanisms of the Pcrccived Magnitude of Volurnp and I\dded L(lads 

It has been slI!)qested that the spns,lIIOr1 of volume' I~ rn('dldh~d by "ffc'mllt 

information generatecl by receplors affect('d by i1CtIVf~ msplrdtory muscl(' (,OlltrclcllOIl 11 !)71 

Many factors Influence the sensory lllélfJr1ltlJ(J(' of clddpd lo,Hls l:) hrt 'cl tllIllq , Ilow/'vpr, IIH' 

pattern of breathmg adopted ln overCOllllnn the load (le the' COrnblll<ltl()1l of IIhplréllory flow 

and tlme wlth re~lstlve loadmg, cmd the con 1 hllldtlOll of tlddl VOlllIlH' drld tlflle Will! ddC,llc 

loadmg) [204,210] élnd th e Que of the SUbjcct'-.1208, 2m~ 7101 <lppf'd r \() pldy rol( ", fll(~s(! 

authors concluued thrlt the bluntp.d percpptl()rl~) to ,Hld()(J IOcld~ ob~(!lv(Jd ln COPD pdtll!llt~ 

was due to thelr i'ldopted breathlng patterns of low Irl"plriltory flow rdtc'~, dlHI ',I!ortm 

Inspira tory duratlon tllnes, compou nded by thf;lr 1I1cr(!('lsed ,HW Both of thc'-,f! "H J(,hdlll~rns 

act ta lower the perc81ved sensatIon of thelr dlseélSf'J-;:Hld(!c! IntnllslC m~)I"tIVf! IOdrl 1210) 

This conclUSion IS dlsputed by those Investl!Jrltors who df'rnon~tr(lted thdt Ilf!lttH!r ,Hj!! nOf 

reduced Inspiratory duratlons cOlJld explaln the almorrndlitl(!':; ln load <;<:Il';dtlorIS ob'l(!rV{Jd 

in COPO példents [212] 

Dunng a magnitude production stuc1y of resrmatory foru! at v<irymq IlJnq volulTl(Js. 

It was delermmed that the sensation of rE:'.splratory muscle force IS hil'lnd pnrmnly on 

signais related to tension developed by the ,iclively contractlmj mlJscI(!" 1203) H(;')lsllvc; 

and elastlc loadlng studles ln low cervlc(ll cord transectloflS dt;rnoflstrah!d thill ll((!lr "f;rl<.,(! 

of loadmg was Impalred, supportlnq the hY!lothe~)IC::; thal the serl',(; of foru! l', HI part rllJ(; to 

afferent signais (tension) from nb ca~Je muscle rpceptors dunnq arJlvr; br(;rlthlflfj 1213J 

However, il IS beheved that under conditions of extremf~ In~)plréltory rTllJsr,!(! fal!(jlJf: or 

weakness, whereby afferenl Information from the muscles IS (Jm8t1y d'lpi:llr(.:d, slJhjects 
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élSSoclate the prjrceptlon of force wlth the sensation of innervation associated wlth the 

outrJolng motor command to the muscles from the central nervous system [190.214] 

6.39 Effects of Background Loading on Magnitude Estimation of Resistive Loads 

Il has boen shown ln normal subJects that thA sensltlvlty of applled reslstlve loads 

Increased wh(!n backqround reslstlve or elastlc loads were arplled, mtasured by cross 

modality matchmg and nagnltudc estlnlatlon However, adjUstm811t of the magnitude of the 

foadlnfJ stlrlll IllJs, by suhtractmg elther the actual addAd hackground resistance or the 

InCrCélS(; ln prn:-'SIJre nr:cessary to ovcrcome thf: backgrolJfld loa~l, resulted ln slmllar 

n!~ponse~ tn IO{ldmg ilS wlth non-background loaded conditions [215J Other 

mvcstlqators éll~,o ohserved that the pprccptual performance of magnitude estimation of 

rcslstlve IOdds was not altered loy hackground IOéldmg ln normé11 subjects [216] It was 

dernonstratcd, 110wf:v('r, that ~hort term exposure to extrelll8 background loads ln normal 

suhjects resulterJ Irl drldptatlon of the mechanlsrns suhservlng load perception The 

subJcct's resronse (n) was not changcd but the actuallntensltles of the added loads were 

percclved to bc Icss than dunng non-background loaded conditions [207] 

6.3 10 Perception of Force Versus Perception of Effort 

There IS dcbate as to whether the percelved magnitude of added loads IS refated to 

the senso of force/tension or to the sense of effort requlred to overcome the load 

It hns boen shown that subJects are élble to dlstlngUish hetween the sense of force 

and sense of effort, IrldlcatJng two dlstmct sensory mechanlsms A subject's sense of 

force/tension IS thelr percclved magnitude of the actual amount of force/tension being 

o('vcloped by the muscles to overcome a glven load Thelr sense of effort, meanwhlle, is 

th('lr mCdsurerncnt of how much actual effort or work they are exertlflg to ovcrcome that 

saille loao It also apperlrs tlla! wllen subJects are asked to rate percelved magnitude of 

fOéld, they élre actuéllly ratmg thelr percelved sense of force and not effort Tllls IS supported 

by studioS whercby the percelved magnitude of an added load or of a stéltlC pressure 

manoeuvre IS not Irlcredsed as lung volumes are Increased [203.206] At hlgher lung 

volumes. more motor output comrnélnd to the muscles 15 necessary to achleve the reqUired 
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tension (since the muscles are shortened) ln facto In one of tlle dbove stlldlCS. ttlC sllblerls 

stated that the effort reqUired to produce the target pressures was morkedly IIH'rcdsed dt 

Increascd ILing volumes [206] Also. sublects suffenng from inspira tory lTluscie fdtlnup hdve 

demonstrated the abliity to clearly dlstmguish and estlmate thf> pf'rcclverl I1lcl!lJ1ltlldl' of 

tension and effort dunng statlc maximum Hlsplratory prpssure (MI P) 1il.l11()l'UVrc~ The 

percelved tension decreased wlth fatlguc whereils effort Illcre.lscd ln studles wlH'rp the 

Insplratory muscles were weakened hy fatlglle [214] KllikHl 1'/ dl (217) d('lllollstrdt{~d. 

utlllZIng open magnitude estimation and the BorD sCelle (catq]ory sCdlp). IIldl ttlP ~ells(, of 

effort and sense of tenSion both Increase wlth Incrcaslng Irlsplrcltory prrsslIrp qOIH'réltrOIl. 

however only the sense of effort was Increased wlth II1CreaSrnn lun!) v()hlln(!~ 

These authors éllso addressed the sensation of dyspnea or hr(~c1thJl'ssl1cSS They 

found that hreathlessness, like effort sensation, was incrpélsed wlth IIlcrcaslll!] pmssLiw 

generatlon at hlgher Jung volumes ThiS study was Important Irl the df!VcJoplllont of tlw 

concept that dyspnea 15 related to the consclous sensation of the outqolnn motor cOlTlrnand 

to the insplratory muscles and IS medlated by the sarne mechélnlsrn wlllch slIbserv(!s effort 

sensation. 
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CHAPTER 7 DYSPNEA 

Dyspnea IS a medlcal term used to characterize the non-speclflc complaint of difflcult 

or laboured breathmg Il IS often the pnmary symptom of patients suffering from resplratory 

dlsease AltholJgh a symptom, dyspnea IS also a subjective sensation, and many authors 

have used 5uch terms as breathlessness arod shortness of breath synonymously 

r 159,218] One of the major problems wlth addresslng the Issue of a specifie defmltlon 

for dyspn(!d I~ thrit the exact stimulus for thls sensation IS unknown [219] Nurnerous 

authors have proposed defmltlons of dyspnea, but as of yet, no c1ear and unanlmously 

acceptcd deflnltlon eXlsts [Table 7.1] 

Table 7 1 Defmltlons of Dyspnea Proposed by Various Authors 

1 The conSCIOLJsn<,ss of the necesslty for inereased resplratorv effort [220,221] 

2 A sensation of laboured or dlfllcult breathlng [222,223] 

:3 Pathologlcal brCi1thlessness [224] 

4 Undue awarŒCSS of brcé-lthlng or aWélfeness of dlftlculty Irl breathlng [218). 

5 ConsclOus awareness of outgolng motor command to the inspiratory muscles [225]. 

6 QUilntltatlve non-thwshold sensation of the mc!or effort reqUlred of the resplratory 
muscles [201] 

7 Increélsed effort ln ,let of breathlng [226] 

8 Insplrritory effort sensatlCJIl r217] 

7.1 Methods Uscd to Quantify Dyspnea 

CIIIlICéll dySpl1f'él r~tlngs (le the Basellne Dyspnea Index, the Transition Dy5pnea 

InciPx (2271. th(~ Medlclli Research Councii Scale [228]) are mdlces often used ln 

the hosplt.ll spttlilg to evaluate the funetlonal impact of dyspnea on patients' activltles of 

datly Iivln~J Howcver, the contnbutlon of bath emotlonal and psychological factors play a 

major role 111 cl potlent's subjective response [229] Psychophyslcal tests provlde 

dlffcrent resllits ln dyspn~él perception when compared ta clinlcal dyspnea ratlngs ln the 

same sllbjeet group [230] Clinlcal dyspnea ratlngs are malnly used as a monitOring 

tuGI of the Impact of chronle dyspnea on patlenrs daily IIfe, whereas psychophyslcal testmg 



43 

addresses the perception of acute dyspnea, IIlduced III the laboréltory scttlflg 

ln psychophyslcal testlng, the Intenslty of dyspnea IS dlrC'ctly relcltpd to measurcs of 

ventilation, respira tory muscle contractllity and force output, and Ci1rdIOVi:lsculdr 

performance, therefore provldlng an objective measure of the contnbutlng physlolo~llcal 

mechanisms Involved ln the perception of dyspnea [230,2311 

7.2 Psyehophysieal Testmg and Dyspnea 

Open magnitude scalmg [165], the Borg scale [166,2321 and thc VAS 

[165,166,2321 have ail been used ta quantlfy the perception of dyspnell dllnn~J tl VilrlC'ty 

of methods of ventllatory stimulation Ventllatory stimulation has bcen dchlcved Ihrou~Jh 

hypercapnla [165], hypoxla [165], added reslshve loads 10 hrcathln~J [233] (md ('xerclse 

[165,166,232,233] 

7.2.1 Dyspnea Dunng Hypercapnie and Hypoxie Ventilatory Stimulation 

It has been hypotheslzed that afferent signais élnslng from both c(,lltrill mu! 

penpheral chemoreceptors ln respanse to changes ln Ihe PO;.>, PCO~) or hydroq(!1110IlS III 

the bload may be respanslble for the perception of breilthlessnes::-, The cherrlicili 

stimulation of ventilation through hypercapnla or hypOXléI has been ~hown to 1I1duLe 

breathlessness [222,234,235] However, It has bœn concluded thal wlth 

hypercapnlc stllnulatlon, IIlcreased breathlessness cannot result from th(~ stréllqhtfnrward 

perception of afferent Information arlslng from artenal dlCfTlOreU}ptors Glven Ihilt d clear 

and reproduclble relatlonshlp of dyspneél ta IncrcaslIlg ventilation due 10 d1r!fT1ICdl ~lul1LJh 

has been demonstrated [236,237], It has bccn surmested that dy~pfl(:il rercepllon 

IS related to the effective ventila tory resronse [233,238] 

The effects of hypaxla on breathlessness rernalfls more conlrov(:rslal Sorne 

investlgators have observed that the reductlon III breathlessne% prorJucf!d by pmv(!nllnq 

exercise desaturation ln COPO patients 1 was ln proportion ta the reductlon ln V(mlilalion 

[239], 2 could not be explalned solely by the acrompanylllq decreasf! ln V(~nlilaliori 

[240]; and ln contrast, 3 that an Increase ln breathlessrlf~ss was observed ln r(~léltion 

to ventilation when breathlng supplemental oxygen [241], 
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7 2.2 The Role of Vagal Afferents in the Perception of Breathlessness 

Pulrnonrlry afferent neur<:illnformatlon has been hypotheslzed to play a direct raie 

ln the rnedlatlon of dyspnea [222,242J This has been based on studles whereby vagal 

blockade hr:lS If~rJ to a r(~ductlon ln shnrtness of breath ln patients wlth pulmonary dlsease 

[24:1,244) HoweVf~r, recellt studles ln patients wlth heart-Iung transpla ntatlon 

(pulmonary denervatlon) supports the hypothesls that vag al rnechanlsrns contnbute to 

dyspnca onljlndlrectly, through the modulation of the pattern of ventilation, thus Influencing 

the prlttern of resplrntory muscle activation [222,245J 

7.2.3 Exercise Testing and Dyspnea 

Exerr:ls(~ offers soveml advantages 111 the stlldy of dyspnea when compared to other 

artrficlal mnans of stlmulatmÇJ ventilation (le hypercapnia and hypoxla) It directly simulates 

demands plnced upon the inspira tory muscles (Increaslng force and effort reqUirements) 

w/lIch ,m IIldlVldualls faced wlth dunng dally physical actlvltles [219,246] 

7.2.3.1 Dyspnca as a Function of Workload 

Dunng progressive exercise testrng, normal subJects exhlbit an absence of 

hrcatlliessness at very low leV(~ls of work (measllred ln kpm/mln or watts). Dyspnea, 

howcver, IIlcreases ln a clIrvllinear fashlon as exerclse progresses, demonstrating a rapid 

II1crcase clnd reachmg values botween 7 élnd 10 as rated on the Borg scale near maximal 

excrClse [233,24/1 The addition of resistive insplratory loads ln normal subJects 

IIlcreases ttl(~ pcrcclved level of dyspnea for a glven level of work and wlth increasll1g 

loadlllf), exorCise cilpaclty IS dlmlnlshed [233] 

III a çjrolJp of cardloresplratory patients dunng a progressive exerClse test, 

breÇ)thlcssne~s hdS dlso been shawn to systematlca"y Increase with Increasrng levels of 

work, Wlt/l dyspnea ratirlgs on the Borg scale of severe (5) to maximal (10) at maximum 

exercise However, a wlde mter-subJect variation was shown 10 eXlst ln lhe ratlllg of 

dyspnea for ally glven level of work Some patients presented wlth a slmllar response to 

exerclsc as normals, wlth no dyspnea percelved at res! or for low levels of work However 

others presented wlth dyspnea at rest and more rapld Increases 111 percelved dyspnea with 
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increasing work It was observed that a wide vanabllity still eXlsted when dyspnca Wc1S 

plotted as a functlon of workload, normahzed for the predlcted maximum [248] 

7.2.3.2 Dyspnea as a Funclion of Ventilation 

Num~rolls authors have demonstrated that the mtensity of dyspnca pro~lres5lvcly 

Jncreases wlth IncreaslIlg levels of Ininute ventilation (VE) dunng prowesslve pxemse, III 

both normal and COPO sllbjects [165,240,249,250,251,252,253,254] COPO sublccts, 

however, experience hlgher degrees of dyspnea for a glvcn I('vol of VI WIH'1l cOlllp,lrpd to 

normal subJects 

The ratlonale for using VE IS that It represents the total output from the r('5plr,ltory 

system and correlates slgnlflcantly wlth ratlngs of breathlessncss dUrlll!) ('xercl~(, 1219] 

Using both the VAS and Borg scale, the mtenslty of bre(1tl1l(~sSrH~ss at COrTlpdrdbl(~ I('vd~ 

of ventilation has been shown to be qUlte rpprodllclble wlthlll (1 !->llbJ<!ct UpOIl rqH 'dt te:,tlll!l 

[165,232] However, IIlter-subject vanatlon OXI<,tS Hl ttH! p(;ru!lvf'd dyspne(l for ,illY qlvnn 

level of absolute ventilation, both ln norméll [222,2451 ilnd COPO slIbJcct:-, 12401 Il 1:-' 

be!ieved that It 15 not simply the level of ventilation, thollflh, whlch dP.terrTlIn0S Ih(' Ifltnnslty 

of the dyspnea percelved, but rathcr how much of the total vcnhl<ltory capdclty I~ b(!Jn!l 

utllized This Idea has led IIlvestlgators ta norrnalilc Vl= by tlle maXIfTlurn voluntary 

ventilation (MVV) 1 nvestlgators have utllized bath the true 1T)(!é1surcd MVV, céllwlatnd 

through pulmonary functlon testlng [2551, or a prcdlcted value for tlle <,ubJ(!ct's MVV, 

based upon ·he equatlon 

MVV = FEV1 X 35 [245,248,256,257] (1) 

A recent study, however, demonstrated QUlte a larqe varlrJbility III the MVV/FEV 1 

ratio between subjects (both normals and patients) and dernom,trated that 

MVV = f EV 1 X 42 [258] (2) 

represents a more average value for predlctlng the MW élcross a wlde réirl<Jc of SIJtw~cts 

ïhere have been confllctlllg results when dyspnea has betm expmssed élS (j functlon of 

VE/MW Some autr.~rs demonstrated that no dlffere-mce eXlstcd between rlorrTIf:ll and 

COPO subJects' percelved dlfflculty of breathlllg wh en VE was expressed as a fraction of 

the MW [203] Others have shawn that III both normal SUbJ8CtS, hemt lunq reClplent~ 
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[245], and ln a qroup of cardloresplratory patients [248], a wlde inter-subJect variation 

eXlsted ln the rJy~,pnea rcsponse to VE/MW 

Others have expanded further to suqgest that breathlessness IS not simply the 

sensmn of th,~ actual ventilation achleved but other mechanlsms such as fatigue may play 

a role ln the perception of dyspnea [259] 

7 2.3 3 The Effecls of External Loads on Dyspnea Perception 

External reslstlve loads have been added to inSpiration ln normal subjecls during 

progressive exerClse 10 Simulate éllrway obstruction Attempts to determlne the effects of 

1I1spiratory loadlllq on brpathlcssness hiWC met wlth confllctmg results Sorne mvestigators 

have shown Ihat the addition of élll Insplratory load dunng a progressive exercise test 

slqrllflcdntly Incrfw.,cd breathlnssncc:;s for <1 glvcn ventliatOly level [233.251,260]. It 

wa~" also ()l>scrvc~llhdt the threshold of dyspnea perception IS lowered and the slope of the 

rpspoll'';(! of dy~.,pn(>;t to VF 15 Increaseo wlth arlded Inspira tory loads Other Investlgators, 

however. obs(!rved flO slgnlflcdnt Increase III breathlessness wlth the addition of low level 

Illsplratory IOLlds dunnn Cl COllstélnt workload eXOrcise test [261] The dlfferences 

probahly he 111 rncthoc!olorlY A progresslv8 exerClse test causes much hlgher achleved 

vcntlldtlcHl when cornpdrcej to stcéldy state exerCISC, and thls added ventllatory stimulus may 

be Ilwessary 10 obsprve the IIlcreases ln dysrnea assoclélted wlth the addition of insplratory 

IOnds 

It has been hypothcsl7Cd thilt subJccts' ratealevels of breathlessness IS also based 

upon thelr pdSt exporlf'nccs of ttlClr relatlonsl1lp between breathlessn ess and" entllatlon (eg. 

loadmg hreélthmq cHld then rpmovlng the load) [260] 

7.2.34 Dyspnea as a FunctlOn of Pressure Development 

MC'llth occlusion pressure (P 11)/)) Ilas been used as a measure of respiratory efferent 

actlvlty du rH1D ventlldtlon ln Or der ta correct for (liffe~ences in maximum respl ratory muscle 

strength and contrilctllity. mouth pressure IS expressed as a percentage of the maximum 

generated Insplratory éllrway pressure at FRe, wlth the alrway occluded (MI P) [222] Again, 

rcsults hdve bpen confllctmg One study demonstrated that dunng progressive treadmill 



47 

exercisetesting, both with and without Inspiratory reslstlve loadlng. the relatlonshlpbetwC81l 

the intenslty of breathlessness :3nd normalized occlusion pressure 15 the SêHllf' Hl COPD 

patients as ln normal subJects [222] This led to thp conclllslcHl IIl.!t dt d ~lIV('1l Ipv('1 of 

respiratory motor actlvlty. +he mtenslty of breathlessness oo('s not dlff('r frolll llorrllc1ls to 

patients wlth COPO However, a more recent study ocmOllstrdtcd tlldt dlthounh d dln'ct 

linear relatlonship eXlsted between dyspnea and Po /MIP III ail suhJf'cts, ,1 Wl(i<~ V,lrIdtlOlll1l 

the responses (slopes of the reléltlonshlps) 8XIStCO (2451 

Studles have also demollstratpu a sl[Jnlflcdllt corrplaholl bP-twP81l peak InSplrdtory 

mouth pressure (Pm) dlld perœlveo brcathlessncsc;, hoth ln a group of norm.ll slIbjccls 

[217] and asthmatlc patients (219) 

A close relatlonshlp bctwe8n dyspnea and InSplratory effort sensation (1 ES) is 

assumed [262]. therE'fore 1 ES and dyspnea are orten used synonylllously by 

investlgators studymg the rnechanlsms of dyspnea 

Esophageal ha,loans can be utillzed to measure esophageal pre~~lIn! (pes). Wlllctl 

approxllllates pleural pressure [263) StUdl8S ln normal subJect~ hdVt! d(~lIlollstrrlt()d 

a direct lin ear relatlonshlp betwcen pieu rai pressure SWlIlqs (AP(!s). A Pes 1 lorrlldll/(:d dS a 

percentage of the maximum IIlsplratory pressure (ôPes/MIP) (/641. dfld III('cHl Pe:~ 

(r~es) [265] to the SUbJ8ctS' lES A Irlrye vnnablilty III suh!"'cls' ~)r'IlS(: of dfort IS 

observed when lES IS related to the pluuré:ll prc~slJms qerl()rat(:d Thl~ vdrldblilty Wd~., 

minlmlzed when Pes WélS cxpressed as (l perc81l!iJqc of the MIP [2:)31 

A sinlilar linear rclatlonshlp of Pec;/MIP dl1(j Pm to hrr;dthlec;sne~)~), as rdtr:d O!l !tH: 

Borg scale, has been shown III both cardloresplratory and élsthrnatlc 'îuhlf:c:tS 124B.2191 

The MIP has generally been utill/cd as an Index of respIra/ory rTlll<,r.lf: <-,trf!!lqth 

(RMS). In normal subJects. a larqo variation ln MIP has becl1 (Jb~~c'rV(!d, f)f) unllLO to :lOO 

cmH20 COPD patients also CXh!t'Jlt a wlde vanablllty ln RMS (le cl rn(~an Vd!ll(; of 66 

cmH20 .t20 crnH20 ln él group of cardlovascular and fPsplratnry dISŒl~lr!d patlf'nt,» [~011 

Variations III RMS have been d8rnonstré:ltf~d to r(~SIIIt ln an cqually l''WH! vdnablllty 

ln 1 ES durmg reslstlve IOéldlng ln bath normal and COPO sutlJf~ct'S Thr: ')r~n<-,(! of dfort for 

a glven pressure generated was greater for the subjects wllh w(~aker In'>plratory rnu~>cles 

[201,246,262] The rnajonty cf ail StUdl8S hi3ve utillzed MIP as thn norrm:lll/I;lq vallJn for 
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pleural pressure sWings, however, a recent study addressed the fact thatthe capacity of the 

Inspira tory muscles to generate pressures decreases wlth both Increaslng Jung volumes 

(us8d as an Indlciltlon of changes ln resplratory muscle length) and Increaslng msplratory 

flow rates (lJs(~d as r:ln Ifldlcatlon of changes ln the resplratory muscle veloc.ty of 

contraction) r24 7,266 ,267,268.269J 

Tlils "nrH,ept has Icd 10 the quantification of the capacity of the Insplratory muscle 

to nenerate pressure (PCdp) dunnq exerclse Il was found that Pcap IS preserved between 

30 and 5!5'Yo TLC, bill decllnes by 1 7% for each 1 ~o Increase ln end Insplratory lung volume 

above 55%) TLC ln nddltlon to thls volume eHect, a 5% reduction in the muscles' 

generéltlnc] r;apilclty was 0bscrvcd for each litre per second Increase ln flow at any glven 

lunfl volufTW Thr.reforc, nOrrTldlv<ltlon of pleural pressures by MIP willunderestimate the 

percentage of capaclty br.lnÇJ utllm~d by the resplratory muscles du ring exercise The 

followmg equatlon quantifies the rclatlonshlp, 

PLap(%max)::: (MIP-1 7(%TLC»-50(l/scc)[247] (3) 

Thcse IrlVcstl~Jators found that when breathing was loaded dunng exercise, the 

sense of rcsplratory effort was closely correlated to the pressures generated by the 

respira tory muscles expressed as il percentage Pcap [247,2701 

72.3.5 Dyspnea as a Function of other PhysioJoglcal Parameters 

1\ stllrly III norrnal subJects undergolng exercise testing has demonstrated a 

sl~JrHflcallt (lnd IIldf'pendent rcléltlonshlp of breath!essness (IV) to peak Pes (indication of 

muscle tension), InSplmtory flow (Vi) (an ifldlcatlon of the veloclty of insplratory muscle 

shortenln9), the frequency of brcathlng (fb) and the dut Y cycle (TIITtot), giving the pred Ictivp 

equatlon 

ljI = 0 11(Pes) +O.61(VI)+ 199(Tirrtot) + 004(fb)-260 [233] (4) 

Simllar studles in COPO patients dunng exerclse have also demonstrated a multi-

vdrlable relatlonshlp to breathlessness ln a group of cardlorespiratory patients, the 

followmg prerllctlve relatlonshlp for breathlessness was found: 
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q,= 3.0(Ppl/MIP) + 1 2('11) + 4 5(V'NC) + 0 13(fb) + 5 6(TlrTtot) - 62 (4) 

Simllarly, ln a study of êlsthmatlc patients, VI, VT/FVC, fb and Pm each Indlvidutllly 

demonstrated hnear relatlonshlps 10 sUbJccts' levels of brcclthlcssncss dS ratrd C'1 tlll' Bor~l 

scale and ail variables together accounted for 6:1% of the Vûrlrlnce III the rdtlllÇ! of dyspnPll 

[219]. 

7.3 The Relatlonshlp of Dyspnea to Muscle Fatigue 

The role of msplratory mu:scle fatigue ln the development of dyspncél rPIllt!IIlS cll1 

unresolved Issue Studles have largely foctlsed on 1 ES dUring Ir1dllced fatl<)ue 111 normal 

subJects Olaphr;=Jgmatlr. fatlglJe, Inrlucod throllÇJh InSplrcltory rp~lstJvP IOddilHI. Ild .... hppn 

shown!o be assoclated wlth Iflcrcases Hl the ~ellsc of reSplrdtory dfort How/'ver, !Jotll t1H~ 

Intenslty of the dia ph ril!Jmf'l II(' contrélctlOf1 ,m cl ch,lI1~Ws Irl dldphr, HI"l dctlV.ltlOI1 It 'Vt +, Wt'n' 

unrelated ta tlle magnitude of IhC' sensory pmceptlon 1771] !\ fllrttH 'r ~)llIdy wllt'n~l>y 

dlaphragmatlc fatigue was mduced throuqtl fatlqulr1q cOlltr(lcllni1~ of Ihn dldpllrdqlll dl...,o 

demonstrated that 1 ES was Independent of the transdldphr,l(jll1ii tiC pr(,~)~,lJrt! (Pdl) dlHI LOlJld 

be dlssoclated from the development of dl;=Jphraqmé1lic fdtlqur) 1?7?1 Illvf'sllqdlor<, 

found stronger correlations between thl~ levcls of (lctlvalloll of hOUl th(' ~((~rn()lT1d~)told dfHt 

nb cage mu~cles a nd the sell~e of respira tory dfort, 1(~,l(linq tn thr. UlI1CIIJ<,lorl tlldt IIw 

Increaslng effort spnsatlon dunnq él dldphrarJmé1tlc f(ltl~llJf! nm Wd'-, duC! tn t'Ithr'r Il H! IOddllllJ 

of the nb cage muscles or ta the central perception 01 cHl ()V(~réllllncrf!a<)(' III ttH! Cf'nlrdl 

motor output dlrected towards these "accessory" rnw;c!rs 12711 

Other studles have mduced ~Jent~mI17p.d Insplratory rTIIJ<.,c!t! rdtlqlJ(~ (lMf), botll 

through contliluolls maximal inspira tory contri1ctlon [2731 dfld by 1I1c.,rm<l!nry thrr'<,holrl 

loading [274] It h-'1s becn cJernonstrat(:d that (l f(J'-,t(~r rrlte of lfluea:)lr1q lES I~ ()b~(!rVf~d 

wlth a high pressure (Pm/Pmax)-~hort duly Cyc.Jf; (Tlrrlot) piittr:rn of !r)(ldf;r! brr;iithlnq WtH;rt 

compéîred to a low pressure-lon~J dut y' cycle prlttf~rn, desplt(~ th(; rnaln!l!n ,-HI cr; of a (.O[l<,t,Hlt 

pressure tlme Index of () 24 l hls Icd to HIe hYPCltheslc, thflt lES 1<; mlfltf;d to bllt not rl dlr(;r;t 

function of the onset and seve nt y of IMF lES 1':> therefor(~ rJ(~pr~nrJent on thr: Illtf;n'-,lty rathf;r 

than the duratlon of muscle contraction and may po~slbly occur as é.l result ()f !tH! um!ml 

perception of the subseq uent II1cr(;astng motor command to thr: fatl(jUlrlq rnllsc!r;c., 
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[273,274] Varymg the breathlng patterns (le predomlnantly nb cage, dlaphragm or a 

Lurnblrlatlon of both) dunng Insplratory reslstlve loadmg m normal subJects resulted ln an 

nbserved direct Ilncar and unique relatlonshlp between il Pes and lES, regardless of the 

Ihorm;oabdornmal breathmg pattern adopted [265] Although Imposmg fatlgulng 

(jlaphraqmatlc pat!r~rns of breathmg dld dernonstrate a strong correlation between lES and 

Pes/PesrTlnX, lES wa';, Independent of the developrnent of dlapllragrnatlc fatigue [264]. 

It IS rnportant to note that a study addresslng the p8rceptlon of dyspnea assoclated 

wlth changlnej levels of ventilation demonstrated that dyspnea Intensifies when the level or 

pattern of breathlnq IS voluntanly c::hanged from the spontaneously adopted level [275]. 

Thereforc, thls mé-ly compound the dyspm:B whlch subJects percelve dunng studles where 

thr~lr bn!athlnrJ patterns are set or constralned 

Studle<; of dlaphragrni'ltlc fatigue and lES ln COPD sublects are IImlted, 

neverth8less, It has bcpn dernonstrated th8t, as ln normal subJects, dlaphragmatlc fatigue 

nppears Indepr~noent of lES [276] 1\150 controversy eXlsts as to whether COPD 

patients develop resplrnlûry muscle fntlfjue dlJrlng progressive cxerClse It has been 

observer! thill COPD subjects often develop a fatlgulng pattfJrn of Iflsplratory muscle 

contrrlctlon ,md/or (flaphra~rnatlc contraction dunng exerclse [115,277,278, 

279,280) ln contmst, non-fatlglJln~l patterns of bath Insplratory rnuscles (p,eural 

prc:-'SlJrl~-tlrTl(; lfJ(lIces (PTI) of 0 10) élnd the (jlaphragm (PTI of 0 12) have also been 

rneaslJrecJ upnll the cessdtlon of exhallstlve exorCise [281] 

Utlil/lnÇJ fatlçjulng patterns of PTI lo draw conclusions regardmg the relatlonshlp of 

lES to fé.tlÇJuc must tw Interpreted cautlously What IS usually belng Indlcated IS InClplent 

fdtlqUe', whe'rpby the muscles would fatigue shnuld that pattern of contraction continue for 

ct ni ven len~Jth of tlrne For exarnple, a dklphragrnatlc PTI of 0 15 could be sustamed for 

dpprOXlrrately <)0 minutes, wtlf'rcas an msplratory muscle PTI of 0 25 could be sustained 

for apprOxlllldte'ty 15 rlllnutes before slgns of ovcrt fatigue would develop [272] Also, 

subjccts flldy cycllcly (lltcmate between dlaphragrnatle é]nd Insplratory muscle contractIon 

III an atternpt to Ilmlt Inclplent fatigue [1 06] It appears that normal subJects adopt a pattern 

of breathmg wlllch serves to optlrnlZC the sense of effort by mlnlmlzlng the tension 

qenorated ln the resplratory muscles [270] 
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Other observed signs of Inclplent fatigue (dunng observed fatlÇ1u: 'l PTI) Illciude d 

fall in the hlgh to low ratio or centrold frequency of the EMG power spcctrul11, the SlOWH1D 

of observed insplratory muscle relaxation, mpld shallow br('(lthmn cll1d rtH'st-dbdOIllCIl 

asynchrony [282] 

CO PD patients often demonstrate reSplrcltory muscle wcakncss and slIbspqupnt 

decreases in thelr inspiratory muscle force response dfter exorcise (1(' dl~Cr('élSlnn 

sternomastold force [279]), however, one c<'Innot assume thl1t overt muscle fdtlDue I1ds 

occurred They too will attempt to adopt a pattern of breathlnD to 1ll11l11111/f! the nsk of IMF-

7.4 Mechanisms of Augmentation and Relief of Oyspnea ln COPO SlIbjects 

It has been shown that 111 patients expenenclnn aClIte asthma élttdcks, dYSPIH'ilIS 

weil correlated wlth both hypennflatlon ana recnlltmellt of the st('rn()llld~t(lId 111llSclns, .md 

that dyspnea sUDslcJes when the h(~I~Jhtcnpd stcrnorJlastold dctlVlty U'dS(!~ 12H:JI 

Patients suffeml~J from msplratory falllJre expenCfH;e a I()~s of dy~lPIH'd Wllf'lll11(!clldlllcdlly 

ventllated, a 1055 whlch correléites wlth a cessation of dlilpllraqrnrl!lc dnctncdl dLlIVlty 

[284] DUr!ng abdomln<:ll strapplnÇJ, CO PD subJects exp0r!(,I1W IIlUl'éN!d 1('v('ls of 

dyspnea dunng exerClse, hypotheslsed to be causcd by a sllortenHlfl of tllf! Ir1t(!rcn~tdl dml 

neck muscles and the subsequent Increase ln tlle rcqulr(;d mfltor cOlTlIlldnd 12051 

COPO patients often expenence a relief III dyspllca ~y a~sllfnlrj(J IIH! 1(~tllllnq position 

(supportlng thelr upper extrernltlcs) Postural rellcf of dyspnea IS IIkr~ly dlJ(~ to tll(! fdct ttl.!t 

leaning forward both Improves the lenoth-tenslon state and InCreélSes thr' dflw~rlcy of IIH! 

dlaphragm as weil as the unloaclmg of thf' nb cage ac!":essory rnusclw; 12Hfil Il Ild'> 

been observed that ln a patient wlth bllrltcral dlaphrdqm paralysls, rlclJte dyspp(~a Wi-l'·) 

experienced wh en the subJect was Irnrnr'rsed ln watr;r tn the Icve! of Hl(! rlbdornr!11 Slflf~r; 

the water now full:,' supported Ihc abdorrllrli'll cont(;nt~, Imrner~)lon rJr(;vf>Il!(;d the; pil~l"IV(! 

inflatlonary effects of abdominal musc.le contraction and ellrnmat(;u Insplratory rlbdornlrwl 

muscle relaxation ThiS resulted ln a loadlrlfj of the nb céHJe rnuscles 12871 /\11 of th(;'-,(! 

studies serve to emphaslze the apparent slgnlflcance of rcsplratory mu')c!(! functlon tn ttlf; 

perception of dyspnea 
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CHAPTER 8 METHODOLOGY 

111<, hypolhesI7ed Ihal hlgh levels of ventilation should be reached at lower perceived 

If~vels of dyspnrJa If rr:splratory muscle coordination Increases and the use of the 

dlaphranm-aCCf~SC;()' y rnllsclr~s IS optlmlzed Successful athletes ann/or CO PO patients 

should thfJrf'fore dlSplHy hlDh levels of ventilation al lower dyspnea. Hence we tested 

muscle coordlni'ltlon and ItS relatlonshlp to dyspnea ln groups of éJthletes, normal sedentary 

suoJer;ts and CO PO patients dunng hlgh levels of exercise Oyspnea was measured using 

Ihe Borq sc:alc Coordination was mferrcd VIFl esophageal and gastnc pressure SWings and 

cllest w, 'II-dbdomln':--11 dlspli'lcement dunng a progressive exerclse test on a cycle ergomete( 

T ,le: r(Jtloni1I(~ underlYlrlg thls hypothesls IS fourfold Flrst, dyc;pnea IS a quant!flable 

sensation whlch IS known to he proportlonal to the degree of InsplréJtory muscle actlvlty 

Second, COPO piltlent~) do have an Increased load to breathlng al rest as weil as al lower 

ver It"<ltory Ie;vr;!s duC' to the; nature of thf~lr d,seasr; Simllari y, athletes also are exposed to 

hlqhpr n~Splrdtory loads on a rcgular bclSIS when perforrTling training whlch requlres high 

levcl::, of ventilation Flnéllly. sedentary norrni'll subJects are not exposed to efther of these 

types of loadlllq CHI d reuular basls 

ln 01 der 10 Irlve~,II~Flte thls hypotllesls we tested flfteen male subJects Ali subJects 

~JélVC Inforrned COIlSPllt prlor to thelr partiCipation Four of the :3u,Jjects were normal, 

sedcntélry. nOIl-srnokers and wero farT1lllélr wlth resplratory studles Four were defilled as 

eilte athletcs. Ildvlnçl cnmpc!ed Hl thelr sport Internatloni311y and who underwent datly 

endur,mcc tr(lIr1ll1n (3 rowers, 1 cjcllst) Thr remalnlng seven subJects were class:fled as 

rnoderdt~ tn spvere COPO patients 

Prlor tn the study. ail subJocts performerl standardlzerl pulmonary funetlon tests, 

lIS lnn cl compact Vltc'lloWaph splrometer, to determme thelr forced Vital capaclly (FVC) and 

forced cxplrcd volume ln one second (FEV ,) The relationsillp of FEV/F-VC was thus 

ccllculatf'd Ali studled patlf'nts wele currently bplIlg followed at Notre Dame Hospital, 

Montreal, OUf'bf>c (md had lInder90neextensive testmg ln the pulrnonaryfunctlon laboratory 

pnor to thelr pdrtlclp\.ltlon III thls sludy Values of Total Lung Capaclty (TLC), FUlletlonal 

Reslducll C(lpdcity (FRC) and Resldual Volume (RV) were obtalned from the patients' 



('harts. Predlcted spirometnc values were obtained from standardllcd tables. based on the 

suüject's sex, age and helght [288,289] 

Immedlately pnor to exerclse testlng, patients were sent for <111 ~lectrocardlo~]rall1, 

whose results were venfied by a phySICléHl to enslIre ttlclr slIltélblllty for exercise testll10 

SubJeets were seated 011 a cycle er~Joflleter (N V Gorldrt, Hollclnd 111 H147.l) whcre 

a metal bar wlth ehest pads was adjllsted ,lnd pl,lced ln fr\)nt of tlH' suhject, l'fldhllllq them 

to lean agamst It for Improved stélbillzation and rllllllrlll7ation of body rnovC'nl('nl ,Hld pO!-.llIrcll 

changes The handlebars of Ihe ergometer were dlso st"L:lved 10 dccn'cl!-.e extrdlleOllS 

body movei.îÎ''lt [fig 8 11 

Subj8cts werc fltted wlth a headpleee to whlch a larne two WclV vdlvp WdS i1ttdctwd 

(Hans Rudolph Ine K::msas City, No 2700) A pflellrnotaeho~Jr(lph (Flpisch 110 :~) WdS 

connected to the !Ilsplratory port A rubbCI llollthplecc WdS corlll('ctpej to thf' vdlv(~ ,lIld 

!Ilserted !Ilto the slJbjeet's mouth 1 he prc'ssure qradlf:nt wlthlll the' plWlIlllOI.lchoqrdphw,l!-. 

measured via a VallcJylle pressure transducer (12 crnH20) For rTioflllorrnq pllrp(N'!-., flow 

was electronlcally IIltegrated to volume dnrl dlsrl<lyed on paper utill/rnq d II(wl(·t!-F\H,k,ml 

resplratory Integrator (8815A) SI9néli cfllrbr(llion WélS perfornH!d tn Illllllflli/(' dnft of tbr' tlow 

signai and the Inspira tory flow was set to aulomatlcrllly rp~n! ln () dl Ill(' ('rH! of (',)(,11 

inspiration Esophageal pressure (Pes) (rneasureu as <ln c~tllllrrtl()11 uf pl(!llrdl pr(,""~,llf{!) 

and gastnc pressurc (Pga) w(-;r(: rncflsuroc! !129,263,200) 1I'-; Il HJ cOIIIIIHm:I;Jlly dVdlldbln 

latex rubber balloons , 5 cm lonq, 0012-0015 cm ln Ihlckn(!,-;", :l50 cm III r;lrClIlTlfr'r(:llce 

and 1 11 crn ln dlameter (Medical Corporation, New Jersey), att<lchnd to 1 no cm Intr,HlH:dlc 

PE 200 non-radlopaque, non-toxle polyethylene tlJbln~J wlth a IUrTllnal dl,Hnct(!r of 1 40 mm. 

and outer dlarneter 0, 1 90 mm (Clay Adams, DIVISion of Redon Drcklfl~on and COlllp,Hly. 

New Jersey) The catheters were connected to sf:parate Valrdyne pn:S'-;IJff! trdfl<,ducms 

(t200 cmH20 for measurrnçJ esophaç)eal pressure; chanq(:s rmd t 250 crnH20 for rllCrlSllnrHJ 

gastrrc pressure changes) Ail pms~)LJre sl~Jnals wem dr;rnodulatr:d and arnpllfl(;d by 

Hewlett-Packard carrrer ampllflers (88058) Both balloons werr: IIIS(;rtr~d Vld thr; [lO,,(: mIn 

the stomaeh Placement of the esopha~J8i';l1 balloon was p(~rforrm!d by ~I()wly rf:trrH-tlnq thf: 

balloon as the subject snlffed When the pressure chan9f;s becarne rl(:uat1v(; tri dlr(;(Jlon 

as opposed to pOSitive and a basellne mstrng negallve pressure was obsf;rVf;d r291]. 



Figure 8 1 Expenmental setup showing a subject seated and secured to the cycle 
ergometer, with mouthplece, pneumotach, Pes and Pga balloons and 
Respitrace bands in place 
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the tubing was securely fastened at the nose via tape and a nose clip Core W,lS also tclkcll 

to place the esophageal balloon where the cardlac clrllfdct WélS flllnllllllPd This proc('dllr(' 

was performed by él physlclan at Nolrp Darne Hosrllal who had 

slgmflcant expenence ln accuralely posillonlfl~l Ih(' esophaÇJc,ll clnd Orlstne bcllloons 

The esophageal béliloon was fillcd wlth 2 ml of dlr, of wtll(:h 1 5 1111 WdS ttH'n 

removed, Icavlng 0 5 ml remalnlng The gastnc halloon WélS flll('cl wllh 1 ml of cm llw 

compllancy of the esophageal latex héllloon al Cl voillme of 0 5 1111 dS ,Hl clccppl;lhlp 

minimum unstretched volume was val!dütcd by the pulrno!ldry fUllctlOll Iclbordtory dt Notr(' 

Dame Hospital Normally. the gélstnc balloon IS thlckm than the esoph\l~l('dl hdlloOIl, 

however. slnce the gastnc halloon was not left ln the stornach for ,1 pr()lon~J!'d p('llod of tllJl(~, 

there was adequate resillence to gastnc secretions and thus, the utlh/ed bdllo()!l tllIck!l('ss 

was acceptable Tile polyethylene cdtheters wen: fouild to d('rnon~trclt(' d flelt frequellcy 

response up to 10 Hz Frequency spectral analyc.;ls of holh p(~S ,lIld P!ld :-,wln!js 

demonstrated that even dunng rnaXlrTllHTl exerclse. no freqllenclPs of (Illy pownr producnd 

exceeded 55Hz, thus validatlllq the uSclge of these catlwters 

Rib cage (Re) and abdommal (AB) excursions wem rnnasured VléI n~~..,plrdt(lry 

inductive plethysrnograpllY (Respllrace, Arnbulatory Monllonnf1, Ine , Wtllte Plcllns, N Y ) 

The upper edge of the nb cage band was placed al the nw!-axillary invel, abollt Illn <,(~c()nd 

to fourth Intercostal area, whde the upper edge of the abdornillili bdnd WilS placed dt the 

level of the lImblllClIS above the Illac nest [292] Both bands wcrc~ ti-lpPcj drHI ~('clJred 

ln place Respltrace sinnais were ampllfled llSlrlr] two Hewletl-Pc}(,kard rnedllHll qdln 

ampliflers (8802 A) for RC and AB sl(jnals respectlvely 

Ali sl~Jnals were dlsplayed on a H(!wletl-Packard 8 ctldnnel paper recorder (77~)B!\) 

and recorded on analog magnetlc tape (Hewletl-Packard instrumentation mcorder 396B!\) 

for future playback ancl computer analysls 

A four lead electroca rdlograrn was also utlllled, connected to éln o<,cliloscopn for ttlc 

monitOring of cardlac electncal actlvlty throughout the exerclse test for safnty rf!i:I"ons and 

an attendmg physlclan Wé:lS present thmur~hout the study 

Ali channels were callbrated prlor to beglnnll1g the exerClse test and callbrat(;d aqaln 

at the end of the seSSion, to mlnlmlze error and assure accuracy Once the S(~tlJp W(1" 
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complcteu, subjects were asked to perform a statlc maximum msplratory pressure 

manoeuvre (MIP) at funclional residual capaclly (FRe) wlth alrways closed, while ln the 

SP ed position on the ergometer This was repeated until consistent resulls were oblained 

SubJects were also asked ta perform a statle: maximum transdlaphragmatlc pressure 

manoeuvre (Pdl",,,,), also at functlonal resldual capaclty wlth alrways closed whlle seated 

The Pdl""" mé-lnoeuvre was perforrned as follows Subjects were flrst asked to maxlmally 

aclivate tllelr dlélphrarJm-abdomen by askmg them to "bear down as for defecatlon" While 

mallltiwlIng thls maximal expulslve effort, subJects were asked la perform a maximal 

Inspirdtory (Mueller) manoeuvre where they vigorously attempted to suck ln air agalnst a 

closed gloHls [293) This mi..tnoeuvre was repeated untd consistent results were 

oblamed 

The Respltrace was callbrated by havmg the subJects perform isovolume 

manoeuvres [133] 

Subjects were mformed that dunng the exerClse test, they would be asked 

pcnodlcally to rate "how short of breath" Ihey were on a modlfled Borg Scale [171], whlch 

was clcarly dlsplayed ln front of them They were Informed that they could choose any 

Ilumbcr, or fraction thmeof and 10 excllJde any other sensations (le 11mb pain) they mlght 

bc expenenclIlÇJ when they made ttlelr ralmg 

A penod of qUiet breathlllg was monltored untll ail signais had reached a steady 

statc SubJects th en began a progressive exercise lest, wlth 20 watt Increments ln workload 

Introduced every minute SubJects were requested to cycle at a constant rate of 40 RPM 

At the end of edch mlnule, pnor to the next Increase ln workload, heart rate was recorded 

ilnd suhjects wore ilsked 10 rate thelr level of hrealhjessness 

Subjects were encouraged to continue cycllng until exhaustion After cessation of 

the excrclse test, subjects were asked 10 continue to cycle al thelr own pace, and at the end 

of e.1ch rT1lnute, t~lclr lovel of breathlessness and pulse rate were agaln monltored The test 

nndcd when bath of these values reached thelr pre-exerclse restlng levels Although the 

ddtd recorded post-exerclse was not Included 111 the data analysls, the subJects performed 

Ihls "cool down" segment for safety reé'Jsons 
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8.1 Computer Analysis 

The signais of the flve recorded channels (Flow, Pes, Pga. RC, AB) wcrc dlgltcllly 

sam pied to a personal computer (IBM 386) llSlng a software, acqulsllton pdcktlÇlC (Lclbdclt 

Version 2.0), through an A\D Board (Natlonallnstrllments No MC-MIO-In) and st()rcd for 

future off-hne analysis The patlcnts' data was sarnpled clt 100 Hl, whercds Ole nOrllldls' 

and athletes' data were sam pied at 200 Hz, glven the extrernely rapld brcdthll1~l/('spons('s 

observed dunng maximum exerGIse Insplratory flow (V) was elcctncdlly IIlt('~lrclted to 

volume uSlIlg a software resplratory analysls program (Rcsp, wnttcll by Doun Wlqht, Notre 

Dame Hospital, 1991) and the transdiaphragmatlc pres~ure (Pdl) signai WdS cdlculdted by 

the followlng equatlon 

Pdl = Pga - Pes [129] (1) 

A breath by brealh analysls was perforrned on flve breaths of qUIet brcnthlilg pnor 

10 exercise, and on the last flve breaths of cacll consecutive minute of cxerClse at i1 Dlvell 

workload for each subject 

The followlng ventilation parameters were calclliated for each breclth, lItlÏllln! 1 0 flow 

as the beglnnlng of TI and the end of Insplratory flow as the end of TI IFloure 8 2a) 

insplratory Mal volume (Vt), Insplratory tlme (TI), explratory tlme (Tc), totdl lllTlP of the 

breath (T TO T)' the ventllatory dut Y cycle (TlfT 1(1)' frequency of breathll1!) ln m1() II1lnlJh~ (fb) 

by the followmg equatlon. 

fb = 60/ T TOI 

Aiso minute ventilation (VE) whereby 

VE = fb X Vt 

(2) 

(3) 

and minute ventilation normallzed for lung size and dlsease obstruction (VE/FVC) w(!r(! 

calculated. Each subject's mdlvldual maximum voluntary ventilation (MVV) was pr(JdlclfJd 

utilizing the equatlon 

MVV = FEV1 X 42 [258] (4 ) 

permittlng the estimation of the percentage of the subject's rnélXlmum ventila tory CApaCity 

that was being utllized dunng exercise (VE/MVV) 

Since the declille of Pes often precedes flow (pressure events can Of,cur prim tn thr; 

observation of a mechanical event), the followlllg pressure parameters were separatnly 
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rneasured, utlllzing the onset of the negatlve Pes sWing (when simultaneous changes ln Pga 

were observed) as the onset of the TI related to pre~sure and the end of TI as the point 

where Inspiratory flow ends [Figure 8.2b) peak to peak pleural pressure SWing (dPes), 

rnean ~Püs (~Pes), peak to pf'ak gélstnc pressure sWing (dPga), peak to peak 

transdl(jphrd~Jrndtlc pms<,ure (ilPdl), m~:;::H1 ~Pdl (~PaT), dPes normallzed by maximum 

Insplratory pressure fJcnemtnd at FRC (~Pes/MIP), t.Pe<; normallLed by the maximum 

cap<1CIty pres~)IJre the In<,plratory muscles are capa hie of produclng corrected for volurne 

and flow (~res/Pcdp) whlch éisslJmccl a progressive 10% rcductlon ln end explratory lung 

volume throuqhout the ('xercise run ln both normal and athletlc subJects [247], mean 

/j. Pes/Pcap (t. Pë-s/Pcap), the pressure dut Y cycle (Tin tot) and the pressure-tlme Index of 

the msplratory muscles (TT lM) where 

TT'M =~ PeS/Pcap X TIlT TOT (5) 

Also rneasured uSlng thls timing was il PClT/Pdl rnd., and the pressure-tlme index of the 

dlaphragm (TTeI ,) [2721 where 

TTd,=t. PCTT/Pdl rnM t... TIlT TOT (6) 

Two phélSCS of the onset of each InSplréltOry effort were also Identlfled The flrst was 

terrned tlle "Pr(~-Insplratory Flow" phase of trlsplrat.on and was deflned as the segment of 

lime between tlle onse! of ttlC negatlve Pes sWing and the onset of Insplratory flow The 

second was terrned the "Initiai Phase", and was defmed as the tlme between the onset of 

Insplrntory flow and the peak of the acceleratlon of the Insplmtory flow [fig 8 3] 

Furthcr parmncters were thus calculated Thesp, were the rate of change of Pes 

wlth respect ta tnne for the pre-msplratoryflow phase of Inspiration (ôPes/&t l'm·) and the 

Il1Itlol phase of tnsplratloll (t.Pcs/t.t) Slfnllarly, the rate of change of P~a wlth respect to 

tlme for the pre-Ill Spi rat ory fl(lw phase of IIlSplratlon (il Pga/ t. t PRr) and the Initiai phase of 

InSpiration (ô Pga/ ~ t) were calculated 

E,lCIl of !llP above ventilation and pressure values wh:ch were calculated for each 

of flve brC'dths at the end of each minute of exercise were then averaged utillztng Sigma plot 

(JcH1dcl SClentlflc, Version 4 1), glVlrlg the mean t 1 standard devlatlon (sd) of each 

rneasurcd par,Hlleter at a glven workload An analysis of variance between the three 

woups was perf(lrmed wlth Cl post Seheffe test F ratios <0 05 were consldered statlstically 
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signifieant For graphies purposes, signais were eonverted from Resp files to ASCII files. 

analyzed in 123 (Lotus Development Corporation, Release 201) and subseQuently plottcd 

utllizmg Sigma plot. 
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CHAPTER 9 RESUL TS 

The rcsults will be dlvlded Into three main sections 1 Anthropometrles,2 Oyspnea 

as a fundon of work, ventilation and pressure generation during progressive exercise and 

3 Mechamcs of breathlllg and coordination dunng progressive exercise. 

9 1 Anthropometries 

Indlvldual subJect data is provlded in Table 9.1 and Table 9.2 respectively. The 

mean age (I 1 standard devlation) of the patients was 62 t 10 years, the mean age of the 

normals was 37 15 years, while the mean age of the athletes was 22 f 1 years 

9.1 1 Pulmonary Function 

Ali rulrnonary fllllclion lests (PFT) of the normals ~Jnd athletes were within a norm~ 1 

range whcn Gomparcd to predlcted values The only exception was N 1 who presented wlth 

an FEV /FVC of f)!)o/'J Whpll consldf;flng the normal predlcted values for a male, aged 37 

and 175 cm Hl hPlnht (2B91. It IS found that N 1 's abnormally low FE:V /FVc ratio was directly 

due to hls extrernely hlOh mCdsured FVC (6 1511tres versus 5 00 litres predicted). HIS FEV I 

was compilrilble 10 that prcdlclcd (4 a litres) 

The CO PD ratlonts presented wlth slgnlflcant limitations ln ail aspects of pulmonary 

funcllon Flve pdllCllts wcre cIInlcally and functlonally dlagnosed as severely obstructed and 

Iwo as Illodcrtllcly obstructed based upon tholr Indlvldual FEV /FVC results The followlng 

vaillns are ,Hl aVCrti98 of ail seven COPO patients (l 1 standard deviatlon). FEV, (% 

predlctcd) 33 8 1158%, FEV/FVC 4097 J 1093%, and RV/TLC (% predlcted) 184.16 ± 

3594% 

9 1.2 Resplratory Muscle Strength 

The müllil group MaXimal Insplratory Pressure (MIP), generated agamst a closed 

glottls at FRC of bOlh norrnals and 8thletes were not slglllflcantly dlfferent, -13088 ±8 29 

crnH20 and -143 13 t 19 08 cmH20. p>O 05. The group mean MIP value of patients was 

signifie'" tly rcduced (-63 94 t 1881 cmH20, p<O 05) when compared ta bath the athletlc 
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SUBJECT AGE HT WT FEV, FE", 

(yrs) (cm) (kg) (1) (%Pred) 

P1 49 175 91 230 5540 

P2 49 167 54 065 17 30 

P3 73 16, 58 1 'J7 4230 

P4 67 177 
1 

84 102 2660 

1 
P5 70 160 71 072 2490 

PO 69 
1 

178 81 1 58 51 90 

1 P7 61 165 77 052 1850 

Mean "sd 02 ± 1 Ù 
170 '~~3 ,13 j 1 12 'O~3 3380,,1580 

-

Table 9.1 Patient Data 

FVC FEV,/FVC RVfTLC 

(1) (%) (%Pred) 

427 5400 14417 

240 2700 25231 

251 4260 17219 

260 3940 16745 

1 83 3950 19019 

289 5500 15869 

1 80 2889 20413 

261 ",083 4097,,1093 18416 ",35 94 

--

MIP 

(cmH20) 

-5070 

-4000 

-5000 

-6500 

-8316 

-9230 

-6643 

-B3 94 = 18 B1 

Pdim .. 

(cmH20) 

8653 

6246 

6000 

8019 

9941 

121 8 

6800 

8262.2225 

1 

en 
c..J 
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1 SUBJECT' AGE 1 HT 
- --------

WT FEV, FVC FEV,IFVC 1 MIP 

(yrs) 1 (cm) (kg) (1) (1) (%) (cmH20) 
1 1 

! 

~~ 1 ! 37 1 . 75 1 
72 . J 00 

1 

6 '5 35 CC 

1 

~ 133 CC 

N2 1 3S 1 181 1 76 419 527 ,900 <38 JO 

1 N3 .13 175 72 438 534 8200 -125 13 1 

1 

~. 
30 170 63 397 1 457 8680 -12240 

Mean ,srJ 37,5 176 ~5 71 ~6 4 14 ,0 19 1 5 ~' ~O 65 7830 ",940 -13088±829 
1 
1 

j' A1 21 188 86 595 705 1 8440 -120 OC 

A2 21 190 85 546 670 81 50 -135 00 

A3 23 176 1 75 490 570 8600 -16000 

A4 23 173 70 476 571 8340 -157 50 

ean tsd 22"1

1
182±9 79.8

1 
527 iO 55 629 ±O 69 8380.190 -14313 ±19 08 

!. -.J 

M 

Table 9.2 Normal Sedentary Subjects (N) and Athletes (A) 

1 
Pd 1.--

(cmH20) 

'9.1 CO 

204 Où 

16632 

15785 

18054,,21 97 

21000 

16964 

17860 

19540 

18841 ±17 92 

~ 

1 

, 

1 

e 

CT> 
~ 



and normal groups, Mean group MaXimal Transdlnphragmatlc Pressur('s (Pell"",J of hoth 

normals and athletes also were not slgnlflcantly dlfferent, 188 41 1 17 92 cmH2(Llild 180 54 

.t:21,97 cmH20, whereas the mean Pdl rn,,, value of the patient group W,lS slUlllflcdntly 

reduced,82 62 122 24 cmH20, p<O 05 The range of Pd 1""" values wlthtn the patl('llt nroup 

was 60 00 to 121,8 cmH20 

9.2 The Relatlonship of Dyspnea to Work 

9.2.1 Dyspnea as a Function of Workload (Watts) 

The athletic group reaehed a statlstlcally hlgher rneéln Icvel of absolutc work 

(measured ln watts) at maXlrJlum excrClse, range 320-400 W(ltts, them both thf' Ilormal 

group, range 200-320 watts and patlPnt group, range 40-120 wélttS, p<() O[) Slllef! Ill(' 

work!oad was Increased at one minute Intervals ln (III SLJhlccts, é1thletes clbo dt!1ll0Ilstrdh:d 

much longer endurance tlme, range 17 to 21 minutes, when cornpilred 10 !Il(' normal 

subjects, range 11 tl) 17 minutes, and the patients, :1 to 7 tlllnlltf:S 

The mean maximum percelved dyspnea at rnaXlnlUrn cxcrcise cl" reltt'cf 011 the 8or~J 

scale was not dlfferent amongst the athletlc group (7 50 1 1 gO), nornlcll oroup (750 1 1 7,i) 

or patient group (600 t 1 73), p>O 05 

Mean group dyspnea was examlned as a functlon of the workloi1d rnoasmnd III Weill" 

(W) [fig 9 1.a] Ail groups demonstrated a curvllinoar reiaii(lfl!,illP of dySprH!d to work 

There was no dlfference between mean group dyspnea values at qllld hmilthlllq of Iiw 

athletle, normal and patient groups, p>O 05 Il should be notp.d, thouqh, thill four of \tH: 

seven patients dld present wlth sllght dyspn8a at .-est (2 wlth il cJyspnod r'ltlflq of 1, 1 Will! 

a dyspnea ratlrlg of 2) DUring the p.xerclse test péltlents poru;lved slqnlflc;Hltly 11Iqllr:r 

dyspnea than elther the normals or athletes from the pOint when nh:,o!tJI(! worklorld W(J<' 

inereased to 20 watts to the POint wh8n exerc.ise was ceascd, p<O O[j TtH: alhl(;lr;', and 

normal subJects presented wlth slmllar dyspnea ratmqs from 0 W to 120 W, Ilow(;v(:r, from 

140 W to maximum exerClse, normal subjecls pmcelved hlqhr:r If:V(:ls of dy(,pnr!iJ thilll IIH: 

athletle group for a glven level of work, p<O 05 
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9.2.~ Dyspnea as a funclion of Workload (% Maximum) 

Indlvldual sublcct's dyspnea was examined a3 a functlon of workload, normalized 

as a p(~rcentage ~)f lhe maximum workload achleved by lhat subJect [fig 9.1 b] Workload 

was normallzed ln order 10 examine the dyspnea response observed relative to what 

p(~rcentage of the Indlvldua/'s maximum workload capacity he was exercislng at 

Ali sLJbJecls dernonstrated a curv,lInear relatlonshlp of dyspnea to normahzed 

workload No dlfference eXlsted between anygroups from 0% to 100% maxlm:..Jm workk)ad, 

p>O 05 

The response rate of dyspnea to workload IS deflned as the rate of change of 

dysrnea per a glven change ln work The response rate was assessed by plottlng the 

dyspnerl scores on rl cornmon loganthmlc (log) sc?,le versus the % of achleved maximum 

warkload A "1" was adrled ta ail dyspnea scores for ail subJects to permit a loganthmlc 

élllalysis ThiS mélthemntlcal addition would Ilot change the slope of the dyspnea/% 

mé'lXlmum workloild relatlonshl p but permltted the logarithmlc anillysis of 0 dyspneil values 

Tho relatlonshlp of the commoll log of dyspnea to workload (% maximum) WrJ5 hnear 

ln ail sub)ccts (rnoélns t 1 sel of the regresslon coefficients were 0 95 10 05, 0 97 j 0 01, 

096 t 004 for the iltllietes, normals and pé1tlents respectlvely) [fig 9 1.c] The slope of 

eélch mdlvldudl regresslon Ilne represents the response rate of dyspnea to work (% 

maxllnurn) Ali éltllictos presented wlth Simllar response rates (0 83 :t 009) Three of the 

four norrnals presented wlth very simllar response rates (1 00 1004) however one normal 

sub)ect (N3) presented wlth El very low response rate (0 72) whlch was simllar to the 

athletes The patient group presented w!th a slgniflcantly lower response rate (0.57 10.18) 

thûn elther normals or athletes (p<O 05) 

9.3 The Relationshlp of Minute Ventilation and Work 

9.3 1 Minute Ventilation as a Function of Work 

At rost, minute ventlliltlon (VE) was exalllined and no dlfferencewas found between 

the ûUlldlC group. 10 B1 t 333 IlIllin, the normal group, 12.89 :t 389 I/min, or patient group 

12 70 14 19 I/mlll, p>O 05 
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Imtlally, \tE was plotted as a functlon of workload measllred ln élbsolute W,ltts (fig 

9 2.a]. Nu dlfference ln mean VE existed between the normals tlno athl('tps ,lt ,illY Ipve!s 

of absolute workload up to 240 watts At extremely I1lgh levcls of work, nr~(lt('r tll<ln 240 

watts, normals demonstrated slgnlflcantly hlgher mean venlilatlon IHVds, p<O O:i PcltlPl1tS 

presented wlth simllar mean \tE for the flrst flve levels of rncdsurcd work (0 ln HO W), 

however at >80 W, patients presented wlth slgnlflcantly hlgl1er rlledn Vl thrln cltlwr lIorlllllls 

or athletes, p<O 05 

When assesslng the maximum value of VE achleved at maximum exerClse, r1tl1lctcs 

and normals reached slmilar values of VE, 13809 129 491/mlll and 102 56 13:~ 51 1/111111, 

whereas patients achleved lower values of VE, 35 26 ! 1620 I/mll1, p<O 05 

9.3.2 Normalized Minute Ventilation as a Function of Work 

VE was normali7ed for lung volume by dlvldlng VE by the Indlvlcluals' Forced Vltdl 

Capacltles (FVC). At qu.et breathlflg, no dlfference eXlsted between athletes and normélls 

mean VE/FVC, 1 73 10 59 and 2 41 t 0 60, however, patients prescnted wlth a slf}nlflcantly 

hlgher mean VE/FVC at rest, 522 1234, p<O 05 Ali groups, however, rCdchnd SlIllilm 

maximum VE/FVC, 22 04 t 490 sec, 19 13 1551 sec, 13 61 14 94 sec for Ihe dlhletlc, 

normal and patient group respectlvely, p>O 05 

Mean VE/FVC versus absoluteworkload measured 111 watts (W~ was plotted for (!il(,h 

group [fig 9.2.b] Ali groups demonstrated a cllrvlltnear relatlonshlp of VI· /FVC 10 work 

Patients presented wlth signlflcantly hlgher VE/FVC than athletes and nOrrTwl.., dt dlll(~vd) 

of absolute workload Athletes and normals presented wlth slrTlilar VI /FVC from () to 140 

watts However at >160 watts, neanng the maximum worl<load adll(!v(!d by norrnal 

subjects, the VE/FVC of the normal group became slgnlflcantly tllqhm thwl tllr! ;ltlll(!I(~s, 

p<O 05 

9.3.3 Normalized Minute Ventilation as a Function of Workload (% MaXimum) 

The mean Vr::/FVC of Indlvldual subJects was expressr~d as fi fUllcl!on of ttH~ iÜJ'-,ollJlf! 

workload in watts, normalized as a pcrcenlage of tne maximum workload ln wf:ltls il(,IlI(~ved 

by each subJect [fig 9 2 c] Ali subJects demonstrated a curvlllnr:ar r(~latl()w.tllp of VI /FVC 
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to work (% maximum) No dlfference eXlsted between the mean \JE/FVe of the athletic or 

normal groups at any level of normalized workload. Compann(:J the athletic and normal 

~lrolJps to the patients, the patlont group demonstrated hlgher \JE/FVe from 0 to 20%, 

IJ<O OS, but thereafter, simllar VE/FVe up ta 100% of thelr maximum warkloads, p>0.05 

The rate of Increase of \JE/FVC wlth respect to normallzed workload was exammed 

by plottmg Vf:!FVC on a common loganthmlc scale versus % maximum workload. Ali 

groups dcmons1rated a POSitive, linear relatlonshlp, mean correlation coeffiCients of 0 99 

t 0 00, 0 n7 1 () 02,097 1003 for the athletlc, normal and patient groups respectlvely. The 

rate of IIlcrCéJse of Vl/FVC wlth IIlcreaslIlg workload expressed as a % of maximum was 

sunllar between the normal and athletlc groups, a 84 tO 16 and 0 97 :t 0 11, however was 

sl(Jnlflcdntly lowcr ln the patient group, 0.36 10.13, p<O 05. 

9.4 Dyspnca as a Function of Minute Ventilation 

Dyspnea was plotted as a funetlon of VE normallzed by FVe for each mdividual 

subJect [fig 9.2 d] Ail subJ8c1s dernonstrated a pOSitive, hnear relationship betwéen 

dyspnca and VE/FVC, mean correlation coeffiCients of 0 97 1:003, 0 97 1:002 and 091 

1009 for the athletlG, normal and patients groups respectlvely The mean response rates 

of clyspnea to chan~ws ln VE/FVC (slopes of the regression Ilnes) were also simllar; 0.34 

1008, 045 1007, 087 1052 for tile athletlc, normal and patient groups respectlvely, 

p>O 05 However, as observee!, a large vanatlon ln response rates eXlsted wlth in the patient 

~Jroup Tht' mnoe of rcsponse mtes wlth1fl the patient group was 0.41 to 1 80. This 

dernonstrates ttl.}t dlthough sOnle patients dld present wlth simllar response rates as the 

éltl1letos élild n orlll ab , other pdtlents dernonstrated much hlgher dyspnea response rates 

to Illcrcdsmg ventilation norrnali7ed for lung size [fig 9 2 d] 

Il IS Intngllinn to sec that as a group, patients, normals and athletes can reach very 

dlftelent levels of ventllé'ltlon [fig 9.2.a], however, when that ventilation (\tE) is normallzed 

for IlHlÇJ sILe (Vr:/FVC), slglllficant overlap eXlsts wlthin indlvldual subjects' dyspnea 

rf'sponses Independélnt If the subJect IS ail ellte athlete, normal or CO PO patient. 



9.5 Minute Ventilation Normaltzed as a Percentage of Reserve Capacity 

9.5.1 \tE/MW as a Function of Work 

73 

ln order to determme what percentag8 of thelr maXHnUnl dyllclflllC vPlltllôtory 

capacity was belng utillzed throughout the exerclse test, subject's Ve W,lS norrllali/ed as d 

percentage of thelr predlcted maximum voluntary ventilation (MVV) At qUlct br(>athlll~l, th(' 

athletic and normal groups presented wlth simllar rnean VE/MW, 4 94 1 1 74 <j(, ,lIld 7 47 

±2 39% respectlvely, wh Ile the rallent group presented wlth a s!~Jnlflcilntly hlnher Ill('dn 

VE/MW at rest, 3218 1: 1860%, p<O 05 At maXUlllJln exerClse, ail ~lrollpS dcrnoll~trdted 

simllar mean maximum VE/MVV, 58 15 1 14 67%,5926 1 2000% <lnd B 1 24 1 ]2 72%, 

for the athletlc, normal and patient groups respectlvely Once d~ldlll, d I(H~Je VdrlilPCP 

eXlsted wlthm the patient group, range 4538% to 135 75% Tl1ls Illdlcclted thelt whll!' ~(HIH' 

patients were utllizmg simllar percentages of thelr maXlmlJm vcntlldtory Cc1pdclty dS tll(' 

athletes and normals dunng maximum exerClse, other patlcnb III III lite V<'lltlliltory lev(!b 

were far ln excess of the defmed mi'lXlnlum sustalnable vcntllatory l('v('1 of 60(;;. MVV 

Group mean VE/MVV values were plotted versus ahsolulc workload 1I1('d~IlWd 111 

watts (W) [fig 9 3 a]. Ali groups demonstrated a curvlllllcar reléltlonstll p of VI IMVV to 

absolute work Patients presented wlth slgmflcantly hlghcr VLlMVV at .III Icvcls of db~olllt(; 

work, p<O 05 Athletes and normals presented wlth Slrnlldr Vf.::JMVV from 0 W tn 120 W 

However, at > 120 W, normals'mean VE/MVV was slgnlflcantly hlghcr ilt (!()ch level of work 

up to maximum warkloads, p<O 05 

9.5.2 \tE/MW as a Function of Workload (% maximum) 

Indlvldual suhJect's mean Vr::/MW were exprec;c;cd as a functJop of workloild 

normallzed as a percentaDe of the maximum workload achleved by each SIJb)Dct [fin 9 3 hl 

Please refer to section 9 2.2 for the purpoc;c for nnrrnéll171nq workload ln thl~ rTldrlllU 

Ali subJects demonstrated a clJrvlllnear rdatlonst1lp of Vr-/MVV tn nnrrnalt/(:d work 

(% maximum) No dlfference eXlsted betwcen the mf!an VI /MVV ()f the élthletlc or nrJnllil1 

groups at any level The patient qroup cJf~monstrated slgnlflGmtly hlqh(:r rnr:;:lrI \Ir /MVV nnly 

up 10 40% of maximum work 

The rate of increase of VE/MW wlth respect to norrmll1(:d workload war~ f:xilrnlnf:d 
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by plottlng the common loganthmlc relationshlp of \JE/MW versus normalized workload (% 

mnximum) for each Indlvldual subJect [fig 9.3.c] Ail groups demonstrated positive Ilnear 

relallonshlps, mean correlation coefficients of 099 i 0 00,0.97 tO 02 and 096 iO 03 for the 

dthletes, normale; and patients respectlvely The rate of Increase of VE/MW was simllar 

betwecn th(~ no rrnf-l 1 and athletle groups, 0 01 1000 and 001 lO 00, however patients 

pmsf!nled witt! ~Iqnlflcanlly lower mean raies of Increase of \JE/MVV wlth rncreaslng levels 

of normallzed workload, 0 004 1000, p<O 05 

9.6 Dyspnea as a Function of VE/MVV 

Dyspneé] was plotted as a funetlon of VE/MW for indlvldual subjects [fig 9.3.d] Ali 

SIJb)cds demonstmlcd a positive Imerir relatlonshlp between dyspnea and VE/MW; mean 

flrouP correlation coefficients of 0 97 f 003, 0 97 f 0 02 and 0 92 10 08 for the athletes, 

norrnals ami pollents respectlvely Response rates of dyspnea 10 Increases ln VE/MW 

(slopes of Ih() rcgresslon "nes) were olso slmllar between athletlc, normal and patient 

woups, 0 12 10 030 15 10 02 and 0 13 lÜ.Og, p>O 05 Simllar to the observed dyspnea 

msponses to VE/FVC of subJecIs, overlap also existed between Indlvldual subject's 

rosponse rates when dyspnea was related to ventilation, normalrzed by thelr ventilatory 

ms.erve capaclty 

97 The Relationship of Dyspnea ta Pleural Pressure Changes 

Thp analysis of the relatlonshlp of dyspnea to pleural pressure changes consists of 

reqresslon al1éllysls of the relatlonshlps between changes in Indivldual subJect's dyspnea 

levels 10 chanÇJcs III IIlSplratory pleural pressure sWings (ôPes) Values of ôPes are also 

cOlllpared. bolll at qUIet breathing and al maximum exercise for each of the three subject 

nroups 

9 7 1 tl Pcs Normalrzed by Maximal Inspiratory Pressure (MIP) 

Prevlous rnvestlgators hdve normallzed pleural pressure changes by expressing 

ûPes as d pf'rCentélge of the Maximal Insplratory Pressure (MIP). At qUiet breathing, 
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atllietes and normal subjects presented Wllh slnlllar â Pes/MIP, 0 04 t 0 01 dlHi (104 t (101. 

p<O 05, Patients were generaling slgnlflcantly hlgher ,lPes/MIP al qUIPt brelllhln~1, 0 1 H 

±O.08 At maximum exerClse, the athletlc and normal groups l)r€~s('nted Wllh Slllllldr 111(',111 

ÂPes/MIP, 028 :tO 09 and 025 1004 The pallent group prpscnl('d Wlth II ~,Iqlllflc.mtly 

hlgher mean âPesJMIP, 0 54 1021, p<O 05 As nated. a Iclrge VdrrtlnCp l'xlsled wlthll1 ttH~ 

patient group, Patient 6 reached a maxlmum~Pes/MIP vlliue of () 27, sll1l1l,lr tn bolh 

athletes and normals Whereas, at the atller E'xtreme, F2 reclch('d il IlltlXI 111l1l11 L\ P('s/MIP 

of 0 92, 

Dyspnea was plotted liS a funetlon of ~Püs/MIP for ~rlcll 1I1(!IVldudl Indlvlduell 

regresslon Imes for thls relatlonshlp are presented [iig 9 4 a] 1\11 sublects r!('JlloJ!strd!pd 

a positive, Irnenr (elatlonshlp between Dyspnea ilmi ~P(")<;/MIP, mean DrouP le~ln'~<;loll 

coefficients of 0 97 1. 0 01, 0 97 t 0 02, 0 87 t 0 1 1 for the rlthlPlIC, 1l0rllld 1 and pdt" 'Il t qroup~ 

respectlvely ThiS relatlonshlp represents the subJCct's dysplled rC':-,porN' t() pl('tlr,ll 

pressure changes. 

Much variation eXlsted, wlthrn dnd between WOlJpS whül1 dyspned re~p()m'(!~1 tn 

pleural pressure changes were compared Glven thls V<lrléltlon, the dal;:] WéI~ analy/(!d 

accordmg to the f0110wlng enterra Wlthln each group, a cut off reSrOIl~!; rate of 40 Wrl'1 '11'1 

Therefore any subJects wlth dy&pnea responses ahove 40 wCI-e da~slfl(!d (l~ hlqll dY~PIl(!ii 

responders, whereas any subJects wlthln that group wlth dyspnüa msponsns Ins~ tlldll 40 

were deemed low dyspnea responders 

9.7.1.1 Dyspnea Response to â Pes/MIP of Athletes 

Ali four athletes presented wlth dyspnea responses whlch clas~lflf!d th(m] iJ~ l(jw 

dyspnea responders, mean group dyspnea response of 28 4 t 6 4 

9.7,1,2 Dyspnea Response to il Pes/MIP of Normals 

Two of the four normals (N1, N2) presented wlth hlgh dy~pfl(;d r(~~,p(jI1')(;:>, 

slgnlflcantly greater than the athletes, mean response rate of 45 14 1 1 4f), p<"O O~ Th(; Iw() 
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remainmg normals (N3,N4) presented wlth low responsc reltes of 23 44 cllld 2~) nl}, sllllil,lr 

to that of the athletlc group 

9.7 1.3 Dyspnea Response ta ilPes/MIP of Patients 

Ali patients presented wlth dy~pnec1 responses wlllcll were cldsslfled ,IS low 

responses, group mean of 17 03 ,960, SHlliim to the athletic group, normal stlbJnct low 

dyspnea responders, but slgnlflî,ilntly lower than the two nornlill sllbwct~~ WllO wer(' 

classlfled as hlgh dyspnc;J responders, p<O 05 

What was mterestlrlg was that wlthm ttH~ patient group, éI wlde rd,l~Jc of rf'spOlls<,s 

dld eXlst ln fact, flve of the seven patlf:nts (P1, P2, P4, P5, P7) prf'snl1tpd wlth vpry low 

response rates, mean of 11 69 t 333 whlle the remalrllng two patients (P:~,P!») pn'sPlltpd 

wlth much hlgher response rates, mean 30 ':17 13 15 50, ln terrns of !tu; dnflllltlOI1 of hlqh 

and low response, fiS a group, the patients wcrc dcflned as low rcspon(kr~, how('Vprwlthlll 

the patient group. It appears that two distinct responsc patterns é11~() P'XI~tPd 

9.7.2 ilPes Normahzed by the Maximum Pressure Generatm!} CapaGlty of the 
Inspiratory Muscles dunng Exerclse 

ilPes was expressed as a functlon of Pcap At qUiet hr('atlllnq, tll() ilthl('IIC dml 

normal groups presentcd wlth simllar mctln il Pes/Pcdp of 005 1002 élnd () 04 1001 

respectlvely, p>O 05 The p<ltlent grou p demCJ[îstrated slqn Iflcdntly hl~llwr L\ Pr !~)/r:>colr (II 

quiet breathlllg, 021 1009, p<O 05 At maXlillum exe;rClse, the dthldlC iHHlllOrrTldl qrollp"" 

demonstrated simllar mean il Pes/Peap, () 45 10 17 imd 0:14 10 (n, p<O 0:> Pdll(!flt..., 

presented wlth slgnlflcantly hlgher mCcHl /j. Pes/Pr-,tP wtwn compmed Ir) tlH! [lOrrnill qroup, 

p<O 05, but simllar mean ilPes/PCélp when comparf!d to the athlr!tlc qrClIJp, 0 G:l 1 () 24, 

p>0.05 However, a large varlémce eXlsted wlthln the pallf'nt qrolJp Po n!rldlf!d (1 

maximum il Pes/Pcap value of 034, simlli'lr to both athlf!tes and norm(-Jis When!as, (JI HH; 

other extreme, P2 reached a maximum il Pes/Pcap of 1 01 far ln excess of that achlr)VrJd by 

any normal or athlete 

The relatlonshlp between dyspnea and il Pes/Pcap was asscssfJd InrJlvldlJfll 

regression Ilr es of thls relationshlp for each indlvldual SUbJ8ct are plottnd lfig 94 bJ l\ 
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pO!-'ltlvr:, j m(Jar relatlonshl r existed between dyspnea and ~ Pes/Pcap for ail subject groups, 

rnnan r:orrelallon coefficients of 0 95 j 001,0 95 tO 02,087 iO 11 for the athletes, normals 

and patients r(:<,pecllvely 

The dyspnea response rates of both dlhlctes and normals were statlstlca Ily lower 

whün usmq Pc..ar normallzatlon for L\ Pes versus MI? normallzatlon, p<O 05 Although the 

dyspne21 rc';pollse rates werc lower for both low and high responding patients wlth Pcap 

norrnall7atlon, the dlfferences ln response rates when compared to MIP normallzatlonwere 

not slgmflcant, p>O 05 

SI mtlnr to observations rnade wlth MI P norrna "zatlon, a lot of variation eXlsted, withi n 

and bntwf:cn Uroups wh en dyspnea responses to pleural pressure changes, normallzed by 

Pcap, wer(; cornpared 

ln order compare varyinq dysrlllea respunse rates, not only between groups but 

wlthlrl WO\Jp!-' <lS weil, Cl ncw lower cul off response rate of 25 was set, to compensate for 

the ~)tdtlstlr,(llly lowcr responsc rates observed ln athletes and normals wlth Pcap 

normall7atlofl Thcrefore any subJPcts wlth dyspnca responses above 25 were classifled 

as I1lnh dyspnca responders, whereas <1ny sUbJects wlth dyspnea responses Jess than 25 

werc deemed low dyspnea responders 

9.72 Î Dyspnca Rcsponsc to 11 Pes/Pcap of Athletes 

Ali athletes (A 1, A2, A3, A4) presented with slmilar dyspnea responses below 25, 

mean 18 30 13 50, and therefore werc class'fled as "Iow dyspnea responders". 

9.72 2 Dyspne.l Response to 11 Pes/Pcap of Normals 

Two of the four normélls (N 1, N2) presented wlth dyspnea responses above 25, 

rnean valuf' o~ 27 45 t 1 48, whlch IS slgnlflcantly hlgher than the rnoan response of the 

dthlctlC group. p<O 05 Therefore, N1 and N2 Will be referred to as "hlgh dyspnea 

responders" ln ail subsequent anéllysis Two of the four normals (N3, N4) presented with 

simllnr dyspnea responses below 25 as the athletes, mean of 18 70 :i 0 26, p>O 05 and 

therefore are referred tn as "Iow dyspnca responders" 111 ail subsequent analysls. 
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9 723 Dyspnea Rcsponse to ~Pes/Pcap of Patients 

As a group, the COPD patients ail presented wlth dyspnea response rates below 25 

Il 15 observed, though, that much variation ln dyspneü response eXlsted wlthm thls patient 

fJroup ln far.t, flve of the seven patients (P1'p2,P4'p5,P7) presented wlth extremely low 

dyspnca responsf!s, c,tatlstlcally lower than the athletlc yroup or low respondlng normals, 

rncan B W5 1 1 51, p<O 05 It VI/as therefore proposed that althouClh ail patients presented 

wlth a "Iow dyspnea r(~sponse" ~Jlvcn the i'lbove mentioned criteria, that patients as a distinct 

group may rJlsplay hoth "Iow" and "hlrJh" dyspnea responses Indeed, the remalnlng two 

patients (P3,P6) prcscnt(~d wlth statlstlcally hlgher dyspnea response rates, mean 2253 

10 15, when cornparcd to the lowor rt'spondlng patients 

f-="uture results foclJS upon the resplratory rnuscle coordmatl0n and whether an 

Indlvldual subj(~ct's ddopted breathlng pattern uppears to have any relationshlp to hls 

obs(~rvcd dyspnei'l rcsponse rate to changes ln pleural pressure normallzed by Pcap ln 

order ta fal,IIItélt(! thls anéllysls, and based upon the above results the followlng deflnltlon Will 

be uSf'~i throuDhout the rpmalnderof tbls thesis Wlthlrl the athletlc and normal groups, ail 

dthletes ilrc tmrned low dyspnen rcsponders (LOR), and N3 and N4 are also referred to as 

low dyspn~n responders (LOR) N1 and N2 Will be referred to as hlgh dyspnea responders 

The patient fJroup Will he treated as distinct, therefore wlthm that group P1 ,P2 ,P4,P5, P7 will 

be referred tn as low dyspnea rcsponders whereas P3,P6 Will be referred ta as hlgh 

dyspne(l responders 

9.7 3 Validityof Regression Analysis ln Predicted Maximum Achieved ~ Pes/Pcap 
Values 

The clctual mCélsured m,lXImUfTl ~ Pes/Pcap arhleved by Indlvldual subJects was 

compdred to that prcclldcd hy Ilnear regresslon analysis Ali subJects' actual maximum 

~ Pes/PCilp values wcrc wlthm 0 10 of that predlcted by linear regresslon (the dyspnea 

rcsponse) wlth the folloWII1!] exceptions [fig 9 5] 

1 N4 The rqJrC'sslon Ilne overestlmates hls maximum achleved il Pes/Pcap by 0 17 

2 P1 Tt1e rE'grcsslon Ime overestlmates hls maximum achleved il Pes/Pcap by 0 26 

Both of these subjects demonstrated a change ln thelr response patterns mldway 
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throuqh the exmr;lse test At approxlmately 75% of hls maximum exercise level achleved, 

N4 no l(Jn~Jer flchlcvcd slgnlflcant increases ln 11 Pes/Peap, despite furth8r increasing 

dyspnea P1 demonstrated a simllar pattern, whereby at 60% of hls maximum exercise 

Icvel arJlIeved, dyspnea Increased at an accelerated rate desplte smaller changes ln 

IlPes/Pcap 

9.8 Analysis of "Pre-Inspiratory Flow" Pre5sure Generation 

A combmed four parameter graph IS presented ln Figure 9.6 For eaeh of the four 

relfltlonshlps prpsentcd, the reqresslon /Ines for each Ind./ldualsubJect are presented. In 

the upper nght quadrant, the relatlonshlp of Dyspnea to end explratory pleL!ral pressure 

(EEP) meflstJred ln cmH20 IS plotted The lower nght quadrant plots IIldlvlduals' 

rclatlonshlps between E:EP and the rate of change of pleural pressur8 (prlor to the nnset of 

IflSplratory f1ow) wlth respect to tlme (Il Pes/Il I)[)[" ' measured ln cmH20/second The upper 

Idt qUé'ldrant plots Dyspnea as a functlon of the rate of change of gastnc rxessure (pnor to 

thl onset of In~plratoryflow) wlth respect to tlme (11 Pga/ll t)f1Hl ' measured ln cmH20/second. 

The Inwcr left quadrant plots the rel"ltlonshlps between (Il. Pes/Il t)PRE versus (Il. Pga/ Il. t)PF-:E' 

Numencé'll véilues (rnean , sd) for each subject for ench of the four variables at quiet 

breatl tlnu and at maximum exercise are presented m Table 9 3 

9.8.1 Dyspnea versus EEP [Figure 9 6, upper nght] 

Changes Ifl EEP can result from changes in either end expiratory lung volume 

(EELV), Increased CXplr<ltOry muscle recrultment or a comblnatlon of both Observed 

chnnge~ 111 EEP occur dunng exorCise, both ln normal, athlellc and COPD subjects These 

changes III EE P Will dlrectly effect the mugnltude of ti ,e load placed upon the mspiratory 

ml/sc/es for the ncxt msplratory effort The purposc of the followlng analysis was not to 

Implya enlisai effect between EEP and dyspnea, but rather as a method to Infer how much 

laad was plac:ed upon the II1Splratory muscles and whether changes ln thls loadmg pattern 

affected dyspnea 

At qUiet ~reathmg, no dlfference existed between the measured EEP of athletes and 

normals, -280 ,237 cmH20 and -5 82 f:3 98 cmH20. Patients as a group presented with 



llPgo/l:J.t", 
(cmH20/sec) 

\ 

, 1 1 1 1 

" > 

\ \ \ 

" \ 

Dyspneo 

'0 

9 

8 

7 

6 

5 

4 

3 

2 

, , 

ri l' 
(rmlt70) 

---+--~--+-~~~4---~--~---~--~---~ 
0 

-300 -250 -200 -'50 -'00 -50 0 50 -'0 70 7~ 

/ 

Figure 9 6 

0 

-50 

-'DO 

-,:lO 

-ZOO 

-250 

-300 

-350 

ô.Pes/6t ... 
(cmH20!sec) 

Lines plotted represent the Ilncor rcgresslofl 
for each ,ndiv,dual subJect for each of 
the four presented relationships Solid lin/:" 
E--- --) represent a t hletes. doshed lines 
(- - - - - -) :-epresent normal subJect~) ond dot ted 
lines ( .) represent COPD patient', Sec 
text fo"- a detailed description of eoch plot 

84 



e 

OB MAX 
OB '.4t.,)t 

SUBJECT EE::> (cmr-i20) EEt=J \cm~2';1 
Dfspnea :::ljSD'1ea 

1 

1 

'Tlean ~sd mea n ~sd 
1 
1 

1 

Al Cl 95 -0..! 1 te 42 22 '34 !;...! 74 

1 1 
A2 J 4 !) ·1:;;'.Ct30 ;: 3 ~ 1329 1 

A3 0 SO ·5 S8 .044 ~ 01 :347 

A4 0 70 ·372.076 1294.401 

Nl 0 90 -342 .1 28 591 .2SL 

N2 0 80 ·199 tO 50 10 82 t 1 22 

N3 0 50 -10 90 .048 603.448 

N4 0 80 -695 1026 314.450 

P1 0 70 -074.029 11451325 

P2 0 70 -1 16 tO 72 1496 t436 

P3 0 50 -3 18 ± 1 41 -020 .. 266 

P4 1 0 50 -109.096 1679.100 

PS 1 0 50 1 62 .1 13 554 .086 

P6 20 90 -095 i1 02 692 .. 292 

Pl 20 40 -020 tO 20 902 tl 12 
----_ ... _- - - ~ ------ -- --_._--_. __ .-

Table 9_3 

--

Q3 1\ 1 J.\X 

j.°es. .:l."_e .l ;:)e s. :l to~= 

u:rr"""420 sec' 
1 ..:....,r.::~O sec) 

'1'fl'1 !S~ r'ea n tSd 

') 8(' !; = :'2 1 -.::S S0 .t ;:..- 5~4 1 

1 
1 

1 
~l :12 t: :t1~' 1 -~j..!.25 t.39 15 

1 1 o C"] tO CO -' 27 élC t/513 

J 00 .200 ·3J4 57 t13021 

o CIO tO 00 -9196.4387 

000 tO 00 -14002 t 48 87 

000 .000 -10126 .4526 

000 tO 00 -3701 t2589 

000 tO 00 -268 30 tJg 41 

000 tO 00 -19224 .2752 

-9346 .. 1243 -9004 .. 2 21 

-2012 .11 63 -14979 .2325 

-3012 t649 -77 60 .820 

000 ta 00 -5893 .2264 

000 ta ()() -1 02 90 t 12 84 

JB 

j.::>ga .:l.:"_e 

\::..,...,o..-t20 sec' 

r1"1è3P tSd 

:..' :11..'" t :: (' .., 
1 

1 

~~I ,-\0 ~ J __ 1: i 
1 
1 
1 

-2XJ tJ~)(1 

J JoJ t ,1 ~'Ù 

000.0ClO 

OOOt(100 

000 .000 

OOOtOOO 

000 tOOO 

000,000 

1 
-1222 ,3957 

-'13 ,1125 

-2527 ,G 51 

000 .000 

OOOtOOO 

e 

---, 
\~>\ \ 

.lP,l:J . .:l.l--: 

.,:-.--.......J :: ... 1 s.e,,-~ 'i 

r't'lJ" 1SJ 

-~t'8-~ "t~":::~ 

-;:<4 5\.'" t.x..1 ..... J 

-~t3 -4 t34 ..!2 

-4554 t -; 35 

-04 53 t5- 77 

-6851 12474 

-104 26 • .l13 98 

::.-: g8 .29 50 

-53 tî8 .4:< 98 

-130 98 .2818 

-485 ,44 :<4 

-4672 ,7 5G 

-51 24 .619 

-3206 t19 76 

-J644 t471 

1 

J 

CD 
(J1 



-----------------.. 

Ht) 

simllar results to the athletes, -081 t 1 42 crnH20, but hlgl1er EEP th,ln thf' llorlll,lls, 

p<O.05 

At maximum exerClse, the athletes, normals and pdtlPnls pn'spntt'd wlth d wldl' 

range of EEP (902 cmH20 to 2284 cmH' 1), 3 14 cmH20 to 10 H2 crnH20, -020 cIllH:)O tn 

16 79 cmH20) Although group means were not Slrillstically slqnlflcdllt, Il W,IS oh~'{'rv('d Il)dl 

within the patient group, 4 of those patients prevlollsly dpflll('d as low H'spond('r~ 

(P1,P2,P4.P7) presented wlth higher EEP (mCéln EEP of 13 ()~) t 349crnH20) WtH'1l 

compared ta the two patients termed high respondcrs (P3,P6) 

9.8.1.1 Dyspnea Response ta EEP of Athletes 

The athletlc group presented wlth a strong Ilnear relatlonshlp bctwccn dyspn(,é1 <Incl 

EI:::P, mean group correlation coefficient t 1 sd of 093 1002, ilnd a nH~(Hl dYSPIH'd 

response ta EEP of 0 48 1 0 03 

9.8.1.2 Dyspnea Response ta EEP in Normals 

Ali normal subJects presented wlth a positive relatlonshlp betwœn dysprH!d and 

EEP, however, the mean group correlation coefficient of the group was slnnlflc(llltly lowcr 

than the athletlc group, 078 lU 06, p<O 05 

Three nomlal subJects, N1 ,N2,N4, presented wlth hl~~herdyspnf")a respon~e~ tn EEP 

when compared to the athletes, range of 0 ô3 ta 0 91 while N3 prescnted Wltl! fi low 

dyspnea response ta EEP, slmllar ta the athletes, 029 

9.8.1.3 Dyspnea Response to EEP in Patients 

As a group, a large vanatlon ln dyspnea response to EEP eXlstcd Flve of the seven 

patients (P1.P2,P4 'p6,P7) demonstrated a strong Ilnear relatlonshlp hetwCf!n dy~>pnf!n and 

EEP, mean correlation coefficient of 0 88 t 0 11 P3, a hlfJh rec,pomJmq patlf!nt, 

demonstrated a weak relatlonshlp between dyspnea dnd EEP, com~latl()n codficlent of 

o 58 P5 presented wlth no slgnlflcant correlation Observlng reSponsf!c, for Ih()~(! patient', 

who drd present wlth a strong relationshlp, those patients tr.;rrrH!d IrJw rf!spondr;(, 

(P1,P2.P4,P7) had a slmllar low dyspnea response as observf!d ln Hw athl(~tf!C" rTlF!i1n 
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rf~spom)r: of () ~3f) ! () 17 The rernatnlng patient, P6, presented wlth a much hlgher mean 

mspon~)(~ rHt(~ of 0 84 ! n 25 when compared ta the athletes, N3 and P1.P2 .P4,P7 This 

vHlue ww·, Similar to the dyspneH response rneasured ln N 1 ,N2 and N4 

9 8 2 EEP versus (.6 Pesl il t)pHI [figure 9.6. lower right] 

I-\t qUiet breatlllnq êlll athletes and normals presented wlth 0 ÂPes/ÂtpRE (le. no 

neqallve pleural pwc;sum sWing preceded the onset of Insplratory flow) Four of the seven 

patients (P1 ,P2,PfJ,P7) also prcsented wlth 0 6Pes/ÂtPRf at qUiet breathlng P3 and P5 

prnsentcd wlth ncgatlv0. rTlerln L'1PcS/L'1tI'IH (-9346 t 1243 crnH20/sec and -30 12 i 649 

unH20/s(!c). wilemas P4 prpsented wlth very small and InconSlstent negatlve pleural 

pr(!SSlire swmqs pnor to the onset of Inspiratory flow 

At rnaxmllHll exercise. two of the four athletes (A 1 & A4) presented wlth very rapid 

rnean AP(jsh\tl'I:1 (-281 73 ! 74 73 cmH20/sec) A3 presented wlth a lower mean 

Â Pest Â tl'HI of -127 90 cmH?O/sec however he ceased exercise at 80% of hls maximum 

workload 

ln the normal subjects. three of the four (N1.N2.N3) presented wlth simllar. slower 

Â Pest Â tpHI ' (-111 08 1 2549 cmH20/sec) N4 presented wlth a very slow L\ Pesl L\ tpRE of -

25 89 cmH20/sec. wlth a very large variance about the mean. 

ln the patients, a wlde range of LlPes/Lltpl~1 were observed at maximum exerclse. 

Threo of the pcltlcnts. aillow responders, (P1 ,P2, P4) presentedwlth very rapld ÂPes/..1 tpRl , 

slmllar to the athlctes (rnean rate of -20344 t 6004 cmH20/sec) P5 preseï1ted with a 

slowcr ÂPeslL\tl'l~1 of -7763 t 820 P3 and P7 presented wlth slmllar L\Pes/ L\ tpRE of -9004 

1-2 21 and -1029 112 84. Flnaliy P6 presented wlth the lowest Â Pes/L'1 tf'F{t ,-5893 +22.64. 

9.8.2 1 The Relntionship of EEP to ,\ Pes/ L\ tpHi 

1\11 dthletcs (Hl d Il orrn a Is dernonstri'ltpd Cl strong IInea r relatlonship between EE P and 

d Pesl Â t"w ' (Illean corrcllltion coeffiCients of 0 92 1005 and 0 87 .! 0 08 respectlvely) Four 

patients (P1.P2.P4,P7), dll defmed as low respondlng patients. also dernonstrated a very 

strong correldtlon betwcen EE P and Ll Pesl Â tl'Hf . mean correlation coefficient of 098 :t 0 01. 

P5 and P6 dernonstrated a weaker, yet still positive relatlonshlp between EEP and 



à Pest à tpRE , mean correlation coefficient of 0 67 t 0 07, whlle P3 (1119h rpsponcipr) presentpd 

wlth Cl poorer correlation coeffiCient of 0 35 

9.8.3 Dyspnea versus dPga/âtplU [fig 9.6, upper left] 

At qUiet breathHl~l, nelther atllietes or 110rmals ckmOllstrdtpd rH'!ldtIVt' qd~tnr 

pressure sWing priai" to the anset of Insplratory flnw Snnilarly, four patH'nts Ip 1, P2 ,Pt)'p 7) 

also demonstrated no neglltlve gastnc pressure SWHl!l prec('dll1~J fldW The r('l11dlllllln 

patients (P3,P4, P5) presenledwlth IIlconslstenl p;:ltlerns of np~l(lilve n<lstrlc pf('SSlln~~wlllq~ 

prior to the onset of ilow wlth values of âPga/t.tI'HI of -12 72 ,:m:'>7 CIl1H2U/sf'\', -1 Hj 

111.25 cmH20/sec, -25 27 l6 51 cmH20/sec, respecllvcly 

At maximum exerCI.::;e, ail subjects except for one normal (N4), pf()s()nted Will! 

negatlve gastnc pressure: sWings pnor to the onspi of IrlSplréltory flow rlle' r1thl{!I(~s 

presented wlth a hlqh vanatlon ln t.Pg{'l/âtpHr , range -4584 ,7 J5 (A4) ln -1 nn 74 ,4/ ~A 

(A 1), The norrnals also presented wlth cl laroe ran~Jr. of values, +27 ~jH ,2Q :'>0 (Nil) tn -

104 26 t46 98 (N3) Patients éllso presented Wllh Idrqe rAnges of, drHI ~,OIll('tIfTWS 

inconsistent patterns reflected by a large standard nevlatlon, of à Pga/ à t"HI (·4 85 144 34 

(P3) to -1309812818 (P2)) 

9.8.3.1 Dyspnea Response to ~Pga/~tpm- of Athletes 

A direct linear relatlonshlp eXlsted between dyspnea and à Pga/ ~ tpHI for ail athletf's, 

mean group correlation coeffiCient of 0 90 t 004 Ali athletes also presented wlth simllar 

low dyspnea responses to t. Pga/ ~ tpIU ' -0 Of) ,0 02 

9.8.3 2 Dyspnea Response te dPga/âtplU of Normals 

Three normal subjects (N1,N2,N3) prcsentAd wllh stronq posItive relatlom..,hlp~ 

between dyspnea and Il Pga/ ~ Il 'HI' mCrlll correlation coeffiCient of 0 BO 10 03 N4 pres(~ntmJ 

wllh an Inslgnlficant correlation hetween dyspnc8 and Il Pqa/ ~ tl'IU Look!nq wllhln thr: 

normal group, the Iwo normal subJecls dcfmed prevlously Cl" hl~jh rr:sp()n(j(;r<.., (N1 ,N2) 

presented wlth higher dyspnea responses 10 ~ Pga/ ~ tplll ttlél n !he atnlctlc qrnlJ p, -f) 14 and -
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(J 10, p"'O 05 Nl presented wlth a low dyspneéJ response slmilar to the athletes, -0.05 

9 8 3 3 Dy:ipnea Response l0 il Pgal il tpHI of Patients 

1\11 patl(;ntc; demonstrated a positive Ilnear relatlonshlp between dyspnea and 

il Pga/ il 'l'HI' medn qroup correlation coeffiCient of 0 84 i 0 11 Three patients, P2,P4'p7, (ail 

low mspondf!rs) prw)~;ntcd wlth simililr low mean dyspnea response to ilPga/ il tpHr when 

cnmpdrerl to th'J athldle: !]rOlJp, -006 t 0 02 Three patients (P1,P5,P6) presented wlth 

sirnilar dysprH!ii rcsponSf:S when comparecl to hl~Jh respondlng normal subJects (N1 ,N2), -

o 14 1002 I\lthough Pl demonstratnd a positive dyspnea response to ilPga/ il tf'R~ of 0.33, 

Ihe corrddllon coefficient of Ihe; rp.latlonshl r WélS only 0 69 

984 lhe R(;lallon~'hip of ilPes/iltl'HI to ilPga/iltplU [fig 9.610wer left] 

The reldtlonshlp of il Pes/ Ll t"", ta il Pgé)/illf'I~~ indlcates the contnbutlon of the rate of 

the gastnc plessure ~,wlnq to the rate of th(~ pleural pressure sWing and IS deflned as the Pdl 

rdtlo A mtlo of 1 rndlcates that for every change in the rate of the gastnc pressure sWing, 

an cqual and slrnrlar dlrectronal change ln the rate of the pleural pressure sWing occurred 

(Pdl = 0), Whf'W,lS a ratio of -1 Indlcates that (1 large Pdi IS berng generated 

9.8 4 1 ~ Pesl ~ tpHi to il Pgal Ll tl'HI of Athletes 

1\11 athlptf's demons\rated il positive IIllear relationship of il Pesl Â tpRE to Â Pga/Â tpRE , 

rnciln group correlation coefficient of 0 90 t 0 08 Three athletes (A 1 ,A2..A3) presented with 

very k'w Pdl ratiOS, mean 1 03 1 0 25 whereas A4 presented with a hlgher Pdl ratio of 4 15 

9 8 4 2 Â Pe~/ il tpHi to Ll Pgal Ô. t pHi of N ormals 

Threc Ilorrnd's (N 1 ,N2,N3) dClllol1strflted a positive hnearrelatlonshlpof il Pes/il tpRE 

to il P~la/ i.\ tl'IU ' fllCdll correlation coefficient of 0 94 _10 05 No correlation eXlsted between 

ilPes/iltpt<1 and ilPga/iltpHI for N4 N1 and N2 presented wlth a mean Pdl ratio of 1.67 1: 

043 N3 presented wlth a low Pdl ratio, simllar to the athletes (A 1,A2 .A3) of 1 03 



9.8.4.3 ~Pes/iltpfu to &Pga/il tpHI of Patients 

Ail patients demonstrated éI positive linea r rcléltlcHlshlp bptwPcll Ù Pt's/ L\ II '''1 ,ml! 

~Pga/~tpRE' mean correlation coefficient of. 089 10 10 Patl0nls preselllpd wllh vdryll1D Pdl 

ratios, range 0 97 (P6) to 6 84 (P~~) 

9.9 Analysis of the Initiai Phase of Pressure Generation (from 0 to Pedk 
Insplratory Flow Acceleration) 

A combmcd four paramcter graph IS prescntcd ln Figure 9 7 For ( (lch of 111(' fOllr 

relatlonshlps presented. the regresslon hnes for the relatlonshlps of f;(j(,h Indlvldllcll sllbfC'c! 

are displayed 1 n the upper nght <luéldrant, Oyspncélls plottpd VPI SlIC; 1\ p(\C.;/p(.I1' rll(' low('r 

right quadrant plots ~ Pes/rcélp versus rate of chélnge of plellrdl pr(;SSllrf'. III P cl"" Il ri '<1 frnlll 

the onset of Insplratory flow to the peak of the InSplréltory flow olccclf'rdtloll (Af1( .. ~/,\t). 

measured ln cmH20/second The upper left qlladrant plots DySPIH'd VI'I ~1I~, Ill(' rdl(' of 

change of gastnc pressure wlth respect to limE:'. élÇldlfl from Il)(' orls('1 of II1',plrcllnry lIow ln 

the peak of Insplralory f10w accelerallon (il Pga/ l1 t), meilsurpd III cm H211/<,(!COlld rllC' lowr'r 

left quadrant olots ~ Pes/.il t versus L\ Pga/ ~t For each IndlVlduell slJhl(~ct, III Iflli'rlLdl vdlw!'; 

for each of the four variables at quiet breathmg and al maXlmUIll ('Xf~rcI~,(~ iln' prl'Sf'llt(~tllll 

Table 94 

9.9.1 Dyspnea versus ~PesiPcap [fig 97, upper nght] 

ThiS relationshlp has been prevlollsly dlscussed (secllon 9.72) It 1<; f(!-pIO!t('rllll 

order to compare Its results to other InvestlfFlIed pararpeters 

9.9.2 âPesl L\ t versus ~Pes/Pcap [fig 97, lower nghtj 

The relatlonshl p of ~ Pest ~ t to L\ Pes/Pcélp exprcssed ln percentrJqf; IrldILdlf!'), for d 

given 1 % Increrlse ln the amount of pleural prc5Sure bClnq f]enmatr.:d, (!xprr;..,<,(:d III 

relatlonship to the maxi mum pressure generatmg capaclty aVrlllablr;, whrit 1<; th(! Chfi i1q(! III 

the veloclty of the pleural pressure sWing from 0 IIlSplratory flow tn peak In',plrat,)ry flow 

acceleratlcn. 

Ali subJects demonstrated strong relallonshlps betwep-n tJ. p(~s/ ~ 1 an rJ fi p. !'~/Pr.ap, 
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aB MAX 
OB 

SUBJECT aB MAX t.Pesl t.t 
Dyspnea Dyspnea 

t.PeslPcap APes/Pcap 
(cmH201sec) 

mean .sd mean .sd 
mean .sd 

Al 0 95 003 .001 064 .005 -986 ± 3 95 

A2 0 40 007 .002 027 .002 -367t116 

A3 0 60 003 .000 033 tO 04 -558. 1 86 

A4 0 70 005 .001 039 .007 -898.390 

Nl 0 90 004 .001 032 .006 -1128.1014 

N2 0 80 004 .001 032 tO 02 -693 t 292 

N3 0 50 003 .000 o 3-l tO 03 -618.~13 

N4 0 80 005 .000 051 .009 -4 70 • 043 

Pl 0 ~ 0 021.004 J74,OJa - ~ 8 50! ! 553 

P2 0 70 020 .002 101 .011 -2392 t 3 15 

P3 0 50 038 .005 059 .0 12 -~ c.g 62 .Je 59 

D4 10 50 020 .002 osa .0 ()6 -2878.1271 

ï:'5 10 52 022 .004 059.005 -34 62 .609 

pt; 20 90 009 .0 C2 o 3-l .005 -'264 .589 

p- ~O 
. , J 17 :tG 02 Q 3"'" ::0 J2 -32 23 .5 7 2 -~ 

1 ---- ----

Table 9.4 

MAX aB 
t.Pesl t.t t.Pgalt.t 

(cmH201sec) (cmH201sec) 

mean .sd mean tsd 

-423 95 .66 40 -303.079 

-12338.1433 

1 

-'336.090 

-21320 t40~, 
1 

-276.096 

-293 85 tS<+ 46 1) 51 .539 

-71 86 .2375 -241 .1642 

-16602 .3773 032 t 230 

-8384 .4536 403 • 2 14 

-8675 .2742 590,1)60 

-15095 .2597 655 .2 Cl9 

-1672 ' .3023 -530 .250 

-16570 .29 57 -122.1417 

-2':)0 00 .43 82 -:1 20 ± 6 J9 

-8104 .11 39 -20 59 .448 

-72:::7.1755 002 .201 

-92 '2 .20 93 -1 92 .251 

e 

MAX 
t.Pgal6t 

(cmH20/sec) 
mean ,3d 

-21200 .4134 

-11 9 1 9 t 1 9 69 

-2344 .57 16 

-15144 .31 34 

-5615 .1935 

-2970 .2413 

-6911.3817 

56 23 ,3936 

-9504 .30 30 

-10345 .11 58 

-4862 .2487 

-5973 .36 75 

-5928.369 

-3991.1460 

-5G~9.875 

1 

:.!) 
~-:: 
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rnean group correlation coefficients of 097 tO 03,0.91 :1 003,096 ±O 01 for the athletlc, 

normal and patient groups respectlvely 

992 1 The L\PesllH to 6Pes/Pcap Relationship in Athletes 

Ail alhlctc~ presented wllh slmllar, hlgh (6 Pes/L\ 1) / (L\Pes/Pcap X 100) relationships 

wlth a rnean value of -6 51 t 1 86 cmH20/sec/1 % 

9.9.2.2 The l\Pes/6t to dPes/Pcap Rel~tlonship in Normals 

The normal group presented wlth a mean relationship that was sigmf'cantly lower 

than thf~ athletlc group, mean of -298 j 076 cmH20/sec/1 %, p<O 05 

9.923 The L\Pes/L\t to dPes/Pcap Relatlonship in Patients 

The patient group presented wlth slmllar mean values as the normal group; however 

slgnlflcantly lower than the alhletlc grou p -2 28 t 0 60 cmH20/sec/1 %, p<O 05 

9.9.3 Dyspnea versus L\ Pgal L\ t [fig 9 7. upper left] 

Threeof Ihe fourathleles (A1 ,A2,A3) presentedwlth a mean dPga/Ât of -3.05 ±O 30 

cmH20/sCL al qUiet breathmg The remammg athlete (A4) presented with a positive mean 

dPga/Ât nt resl of 651 cmH20/sec 

Onc norrnal suhJcct (N 1) demonstrated a negatlve mean l\ Pga/ Â t of -2.41 

cmH20/sec at qlJlet breathlng The remaming three normals (N2,N3,N4) demonstrated 

positive mean L\ Pgal L\ t at rest, rnnglng from 0 32 cmH20/sec to 5 90 cmH20/sec 

Flve of the seven patients (P2.P3,P4 'p5,P7) demonstrated negatlve mean Â Pga/Ât 

at qUiet breatlllrlg, ranglng from ·1 92 cmH20/sec (P7) to -20 59 cmH20/sec (P5) The 

remall1ln~J Iwo patients (P1,P6) presented wlth positive mean ÂPgalL\t at rest of 6.55 

crnH20/sec clnci 0 02 cmH20/sec respectlvely Addressing the vanabillty of patient mean 

values, P3, P4 ,lnd P6 each presented wlth large variances about their indlvidual means 

[Table 9.4] 

At maXlrllum exerClse, two of the four athletes (A 1 ,A4) presented with very rapid 

negallve ÂPga/L\t of -2120 cmH20/sec (A1) & -151.44 cmH20/sec (A4) A2, who only 
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reached 80% of hls maximum exercise also presented wlth a fast negatlve ~P~ld/t.\t of -

119 19 cmH20/sec Even though A3 denlonstrated a small negatlve m('éH1 vellue of -23 44, 

the standard devlalion was j 57 16 cmH20/sf'c This élliows thf' II1fprpncp th.lt for SOfl1P 

breaths he demonstrated negatlve gastnc swmgs, sometmws them WdS 110 chdnne III 

gastnc pressure and sometlmes a slightly pOSitiVe' gl'lstnr swmn pXlstl'd Tllrp(' t)f the four 

normals (N1 ,N2,N3) dernonstrateo a nf'gatlve mCéHl liPga/lit dt rll,lXlIllllrll ('x('rClse of -

51 65 ±20 08 cmH20/sec, slgnlflcantly slower than dthlC'tes 1\1,1\2,1\:1 111(' n'l11dlnll1~l 

normal (N4) presented wlth a positive Pga/lit al !1lelXlllllHll exerclsP of +~() 2:1 crnH20/sec 

Ali normal subJects presented wlth large variances abOlit thelr Indlvldual Illedll values 

[Table 9.4] 

Ali patients demonstrated simllar negatlve rneéln li Pga/ li t élt rnaxllnurn cxmClse, 

-66 03 125 98 cmH20/sec At the mdlvldual patient level, four of !Ile patients (P1 ,P3,P4 .P6) 

demonstrated large variances about thelr mcllvldual meiln li Pga/ lit [Table 9 4] 

9.9.3.1 Dyspnea Response to I1Pga/lit of Athletes 

Three of the four athletes (A 1 ,A2.1\4) dernonstr~ted a stronq correlation betwenn 

dyspnea and !J. Pga/ Il t, mean correlation coefficient of 0 93 10 OG 1\3 rm~sel1t(!d Wltl! cl poor 

correlation coefficient of 0 40 As a group the athletes presented wlth a rTlf!an dyspnea 

response to !J. Pga/!J. t of -0 04 t 0 01 

9.9.3.2 Dyspnea Response to fl Pgal fl t of Normals 

Three of the four normals, N1 ,N3,N4 demonstrated a strang correlation betwef!n 

dyspnea and fl Pga/ fl t, mean correlation coeffiCient of 0 87 j 0 06 The corrdatlon for N2 

was Inslgnlficant Wlthlrl tlle normal group, each IndlVldlJéll suhWct pf(!s(mlf~d wlth il V(~ry 

dlfferenl dyspnea response to !J. Pga/!J. t N 1 presented Wlth ,1 hlqh dyspn(:a rw,pons(!, when 

compared to the athletes, of -0 14 N3 presented wlth a low dyspnea respnr!'.,(:, strlillar to 

the ath!etes, -0 06, and N4 presented wlth a positive dyspnea rcsponse of 0 14 

9.9.3.3 Dyspnea Response to flPga/flt of Patients 

Ail patients demonstrated a strong correlation between dyspnea and fl Pga/ll t, mean 



correlation coefficient of 0 89 t 0 09 
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Low respondlng patients (P1,P2,P4,P5'p7) 

demonstralerJ a simllarmean dyspnea response to Il Pga/Il 1 when compared to the athletes, 

-007 1002, p>O 05 HIOh dyspnea respondmg patients (P3,P6) demonstrated slgnlflcantij 

hlgher mean dyspnea responsf:s when compared to both the athlellc group and the low 

rcspomJln!] patient group, -0 13 10 02, p<O 05 

9 9 4 The Relationshlp of Il Pes//j. t to Il Pga/ll t [fig 9.7, lower left] 

The re!atlonshlp of /j. Pes/ Il t to Il Pga/!::t. t mdlcates the contrrbution of the rate of the 

gastnc prcSSlJrf! c;wlnq 10 the rate of the pleural pressure sWing (Pdl ratio) A ratio of 1 

IndlCélles th al for cvery chanrJf~ ln the rate of the gastnc pressure swing, an equal and 

simllar dlrectlonal chAnge ln the rate of Ihe pleural pressure sWing occurred (Pdl = 0), 

wllercds a ratio of -1 Jndlcates that a large Pdl 15 berng generated 

9.9.4 1 /j. Pesl!::t. t to Il Pgal /j. t Relationship of Athletes 

Threo atllicies (A1 ,A2,A4) rlemonstrated a posltlJe relatlonshlp between LlPes/t::.t 

and Il Pgé1/ b. t, me,ln correlation coeffiCient of 0 97 ta 02 A weaker relatlonship was 

demonstrated hy A3, correléltlon coeffiCient of 0 64 As a group, the athletes presented with 

a mean value of llPes!llt / !::t.Pga/!::t.t of 1 81 t 0.74 

9.9.4.2 /j. Pest t::. t to Il Pgal /j. t Relationship of Normals 

Two normals (N1 ,N3) demonstrated a much strong relationship between LlPes/dt 

and t::. Pga/ t::. t than elthcr N2 or N4 As a group, the normal subJects had a mean correlation 

coefficient of 073 10 22 N 1, N2 and N3 demonstrated Pdl ratio values of 1.22, 2 30 and 

o 99, whde N4 presente~1 wlth éi negatlve ratio of -1 14 

9 9 4 3 ~ Pesl ~ t to Il Pgal!::t. t Relatlonship of Patients 

Ail pa tien ts cie monstrated as trang linea r relatlonshl p between t::. Pesl t::. tan d /j. Pga/ t::. t, 

mean correlation coeffiCient of 0 94 10 08 The patient presenting the weakest correlation 

was P3, correlation coefficient of 0 77 Ali patients demonstrated slmllar ratios when 
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compared to the both the athletic group and the tl1ree normals presenting wlth pOSitiVE' Pdl 

ratios (N1 ,N2,N3), mean patient Pdl ratio of 1.61 1065, P >005 

9.10 The Pressure-Time Index of the Insplratory Muscles 

The relatlonshlp between the dut Y cycle measured from pressure (Tlrftot) Iri~J 8 2b) 

and !l Pe"S/Pcap IS plotted (fig 9 8 a) Syrnbol ami Ilne df'flnltlons are presentC'd If) r ahle 

9.5. Mean values at qlJlet bre"lthlng and at rllé1Xllllum exerclse arC' plOttf!d for eeleh 

indlvldual subJect Slnce the product of {\ lYc S/PC:ëlP and pressure Tlrftot rqm~!-.(,Ilts !tl(' 

pressure-tlme Index of the Insplratory muscles (TTII11), ISO-TTII11 Imes w('re ci1lculatcd and 

plotted, TTlms of 010,015,020,025 

9.10.1 Pressure Dut Y Cycle (TlfTtot) 

The athletlc, normal and patient groups presented wlth slrnllm rnCcin prnssure 

derived TI/Ttot values at qUiet breathlng, 038 1006,042 1007 and 0 3B 1 () 07, p>() 05 

At maXlmllm exerClse, athletes and normllis prf!scntc:d wlth slnlllclr :nean TI/Ttot, 

0.55 i 0 05 and 0 57 t 0 04 The patient group had slgnlflcélntly low(!r nH~dll TI/Ttot whl~n 

compared to both the athletic and normal group, 0 40 1007, p<O 05 

9.10.2 !l P"ëS/Pcap 

Athletes and normals presented wlth slmllar mean {\ fJeS/Pcap at QUiet hrenthll.q, 

0.03 -I-G 01 and 0 02 ± 0 00; however patients' mean {\ "Pes/Pcap at qUiet breathlnq was 

signlflcantly higher, 0 14 j 0 06, p<O 05 

At maximum exerClse, the mean ll. Pes/Pcap was not statlstlcally dlfferent betwecn 

the athletlc, normal and patient groups, 0 32 10 12, 026 1005, 04fl 10 1 B LooklnC) at 

indlvldual subJects wlthln the groups, A 1 prcsented wlth a very hl~lh {\ p(: s/P,ap of 046, 

resultlng ln the large standard devlatlon observed abolit the rnean of the athlf!tlc ~lrolJP 

Indlvldual patients also presented wlth wldely varylnq VallJf:s of ll. PC! s/Pcap al rn,JXlrnlJm 

exerclse P1 ,P2.P4 (aillow respondlng patients) presentf:d wlth hlqhf:r {\ p(! S/PCdp ViJllJ(!S, 

when compared to the remalnlng patients, athletes and norrnals, rnr:an {\ p(; (,-/Pr.dp of 0 f)2 

±O 09 P3,P5,P6,P7 presented wlth simllar mean {\Pes/Pr.<lp whcn comparf:d tn thf: 
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dlhlr;les and normais, 0 32 j 0 07 

9 103 TTlm 

At qUiet brealhmg, the athletic and normal groups presented with Sirnilar mean TTlm, 

001 10 00 and 0 01 1000 The patient group presented with significantly hlgher mean 

TTlm at QIJlct hrealhrng compared 10 both athletes and normals, 005 ±0,02, p<O 05, At 

maximum exerClse, no slgnrflcant dlfference existed between the rnean TTlm values 

achlcved by Hw athletlc group, 0 16 j 0 08, normal group, 0 15 i 0 02, or patient group, 0 18 

1007, p>O 05 

Wlthln groups, A1 3chl8ved a much higher mean TTim of 0 27 when compared to 

the remallling athletes ThiS resulted ln the observed large standard deviatlon about the 

athletic qrollp rncan A3 and A4 achleved slmllar maximum TTlm when compared to the 

aroup of normal subjects, 0 13 and 0 15 Patients agaln demonstrated a large variance in 

rnaXlrTlurn acl1lcved TTlm P1.P2.P4 (ail low responders) achleved hlgher TTlms of 0,26, 

023,027, when compared to the remainlng patients Thelr TTlm resembled that of A1 

P3,P5'p6,P7 reached simllar levels of TTlm to the remalnlng athletes A2.A3.A4 and ail 

normal subJects, mean TTlm of 0 12 tO 01 

9.11 The Pressure-Time Index of the Diaphragm 

The rclatlonshlp between the pressure dut y cycle (Ti/Ttot) and Il PaT/Pdimax is plotted 

(fi~} 98 b) Plcasn sec Table 9 5 for deflnltlons of symbols and lines Mean values at 

qUiet brcélthlng élnd al maximum exercise me plotted for each indlvidual SUbJ8Ct Glven that 

the presslJrf'-tlrne Index of the dlaphrngm (TTdl) IS the product of Ti/Ttot and Il POT/Pdimax ' 

Iso-TTdl Imes were ci1lculated and also plotted (continuous curving lines of TTdl = 0,05, 

o 10.0 15,020) Each ISO-TTdl "ne represents ail combmatlons of Il PaT/Pdimax X TI/Ttot 

thdt produce that given TTdl 

9.11 1 Pressure Dut Y Cycle (Titrtot) 

The 5ame TllTtot lIsed If) the above TTim analysis were also utillzed for the plotting 
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of the TTdi relatlonship 

9.11.2 L\PdT/Pdimax 

At qUiet breathing, the athletlc and normal groups demonstrdtf'O sHllllar /11(\111 

L\ "PëfT/Pdlma" 0 04 1- 0 02 and 0 03 tO 01 whde the patient group prf'scntcd wlth slfjnlflc,mtly 

higher mean L\ PdT/Pdlm,,, at qUiet breathing, 0 12 1006 P3 prescntpd wltll .lll ('xtrf'lllply 

high LlPëfT/Pdlmilx at qUiet breathmg, 024 At maxlfnurn cxerClse, no SIÇJlllflc.lnt dlffprl'IlC(' 

eXlsted between the mean group values of the athletcs, norrnclls rilld pc1tl('nt<, WltllIll 

specific groups, there was considerablevariabliity in the L\ PUT/Pd 1""" ,lchlCVpd dt IlldXllllllIll 

exercise A3,A4,N 1 ,N2 presented wlth similar mean il paT/Pdl",,,,. () 11 1 () (l) /\ 1 (md N:~ 

presented wlth slrnllar lower L\ PdT/Pcllm,1X of 006 ancl 0,07 at IlldXlrTll 111 l cXP-rnsp N4 

presented wlth a hlgh L\ PdT/Pdlrnax of 0 19 Wlthm the patient nroup .1 Idr!}(\ VclrldtlOIl 

eXlsted between Indlvldual subJects P2 and P6 (both low responders) prespntpd wlth 

simllar mean L\ PâT/Pdlmax as A3,A4,N1 ,N2, of 0 11 (P2) cmd 0 12 (PEl) I\t tllp Opposite 

extreme, P4 demonstrated a mean L\ PdT/Pdirn'JX of 0 43 at mélXlIllUIll cxcrciso 

9.11.3 TTdl 

At quiet breathing, the athletic and normal groups demonstfé1ted slrmlar mnarl TTdl's 

of a 01 ±O 01 and 0 û1 la 00 The patient group demonstrated slqmflcantly 11Iqll(~r moan 

TTdi at qUiet breathing, 004 iO 02, p<O 05 At maximum exerClse, the athl(~tl(', normal and 

patient groups dernonstrated slmilar mean TTdl's, 0 05 1001, 006 1003 and 0 OB 1 () Of> 

respectively, 

Indivldual subJects wlthm each group demonstrated varyln~J moan TTdl'S dt 

maximum exercise Al and N3 both presented with the lowest TTdl's al maximum (!xerCI'~e, 

measured at 0 04 Indivldual patients also demonstrated a wicJe raWJe of TTdl vrJlues For 

example, P2 achieved only a maximum TTdl of 004 whereas P4 achleVf;(j fl rniJXIrnUm TTdl 

of a 20, ln excess of the fatigue threshold of a 15 
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9 12 The Relationship of Dyspnea to TTim and TTdi 

The relatlonshlp of dyspnea to TTlm and TTdi IS plotted ln a combined graph in fig 

9.9. Please see Table 9 5 for definltlons of symbols and ilnes On the left graph, Dyspnea 

IS plotted vr~rsus TTdl The nrJh! side of the graph represents the relatlonshlp between 

Dyspnea and TTIfT! Mean values are plotted fo:- mdlvldual subJects at qUiet breathing and 

3t maXIfT!urn PX0rG1se The Adyspnea (the change between qUiet breathlng and maximum 

exerclse) response to A changes from qUiet breathlng to maximum of Trlm and TTdi are 

exammed 

9 12.1 Dyspnca ver~us TTlm [fig 9 9 right] 

9.12.1.1 A Dyspnca Response to A TTlm of Athletes 

Athletes prcsentrd wlth slmllar Adyspnea responses to 11 TTim, group mean of 46.56 

1781, wlth a rnnge of Indlvldual subjcct values between 35.74 (A1) to 53 92 (A3). 

9.12 1.2 li Dyspnea Response to li TTlm of Normals 

The rncan Adyspnea response to TTlm of the normal group was not statlstlcally 

dlfferent from the athletes, 5467 116.17, p>O 05 Wlthln the normal group, a large 

vanablilty eXlsted wlth il mnge of mean lidyspnea responses between 3688 (N3) to 7559 

(N1 ) 

9.12.1.3 11 Dyspnea Response to li TTlm of Patle,lts 

As a group, patients presented wlth a slmilar ildyspnea responses to il TIim when 

compared to the athletes and normals, 50.37 +3240, p>O.05. When the responses are 

grouped Into the prevloLJsly df'flned "Iow respondmg" patients (P1,P2,P4'p5,P7) v "high 

respondln~f patients (P3.P6) Cl olfferences dld eXlst Low respondmg patients demonstrated 

IlllJch lower ildysrnea responses to TTlm, 3~ 19 t 11 34, when compared to high 

respondm~J pdtlPnts 93 ~~O 12499. p<O 05 The Adyspnea responses of the low respondmg 

patients were sll11lld'" to that of Ai and N 3 whereas the hlgh responding patients 

demonstrated simllar responses to N 1 and N2 
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9.12.2 Dyspnea versus TTdi [fig 9.9 left] 

9.12.2.1 t..Dyspnea Response to t.. TTdi of Athletes 

The alhletlc subjecls demonslraterl a wlde variation in ~dyspnea responses to 

Il. TTdi Two athletes (/\ 1 ,A2) presented wlth very hlgh Il.dyspnea responses (324.61 and 

8620 00) This was dllC 10 tlle fact that TTdl had Increased very IIttle at maximum exercise 

from that rnf)asLJred (Jt (jUif;! breathlng The remalnlng two athletes (A3,A4) pr€sented with 

Il.dyspnea responses 10 TTdl of 11~ 29 and 1553 

9.12 2 2 t.. Dyspnea Response to t.. TTdi of Normals 

The mean t..dyspnea respünse 10 Il. TTdl of normals was 164.84 ±53 98, similar to 

A3,A4 but much lower tlli.ln Ihat of A1 and A2. 

9.12.2.3 Il.Dyspnea Rcsponse to Il. TTdi of Patients 

A larne VélrlélnCC III t..dyspnea responses to ~ TTdl also eXlsted within the patient 

group ln fJcneral, P2 and p~) exhlbltcd very small Increases ln TTdl when maximum 

exercise WdS cornpnrecl to qUIEt brealhmg, th us thelr Il. dyspnea responses were very hlgh 

(404624 (lnd 7G1 14), sHniliir to 1\1 rlild A2 The remalnlilg patients presented wilh 

rnilXllllllm dyspnca re~Jponses ranglflg from 28.68 (P4) ta 281 69 (P7). 

9.13 Comparison of the Il.Dyspnea Response to ATTlm versus Il. TTdi 

CompannÇ) Indlvl(illéll subject's ~dysrmea rèspanse ta ~ TTlm versus tl TTdl, sorne 

gencral obsCI"vcltlons c,m be marie Th0 Iwo athletes WIIll the lowest Il.dyspnea response 

to t.. TTlrTl (/\ 1./\2) prC'sented wlth the largest Adyspnea response ta b. TTdi. N3 who 

prescnted wlth Cl low ~dyspnC'n response tu ~ TTlm also presented wlth a reasonably high 

Il.dyspncél rC'spollsc to ~ TTdl ln the patient grOllP, P1 ,P2,P5 and P7 (ail defrned low 

dy~pnca rcspondcrs) cacb presented wltl1 a low Adyspnea response to A TTlrn and yet hlgh 

tldyspnea rcsponse to t.. TTdl ln contrast, bath patients terrned hlgh responders (P3,P6) 

demonstréltcd a hl~Jh ildyspnea response to both A TTdl and tl TTlm Conversely, P4, a low 

respondcr, cxhlbltcd cl low tldyspnea response to both ~ TTlm and tl TTdl 
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9.14 The Mechanics of Breathing' A Qualitative Analysis 

Muscular coordination and breathmg mccllcHlICS arc quallllltively eVdluclt('d tl1rounh 

the use of both Macklem dlagrélnlS, plottmO Pes versus P~la. cHld Konllo M0dd dld~lr,lIl1S, 

plotting nb cage verSllS ahdolllinai wdll 1ll0VCn1pnt (Re versus I\B) Rt\pr(\s!'llldtlv(, 

examples of the obs(;rved breathlflg patterns dllnll~ f'xerClse dt .-lll I~o-dyspllt'd I(,Vf'1 nf !) 

will be presented forthe alhletes, norrni1lc; (lnd patients Iso dyspncd IS ddllH\d.lS tilt' Sdlllt' 

numerical value of dyspnea, thus an I~o-dyspnc.-l IpV('1 of :) WdS cl10scll to rll'rrllit cl 

standardized COrnpé'lnSOn between subJccls !\Ii sllhJPcls ('xperiPllcpd thls 1(~v('1 nf dySpllPd 

at sorne pOint ln tlme dunng tholr progressive exorC'IS(, t()<;t 

The followlng analysis expands upon the C'oncept of "Iow rcspondllln" ,md "hlnh 

respondrng" SUDjects ThiS IS based lIpon the alrei1dy obsc;ved dlffcr!'nct)s ln the r(:~pOIlSt~ 

of dyspnea ta changes III pleural preSSllrn (IlPes/Pcilp) of rndlvldlldl suhj('cts (see!) r ?) 

Thl'3 analysis addresses the qlH'stlon of wllCtller hrcdtllrnq (.()()rdllld!toll ,Ifld 

mechanlcs Arc explanntory mechanlsms for ohserved Vdrldtlon<., III tlln dy~prH'd r('~IJ(lIl~f~ 

of low responders versus hlgh r(!spondurs 

ln order 10 qualitatlvely assess rmd compare rnechalllCS ilnd coordllldllOIl tJdW()(!!1 

subJects, standardlzed timing IS pre<;ented on nll grnphlcs fhp d(~flllltl()n~ of dll IlInlllq 

symbols and Ilnes used on nll of the followlnq qrnplllCS IS c!pti111r-(J III l able n fi rllis 

method of analysis will be used throuqhout the rcmamd(;r of th(> r(!~lIltl; ',('dlon IHlI(!'.s 

otherwlse speclfled It should also be noted that Ihe unite; of 1n(!dc.,ur(>JTl(!rtl for li, 1l~1 I·~C dl HI 

AB dlsp acement are referrccJ to FlS "Arbltrmy Unit'.," on (III qraplllr,~ TI1I'-, l', 1l()1 1TI(!clnt 10 

indicate (!li1t r.hangcs III Re and AB ('xr:IJrC;lonc., pre~entr-d arr: not qlléllltltdtlVdy ('qulvalf>nt 

Delta ch-1Ilges ln amplitude are equal ln unit rncac;urement The IHlIte., nf rY!(!iI'';IJrern(;nt, 

however at IIldlVldui11 data pomts cannot be comparnd For f'Ydrnple, a 2 (JI! !tH! Re (jXI~ 

does not necess('lrlly correspond ta (l 2 on thr- AB aXIs A r1('qatlve bw)f!ilrl(; vaille do(;" not 

necessarrly Indlcate a chanf:le ln compartmental EEV compé:lred to mst R~ith(;r If a chanqe 

downward is seen m the basellne value from one breath to another, thlc.; wOlJld rr;pmsr;nt 

a decrease ln compartmental EE V 



Definitions of Symbols Used in the Qualitative Analysis 

• The onset of the negative inspiratory 
pressure swing (0 sec) 

• 5 % of the Ttot of that individual breath 

o 10% of the Ttot of that individual breath 

fl 25% of the Ttot of that individual breath 

o The end of inspiratory f10w (ie. the end of 

inspiration) 

Definitions of Unes Used in the Qualitative Analysis 

Macklem Diagrams 

Solid Line ) represents a Pes of 0 cmH20 

Dashed Line (----------) represents an iso Pdi =0 line 

Kanno-Mead Diagrams 

Dashed Line (----------) represents an isovolume line 

Table 9.6 
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9.14.1 Mechanics of Breathmg of Athletes versus Normal Subjccts 

Ali athletes have prevlously been deflned as low dyspnea rf'spondf'rs to d P('s/Pc<lp 

Meanwhlle, ln the normal group, 2 subJects (N3,N4) presentcd wlth d low dyspnea r('sponse 

to L\ Pes/Pcap and two norrnals (N 1 ,N2) presented wlth Cl hlgh dyspnpcl responsn to 

increases ln L\ Pes/Pcap 

9.14.1.1 Low Responding Athletes versus Hlgh Responding Normals 

Macklem diagrams (Pes v Pga) are prescnted for Cl represcntatlvP breath of ,1 low 

responding athlete (A1) [fig 9 10 ~j élnd hlgh rcspondmq norrlldl (N1) Ifln 9 11 al Thp 

correspondlng Insplratory flows, P,~s an j P03 sWln<]s me ,llso Indlvldudlly plllt\pd .l~ ,1 

function of tlme for the sarne brealh ~01 bath A1 Iflg 9 10 bl dlHl N 1 Ifl!) n 11 bl Hl(' 

Konno-Mead dlagrarns (Re v AB) for ',le sélrm~ hrndth of 1\ 1 dlHl NI <ire !lu'c,('Il!('d III fig 

9.10 c and fig 9 11 C rE"::spectlvely The ('orrcSp()ndHl~1 F~C ,md An dlC,pl,J('('ITH'llt.., clS d 

functlon of tlme are Indlvldually plotted for A 1 Iflg 9.10 dl (lnd N 1 Ifln 9.11 dl n:c,peLllvply 

Companng the Macklem dlagrams of A1 [fig 9 10.al élnd 0J1 Ifl!) n 11 dl, It IS 

observed that the athletlc subJect booms brcathlnq from il rnlH:h hlqIH'r, pn',ltlvf! (:Ild 

expiratory pleural pressure (EEP) when comp<lrp-d to the normal "l!lW'ct How<:V(!r, Wllhlll 

5% of the total breath tlme, the athlete has achlcved a lar~~c neqatlVP p(!~ '.,Wlrlq. ulirludinq 

with a large negatlve Pga sWing Pes has reachcd 0 crnH20, wtwr(;by 11l<;plrdtory flow 

begms ln contrast, the hlgh respondmg normal hAS only i-lctll(:vf'd il V(~ry <,TTldll IWqdtlVf; 

pleural and gastnc pressure sWing ln the flrst 5% of Tiol Wlthlrl 1 ()'Yr, of the Tlot, thr· dlhir-tr) 

has achleved peak negatlve Pes, peak neqatlvc P~Fl and f{:ilchcd p(!(Jk Irl~plrilt()ry flow [fin 

9.10.b] ln contrast, the norm(ll subJcct has only fidll(;vcd a 'omall portion of 111'-) maximum 

negative Pes SWing, relatlvely no chanqe ln PfJd has OCUlrrf!d ;lIHI IrlSfJlrrltory flow 1<, still 

acceleratlng [fig 9 11 b] The athlete, at 25°/r, of Ttot, dr;mon"trdtr~') both Pr!'., ,md Pqd 

which are relatlvely unchanoed from th81r peak nrYJallVf) VilllJr:s and thr~ rrldlflt(;nancf] of a 

constant peak Insplratory flow ln contrast, the normal, IS still (jenerallnrJ a fl(~q;:jtIV(; Pr;'., 

SWing, ;:.. Pga IS relallvely unchanged and msplratory flow h.::JS Just now rr;i1ch,;d ItS rTldXlmUm 

value From 25% Ttot to the end of inSpiratIon, the alhlete demon',lralf;s both p(~S ilnd PrJi.:I 

sWings ln the pOSitive direction, whereas the normal subJcct dr;monstrates a larrJf; pOSltlVf; 
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~Pga and a much smaller positive APes 

Analysis of the correspondmg Konno-Mead dlagram [fig 9.10.c] and separate Re 

and AB dlsplaœments v tlme plot [fig 9 10 dl for A 1, demonstrates a predommantly AB 

pattern of breathlnfj ln contrast, N 1, [fig 9.11 c], [fig 9 11.d] presents wlth a 

predorTluwntly RC pattern of breathmg Companng Ille timing of RC and AB dlsplacement, 

wlthm the flr",! 5%) and 1 0% of Ttot, 1\1 demonstrates a large outward abdominal 

dlsplaœrn(;nt comcldlnq wlth very Iittie outward Re movement, whereas N1 presents wlth 

both mlatlvely small olltward RC and AB movemcnt F-rom 10% to 25% Ttot, A1 

dcrnonstr(1tr~s simllélr ~~C and AB expanSion, w~:ereas N1 demonstrates large Re 

dlSplélCf!rJlPrlt wlth very lillie AB expansion From 25% Ttot to the end of msrllratlon, RC and 

I\B dlsplacerTH!tlt IS still IIlcrcélslng for 1\1 élnd maximum dlsplacemcnt IS achlcv8d at end 

InSplréitlon ln contrast, illE' normal sUbJ8ct IS still exhlbltlng El predominant pattern of Re 

expan5101l and the I\B actlJally heqms to move Inwards prlor 10 the end of mSplratlon 

9 14.1 2 Low Hcspondmn Athlctc versus Low Respondmg Normal 

Macklern dl(1~lrdrns (Pes v Pga) arc prcsentcd for él representatlvc breath of a low 

respondlllO athl(:te (1\4) IfH} 9 12 al and (l low respondlng normal (N4) [fig 9.13 al The 

correspondlll(j 1I1~plrdt()ry flows, Pes and Pga SWings are Illdlvldually presented as a 

functlon of tnTlf' for 1\4 Ifl!J 9 12 h] (ln(j N4 [fig 9. 13 b] The Konno-Mead dlagrams (Re 

v AB) for Ihp Sdrn(~ bmalhs of 1\4 rlnd N4 are presented ln fig 9 12 c and fig 9.13.c 

rcspectlvely III addition, Indlvldllal Re and AB dlsplacements versus tlme for A4 [fig 

9 12.d] and N4 [fig 9 13 d] are presented 

Companng thp Macklern rlla;:Jrams of A4 [fig 9 12.a] and N4 [9 13 a], It IS observed 

that butb sllbj('cts beUIll brpôthlng from Similar pOSitIve end pleural pressures (EEP) Wlthin 

5% of Ttot, A4 !las nChlE'Vrd (1 large IH:gatlve pleural pressure SWing, correspondlng to a 

negntlve gastnc prpsslIre SWing and Insplratory flow has al most reached Ils peak value N4 

presents wlth d very rapld lle~Jatlve pleural pressure SWing, reachlng 0 cmH20, however, no 

change ln Pg.l IS ohserved (A Pga =0) Insplratory flow has Just begun Wlthm 10% of the 

Ttot, A4 has dlmost reactled peak negatlve Pes, peak negatlve Pga and peak rnsplratory 

flow [fig 9 12. bl Companllg N.t [fig 9 13 h]. despltepeak Insplratoryflow bemg maXimum, 
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only a small portion of the maximal Pes swing has been achleved and the Pgcl sWing IS III 

the positive direction The athlete. from 10% to 25% of Tioi. demonslrcltes ,1 relatlvE'ly 

unchanged negatlve Pes sWlI1g. whereby Pga 15 movmg ln the pOSlt:Vf' direction IIlSplrdtory 

flow is mall1lalned al El constant peak value ln contmst. the norn1dl slIbJPd IS still 

expenencmg a negatlve Pes sWing, and il Pgd and peak Irlsplrdlory flow (lr(' rdltlvely 

stable From 25% Tlot to the end of Inspiration. Hw atl11ete ckmOl1strcltes both posillve 

il Pes and il Pga ln the normal sublcct. Pes reaches ItS I11tlXlrl1UITlIl('(jdtlve v,llll{' (lt the end 

of II1spirallon, and the il Pga has reversE'd 10 a neqallve dlrectloll 

Analysis of the correspondlng Konno-McClrl rlla~Frlm [fig 9 12 cl and Sf'pmdte Re 

and AB rlisplacernenls v lime [fig 9 12 d) for A4. dplTlonslr(ltes large AB dlspldcPlllcrll 

outwards from 0 10 10% of Tlol. wllh concurrt;1l1 Re paradoxlcal rnOV(H1H'nt IIlWclrds N4 

demonstrates a simllar AB brec-lthlng pattern, élisa wlth RC péHadoxlcal IlHlVPIlH'Iltinwards 

[fig 9 13.c] am. [fig 9.13 d] Frorn 10% Tioi to the end of Insplrdlloll, holh sliblects 

demonstrate contll1LJlI1g AB dlsplacement outwards now accompdilled wlth slflllldr olltward 

Re movement At end inSpiration, both Re and AB are at maXIIT1(1! olltward dlspldcement 

9.14.2 Mechanics of Breathing in COPO Patients 

Wlthin the patient group studled, 5 patients (P1,P2'p4,P5'p7) wero deflned as low 

dyspnea responders, based upon thelr rlyspnea response ta 6 Pes/Pcap, whmeé1s the 

remalnlng two patients (P3,P6) were deflned a'3 hlqh dyspnea rcspondprs (se(! 9 7 2) 

9.14.2.1 Low Respondrng Patients versus High Rcspondmg Patients 

Macklern dlagrams (Pes v Pgi'l) are presented for a reprcsf'ntilllv(~ tJr(!i1tll of il low 

respondlng patient (P2) [fig 9 14 n] and a hlgh respondm(j pall(;nt W:~) (fi!) !) 15 al The 

correspondltlg II1splratory flow5, Pes and Pga SWII1US arf~ also mdlvldlhllly pl()tt(~d a~ a 

function of tlme for P2 [fig 9 14 b] and P3 [fig 9 15 b] Thr~ Konno-Mead dlfHJrarns (Re 

v AB) for the same ~realh of P2 and P3 are present(~d ln fl~J 9 14 C iHld fi!) 9 15 C 

respectlvely The carrespandrnC) Re and AB dlsplau;rn(~nt'3 il~) a funcllrHl of tlme am 

indlvldually plotted for P2 [fig 9 14 d] and P3 [fig 9.15 d) resp('ctlv(~ly 

Compartng the Macklem diagrams of the low respandlng patient (P2) [fig 9 14.a) 

, 
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and hlgh respondlnfl patient (P3) [fig 9 15, al, it IS observed that P2 begins inSpiration from 

a very larrJf:: positive end explratory pleural pressure (EEP) whereas P3 beglns inspiration 

from 0 cmH20 Pes Wlthln 5% of the Ttot, P2 has achlcved a very large negatlve Pes 

swmq, wlth a parall(~II;:mJe negatlve Pqa SWInC) , wlth the correspondmg Pes v Pga plot Iylng 

Vf~ry cio')!; 10 an I~,O Pdl=O line Pes has reachecJ 0 LnlH20, whereby lrisplratory flow begins 

(fig!) 14 bl ln contrast, P3 expenences a large negatlve il Pes, wlth rclatlvely no change 

Ifi LlP!Ji1 wllh the tirs! 5% of Ttol (fig 9 15 b] Wlthln 10% of Ttot, P2 has achleved peak 

rwqatlvc Peso peak neqé1tlve Pna and rcached the peak of flow acceleratlon Simllarly, P3 

helS i'ldlleved peak n(!qiltIV(~ P('c: ilnd peak InSplratory flow. however. Ll Pga IS still relatlvely 

unchanqed (il PfFI-O) F- rom 10% to 25% of the Ttot, P2 demonstmtes a pOSitive !l. Pes wlth 

a very sllqlll poc,ltlve il Pql:l P3 also rlernonstr utes a pOSitive !l. Pes, Itowever a very small 

rlüÇJatlvc i\P~Jd Inc.;plmtory flow 15 decrcaslnO for both subJects From 25% Ttot to end 

Insplralioll, P2 ocmonstrdt(;:" c1 rda!lvely unchangmg Ll Pga and slightly pOSitive A Pes, 

wtwreby PJ <!('rnoJl<,tratns parallel unchanCJlIlg i\Pes and il Pga 

Andlyt,lc, of the ':orrf;spondtng I<onno-Mead dlanl am [fig 9 14 c] and separate Re 

and AB dlSpldU)fl\Unts v tlme plot [fig 9 14 dl for P2, dcrnonstrates a predomlnantly AB 

pattern of bro(1lhln~! ln contrast, P3, [fig 9.15 cL [fig 9 15.d], presents wlth a 

prcoornlnantly Re pattern of breathlng Companng the timing of RC and AB dlsplacements, 

WltllIrJ the flrst 5% of Ttot, P2 dcmollstrates a larrJe oulward AB movement wlth 

SIIl1UI!(lIlCOUS trlwrlrd RC paradoxlr.al movemf'nt P3 demonstrates very IIttle Re or AB 

dlsplélccrnent From 5% to 25% of Ttot, con li nLllng large AB outward movement IS observed 

for P2 wllh very Ilttir concurrent Re dlsplacement P3 presents wlth exactly the o~posite 

pattern Re cltsplacement IS larnely outward whereas AB IS movll1g Inwards 111 a paradoxlcal 

fashlon !rorn 25% Tto\ ta end InSpiration, P2 demonstrates outward RC dlsplacement, 

reélchlllÇl peak n1ilXHllnl 0utwaro dlsplacementat end inspiration ln contrast, only from 25% 

Tto! to end inspiration does P3 den~onstrate outward AB movement cOlncldlng wlth the 

contHllJlng Re expclllsion 
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CHAPTER 10 DISCUSSION 

10.1 Limitations of Study Design 

A major limitation of thls study's design IS the limltea nurnber of subl8CtS bellln 

evaluated While a total of flfteen sublects 15 approprlate III over.lll dlldlySIS, the dlVISIOfl of 

this sample population Into three distinct srnallcr nroups poses (1 problem ln milkul~l .1Ily 

statistical conclusions concernlng the popuiatloll general 

The purpose of thls study, however, WilS not to tak(> the lInderlYlIlf) Stc1tl~tICdl r('sliits 

and make specifie Inferences and statlstlcal conclusions abOlit the ~wncrc11 populdtlon 

What thls study dlcl attempt to do was ta address dlffprencps hoth bp.tw('(m .1Ild WltllIfl t!1(' 

athletlc, normal and patient ~lrOlJps studled and to IdPfltlfy pos<-,!bl(! pdrdlllt'l('r', (Ilotl! 

quantitative and qualitative) whlch could explaln obs(~rved dlff(~r('ncps 111ls ~,tlldy dl~}() d(~dlt 

wlth the qualitative analysls of respira tory mlJscle coordination ,md attmnpt('d to .Ide! d 

qualitative interpretatlon to tlle re'sults (1bserved for eilch slIhj('cl sltlelle:! 

A large vanabllity ln me<lsurf'd va!lles IS te he' cxpnctcd wlwn ()fl(! 15 pcrfornllnq 

psychophyslcal scaling tests Althounll;111 SlJbj('cts' cl.ltd WrlS IflcllHlt!d ln WOll!, 111(>.111 

values, If was often observcrl that one sllhJe!cI (for ('xdrnpk~ N3 of the Ilorrlldl WOllp), 

consistently presp.nted elata whlch WdS (Mferrnt from the! r(!n1dlll1nq :-,lIIlJ(~( t5 wltllul Ill~ 

group Although no statlstlcal slgnlflcélnce Ciln oc élscertélrn(~d qlVPIl the! ..,nldll <:;,HTlpl(' SI/(!~, 

these dlfferences were pomtùd out ln the respective mSlIltc; S(~cI!OIlS (If' ~,(!ctl()n~) 2 2) tn 

demonstrate that, in the case of N3, he appearéd to presf!nt ddtd whlch Wil', more! 'ilrllilar 

to the athletes than to the normal subJects ThiS pomt IS Important qlv(~1l the plJrpO~e of Hm, 

study 

10.2 The Perception of Dyspnea dunng Exercise 

,II any study requ Irlng a suhJect to percelve and scale them leVf~ls of brcathlessncss 

dunng exerClse, there IS always the posSlhlllty that If~g féltlque, pain or othnr rnotlvahonal 

facters may Influence the subJect's (~c;tlmatlon of the Investlqat(!rJ scn~atlon InrJf!cd, 

motivation and psychologlcal factors have been dernnnstrated to aff(!c! an Ir1dlvldual'~ 

perception to vanous st!mull [229] These factors are very dlffleult to control for, th(!mfof(; 
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Il IS plausible that they may have played a raie ln Indlvlduals' dyspnea responses dunr.g 

exerClse ln an attemrt to rmnlmize these faclors, subJects were glven very specifie 

Instructions to exclucJrJ any olher sensations whlch rnlght arise during the exercise test and 

10 speclfically i:lttnmpt to sCrlle "how short of breath" they were Theywere also encouraged 

throughout thr! (!xe:msc lest 

At maximum cxerClse, each qroups' meéHl rlyspnea ratlngs were simllar to those 

prevlously reportnd r233,247). however, no subject reached a raled dyspnea level of 10, 

maxlméll on thr! Borr] scale This fact 1<; not surpnslng ln the normal group, glven Ihat leg 

(all~JlJc wOllld mo'.,! Ilkely Impose a Slgnlflcrlnt hmltlng factor to the aehlevement of high 

levels of (}xercl<,r' on the cycle ergomeler Hence. flle achlevemenl of hlgh dyspnea levels 

wuld have: bf!cfI slqlllflcantly Ilmlted by the normal subjects' Inablllties to reach hlgh levels 

of work Athlr tes dld demonstrdtp. slgnlflcdntly longer endurance tlmes when compared to 

the normal subJects and ach 18vcd slgmflcan tly hlgher levels of workloê ci (In watts) [section 

9 2.1 J, ycl IIlf>y rf!,lchc:d simllar maXlnlum mean dyspnea values COPO patients would be 

expected to also dchleve hlDh Icvc'is of dyspnea perception desplte lower levels of work and 

VE fJlven the Irlcrc;:Jses ln work of brec-lthlng due to thelr dlseased state Interes!lngly 

though, a" ~JroLJr>s prpspn!cd wlth sirmlar mean dyspnea levels at maximum exercise and 

maximum dyspnea srores of 10 werp. not observed 

Thcre (m~ sevcrrll explanatlor..:; wlly maximum dyspnea scores were not achieved. 

A ratlnfJ of 10 (rndXlnléll dyspnca) was descnbed ta the subjects as repre~entlng the worst 

pOSSible shortllf'ss of brcath thpy have ever expenenced, therefore It IS pOSSible Iha! this 

explanélt:oll lJ1 Itself blrl<,cd subjects no! to percelv8 a score of 10 Also, It has been 

dernonslr(ltcd ttldl ln nenerol, subJects tend to utlhze tlle Borg seale over a narrower range 

wh en cornpmed wllh open scallng methods. posslbly due to the effect of the verbal 

df'scnp!ors III the Bor(j sCélle Irnposlng a certain threshold of sensation intenslty al each 

level wtll(~11 Illll~t bf' excced4?d before proceedlllg 10 the next digit Furthermore, the Borg 

scale demoll~trdt('s .ln Inherenl ratio tinS whlch tends to restnct scores to the lower half of 

the' scale [232) A 5 on the Bor~J scale IS verbally Ilnked as "severe" 

Subjccts wcre asked to rate thelr dyspnea levels each minute, whlch may have been 

too long an Interval Each subJect's maximum dyspnea scorewas recordedfor onlythefinal 
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completeminute of exercise The final partial minute of exerClse Illight I1nve proouCl'd rapla 

increases in dyspnea perception, but the recordlng mtt'rvéll wOlild havp becn II1Spnsltlve tn 

this, 

Previous Investlgators have proposed that capo patients ciClllcmstrcltc blul1ted 

sensitlvlty when estimatl ng added loads to breathlng (182] wh Ile others contt'Il ci thelt nornlell 

perceptual mechanlsms eXlst [210] If capo patients do III fdet cxppnf'ncc blllnted 

sensitivlty to added loads, an élnalogy could he drawn to thclr dbliity to percf'lve dysprH'd 

This blunted sensltivlty most probably would be a dlrecl effAct of the IOéldlll~l !llstory nf tlH' 

resplratory system of indlvldlJaI suhJects 

ln the present study, three distinct subJect groups were studlf'd, dll pr(,~('lltll\(J Wlth 

three very distinct resplratory loadlng histones Elite athletes llnderqo ddlly {'IH!lIrdIH'{' 

training to (helr maximum Therefore they expenencc Cl typn of "chrlllllc" IOdfllll\j of tlwlr 

respiratory system, yet present wlth normal pulrnonary ,mcl rn~plrrlt()ry IIllIS< 1(, fllll( IIOIl tn 

overcome these loads Imposed by physlcal ilctlVlty NOrlndl ~f'd(,rJt.lIy ',IIIl/('( h do Ilot 

expenence dai/Y Irnposed /Oéldlng of tllclr InSplrdtory 1I11IS(,I(;~, wh('1) COf1lPdrl'(j ln tlthldp<" 

yet they too present wlth normal lung and reSplréitory ml/self> fl/llctlol1 ln ( olllrd<,t, COPD 

patients expenence chronlc /oadlng of thelr reSplri'itory systf:rll, r!('p('iH!r'llt 011 tlH! df'qrep 

of obstruction, and demonstrate limitations ln both pulrnollilry and resplréltory rnlJsc!(! 

function. 

10.2.1 Dyspnea versus Work 

Based upon the results of thls study, patients dld perr.:elvn slgnlflcantly hlqtlf!r 

dyspnea level,:> than elther the normals or ath/etes for é:t fJlven leve/ of ah~ohlte w()rk 

measured ln watts However, when Indlvldua/ SUbJ8Cts' achleved work/oéld<, wrm: 

norma IIzed as a percentage of thf; mélXlm um workloi'ld tha t slJbJ(:r;t attalrlf~d, 110 dlffr:rf ~11('(! 

existed between any group ln dyspnea levels measured [sec ser.:tlon 9'2 2 J Dlff(:r(!rlu:~, 

though, dld eXlst ln dyspneil responses to Increï=lc,lnq nG, ma/l/r:d wnrk COPD patl(~nt<, 

demonstratec1lower, or blunted perr.:eptua 1 sensltlvl ty 10 dyspnf!(l wlth Incmasmq nfJrmiill/(:d 

work. Infernng from thls observation, though, that COPD patients have blunt(~d perc(;ptlJill 

sensltlvlty 15 premature 
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No eVldence by prevlous Investlgators has demonstrated that dyspnea IS a direct 

consequence of workload Rather, studles have focused on the dyspnea relationship to the 

ventllatory levcls achl8ved dunng an exercise test 

10.2.2 Dyspnca versus Ventilation 

As prevlously demonstraled by other Investlgators [165.240,249,250,251, 

252,253,254] thesf~ results alSo dlsplay a strong correlation between dyspnea perception 

(Incl ventilation, and conflrm Ihél! for a glven level of VE, COPO patiente; expenence hlgher 

mtfmsltlW., of brr!élthl .. ')e;fl(!S~ However, a lar~e Inter-SlJolect variation wlth considerable 

overlap hf'tw(!(!n mdlvlduélls of each of the thrée groups eXlsted when the dyspnea 

respoflses tn ventilation (Vr /FVC and VE/MVV) wp.re e<amlncrl Patients presented wlth 

~I~lfllflr.dnlly tll~Jh(!r rT1(~an VElFVC anr! V~ /MW at ail levels of absolute work, yct when 

workload WdS normalllf:d as a perccnlélge of maXimum, no dlfferences eXlsled between 

obs<!rV()c! VI /f-VC or Vr-/MW for a glven levei of norrnallzed work Where dlfferences were 

oh~mved WilS Hl :he raIe of changC' of Ihe ventilatory rAsponse of l''e groups Patients 

present(!d wlth slnnlflc<Hltly lowcr mean ratp.s of Inuease ln both VE/FVC and VE/MW to 

IncrnaSIIH) workloéld. norrnali7ed as a percentage of maximum ThiS observation IS not 

surpnslllfl ~l,v('n that COPO scverely Ilmlts ventllatory mcreases dunng exerClse 

Wlldt was surpnslng was tha! wllen dyspnea was exammed, no dlfferences ln the 

dyspneél rcsponse to char1CJes ln elther VE/FVC or VE/MVV were observed between the 

élthletlc, normdl or patient groUpf, appcnnng 10 contradlct the propos(]ls that CO PD patients 

demonstrélle blunted perceptual senslllvity Simllar to prevlously reported studles, though, 

a lot of wlthll1 nrOU!l vrlrlélhillty (j,cl eXlst ln observecl dyspnea responses Indeed, some 

mdlvldual patients ar:tuéllly presentecl wlth hlgherdyspnea r2sponses to changes ln VE./FVC 

théln elther athletcs or normals 

AlthoLJ~Jh COPO péltlents clemonstrated simllar dyspnea responses to ventilation, the 

loads placeci upon thf' IIlSplratory muscles to achleve a glven level of ventilatloll are 

slDnrflcantly Incrcased The mechanlcal work of breathmg IS Illcreased whereby larger 

pleural pressure changes are necessary to overcome the Increases ln both the fnctional and 

elastlc work of breathlng 
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10.2.3 Dyspnea versus Pleural Pressure 

To further Investlgate the Ide;] of perceptual bluntmg. the rel<ltlonshlp of dyspllf'd to 

changes in ~ Pes/Pc.:p was addressed if dyspneClls dlr8ctly relatpd 10 the OU1!JOIIlU Illotor 

command to the Inspira tory muscles as prevlollsly hypotlH'sll'cd, t lWI1 tilt' COIlCl'pt of 

perceptual bluntmg should nul be appllf'd to studiOS PVélludtlflD the' rpl<ltlollShlp of dYSPIH'd 

versus ventilation but rather, the chaflges Hl dyspnl'a whlch occur wlth the' IIH:rCdSIIlH 

pressure changes requlred to bnng 8bout that level of ventilation 

As a group, the patlellts dld not demonstrnte cliffercncps 111 dyspned SC'IlSltlVlty to 

il Pes/Pcap when compared to the athletlc group but they dld delllonstrate lower ~,('I1~ltIVlty 

when compared to the two normal subjccts defmE'd as hlÇJh dySpllC'll mspolldw~ !\~ 

discussed ln the results section 9 7.2 3, though, él lot of variation III dysprH'il r(~~p()w;(' dlct 

eXlst wlthln the patient group ThiS varlcltlon 15 not surpnslrlq, ~lIV('1l Ill(' ('XI)('ctf'd v,trldblhty 

recognlzed when evaluatrng any perceptual sensltrvlty What Wil~ Illt(~m'~tllH 1 Wd~, IIldt will 1111 

the patient group. some patIents presented wlth extremdy low dY'>PIH'd re~,p()lls(,s tn 

changes ln pressure (P1 ,P2,P4.P5'p7) and dlrl appenr 10 df;rnoll~lrilt(· il hltJlltc'd rlysprH:d 

response to Increases m tl Pes/Pcap when cornpnred to ail ottwr slIbjc!ct ', rwo prltl(~llls, 

though, dld not demollstrate thls appawnt pcrcf'ptllal hlllnllllq. hllt Instf'old d('rrHlIl~otrdtnd 

slmi!ar dyspnea responses as the athletes and low dyspn(!d n'<,pnndlllq norllldl<, ill 

concluSion, whlle It appears thnt some CO PO patients (Jo élppcar to dernnll'otrolt(> p(!rCf'phldl 

bluntmg of dyspnea. others respond as norma: SUhj8ctS Thf'rdom. ttw~ stlldy d()(!~ Ilot 

conflrm that CO PO patients as a group demonstrate hluntcrl pr!rceptual Sf!Il<,ltIVltl(!<' 10 

dyspnea 

One "mltlng factor of thls study lies ln the age dlspanty bctwee:--: cach qrolJp l\ 

declme 11'1 the perceptual sensltlvlty of added elastlc and mSlstlve loads has been 

demonstrated wlth Irlcreaslrlg age [208,209,210], howev(!r, It 15 IJllknrJwn If ij slrrtllar iHj(!­

related blullted senSlèlvlty CXISts for dyspnoa p('rcepllon /\11 of the COPD piltl(;nt'> ,>tlldl(!(j 

were slgnll ntly older than both the athletrjS and norrnal~ O(!<'Plt r! thl'>. ttlollqh, <,orne! 

patients demollstrated very simllar dyspnea perceptions when cnmp,m!rl ln <.,mm; norrnal 

and athletlc subjects Others, though, dld appear to demonstratc p(~ru~ptIJ(-j1 bluntlrl(j (when 

dyspnea was related to tlPes/Pcap as dlscussed ahove) /\llhoWlh aq(~ dl,>panty (,ould be 
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a possIble expia natIon for the lower dyspnea responses ob5erved in the apparent 

perceptually blunted patIents, It falls to explam the normal or even enhanced dyspnea 

responses ObSfJrvcd ln other CO PD patIents 

The normFlI subJects were aider than the athletes, yet two normals were deflned as 

hlgh respondlng ~lJhJects Slmllarly, the hlgh dyspnea respotldlng patients were signlficantly 

aider than the athletes and normals, yet dlsplayed dyspnea responses simllar to both the 

athletes and low respondlng normal subJects 

ln conclUSion, some CO PD pdilents' sensltlvities to mcreasmg dyspnea appears 

blunted wtwn dyspnc(J IS exarnlned as a functlon of pressure changes; however, the 

observed dlfferences ln response when ail subJects (athletes, normals and patients) are 

consldmed cannûl be explalned solely by age dlspantles 

10 3 Factors Limiting Exercise 

10.3.1 Ventilation 

As prevlously dlscussed ln the IIterature review, the ventllatory system is 'lot usually 

regarded élS élllIllltmg factor of exerClse ln normal subjects, however ln patients with eOPD. 

their severely Itrnltcd ventllatory capaclty WIll result ln a reduced exercise capacity 

(89,91.93.100.294) Patients demonstrated simllar mean VE at qUiet breathlng when 

compélred ta athletcs and normals, slmllar to results of previous mvestlgators [90] 

ThrolJghoul tlle progression of the exercise test, however. further Increases ln VE were 

slgmflcantly IImlted 

NorrTlélllzmg VE as a percentage of the FVC takes Into account the differences in 

both lung SI7e and vcntlléltory limitatIons Imposed on the patients by thelr dlsease Patients' 

VE/FVC at rcst WélS slqnlflcantly hlgher than both athletes and normal However, at 

rnaXlIl1UIll cxerclse Vt IFVe WélS slnlilar to the normals yet lower than that of the athletes. 

Examullng Vl-IFVe as cl functlon of the % of maximum achleved work, It was demonstrated 

that althougtl presentlng wlth slmllar \lE/FVe for a glven % work throughout most of the 

exerClse test, the rate of Increase of VE/FVe was still slgnlflcantly reduced 

Usmg the estlmated maximum voluntary ventilation (MVV) to indlcate the maximum 
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ventilatory capaclty of the resplratoly system, patients prpsented wlth slgrllficantly lower 

MVV when compared to both athlete5 and normals One IrmltiJtlon of UliS estlllldtcd MVV 

was that It was derrved mathematlcally by utllrzlng the eqlldtlon, FEV 1'42 Th(' FEV 115 Ilot 

limited by reduced respira tory muscle strength wherpéls d truc rncdsur('d MVV Illdy b(' 

Therefore, the lower MW's observed ln thf' patients may hdVC b('cn ,1 dlrprt rons('quPllcP 

of solely thelr obstruction and not necessarrly due to reduœ(i wsplmtory Illusc!p stn)n~ltll 

The measured VE of patients al rest accounted for cl rnean vdlll(' of :Q 2% of thclr 

ventllatory capaclty, Increaslng tf) a hlgh of 81 t 33% at nlilXlmUIll (;x('rcrse Tl1lls, pdtl(,llts 

were utllrzlng a mur.h hlgher % of thelr ventllatory capaclty (lnd often pxc('('dp<! tlH~lr 

maximum sustaillable ventilation ln contrast, both athletes <md Ilormal sublects, werp 

worktng at, but not exceedlng thclr maximal sustalllélbic vcnttli1tton of rlpproxllllat('ly 60% 

of thelr predlcted MVV at maximum exercise 

10.3.2 The Inspiratory Muscles 

The role of the Insplratory muscles as potentlal factor hmltrnq factors of (:wrcisn 

endurance must also be considered The studled patients presented wlth rIl0dcrdtn 10 

severe alrway obstruction, basee! lIpon the observee! redllctlons III thf!lr IlH!dSUr(!d 

FEV1/FVC, anrl were extremely hyperrnflrlted at rest, Incllcélt(~d hy !ll(! dlsproportlollah! 

Increase ln the measured RV ITLC As prevlously dlscussed, hypennflatton cornprornls(!s 

the ablhty of both the rnsplratory Intercostal", and the dlaphmgrn to qen(!rat(! tlw n(:C(;ssary 

force for tension developrnent 

Utllrzlng the measured maXlmL'm Insplratory pressure (MIP) at FRC (lS an IIldex, the 

patients demonstrated slgnlflcant reejuctlons ln rnsplratary muscle strf!nr]th cornparc:cJ 10 

both ath letes and norma Is Also, the patients' abllttlf'S ta qeneralc maximum 

transdlaphragmatlcpressures were slgnlflcantly Ilmlted, indicative of thclr hypennfli1ted stalr; 

and subsequent diaphragmatlc Inefflclencles 

in conclUSion, these results rndlcat8 that althouqh dlfferences ln lunq volumes (1(: 

patients demonstrate reduced VC due to large Increases ln RV as weil as varratlons due to 

body slze) and the alrway obstruction characterrstlc ln COPD do accounl for sumf! of thr: 
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observed lirnltatlons to Increaslflg VE ln the COPO patients, other contributing factors must 

he conSldered Ventllatory liml,atlons, slgnlflcant reductlons ln insplratory muscle strength, 

reduced ventllatory reserJe cou pied wlth dyspnea probab1y act together to play a major role 

ln the observed exerclse limitations of CO PD patients 

Whcn consldenng exercise limitation of normal and athletlc subjects, on average 

thcy had Just rldll[~ved thelr rnaxlmum SlJstalllable ventilation at the sarne time as maximum 

exercise was reached, thus It appears that ventilation alone was not a IImlting factor for 

these subJects Indeed, penpherallirnb fatigue and dyspnea may have played slgmficant 

roles ln the limitation of e)(prClse 

One lTlaJor IIrrlitatlon to the above interpretatlon of possible IImltmg factors of 

cxercise Iles ln the rn(:thodoloDY of thls study Cardlovascular data dld not play a raie ln the 

analysis nlven that Ill(> rl1rlln Issue belng addressed was the raie of respira tory muscle 

r.oordlnahon to dyspnea Therefore parameters such as V02, VC02, Sa02, the anaerobic 

thresllOlci anel exercise mrlucecl hypoxernlé:l were not measured and Inferences concerning 

thClr raie ln IImltmg cxerclse cannot be commented upon. 

10.4 Mechanlsms of Dyspnea 

10 4.1 The Relatlonshlp of Dyspnea to Pressure Changes 

Wh en evaludtmg pos!:>lble mechanlsms whlch under/le dyspnea perception, It can 

be noted thélt Cl relatlonshlp bctween dyspnea and ventilation does eXlst for indlvldual 

subJects Il IS concilldecl, though, that dyspnea 15 not a direct functlon of the actual 

ventlliltlon or pprcent<1ge of capaclty belng utillzed per se Slnce ventilation IS the final 

output of the respll dlory system, Il IS reasonable to belleve that dyspnea perception Will be 

more closely IInked to sorne mechallism Involved ln achlevlng that glven ventilation 

Therefore, the reléltlonshlp of (1yspnea to changes Ir) both pleurol and gastnc pressures IS 

eXélmlned ln more detdll 

Prevlous Investlgators [219,233,248,264], have demonstrated a POSitive hnear 

relatlonshlp belwcen dyspneél élnd pleural pressure (Pes). normallzed by the MI P ln both 

normal and CO PD subJccts However, lItlllzrng MIP as the normallzatlon factor presents 
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serious limitations. MI P IS a measure of the statlc, maXlmUIll pressure the Insplratory 

muscles are capable of generallng, usually measured at FRC 

Pleural pressures nlcilsured du ring thls stuo~/ rmo Ihase prevlously fllcntloneo. 

however. were unoer the dynamlc cOlldltlons of exorcise It has long beell recoqr1llcd tll,lt 

the abllrty to generate pleural pressure clccrCilses bath wlth II1Creélsln~J II1Splrdtory flllW rel tes 

[267,269) and Increasrng lung volumes [766] Thus, norrnalrllll~l ilPes IllPélsured dUrllln 

an exercise lest by MIP would thearctlcally undcrcstllllate the proportion of IlldXlllllllll 

pleural pressure belng expencJed la achlew' d ~Iven ventilation 

Normalrzation of il Pes by the maxnll um c<Jpaclty th~ II1splrlltory IllUSCI('S ,1re Ce1pdblc 

of generatrng at a !]Iven IIlSplrdtory flow <1no voillme (Pr;Jp) IS an attplllpt to corrpr! for thls 

limltauon Our results demonstrate il stron!]. IHiC'dr corrl'Iatlon bC'lw('cn dy~~'ncd ,Uld 

il Pes/M 1 P and between dyspnea and il Pes/P':élP 80th Illethod<; of Ilorrlldlil dtlOIl f(~sult III 

simllar ohservcd dlfferences ln the dyspncc1 responses both Wltl1ll1 nroup~ ,rnd hf'lwcefl 

groups Athletes presPllted as low cJyspllC'(i responders, Iwo Ilornldl~ pn)~('rllpd .1'-> low dlHI 

two as hlgh dyspnea responcfers, wh Ile wlthlll the pallents qroup, flvn patiente., prr'~f'f1I<!d 

wlth a low and Iwo wlth é1 hlgh rlysrned respon~c Cornrarrsorl of the Iwo rllt'lhods of 

normalrzatlon, however, demonstrated that MIP Ilorrnilll/{ltion dld 1 Hld(;f(;e.,tllllél\(! IIHlIvldllill 

subJects' dyspnea resronses to !'J. Pes ThiS underestlrnéltlon WclS srqnlflcant III thf> dlhlf)tlc 

and normal groups but not ln the patient ~Jroup ThiS IS nnt ~llrpn(,lrlq IjIV(!11 thr! fdet thdl 

athletes and normals are étble to achlcve larrJe Increél~ec; Hl butll tlH'lr Irle.,plrdlory flow rdt()~ 

and volumes to meet the demands of exerClse, whereas the patiente., ,m' ',('vf!f(!ly IIrnltcd 

in thelr './entllatory response It should bn pOlntc;d out. though. tlldl the fllii nr:<)dllv(; (:ffcc!'> 

of Increases ln Insplriltory volllm8s whlch or;curs durrng exerClse ln both Ilormal iind éJthldlL 

subJects Will be somewhat offset by tholr lIhlllty 10 reduce EELV belr)w FkC TIll'> would 

somewhat decrease the volume effects upon Pcap, but only up to a volum() of approxlrnately 

10% TLC 

ln conclusion, Pcap IS a more accurate normaillation tool for both normal ;md athletlc 

subjects when assessrng pleural pressure changes dunn!j pro~jresslve exerclse t(!stln~J 



125 

104 2 Dyspnea and the Mechanics of Breathing 

The slmlJltancous measurements of esophageal pressure (as an estimate of pleural 

pressure) and ~Jastnc; pressure (as an estlmate of abdominal pressure) coupled wlth rib 

cage and abdorTlinal wall dlsplacements provldes a qualitative means of infernng both 

resplratory muscle mechanlcs and coordination Limitations of thls method of analysis lies 

ln ItS Inabllity to Identlfy the quantitative contribution of the dlaphragm and the "mtrinslc" 

muscle qrollpS when antagonlstlc muscle actlvlty IS present such as se~ n dunng axerClse 

(98,147) 

ln the reslJlts section, representatlve breaths arc presented for numerous subJects 

at Iso-dyspnea leV(~ls of 5 Comparable results are obtalned at other pOints dunng the 

exorcise for cach suhJ(;ct, however, for slmpliclty, only Single breath representatlon'5 are 

presented 1 he relative workloarl at wtllC:h a subjert expenences a dyspnea level of 5 IS not 

relevant to the followlng diSCUSSion concernlng mechanlcs of breathlng 

/\11 sllbj(!cts dernonstrdtE'G sorne degree of a negatlve gastnc pressure sWings upon 

early Insplréltlon, f'xccpt for /\3 (lmj N4 who presented wlth a pattern of predommantiy !l. Pga 

= 0 dunnfl Ccl rly IflSplrrjtlOIl, as exerclse Illtenslty Increase(j Patterns of negatlve gastnc 

pressure flCIl(!ràtlon~ have bf'en reported ln bath normal subJects dunng exerClse, during 

hypcrvcntiléltlon 1I10llCCc] throllgh re-breathmg [145,295,296], and III asthmatlc [57] 

and COPD patients hOtl1 dunnq exerclse and al qUiet breatlllng [98,297] There are 

severnl p()sslbl(~ hreathlllg stratp!lles whlch would account for negatlve ilPga sWings dunng 

early inSpiration (fig 10.1 a, fig 10 1 b, fib 10.1 c] 

The flrsl would be an InSplrêltOry effort Illltlated by active Intercostr.ll/accessory 

muscle contraction, where the negatlve pressure generated III the thorax IS transmltted to 

the abdominal spélce through n passive dlClphragm [fig 10.1 a] Exanllnlllg the relative 

motion of both the RC and AB, RC expansion would be observed wlth a cOlllcldlng 

paradoxlcallnward rnovement of the AB, assunllng the abdommal muscles al'e relaxed. 

The sf'cond breclthlng strdtegy could be the passive relaxation of the tnangulans 

sternl muscle upon early Insplrntlon, aq(lln reslllting III negatlve il Ppl belng transmltted 

through a passive dlaphmgm, resultlng ln a negatlve il Pga sWing [fig 10 1 b] A simllar Re 
out, paradoxlcal AB Illward motion would be observed, agam assumlllg abdominal muscles 
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are relaxerl To the bec;t of my knowledge this hypothetical breathing pattern has never 

been demonstrated ln normal subJects 

The thlrd strategy Involves the employment of the abdominal muscles ln an 

ln splratory "accessory" role Followlng abdominal muscle contraction du nng expiration, thelr 

subsequent reldxatlon upon early InsplratlrJn would result ln a negatlve ~ Pga sWing [fig 

10 1 c] Thus, dunng eXpiration, abdominal muscle contmctlon acts to store both elastic 

energy and gravltatlonal energy ln the dlaphragm/abdomlnal wall and through the 

sIJb~eqlJf)nt rdaxatlon upon 'nspiratlon, the gravltatlonal potentlal energy of the abdominal 

contents belll~J flllllr.d cnudally IS sufflt:lcnt to accelerate dlaphragmatlc descent and to 

(j(;crea~,c Intrathoraclc pres,;ure If the nb cage muscles are relaxed, an Ulward paradoxlcal 

rnovernent woulc! be obs8rved, whereas If the nb cage volume increases or remains 

relatlvely constant, thls would Indlcate the sWltchlng of Intercostal actlvlty from explratory to 

Insplratory [981 

It has been proposed that a 0 cmH20 change ln ~ Pga dunng early Inspiration IS a 

result of the coorclUl<1tlon of release of abdominal muscle tone cou pied wlth slmultaneous 

dlaphrnqlnéltlc contradlon agalnst minimal abdominal Impedance [298] If thls were the 

case, outward AB movernptlt would be observed upon early inspiration [fig 10.1.d], and 

consequent HG movLJment would be dependant on the level of élctlVlty of the Inspiratory 

ln tercostiil/ accessory muscles 

The Importance of the abdominal muscles as "accessory" muscles to Inspiration IS 

now rcconnl7cd Increased explratory abdominal muscle recrultment durmg exercise has 

bcpn weil documented ln both normal and COPO subJects Increased abdominal muscle 

recrllltmcnt causes a decrease ln end-explratory lung volume below the normal FRC in 

normal subjCcts by approxlmately 10% of TLC both during exercise to maximum and during 

IIlsplratory 10,ldlllg [39, 79,299,JOO,301 ,302] ln contrast, It has been 

dcmonstratf'd tlldt explratory muscle recrultment dunng exercise 111 COPO patients IS largely 

HlPffcctlve III rpduclilg EELV, due to explratory flow limitations Irnposed by the obstruction 

[89,97.98.122]. and dynamlc hypennflatlon results ln Increases in end explrafory pressure 

It IS argued, therefore, that ln order for the abdominal muscles to adopt an 

"IIlSplrdtory" role, Increasing positive end explratory pressures ln normal subJects IS an 
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unavoidable occurrence. In normal subjects, the reductlon of restulg lung volume bclow 

FRC permlts the elastlc outward chest wall recoii to ald tlle procecdmÇ} HlSplr,ltloll III 

contrast, though, the acute hypennflatlon whlch occurs dunng exerclsP ln tho 1l1,1lonty of 

capo patients aets ta place the msplrdtC'ry muscles (-lt ,Hl eVPIl more shorh:'Ilt'd, 

dlsadvantageous Irlltlal length POSition for the proccedlllg InSplrdtlon 

Most mvestlgators have stressee! the raie of explrdtory dbdofllll1,ll III li sel!) 

recruitment on optmllzlng rpstmg dlaphraÇJmatlc l('ngtl1 aile! IIllprovmn ItS IIlSplrdtory 

efflciency ta expand the nh cage through an Illcreclse ln the lorH~ of dppOSlholl 

[7,32,57,145,295,296,303] However, few IIlVf'<;tlf)ators havc cmph,lslIPd tilt \ rolp of 

Insplratory passive abdommal musde rc!dx,llion III acludlly cOllmblJtlll~l tn tht' IIl::,plrdlClry 

pressure generatlcn [981 Such a fllnctlon woulcl provC' to bp of WCcll "'1~l'lIf1(ëjflC(" 

especlally ln COPO pi1tlenls, glven Ihéll redllccd Insplréllory muscle strnnqtll couplpd Wlttl 

the mechanlcéllmefflclEmcy of requlflng larqer pleural prcssurt! ~wlnqs tn i1Chl()V(' ,1 5Jlven 

ventilation, act to place tholr IIlSplratory muscles at nsk to devdop btlque 

The slgnlflcant role of respira tory muscle functlon III Ihe pf~rceptloll of dyspfl(~a has 

been proposed, wlth prevlous mvestlfJéltors hypothcSlzlIlq t!Jat dyspncclls the pmCf'ptlOTl of 

the outgolng motor command to the Inspira tory mtmcostal<,/accessory IIHISc!()!-> 

[222,245,259,271,284,285) Any rnechanlcal readlustmentof the brcdthll1q pdttern wlllC:h 

acts to "Ioad" or Increase the centréll motor output towards both ttle 111~,plrilt()ry 

Intercostals/accessory muscles héls been shown to rcsult ln hl~lher levds of dySPIH!iI 

[271,273,274] 

Theoretlcally, therefore, any readjustmentof resplratory muscle üctlVlty whlch wOIJld 

serve to decrease the load placed upon the IIlsplratory Intercostal/accessory mIIScI(!s woulri 

therefore reduce the arnount of central rnotor output dlrected towards thcse mw:,cl(!s ;md 

would theoretlcally result III a lower dyspnea perception Passive abdominal relaxation 

UP()Il early inspiration wou Id serve such a purposc 

Indeed from our results, It appears that dunnq prorJresslve exerClsc, the \Jtlh/atloll 

of abdominal muscle relaxation dunng early Inspiration does play a slqrllflcant min ln 

reducing the dyspnea response of subJects to changes ln pleural pressure ThiS r.oncluslon 

IS based upon numerous Qualitative and quantitative observations made throuqhout the 
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subjects' Indlvldual pro~Jresslve exerClse tests 

It appears that the athletes, low dyspnea respondmg normal subjects and low 

dyspnea rcr.;pondlnU pi'ltlents éll! utlltzed some degree of passive abdominal muscle 

relaxation dunnq early inSpiration, whereas hlgh respondlng normals and high respondlng 

patients dld not ernploy thls rnethod to make a slgr.lflcant contnbution to the necessary 

pleural pressure ueneratlon 

Ali subJccts stlJdled presented wlth positive increases ln both end explratory pleural 

pr(-}ssurw; (EEP) élnd gastnc pressures, comblned wlth Inward RC and AB dlsplacement, 

Indicative of a cornolrlatlon of Increased explratory IIltercostal muscle recrultment and 

abdornillai muc,r:le recrultrnent and ln the case of the capo patients, dynamlc 

hypennflatlol1 

Ali atilletes, low rlyspnca respondlng (LOR) normal subJects and LOR patients 

demonstrdted AB dlsplaccrn'?ntolltward upon early InSpiration as observed tn the presented 

Konno-M(;ac! dlélf)rdlllS ln 8tidltlon, Inward paradoxlcal or vlrtually no RC movement was 

observee! ln thesc abdornillai brc,lthers durtng the early phase of InSpiration untl' Insplratory 

flow and VOIIHTWS wcrc! IIlcreased This t"ne readJustrnent of the abdomen leadtng the rtb 

cage dlHI wlth the rtb cc1~Je pamdoxlcnlly movtng IIlward upon early inspiration has been 

observer! ln normal (3021 and capo patients [98,297.304.3051 durtng progressive 

exercise cille! 1()c1dlrl~l expcnrnents Examtnlrlg the pressure generatlon profile, presented 

ln MelCklem dl élql (lI11S, a large neOi'ltlve L\ Pga sWing and concurrent negatlve L\ Pes swing 

IS d0monstrdtc'd llw observcd cornblnatlon of RC nnd AB dlsplacement, cou pied wllh the 

ohservcd pcll!ertl of pressure ~lenpré1tlon Irnplles jhat passive abdominal muscle relaxation 

15 OCCUrrtll~J, prnvldrn!J !tH' rncc!l;lnlsrn for pressure changes The simllnrtty lTl both pressure 

ÇJcncratlon profllps ,1I1d RC élild 1\8 motion when élthletes are cornpared wlth LOR capo 

p.l!lents 15 strlkmD ln the élthletps and LOR pé\tlents, for example, these II~gatlve pressure 

sWings occurr('d wltt1111 the flrs! 1 ()O'o of the tlme of Ole breath, and ut" 'Il examlnlng the 

Mélcklcrn dlllWélll1, the !)ressure genE'rated durtng thts carly phase Ires, y close to an ISO 

Pdl = 0 Itlle It IS thercfore possible to Inter that very Il!tle change ln transdlaphragmatlc 

pressure 15 oCGurrtng ln thls early phase of ITlSplratlon and that minimal dlaphragmatlc 

dctlvatlon IS rC'qulred ln contrast, the hlgh dyspnea respondlng (HOR) normals and HOR 



COPD patients, desplte achlevlng negatlve pleuri11 pressure sWings, demonstrated Illlnlll1dl 

gastnc pressure swings during early Insrlratlon EXélmmln~l ttw relélllvc mollOIl of 111(' Re 

and AB, outward RC movement is observed uron f'cïrly II1Splrdtlon \Nlth 110 l'utw,lr(j 

movement or mward pùradoxlcal movement of the AB Therefore, Il (,dll bp Irlfprr{)d IIl"t 111 

these hlgh dyspnea respondlllg subJecls. the ~~C musclt's (lrt~ clCtlVC'ly cOlltrdctllln 10 

generate the necessary change ln pieu rai pressure 

Followlng these generailzed observations. Il IS pos~lble 10 dlvldf' f'drly lf1~plrdtory 

pressure generatlon mlo two phases The tlrst IS the "pre-lf1splr,ltory Ilow" phdse 01 

pressure generatlon and Indlcates the mechanlslTls lItillleo to rdllrl1 thf' rf'Splrdtory systt'il1 

to a level whereby Insplratory flow can be Itlltlaled ReslstIV(~ :md dd·~tIC IO,HIItH) stlldl(~', 

have demonstrdleo that the perception of Illst detcctdhlc loac!s occllr~ V(~ry (',uly 111 tlH' 

inSpiration, close to pe8k flow [179.180] Applymq Ihls co1lcept ln tlH' prnsP!1t ~11J(!y, thl' 

phase of pressure generatlon frorn 0 to pCélk flow ilCCf'lerdllon IS cllsn pxplorl'd 

Ali subJects presented wlth sorne deCJfce of 1I1crCilSCS 1r1 pl(!!lral ()rl(! t:xplrdtory 

pressures (EEP) as exerclse pro[Jrf!sserl Thf'se o[)sf'rvf>d Incredse~ wme dlJP to (,Ithm 

increased explréltory rnusr.le recrultrnF'nt and d rcdudion III end nXf)lf(ltnry 11JlH) VOIUmf!'" 

below FRC, as oceurred ln the normal élnd dthldlC subWds, or dll() ln ttH' (Ornhllldtloll of 

Increased explratory muscle actlvlty cou pied wllh dynmnlc hypcnnfldllnf1, pwvlollsly 

observed la occur III COPO patients dunn~J AxcrCISC 

Examlfllng the prc-Insplratory f!ow phase of rm;SSlJfC (J(meratIOI1, Il Wd', OIN!rvC!d 

that ail athletes and N3 (LOR) presented wlth lower dyspm!él mSpOnSf)S tn tlH! pO'-,ltIVf! (md 

explratory pleural pressures (EEP) when cornpélf(;d to hlqh r(~spondlnfJ norntéll<, N 1, N2 (lnd 

the LOR sublect N4 Simllarly, the LOR pallenb (P 1 ,P2,P4,P5'p7) pf(!'-,(!I1I()d wlth low 

dyspnea responses to EEP when comp(m~d 10 Ul(! HOR patlm1t<., (P:1,Pfl) Of tlH! HOR 

patients, P3 actually presented wlin an Iflconslstrmt relalionsillp of dy~prH;il tn EE:P wtlll(! 

P6 presented wlth a response simllar to N 1 ,N? and N4 

Evaluatlng actual EEP mensured, sorne ;lthIF~les prcsmlted wlth muet! tllqh(!r EEP 

when compared to the normal subjects, four of thf; seven patlfmts who pr(;sent(;d wllh Ihf! 

highest EEP were 31so LOR Mechanlcally, Increasmg EEP causr~s work 10 br; perforrncd 

on the lung whlch would produce no ventilation and the subsequent hl(Jh I(;vels of 
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mtrathoraclc pressure may Impose a Ilrnltatlon to cardlovascularfunctlon [91] It IS therefore 

surpnslng that ln generéil, the low dyspnea responders were the subJects who were faced 

wlth the larqest mechrmlcallmpedance to overcorne ln arder for Insplratory flow ta begln 

As prevlously rm!ntlon(;d, both athletûs and normal subJects have the beneflt of Ir.creased 

olJtwéird chc~t wâll rccoil to alcl ln overcornmg the EEP, but the COPO patients cannat rely 

on such a mechélnlsm Passive élbdorTllr1al relaxation ln COPO péltlents may thus constltute 

an optimal re~)ponsp. of the respira tory system almed at achlevlng the maxlrnum ventilation 

posslbl(~ ln tlH! frlce of a Sfwere mp.chélnlcallmreolrnent (98J Conversely, lf1 the athletes, 

abdolTlInâl rnlJSclc relaxation \!voilld be ildoltlve to the outward ehest wall recol! ""hlch occurs 

when hJnq vollJme~ am below FRC nie two cou pied tO~Jethor would result ln Insplratory 

rncchélnlcs whlch are Vf!ry p.1H!rqy efflclp.nt 

nm~e of the f'lllr rltlllf'tp.s (A 1 ,AL,A 3) and one low respondmg Ilormal (N3) presented 

wlth rnuch fdstp.r neqdtlv(; rotes of challCle ln gastnc pressure (Il Pga/ Il tpm ) when compared 

to thp. rerndlllltl'j <;tlhI0c!"1 The one> rernaJnlng 8thlete (A4) and low respondlng norrnal (N4) 

both pwspntpd wlth lowp.r mtfJS of gastnc pressure chan~Je and ln the case of the norrnal, 

ôP~Ja WilS 111 thl~ pO'-,ltIV() direction Howevpr. the rolL' of abrlornlnal muscle relaxiltlon, ln 

thpso two '-,llhj('< te; WilS ~)tl!l slqnlflf:cH1t (as sC'c;n ln the respective Kanno-Mead dlagrams) 

Abdollllll,ll rTllIS( Ip recnJltrnent dunng cxplrrltlon would not oilly place the dlaphragm at a 

more lenqtll('rwd position hut thf> draphraqm would be pnrncd for subsequent Insplratory 

contraction Indepd. It IlélS benn shown tha! the force ocveloped by a muscle when It 

shortcns aftc;r nc;lng strctched IS oreatc;rth-'II that developed nt the same speed and length 

wtwn stilrtln~J from d state of Isornetnc contraction [306] Thus as the abdornlnals 

relax cd the dlaphragm was faccd wlth optlrnal conditions ln whlch to contract downwards 

A wldp vdrlilbliity eXlsted wlthHl the patient group when the Il Pga! Il tPfU- was examlned at 

maXInHlrll exerC'lse As spcn on Table 93, P2 (LOR) presented wlth a slmllar rapld rate of 

chélnge III ~J(lstriC pressure as SCCIl ln the élthletlc subjects The rem,lInlng subJects 

prescntcd wlth varyll1g r,ltes of chanqc. however, It should be noted that the two lowest 

observed rates of chélnge were by the two HOR patients (P3,P6) These two subJects also 

dernonstrated l,uSle v,m,ltlons Hl thelr breath to breath rneasured il Pga/ Il tpm ' whereas 

P4,P4,P7 (,111 LOR) prescnted wlth relatlvely consistent ôPga/iltpHE as inferred from the 
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small standard deviatlons about the means P1 (LOR) demonstrc1tf'd sornp very rdpld 

changes ln gastnc pressures whlle ln other brenths, he dcrnonstr,lted relatlvply no chéH1~ll' 

The rate of change of neÇJa tlve pieu rai pressure (~Pps/.\ tl 'I~I ) 111 tllis po (' 1 nsplr,ltory 

flow phase also appeared to be related to the abll1ty to llllillP dbchmlll1cll rllllSc!t' rel(,dsP 

ln general, the athletes ail demonstrated very rapld L\ Ppsl L\ tl'Il! ' dS dia four nf tlH' flve low 

respondlng péltlents (P1 ,P2,P4,P7) It 15 éllso SC('[l thélt thosp subjPcls wh(, PXPPr!PIlC('d tilt' 

larger development of EEP dunng exerClse, also dcrnonstrdtpd Lister L\ Pps/ L\ tl'ili It (,,111 bp 

speculated that abdominal muscle relaxation provlded ,ln dccplpr.ltlv(' mf'clléllll~rn, 

permlttlng a more rapld rate of change of pleurdl pressure to ovprcOI11P th!! EEr ,lIld to 

Inltlate the next inspiration 

Simliar to thls concept, Dodd el al [981 hypothesI7ed thelt elt tlle OIlSe! of Hlsplr,ltory 

flow at the mouth, the dlaphragm/abdomen have alrpeldy acqlllred a d(~SCf!Il(illln vf'loclty, 

whlch must be additive to that produced througholJt IrlSplratlol1 by Ihe mlcd5P of 

gravitation ai energy They also proposed that Ihe clastlc cner~1Y df!rlved from tlloroiclC qd~ 

decompresslon, added to the "sling shot" df('c! of abdomlnélllTlllsr.!p n,ldxalloll wOllld r(,~1I1t 

ln a more rapld development of negntlve pl(~LJral pre~,slIw on Itlspirillion ttlclll wOlild 

otherwlse be possible These rcsults ilppcar to corroboratf' Ihls hypottH!<'ls 

When compar JnfJ the maximum rate of r,hanqc of pl(:IJrdl prns<,lIrc rlchlf'V(:d from Itlf> 

onset of Insplratory flow to peé1k flow acceleriltlon (tlPe~,/tlt) at rndXlrnlHTI exmr.lsc~ of (!dcll 

subject, It IS observed that three of the fou r athletcs (A 1 ,A~{ ,A4) (lChlf~V(:d Vf!ry hlqll tI. Pw,/ L\ t 

The remalnlng athlcte whlle achlevmg a lower L\ Pes/ L\ t than Hw othpr<" Wd<, the dthl(!\(! who 

only reached 80% of hls maximum workload Whf:n consldennq HI(! rill!o of L\ p(!~~1A t ln 

dPes/Pcap, the athletes were able to achlev(! Cl muet! frlstH rille of ChrHHj(' of pl(:IJrdl 

pressure for a glven % dv "lgC 111 t:. Pes/Pcap ThiS SIJpports thr: Id(!(l thd t ;ibdorrllrtdl rTiI Jsdn 

relaxation rnay ln effecl "accelerate" Ihe nerJatlve dmnry: ln plf:tJral pr(~s<,IJr(; r(;qIJlr(:d for 

vertllatlon ln cnntrast, the norméll subjeds ail prcSfJnled Witt! rTllH,h Ir)w(:r AP(:s/tlt, 

regardless of whether they were low or hlgh responders A possible (:Xpl;HliJtlon iJ\ tn why 

the two normals deemed "Iow responders" do not exhlolt the <,arn(~ ;]cu:lmatIVf: foru;<, 

worklng on L\Pes as do the alhletes Ilcs ln thelr level of worklo(;lrJ (;lchlf:v(:d L(:q fdtlfjlJr!, 

motivation or other factors prevlously dlscussed may have play(;d a Ilrnltmq rolr: ln both of 



133 

thf~se subJmJ<, and therefore they demonstrated smaller positive increases ln EEP. 

Therefore, thf~y would have had lower levels of abdominal muscle recrUitment, cou pied with 

th(~lr lower leV(~I<) of achleved work, thus the possible acceleratlve force whlch abdominal 

muscle relaxation provldes would be IImlted The patients demonstrated similar ratios of 

6Pes/Pcap 10 LlP(~c;/6t when compared to normals and Indeed, often achleved hlgher 

6 Pes/6 1 at maximum exerClse 

Il IS Important, however, to conslal:;~the rates of change of gastnc pressure t1Pga/t1t 

whlch accompany élnd perhaps contnbute to the rate of change of pleural pressure If 

abdominal muscle relaxation does play a ro e ln reducltlg dyspnea perception, It would be 

cxpected that for a glven Increase ln dys~nea, a concurrent rapld L\Pga/t1t would occur 

ThiS rf!lationshlp 15 r;xpressed by the ratio of t1 dyspnea to ~ Pga/ ~ t 

Threc athletes (A 1.f\2,A4) nnd one low respondlilg normal (N3) both presented wlth 

stronn relatlonshlp correlatlonsbetween dyspnea and ~ Pga/6 t throughoutthe exerClse test 

Aiso they clernonstrated Ll much faster rate oî change ln gilstriC pressure for a glven change 

ln dyspncél Wtl('!r) compmed to both hlgh 'espondlng normal subJects (N1 ,N2) ln contrast, 

agam A3 éHld N4, bolh low responders presenled elther a poor correlation or positive (le 

Ll Pga/6 t >0) ratio As dlscussed prevlously, these two subJccts dcmonstrated patterns of 

clttlCr relallvcly no chanoe ln gé1SlriC pressure or positive 6 Pga sWings Lookmg at the 

pdtlenls, élll low responders also demonstrated similar fast rates of change ln gastric 

pressure for a glven chanç]e ln dyspnea, simllar 10 the athletes The two patients termed 

hlrlh mspomjors exhlblled much smaller chan~ès ln the rate of gastnc pressure change for 

cl 91von chanflc ln dyspnea 

Qualltallvely, lookmg al subJects who presented wlth early Insplratory passive 

élbdonllnc11 reldxallon. Il was conslstently observed that upon hlgher levels of work, the 

9CIlPréltlon of pCdk negatlve pleural pressure. coupled wlth the rapld negatlve gastnc 

pressure sWing rosulted ln Ihe complele acceleratlon of InSplratory flow to peak values ln 

both athlptes and LOR pdtlents If an anal ogy can be made to the prevlously mentloned 

IOddlllg studlps [179,1801. the perception of dyspnea may occur very ~arly ln Inspiration 

If thls 15 truc. carly Insplratory abdominal muscle relaxation IS weil suited as a "dyspnea 

11T1lI11ng" mec~lélnlsrn 



Researchers have demonstrated that dyspnea IS nol dlrectly relclted la the level af 

diaphragmc.:dc fatigue [264,271.272] but rather ta the "Ioadllln" ('ff('cts thdt II1dllCpd 

dlaphragmallc fatigue would Impose on the IIlSplratory mtcrca5tdl/accL'S50ry nlllscI('s ln 

the subJects studled, Il does flot appear as If cHly suhj('cts dchlCVpd dbovp thrpshold 

pressure-tlme indices Gf the ol2lphragm, excllldlfl~f the prcs('IlGe of dlclphrd~Jnlclt\C fdtl~JlI(, 

The exception ta thlS 15 1)4. who exceeded the tllr(;shold Icvcl of () 15 TT dl l IIIS pcltlellt, 

however. demonstrated a strong abdom\[l2l1 relaxcltlon breathlll~J pattern Thl~; lll('ch,Hllsrn 

would theoretlcally permit the dlaphragrn ta gl!lleratC' tenSion wlth les!> dlllOl JIlt of work !Jl'1I1q 

performed, therefore, pcrmlttmu él TTell >0 15 ta be élehlcved wlthout lI11pprlClll1<) Lltl!jlH! 

When mensunng the pressure-tlme Index of the 1I15plrdtory 111115<.I('s (1 fll11) , ~('v('rcll 

factors must be canSldered The TTlm I~ based upon the é1SSlHnptloll Il1<1t dll of 1111 ~ pleurdl 

pressure cllanges occurnng are due SOlf~ly to dctlve IIl!>plrdtury 111IIs<:l(' umlrdctloll 

Increased expira tory muscle recrUitment dllnng exercise wOllld calJ~(! dn over ('Xdqqf!riltIOIl 

of the measured pleural pressure SWings, therdore, the eff(·cts of dbdofl1111dl rTlIlsLl{' 

relaxation on changes ln pleural pressure must he cOllsldered when f'vdhldtltlq the n lm 

of subJects dunnq exerclse Indeed, from the mSIJlts, A1,P1 ,P2 élnd P4 ail prc ..... ·llt wltl1 

TTlm exceedlng the designated Insplratary muscle fatl~llJe threshold of 024 Ilowuv(;r, dll 

of these subJects demonc;trakd ahdomlfléll muscle relax2llion, r(;sultlllq ln cl portion of ttH~ 

pleural pressure change ta be generatecJ passlvely However, glvcn Ihe d('SI~lll of tilis 

study. Il IS Impossible to dlscern quantltatlvely what the contnbutlon to pl (;lIril 1 pn;!>c,ure 

chanoes IS belflg accompllshed through abdominal relaxation and by InSplrdtory muscl(; 

actlvlty 

Therefore, Il appears Ihal passive abdominal recoii not only aets 10 untoad Hw 

dmphragm but also to unload the Inspiratory muscles, permllttng largorpmssilw qenf!rdlloll 

wlth Iittie nsk of developlng Insplratory muscle fatigue ln conclusion, Il do(~s not app(~m a,> 

If elther dlaphragmallc fatigue or Insplratory muscle fatigue played a Ilmlllnq role ln (~XF!rw)(~ 
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10.7 CONCLUSIONS 

These results mdlcate that dyspnea perception IS directly related to resplratory 

muscle functlon The hypothesls that dyspnea is a perception of the outgoing motor 

cornrnand to the Insplratory muscles (Intercostals/accessories) is one whlch would provide 

an explanatlon for our results 

Exerclse Imposes dernands upon the respira tory system, demands which the 

Insplratory muscles must mûet by Increaslng the 1 r force generatlon, ln order to generate the 

rcqlmed ventilation Thus, as exercise Intenslty Increases, the Insplratory muscles are 

féiccd wlth Increasmq ventllatory loads Both athletes and normals demonstrate normal 

rcsplr<1tory rnuscl(~ strcnnth and functlon, whereas the capo patient IS faced wlth severe 

hmltatl()n~ Hl bolh cndllrancf~ and functlon However, when examlnlng pressure generatlon 

and relative Re; élnd AB motion, It IS surpnsmg to see the slmllanty between LOR patients 

LJnd athle!cs 

The Importance of passive abdominal muscle relaxation upon early inspiration has 

not bcen dl rectly Hwestlgated ln the pas! Th IS study, though, demonstrates that thls 

mcchdnlsm IIld(~ecl appears to plély a very Important role mechanlcally. It appears to not 

only llnload both tlle dlaphragm and ttle Insplratory mlercostal/accessory muscles, 

preVf)fltlng fÇllloue al hlçjh worklorlds, but also to provide a very strong acceleratlve force for 

pleuml pressure 9cncréltlon SubJects who presented with a coordmated pattern of 

abdomlr1cllll111Scll~ relaxation presented wlthlowerdyspnea responses to changes ln pleural 

pressure It also can be hypotheslzed ttlat ln some COPO patients, the lower dyspnea 

responsc to changes ln pleural pressurRs IS a direct result of thelr adopted breathing 

patterns and not (lue to perceptual bluntlng of sensation ln conclUSion, passive abdominal 

muscle relnxatlon appeClrs to play a slgnlflcant raie in IImiting the perception of dyspnea 

dunng progrf'SSlve exercise 
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SUGGESTIONS EOR EUTU RE RESEARCH 

1. Perform an epidemlologlcal study, examlning the prevalence of eélrly Illspimtory 

abdominal muscle relaxation dunng exerclse ln a population of athletes, normal sub]ects, 

chronic obstructive pulmonary dlseased patients 

2. Study the effects on dyspnea perception of abdominal muscle relaxation during anothor 

form of exercise (ie. tr eadmlll exerclse) 

3. Investigate the mechanics of breathmg dunng explratory resistive loadmg 111 norrndl 

subjects and the relatlonshlp to percelved dyspnea 

4 Investigate the effects that early insplratory abdominal muscle relaxallon has on both thn 

timing of and electromyographic activlty of the dlaphragm 

5 Investlgate if insplratory abdominal muscle relaxation has a similar role in the reductlon 

of dyspnea perception dunng exerClse m a group of patients suffenng from restrictive hHHJ 

disease. 
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