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ABSTRACT

This study investigates dyspnea and the mechanics of breathing during progressive
exercise Three subject groups, athletes, normal sedentary subjects and chronic obstructive
diseased patients were studied during progressive exercise testing to exhaustion on a cycle
ergometer Subjects rated dyspneaon a Borg Scale Inspiratory flow, esophageal/gastric
pressures and nb cage/abdominal displacements were measured

Subjects demonstrated two patterns of dyspnearesponseto changesin esophageal
(pleural) pressure  All athletes, two normals and five patients were termed "low dyspnea
responders”, (LCR), whereas the remaining subjecls were termed "high dyspnea
responders”, (HDR)

LDR demonstrated large, rapid negative gastric pressure swings, coupled with
outward abdominal displacement during early inspiration when compared to HDR,
suggesting that LDR utihzed abdominal muscle relaxation at the onset of inspiration. This
mechanism appears to provide an extra inspiratory force contributing to the increasing
pleural pressures required  This breathing pattern appears to diminish the sensation of

dyspnea at a given pleural pressure,




RESUME

Cette étude examune |0 dysye v ot les mécaniques de ta respication durant

Vexercice progressif Trois growr ~ , ¢ lontles athlétes, les normaux sedentanes,
ainsique des patienisavecm -, i er Lfructive chronique ont été etudies durant
I'exercice progressif maxin ‘st “ .« llede Borg etait utihsce pour la mesure
de la dyspnée Deébit respirai.. e iagienne et gastrnque et deplacement de

la cage thoracique/abdominaleont gqussi© 1 surés

Les sujets ont démontré deux types de réponses dyspneiques aux changements de
pression sescnhagienne Tous les athletes ainsi que deux normaux et cing patients etaient
classés comme reponaants avec tres peu de dyspnée (RPD), tandis que les sujets restants
etaient ciassés comme répondants avec dyspnée importante (RDI)

RPD ont némontré de grands et rapides changements d'amplitude en direction
négative de pression gastrique ainst qu'une augmantation ce la crconférence abdominale
durant la premiére partie de l'inspiration compare aux RDI, suqggérant un relachement des
muscles abdominauxdans le groupe RPD au débutde 'imspiration Ce mecamsme semble
apporter un ajout a la force inspiratoire contribuant ainsi a augmenter la presston pleurale
requise Ce patron respiratoire semble diminuerla sensation de dyspnéc a tous les niveatix

de la pression pleurale
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CHAPTER 1 INTRODUCTION

Dyspnea may be defined as breathlessness, difficult or laboured breathing and 1s
a psychophysical sensation which becomes a major debilitating factor for patients suffering
from Chronic Obstructive Pulmonary Disease (COPD) Many proposals have been
postulated concerning the physiological and psychological causes of dyspnea, however no
precise mechanism of dyspnea has been identified to date

Presumably, dyspneais a sensation resulting from a numoer of inter-related stimuh
For example, the diseased state of the respiatory system in COPD patients may
dramatically effect perceived dyspnea The COPD patient may expenence overwhelming
and exercise hmiting dyspnea upon even mild exertion, whereas in normal subjects,
exercise is rarely imied solely by dyspnea  Only upon extreme, strenuous exercise may
dyspnea become a himiting factor for normal subjects

The followingpresents a summary of the contents of this thesis - Arelevant iterature
review I1s presented in Chapters 2 to 7 inclusively

Chapter 2 will addr _ss the functional anatomy of the respiratory muscles

Chapter 3 discusses Chronic Obstructive Pulmonary Discase and the mechanical
limtations it places upon the respiratory system

Chapter 4 will address ventilation during exercise in both normal/athletic subjects
and COPD patients, and the mechanics of breathing during exercise

Chapter & examines respiratory muscle coordination and the mechanics of breathing
and reviews the various methodologies existing for both the guantification and qualification
of respiratory muscle activity

Chapter 6 will discuss the scientific field of psychophysics  Following a brief
historical review, the application of psychophysics to studies of respiratton will be discussed

Chapter 7 addresses the specific respiratory perception of dyspnea ana examines
studies specifically addressing possible stimuli of this sensation

Chapter 8 will discuss the methodology of this study whaose first objective was to
investigate the relationship between dyspnea and work, ventilation and pressure: changes

in three distinct subject groups, elite athletes, normal subjects and COPD patients




2

The second objective of the present study was to examine muscular coordination
and respiratory mechanics during progressive exercise testing to determine if a relationship
exists to subject's perceived dyspnea

Chapter 9 presents the results of this study.

Chapter 10 will discuss and interpret the results and discuss future areas for
investigation

This study attempts to both qualify and quantify parameters contributing to a
subjects’ subjective sensation of dyspnea Chnically, a better understanding of possible

mechanisms of dyspnea s essential for appropriate patient management.



CHAPTER 2 FUNCTIONAL ANATOMY OF THE RESPIRATORY MUSCLES

The thrust of this thesis 1s on respiratory muscle interaction in hedlth and disease
This description of the structure and function of the respiratory muscles provides the basis
for future reference

All muscles comprising the respiratory system are skeletal (as any hmb muscle),
whose primary task i1s to displace the chest wall, resuiting in ventilation of the tungs
Functionally, the chest wall can be divided into two compartments mechanically arranged
in parallel, the rb cage (RC) and the abdomen (AB), separated from each other by a thin
musculotendinous structure, the diaphragm {1] Given their arrangement, an increase in

lung volume can be achieved by either an increase in RC or AB volume {1,2] [fig 2. 1]

2.1 The Rib Cage

Structurally, the RC consists of the thoracic vertebrae dorsally, upon which the bony
nbs articulate with the transverse processes and vertebral bodies  The skeletal arches are
completed via costal cartilage and articulations joining the bony ribs to the sternum ventraily
The nbs’ movement 1s largely monoaxial (rotation about the axis defined by the nbs'
articulations with the vertebral bodies and the transverse processes {3,4]), however,
given their configuration, nh movement can also onccur on a sagitlal, frontal or axial plane
Mechanically, any muscles which elevate the ribs will provide an inspiratory forc e, while:
muscles that lower the nbs will have an expiratory effect [1]  The honzontat orientation of
the upper ribs as well as the more restrictive sternal attachments resultin a "pump handie”
motion upon inspiration, and movement as a unit with the sternum [5,6]  In conltrast, the
lower nbs enjoy greater freedom of movement during inspiration, moving both cranially and

laterally in the so called "bucket-handle" pattern

2.2 The Diaphragm
The diaphragmaticfibers radiate from a central tendon to insert peripherally as cither
the crural (vertebral) or costal portions The diaphragm has been described as an ciliptical

cylindroid, capped by a dome (the centra! tendon) [1,2,7] The cylindrical portion of the:




/

S AR Y
0 IITTEANAN
o

} ! Scalene
-

Sternacieido 5

Mastou
— Internal intercostals

- External Intercostals

lnsertionat

Action of External Oblique

1]

Deflating Actigns -
of Abd m

Rectus Abdominis

Figure 2 1 Diagrammatic representation of inspiratory and expiratory muscles and their
respective actions (arrows)



5

diaphragmis opposed to the inner aspects of the lower RC, torming the "zone of apposition”
{8.9]. The zone of apposttion, thus, makes the lower RC in effect, a part of the AB
container, whose movement is a direct result of changes i abdonminal pressure (Pab)  As
the diaphragm shortens during inspiration, there is a piston-like displacement of the dome
related to the a«ial shortenin: of the zone of apposition [9,10], with a subsequent
expansion of the thoracic cavity  During a quietinspiration, contraction and descent of the
diaphragm thus results in a fall in pleural pressure (Ppl) in the thoracie cavity, an increase
in lung volume or decreasc in alveolar pressure, depending on whether the arways are
open or closed, and an mcrease in Pab  As the AB 15 mechanically constdered a "hqud
filled" container with the majonty of its parts considered (ic bony structures), its movement
is largely hmited to the ventral abdominal wall and to the diaphragm  Therefore, as Pab
increases with diaphragmatic descent, the ventral abdommal wall moves outwards

The resultantfall in Pplhas an expiratory action on the RC - Thes s counterbalanced
by two inspiratory effects of diaphragmaltic contraction upon the fower R, [8,11,12]
These ate (1) the appositional component, which acts to expand the lower RC and
dependent on the arnount of rnise of Pab, AB wall compliance and the size of the zone of
apposttion, and (i) the insertional component of the costal portion of the diaphragm, which
also acts to lift and rotate outwards the lower RC mamly in the transverse direction, resulting
directly from the action of the diaphragm at its insertion on the lower six nbs [ 7] These two
forces are active only If the contractingg diaphragmatic muscle fibers remam onented
cranially, therefore the abdominal visceral mass acts as a brake to excessive diaphragmatic
descent and also as the fulcrum against which the diaphragm pushes to hit the fower nbs
[1,13] It has also been demonstrated that the diaphragm has an expiratory action upon
the upper RC, directly related to the fall in Ppl incurred dunng diaphragmatic, contraction
[1,14,15]

Although authors disagree about the extent to which the: diaphragm acts solely to
cause the required inspiratory force [11,16], they all seem to aqgree that the inspiratory
effect of the diaphragm is large at low lung volumes [7] However, as lung volume:
increases, the zone of apposition dimimishes, and there 1s less appositional force acting in

the inspiratory direction via the increased Pab As a consequence, the cxpiratory action
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caused by the increase in the fraction of rnbs exposed to Ppl dominates [9,11,12] At
extremely high lung volumes (approaching Total Lung Capactty (TLC)), as the zone of
apposition disappears, the insertional forces of the diaphragm on the lower RC behave in
an expiratory nature [9]

In the normal subject, utihzing the diaphragm as the sole ruscle of inspiration would
cause distorhions of the RC at all lung volumes [1] However, at rest, a uniform expansion
of both the upper and lower RC In the anterior-postenor (A-P) diameter and in the
transverse diameter of the lower RC 1s observed This indicates that even during resting
breathing, normal humans contract other muscles of the RC to counter the distortional
diaphragmatic forces, resulting in a uniform expansion and enhanced A-P diameter of the

lower RC and expansion of the upper RC

2.3 The Neck Muscies
2.3.1 Sternocleidomastoid

The sternocleidomastoids oniginate at the mastoid processes and insert onto the
ventral surface of the sternum and medial third of the clavicle  In normal subjects, during
quict breathing, the sternocleidomastoids are inactive and therefore not responsible for the
upper RC expanston observed at rest  However, during high levels of ventitation {ie during
exercise), or with inspiratory loading (1e experimental and diseased states), they actively
help to cranially displace the siernum and expand the upper RC, predominately in the A-P
direction  Their activity also results in some transverse expansion of the upper RC

[1,17,18]

2 3.2 Scalenes

The scalenes consist of three bundies of muscles, running from the lower five
cervical vertebrae to the upper surface of the first two nibs It was previously thought that
the scalenes, hke the sternocleidomastoids, were only "accessory” muscles of inspiration,
becoming actively recrinted only as ventilatory demands were significantly iIncreased above
resting breathing [17]  Today, therr role as a primary inspiratory muscle, even at quiet

breathing has been recognized [18,19] Their inspiratory activity is to expand the upper



7

RC mainly in the A-P direction [15], and to cramally displace the sternum [2] The scalenes
shorten very little, even during a vital capacity manoeuvre, therefore it appears that the

scalenes will maintain thetr contractile force even at very high lung volumes [18)

2.4 The Intercostal Muscles

There are two distinct muscle layers originating and mserting into the nb cage, the
sternum and the spinal processes known as the external and internal intercostals
respectively  The external intercostals oniqinate from the tubercles of each upper nib
dorsally to insert obliquely caudal and venval to each respective nb below at the
costochondral junctions and lay superficial and at rnight angles to the internal mtercostals
In contrast, the internal intercostals extend from the sternocostal junctions ventrally to run
oblinuely caudal and dorsally from the nb above to the nb below to insert into the angles of
the ribs [1]

The parasternalmuscles are the interchondraiportion of the internalintercostals and
are the only muscles situated ventrally between the sternum and costochondral junctions
[1,7].

Dorsally, the levator costae muscle runs from the transverse processes of the
vertebrae cranially to the angle of the nbs caudally After much controversy, it is now
accepted that the external intercostal muscles, the levator costae and the parasternals are
inspiratory in natur2, acting to expand the RC, whercby the interosseous portion of the
internal intercostals are expiratory in nature:, decreasingRC diameter Selective stimulation
of the parasternals n dogs results in an clevation of the nbs, descent of the sternum and
subsequently, an increase in lung volume [20]  Although the: mechanisms of action in
man of both the internal and external intereostals are stili unclear [21,22], 1t 1s beheved
that through a coordinated mechanism. the internal and external intercostals are: able to act
in opposite directions on the RC [23,24] Expernmentation hdas also shown that the
parasternals are rhythmically active even durng quiet mspirations [23,25], while the
contributions of the external intercostals and levator costae are mited  However, the
sternum does move cranially in seated humans during quiet inspiration, indicating that the:

scalenes counteract the parasternal’'s action on the sternum
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It has been proposed that the intercostals (excluding the parasternals) may play
more of a non-respiratory than true respiratory role, namely providing the muscular force

for trunk rotation and postural maintenance [26,27]

2 5 Triangularis Sterni

This flat muscle 15 also known as "transversus thoracis" or "sternocostalis” It lies
deep to both the sternum and the parasternal muscles Its action is reciprocal to that of the
parasternals, namely a caudal displacement of the ribs with a simultaneous cranial motion
of the sternum [28]  Activity of the triangularis sterni 1s not seen in humans during quiet
breathing in the supine posture {29], however activity has been observed in standing
subjects at rest [30]  This muscle 1s continuously active during expirations below
Functional Residual Capacity (FRC) as well as dunng spontaneous expiratory efforts
(coughing, singing, speech) [23,29] It can be assumed that during increased ventilatory
demands, eg oexeraise, the tnangularns sterni will become actively recruited along with the
internal interosseous intercostals to lower the ribs, increase pleural pressure and to actively

force the expiration [23]

2.6 Abdominal Musculature

As previously mentioned, the abdomen is a virtually incompressible liquid-filled
container, hence only the diaphragm or ventral abdominal wall can be displaced. The
ventral lateral wall 1s compnised of four main abdominal muscles, whose functions play a
major role in respiration [1]

The most ventral of these muscles is rectus abdominis, originating from the ventral
aspect of the sternum., the fifth, sixth and seventh costal cartilages and runs along the entire
length of the ventral abdominal wall to insert caudally into the pubis The other three
muscles form the lateral abdominal wall and their aponeuroses form a sheath about rectus
abdomimis These are 1) the external oblique which orniginates from the outer surface of
the lower eight ribs (covering both the lower ribs and intercostal muscles) to insert into the
thac crest and inguinal igament, 2) the internal oblique which lies deep to external oblique

and originates from the iliac crest and inguinal hgament and runs cephalically to insert on
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the costal margin and also forms an aponeurasis which comprises part of the rectus sheath,
and 3) the transversus abdominis which lics the deepest and onginates from the inner
surface of the lower six nibs and interdigitates with the costal insertions of the diaphragm,
and from the lumbar fascia, ihac crest and inguinal hgament Its muscle bulk runs
circumferentially about the abdominal viscera to insert ventrally nto the rectus sheath [2]

Mechanically, these four muscles act in both non-respiratory functions as the prine
flexors and rotators of the trunk and in postural stability as well demonstrating respiratory
actions. Two principalactions aie displayed by the abdorminal muscles i respiration First,
their contractions result in an increase in Pab which in turn forces the diaphragm cranmally
into the thoracic cavity This diaphragmatic ascent increases pleural pressure and (if the
glottis 1s open) decreases lung volume Sccor dly, contraction of the abdominal muscles
also has a direct effect upon the RC  Given their insertional attachments to the lower nbs
and sternum, contraction of the abdominals should result n a caudal displacement of the
lower ribs and subsequent deflation of the RC However, expenmentation has
demonstrated that abdominal action on the RC1s more complex than just & pure insertional,
expiratory effect  An opposing mspiratory action of the RC has been demonstrated in dogs
[22] This "Inflation” effect on the RC 1s directly due to the increase in Pab resultineg from
abdominal muscle contraction The zone of apposition of the diaphraqgm permits the direet
transmission of Pab to the lower RC  Also, when the increased Pab forces the diaphragm
cranially, this muscle is stretched, and the resultant passive tension allows the diaphraqgm
to act through its insertional forces to raise the lower ribs [2,22,30]

Although the shape of the RC differs in humans, and therefore msertional forces are:
different, 1t 1s still proposed that the action of the abdominals upon the: RC s a balance
between the insertional, expiratory force and the mmspiratory force related to the nee in
abdominal pressure [1] Upon isolation, contraction of the rectis abdominis i humans
results in a caudal displacement of the sternum, a sigmificant decreasen the A-P diameter
of the lower RC and a small increase i ils transverse diameter [31]  Contraction of the
external oblique In humans causes a small caudal displacment of the sternum and a
marked decrease, rather than an increase as seen in the dog, in the RC transverse:

diameter [31] In humans, the 1solated activity of internal oblique and transversus




10

abdominis have not been demonstrated

The role of the abdominals as expiratory muscles 1s not disputed, but their role as
"accessory" muscles to inspirationis now acknowledged By contracting during expiration,
the abdominal muscles can reduce lung volume below the passively determined end-
expiratory volume  Elastic energy may be stored 1n the chest wall during expiration, which
subsequently could assist the proceeding inspiration [7] Also, the resultant cranial
displacementof the diaphragm increases its curvature, decreases its radius and thus allows
for a greater generation of pressure for a given tension [7] Abdominal muscle activity
durning expiration also improves the efficiency of the diaphragm as a pressure generator,
improving its ability to expand the lower RC, due to an increase in the size of the zone of
apposttion {32] The mspiratory muscles are also lengthened to a more favourable
operaling length, permitting them to generate @ given amount of volume with much less
activation [7}

It has been demonstrated in the horse [33] and the dog [34,35] that at the
end of expiration, the respiratory system is below its resting position and at the onset of the
next inspiration, abdominal muscle relaxation allows the diaphragm to descend passtvely
prior to active: inspiratory muscle activity  In the dog, this passive abdominal relaxation at
the onsetof inspiration, prior to the onset of Inspiratory muscle activity, accounts for 50-60%
of that amimaf’s tidal volume (Vt) [36]

In humans, tonic abdominal muscle activity, assumed to be unrelated to respiration,
1s obscrved at rest in the standing position '30,37] However, during conditions of CO,
breathing or inspiratory loading, rhythmic expiratory recruitment of the abdominal muscles
Is observed [38,39,40]
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CHAPTER 3 PATHOPHYSIOLOGY OF CHRONIC OBSTRUCTIVE PULMONARY
DISEASE

3.1 Symptoms and Etiology of COPD

The broadterm "chronic obstructive pulmonarydisease (COPD)"is traditionally used
to describe three specific conditions” chronic bronchitis, asthma and emphysema, all of
which are characterized by either chronic exprratory arrflow limitations and/or mereased
airway resistance [41] Estabiished nsk factors for COPD mclude increased age,
cigarette smoking, occupational exposures, air pollution and aipha -antitrypsin deficiency
[42].

All patients participating 1n this study were clinically diagnosed as having chronic
bronchitis, emphysema ora combination of both  Asthmatics were not studied therefore: the
following discussion will focus only on the related pathophysiologies, symploms  and
limitations assoaiated with chronic hronchitis &/or emphysema

The major complaint of patents with COPRD 1s dyspnea which imits or affects
employment and recreation as well as activities of daily hving [43]

Diagnosis of COPD s mainly achieved non-invasively by pulmonary function testing
(PFT), including spirometry, evaluation of the flow-volume loop and lung volume
measurements [44,45] The forced expirred volume in one second (FEV,) 15 the
volume of gas expired in one second following a maximum nspiration [46] and 1
expressed as the percentage of its predicted value whick 1s bascd upon the subject’s aqe,
sex and height [47] The lower the calculated ratio, usually the more severe the patient’s
symptoms are The Forced Vital Capacity (FVC) i1s the maximum amount of air that cian be
exhaled from the lungs following a maximum inspiration  ts effort and time: dependent
[45] Seventy of anobstructive arrway discase can be assessed by the FEV /EVCratio  An
FEV,/FVC of 80% s normal, 65-79% represents mild impairment, 50-65% indicates
moderate impairment and less than 50% represents a severe obstruction to airflow [48]
Causes of this airway obstruction include excess mucous n the: airways, exdema, active
broncho-constriction, and loss of lung tissue supporting the airway [49]

Analysis of flow-volume loops demonstrates low flow rates for a given volume in
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obstructed patients  When maximum expiratory flow i1s severeiy reduced, expiratory flow
during tidal breathing may reach its maximum level [50]

There are also observed changes in lung volumes Functional Residual Capacity
(FRC) and Residual Volume (RV) are consistently increased in patients waith COPD
[51,52]} and in some patients Total Lung Capacity (TLC) 1s also rncreased (severe
emphysema) This increasein TLC 1s mainly due to the large RV measured Restingtidai
volumes (V1) are often reduced, whereas the breathing frequency (fb) is increased, thus
maintaininga normal or even higher than aver~ge minute ventilation VE, (greater increase
in fb than decrease in Vt) dunng quiet breathing This pattern of breathing s the result of
major adjustments in respiratory muscle activation from the normal pattern [53]

In order to achieve a given volume, large swings it Ppl are required in order to
overcome: increased arrflow resistance and reduced dynamic compliance  In an attempt to
minimize the negative effects of exprratory fiow himitation, COPD patients often have
reduced Ti/T,,,, (duty cycle), to allow more time for expiration [53] Expiratory time (Te) 1s
increased at the expense of inspiratory time (Ti) COPD patients also breathe from much
higher resting volumes, due to the larger airway size and higher maximum expiratory flows
that can be achieved from volumes ahove FRC [53]

Eventhoughthe observed airflow imitation s expiratory in nature, the COPD patient
mainly compensates by increasing the work of the inspiratory muscles, observed through
the larger inspiratory swings mPpl - Thisis a compensatory method to not only increase the
mean inspiratory flow necessary to sustain a total ventilation when Ti is reduced but also,
since breathing 1s occurring at high lung volumes, 1t is necessary to overcome the
concurrentincrease in the clastic work of breathing required to inflate the lungs and chest
wall - Since more negative Ppl is required to achieve a given tidai volume due to the
combined effects of increased arrflow resistance, dect eased dynamic lung compliance and
increased FRC, the mspiratory muscles are forced to chronically work at a higher than
normal fraction of ther maximum inspiratory force capacity [54] Hyperinflation therefore
increases the mechanical work of breathing through increases in both the frictional and
efastic work required

Severe COPD patients often exhibit marked positive end-expiratory alveolar
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pressure since the energy potential developed during inflation 1s insufficient to return the
system to a relaxed end-expiratory equilibrium point  This has been termed "auto-PERP”
and provides an added force the nspiratory muscles must overcome before the next
inspiration can begin [55]

it has been demonstraled that during hypernnflation, the inspiratory muscles
(intercostals and accessories) contract before expiration has proceeded long enough for the
lung and chest wall to reach their respective relaxation volumes {561 Therefore, the
inspiratory muscles appear to contribute to the increase n FRC and keep the chest at a
higher compensatory volume than would occur solely from the airway obstruction
i57,58] Also it was found that O, consumption of the respiratory muscles n patients
of COPD 1s increased, due to the related distortions of the rib cage caused by hypeninflation,
out of proportion ta the actusal energy required to perform the mechanical work of breathing
'59]. The energy cost of breathing is greatly increased for the pressure actually being

generated by the breathing effort [55]

3.2 Mechanics of Breathing in COPD

In patients suffering from COPD, accessorymuscles of inspiration are often recruted
even at quet breathing [60], however, hypertrophy of sternocleidomastoid or the
scalenes arerarely ohserved

As previously mentioned, the sternocleidomastoids actively contract to raise the
sternum andto expand mainly the AP diameter of the uppernb cage [1,17,18] Sincethe
scalene muscles shorten very little, even during full Vital Capacity (VC) manoecuvres, therr
integrity as a primary inspiratory force 1s not severely compromised in states of
hyperinflation n COPD patients

With hyperinflation, where the patient i1s breathing at extremecly hugh lung volumes
(approaching TLC), the diaphragm becormnes flattened, thus, the insertional force:s of the
diaphragm on the lower rib cage also behave in an expiratory nature [9], drawing the lower
ribs inwards Also, the zone of apposttion disappears with hypernnflation, thercfore:,
appositional forces in the inspiratory direction are compromised and replaced by expiratory

forces due to the higher fraction of lower nbs now exposed to pleural rather than qgastne
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pressure[9,11,12] As aresut, the inspiratory action of the diaphragmis compromised [fig
3 1]

Normally as a muscle shortens, its ability to generate force and tension decreases
Therefore, increasing lung volume has a direct effect on the ditaphragmatic muscle fibres,
affecting their contractle force as the length-tension charactenstics of the muscle predicts
[61] Lower transdiaphragmatic pressure can be generated for a given tension [55].
During acute hypernflation which may occur during an asthmatic attack or during high,
strenuous excroise, the diaphragm will lose its abilily to act as a prime inspiratory force
Chromic hypennflation, however, has been shown to result 1n chromically shortened
diaphragm fibres in hamsters [62,63] Therefore, if an analogy can be drawn, the
length-tension characteristics may not play as miting a role 10 the ability of the diaphragm
to generate tenston in a chronically hyperinflated patient as previousty thought  The
insertional force changes will probably hecome much more significant

Similarly to, but to a lesser degree than the diaphragm [64], severe hyperninflation
places the inspiratory intercostals (external, parasternals and levator costae) at a shortened
length on theirrespective length-tension curves  Therefore, they become more horizontally
oriented losing part of their ' bucket handle” action, resulting in a decrease in the inspiratory
achivity which the inspratory intercostals are capable of gencrating

The role of the abdominal muscles during hyperinflation has also been addressed
It has been proposed that the increased abdominal muscle activity during hyperinflation
attempts to lengthen the diaphragm and restore 1t to a more normal resting length  Also,
upon inspiration, relaxation and therefore outward recol of the abdominal wall has been
demonstrated, acting to lower gastric pressure and facilitate diaphragmatic descent [57]
This role of the abdominal muscles as "accessory muscles” of inspiration may attempt to
compensate for the added energy costs of the inspiratory intercostal and accessory muscle

activity observed dunng hyperinflation in patients with airway obstruction [57)
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CHAPTER 4 VENTILATION DURING EXERCISE

The respiratory system can be divided into two major functional components, the
lungs themselves, where gas-exchange occurs, and the ventilatory pump. This pump is
comprised of the chest wall (nb cage and abdomen), the respiratory muscles, the related
controlling centres of the central nervous system and the corresponding neural connections
[66,67,68])

Exercise causes the metabolic demands of the exercising muscles to increase,
therefore placing direct demands upon the respiratory system  This increase in metabolic
rale results in increased CO, production and increased O, requirements, demands which
are met by the respiratory system by maving larger volumes of air into and out of the lungs
[68]

Excrcise can be classified as static (isometric) or dynamic It has been
demonstrated that during static exercise, there 1s only a small increase in ventilatory
demands [69,70], whereas, dynamic exercise imposes much greater demands upon
therespiratory system The proceedingstudy dealtwith dynamic exercise testing, therefore
it will be further detailed

The increases in ventilatory demand are accomplished through increasing minute
ventilation (VE),

VE =Vt xfb (1)

whereby Vt = tidal volume
fb = breathing frequency

4.1 Ventilatory Responses to Exercise in Normal Subjects

Resting minute ventiation 1y normal subjects has been shown to be abcut 10
htres/minute, representing approximately 5% of a normal maximat ventilatory capacity and
comprising only 1-2°% of the total O, consumption of the body [71,72,73] The
maximum voluntary ventilation (MVV), represents the maximal ventilatory capacity of the
respiratory system It hasbeen demonstrated thatthe MVV can only be sustained for 15-30

seconds, whereas 75% of the MVV can be sustained for about 4 minutes and 60% of the
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MVV can be sustained for 15 minutes or longer Thus 60% of the MVV 1s termed the
maximum sustainable ventilation (MSV) Since itis inconceivable for exercise testing to last
30 seconds or less, it 1s more appropriate o consider the measured VE in relation to the
MSV [56,74]

Ventilation has been shown to mcrease immediately at the onset of exercise
[75,76], and dunng one minute incremental increases m exercise workload, the
increase in ventilation 1s in direct proportion to the increases n CO, output, up to the
workload where metabolic acidosis 1s initiated [77]  The increase in Vi is achieved
through a combination of increasing tidal volume (V1) and breathing frequency (fb) [68]
During ight to moderate exercise, most of the increase in Vi s achieved throughiincreasing
Vi, accompanied by a progressive increase in fh  However, it has been demonstrated thet
at higher workloads, the increase in Vt 1s constrained to about 50% of the: individual’s
Forced Vital Capacity (FVC) [78,79,80] and wincreasing b becomes the major
contributor to the increasing VE with either no further increase or only shaght increasce n Vi
observed [73,80,81] Breathing frequency during maximal exercise 1s normally about
50 breaths per minute, but this value may be higher in highly trainexd athletes [82] and
at these maximal frequencies, a decrease in Vt may actually be observed prior to the
cessation of exercise [75,83] It is believed that this pattern of a VE of approximaltely H50%
of FVC and an fb of 50 breaths/minute during maximal exercise mimmizes the work of
breathing, respects the mechanical imitations of the system and provides a sufficient
alveolar ventilation to eliminate the CO, and maintain homeostasis of artenal blood gases
and hydrogen ion concentration {83,84,85,86,87,88,89]

The pressure-volume curve of the: respiratory systeimn 1s such that by increasing Vi
predominantlythrough increases in Vi, the flow-resistive work of breathing s rminimized and
only when Vt's exceed 75% of Vital Capacity (VC) do increases in the elastc work of
breathing become significant [84] The maximum fiow volume (MFV) curve also provides
constraints which are generally respected during exercise [86,88], however, it has been
demonstrated that when some normal subjects reach maximum exercise, expiratory flows
may exceed those predicted by the MFV curve [B6] It has been suggested that this may

be due to a bronchodilationeffect of exercise, a change in the elastic properties of the lung
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or merely by the incorrect placement of the tidal flow-volume curve during exercise on the

volume axis of the resting maximum expiratory flow-volume (MEFV) curve [88].

4 2 Ventilatory Responses to Exercise in COPD Patients

Patients with CGPD have similar VE at rest when compared to normal subjects
[90]. however, due to reduced airway conductance and reduced respiratory muscle
strength, both the MVV and MSV are dramatically decreased [91,92] It has been
shown that the relationshir between MVV and MSV 1s the same in COPD patients as in
normals [74], however, given their reduced ventlatory reserve, theirresting VE may account
for as much as 40% of the MVV [74,€1,93] Also, the oxygen consumption of the
respiratory muscles dunng quiet breathing has been shown o be about 15% of total body
O, consumption [71,94] Thus, the COPD patient can only achieve maoderate increases
in ventilation dunng exercise [91,95,96] and these increases in VE are largely due to
disproportionate increases in fb as compared to Vt [97,98,99] Patients with even
moderate degrees of air-flow obstruction have been shown to have expiratory flows which
lie on the MEFV curve at guiet breathing [91,97,100], thus the COPD patent 1s faced
with imited strategies to further increase VE - The patient may shorten inspiratory time (Th),
to allow greater time for expiration, however, this results in a decreased duty cycle (Ti/Ttot)
and a large wicrease in mean inspiratory flow (VYT requinng the inspiratory muscles to
shorten much more rapidly [68,98] The second possible strategy 1s to increase end-
expiratory lung volume [971, allowtng higher maximum expiratory flows, a more moderate
increase in VYT and preservation of Ti/Ttot [68,98] This compensation for the imitations
of erpiratory flow result in much higher inspiratory elastic work requirements as well as an
mncrease in the flow-resistive components of insprratory work due to the higher Vt/Ti for a
given munute ventilation [100]  This second strategy has generally been observed by
investigators [89,98,100], but adoption of ether the first or second strategy or a
combination of both may depend upon the seventy of the disease and to the extent of
expiratory flow linutation  As in normal subjects, some investigators have observed that
COPD subjects can achieve expiratory flow rates during maximum exercise that exceed

their resting MEFV curve [91,97]. but the accuracy of these results nave also been
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questioned for the same reasons presented in the previous section concerning normal
subjects [89]

4.3 Limitations of Exercise

Normally, the ventilatory system has not been regarded as a limiting factor of
exercise in normal subjects; however, In patients with COPD, their severely hmited
vertilatory capacity will result In a reduced exercise capacity [89,91,93,100,101]
Some evidence, though, has been proposed indicating that indeed the respiratory system
may somewhat limit exercise in normal subjects at severe workloads  Artenal hypoxemita
has been observed, durng heavy exercise, in some  highly  traned  athletes
[102,103,104) These authors suggested that the mechanics of the respratory
system, muscle fatigue or the energetics of respiratory muscles may have set the Vi at a
levellowerthan could have beern achieved, since ventilatory reserve still existed, at the cost
of artenal hypoxemia [103] Ithas alsc been demonstrated that a mechanical constramt to
increasing ventilation due to an expiratory flow hmitation may exist for normal subjects
undergoingheavy exercise since expiratory flows approech or even exceed the maximum
expiratory flows as defined by the resting MEFV curve at the: end of e:xpiraton [B6] or
achieve maximum values throughout most of expiration [105]  In order to further
increase their expiratory flows, and thus further increase ventilation, the athletes would be
forced to breath at higher lungvolumes This hyperinflation would place the: now shaorlened
inspiratory muscles at a mechanical disadvantage, increasing the: elasticc work of breathing,
decreasingmechanical efficiency and increasing the vulnerabihity of the inspiratory muscles
to develop fatigue [106]  The flow-volume loop limitation to ventilation may thus be:
vald for normal subjects as it has been shown that exercise ventilztion dnes improve with
110, breathing, possibly through a reduction in the resistive work of - breathing
[107,108,109] or to an enlargement of the rmaxmal flow-volurmme loop [110]
Another alternative to increasing VE without changing resting lung volume would be to
increase Inspiratory flow rates, however, studies in normal subjects at high inte:nsiies of
exercise show that both inspiratory flows and pleural pressures are: alrcady close: to

maximum achievablevalues [86,105]. Based upon this observation it has been sugqgested
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that the force-velocity characteristics of the inspiratory muscles may therefore impose a
constraint on further increases n inspiratory flows [111]

The ahove discussion concerning mechanical limitations to exercise also directly
apphies to patients with COPD, whereby levels of ventilationachieved during exercise often
reachthe subject’'s maximurm breathing capacity [91,93] and furtherincreases in expiratory
flow s imite:d by maximal flow-volume loop constraints [89,91,93,100] Exercise limitation
n COPD subjects 1s also related to reduced respiratory muscle strength (RMS) [92]
Hypernnflation (associated with increases in FRC) 18 often marked in COPD subjects,
resulting i shortening of the inspratory muscles and diaphragmatic flattening. thereby
resulting 1in decreases In these muscles' contractle forces [61,112] and ultimately
decreasing the maximal mspiratory pressures for a given volume that they are capable of
generating  Other factors such as prolonged inactivity, steroid administration and chronic
hypoxermia also weaken RMS i COPD patienis [113]

Respiratory muscle fatique can be defined as “a condition in which there 1s a loss
in the capacity for developing force and or velocity of a muscle in response to a load and
which is reversible by rest” [114] Inspiratory muscle fatigue during heavy exercise has
been shown in some patients, indicated by electromyographic spectral analysis
[115,116,117] and transliaphragmatic pressure measurements [118].
However, other investigators have failed to observe changes in the electromyographic
frequency spectrum indicative of diaphragm fatigue tn therr exercising COPD patients
despite very high pressure generations [119]  They also failed to observe any changes
In post exercise breathing patterns [120] or increases in the values of the pressure time
ndexof the diaphragm (TTdi)y which exceeded the known fatigue threshold [121]

The combinationof hyperinflatton and furtherdynamicincreases in FRC which occur
during exercise in COPD subjects [89,122] forces the inspiratory muscles to operate
at a disadvantageous length on the length-tension curve where they are predisposed to
developing fatigue [74,106,123,124], however, there is disagreement as to
whether nspiratory muscle fatigue does mit exercise

Finally, dyspneahas beenshown tosignificantly hmitexercisein COPD patientsand

In normal subjects excreising at extremely high levels of work.
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CHAPTER S5 MECHANICS OF BREATHING AND RESPIRATORY MUSCLE
COORDINATION

Mechanically, chest wall behaviour is a function of both the active contractile
properties of the respiratory muscles and the passive mechanical properties of the chest
wall's major components, that 1s the nb cage, diaphragm and abdomen Coordination is
usedto describe the neuromechanicalinteractionamongdifferentrespiratorymuscle groups

as well as between resptratory and non-respiratory muscles [125]

5.1 Historical Development

Early nvestigators considered the chest wall as a single compartment and studies
focused on the static volume-pressure relationship of the respratory system
[126,127] It was assumed that mouth pressure (P,.) represented the sum of the
pressu. es exerted by the recoil of the chest wall (P, ) and the lung (P ) The mability to
directly measure these pressures, however, posed a major imitation, forcing early

investigators to use known in-vitro pressure-volume relationships of the lung to determune
p

elw:
Petw = Perr = Pay (1)

Thislimitationwas overcomein 1949 with the introcuctinnof the esophaqealballoon
technique for measuring transpulmonary pressures m vivo [128]  Now the: respiratory
system could be partitionad into both its chest wall and lung compone:nts

Agostont and Rahn [129] developed the method for  measurnng
transdiaphragmaticpressure (Pdi), permitting a more: comple:te analysts of the contnbutions
of the thoracic, diaphragmatic and abdominal components to the mechanicai behaviour of
the respiratory system  Pdiwas determined by subtracting the gastric pressure (Paga)
(measured as an index of abdominal pressure) by the esophaaeal pressure (Pes)
(measuredas an index of intrathoracic or pleural pressure)  Theydeterrmined that P could
be generated not only by active diaphragmatic contraction but alst through the passive

stretching of the muscle  Measuring Pes and Pga also permitted the: quantification of the

pressures acting to displace both the abdomen (AB) and the: rib caqge: (RC) [125]
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A parallel action of the RC and diaphragm was assumed, leading investigators to
assess increases in lung volume as the summation of RC expansion and diaphragmatic

descent {130,131,132]

5 2 Analysis of Rib Cage and Abdominal Displacement

Kenno and Mead in 1967 hypothesized that the chest wall enjoyed two degrees of
freedom, thus changes in lung volume could be accommodated independently through RC
or diaphragm-AB displacement [133] Using hnear differential transducers, the
anteropostenor(A-P) displacements of the RC versus the AB were plotted under both active
(isovolume manocuvres) and passive conditions (giving the RC-AB relaxation line) at
volumes ranging from residual votltume (RV) to total lung capacity (TLC) [Figure 5.1]
Isovolume manoeuvres are performed when the subject, with glottis closed, alternately
contracts his abdominal muscles while simultaneously expanding his rib cage, thus
displacing volume from the abdomen into the rib cage, and then relaxing his abdominal
muscles and depressing his nb cage, thus displacing volume from the rnib cage into the
abdomen The resultis a series of plotted 1Isovolume isopleths from RV to TLC representing
the different configurations and maximum excursions (combinations of nb cage and
abdomimal wall) that the chest wall can have for any single lung volume

It was proposed that respiratory muscle activity could be inferred from plotting
subsequent relative motion diagrams, whereby A-P motion of the RC 1s plotted versus A-P
motion of the AB during breathing, in relation to the plotted relaxation line and 1sovolume
isopleths  Any dewviations from the relaxation hine would require muscular activity
Dewviations to the left of the relaxation line inferred either inspiratory activity operating on the
rb cage, expiratory abdominal activity or a combination of the two, whereas deviations to
the nght of the relaxation line inferred expiratory muscle activity operating on the rib
cage,inspiratory activity cperating on the abdomen or some combination of the two [133].

RC and AB displacement during quiet spontaneous breathing was found to hie very
close to the respective relaxation line, howeverit was noted that slight deviations to the right
of the relaxation line occurred duringinspiration, Indicating that some inspiratory activity was

operatingon the abdomen[133] The relative volume changes of the RC and the AB during
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increasing ventilation stimulated through hyperventilation [133], re-breathing [135] and
exercise [136] demonstrated substantial deviations from the RC-AB relaxation line.
During exercise, a shift towards the left of the relaxation line, representing a decrease in AB
volume subsequentto increased expiratory abdominal recruitment, was observed Thiswas
especially marked at end-expiration  However, RC volume at end expiration was found to
be unchanged from values recorded at quiet breathing [136]

Konno-Mead analysis, however, 1s lirmited as 1t does not measure diaphragmatic
displacement (whose action results in combined RC and AB displacement) nor does it
measure cranial displacement of the rnib cage or spinal flexton/extension [133]

Incorporating the method of RC and AB volume partitioning [133] with established
Pes and Pga relaxation measurements [129], the static volume-pressure characteristics of
the nb cage and abdomen were evaluated [137]

Utiization of the Konnn-Mead diagrams permits a non-invasive measurement of
ventilation and the resulting volume measurements have been shown to be within 10% of
those volumes measured with spirometry [125]

Magnetometers (for measuring RC and AB linear displacement) [138} and more
recently, a respiratory inductive plethysmograph (for measuring the cross-sectional area of
the RC and AB) [139] are commonly used tools to measure and characterize chest wall
displacement  Utihzing resprratory inductive glethysmography permits changes in the
transverse direction to be measured, something not permitted in early studies utilizing linear

transducers

5.2.1 Respriratory Inductive Plethysmography (RIP)

Briefly, RIP (Respitrace, Ambulatory Monitoring, inc., White P'~ins, N Y.) consists
of 2 coils of Teflon-insulated wire, sewn onto separate elastic bands which encircle the rib
cage and the abdomen and connect to an oscillatory module Therefore, changes in the
cross-sectional areas of the RC and AB alter both the self-inductance of the coils and the
frequency of their oscillators, which in terms 1s reflected as changes in tidal volume
[140,141]

Several calibration methods of RIP have been described [139,142,



25

143,144] A commonly used and simplstic calbration method i1s the 1sovolume
manoeuvre calibration method, based upon the work of Konno and Mead [139] The
validity of measured volumes by RIP during moderate excrcise has been shown to be within
20% of those measured with spirometry, however its accuracy n montoring end-expiratory
volume is accurate only if body position remains constant (which i1s often impossible during
exercise testing) {139] Satisfactory results have been obtamed using Resptrace n
workloads up to 1800 kpm/min, though extraneous body movement and either RC or AB
wall distortion associated with much higher levels of exercise can himit its accuracy for
measuring volumes Respitrace, however, does accurately monttor relative RC and AB
motion during breathing and offers a simple, non-invasive method to qualitatively assess
changes in chest wall displacements Qualitatively, the inference of muscle recruitment and

coordination 1s allowed during moderate to lugh levels of exercise

5.3 Methods to Infer Respiratory Muscle Activity-The Analysis of Pressure
Changes

Previously, only the measurement of global inspiratory or expiratory muscle activity
could be quantified as the difference between the dynamic Ppl developed during breathing
and the static relaxation pressure measured at the same volume  In an attempt to quantify
individual contributions of chest wall muscles to breathing, Goldman ef &/[16] investgated
the relationship of Pes and Pga to RC and AB volumes They nypothesized that when the
subject is upright anc¢ RC and AB muscles are relaxed, the diaphragm is the only
importantly active muscle At rest, therefore, diaphragmatic contraction would result in an
increase in Pga which would displace both the RC and the AB along their relaxation
charactenstics and the resultant fall in Ppl would act to inflate: the lungs - As an extension
to this early study, the concept of Inferring respiratory muscle action from volume-pressure
partitioning was introduced [145] It was suggested that any observed departures from
the static relaxation ine when volume was plotted against pressure was a combined result
of increasing muscle activity {(ie intercostals/accessories) and the coordination of that
activity with respiratory muscle activity in other parts of the chest wall. Tlotting Rib caqge

volume (V) versus Ppl during breathing, observed deviations from the relaxation were said
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to reflect the combined influence of the diaphragm, intercostals and accessories.
Departures from the static relaxation line of V,, to Pab observed during increasing
ventilation was said to represent solely intercostal and accessory muscle actvity

It was determined that diaphragmatic length is reflected by changes in abdominal
volume [146] It was observed that during increasing levels of exercise, end-inspiratory
diaphragmatic. length did not change however at end-expiration, the diaphragm was
lengthened (inferred by observed decreases in abdominalvolume) This led to the proposal
that active expratory abdominal muscle contraction appears to have an important
inspiratory role  This active expiratory abdominal activity results in a lengthening of the
diaphraqgmto a more optimal length [7], subsequently decreasing the load placed upon the
diaphragm by the subsequent mspiration [146]  In conclusion, 1t was believed that
increasing activity of both RC and AB muscles observed during exercise functioned to
optimize daphragmatic function [145] Durning exercise, the ohservation was made that
during inspiration, no change in Pab sometimes occurred It was thus concluded that the
diaphragm was no lonaer f..actioning to displace the chest wall but rather the RC and AB
muscles, working m series with the diaphragm, had taken over thatrole and the diaphragm’s
sole function was to inflate the lungs (APdi=-APpl) [145])

In contrast, Macklem ef a/ proposed that the intercostal/accessory muscles and
diaphragm act more in parallel, and that the diaphragm was capable of contracting quasi-
1isometncally, acting as a fixator to prevent the transmission of Ppl to the AB, hence not
performingany externalwork [147] Therefore, if the AB muscles are relaxed and APab =0,
these investigators deduced that -APpl was achieved by a cembination of contracting the
mtercostal/accessory miscles and by quasi-isometrically contracting the draphragm where
in contrast to earhier studies where they concluaed that the intercostal/accessory muscles

were solely responsible for all work required to inflate the lung [147]

5.3 1 The Macklem Diagram
The Macklem diagram was thus developed as another attempt to infer inspiratory
muscle activity [fig 5 2] The Macklem diagram plots Pel (or esophageal pressure (Pes))

measured via an esophageal balloon versus Pab (measured via a gastric balloon) and




2071
MAINLY IC FOLLOWED MAINLY
154 INTERCOSTALS/ DIAP&KAGM DIAPHRAGM
\ ACCESSORIES
Q AN
I 10 + \
._E, AN
.y N
Q
e
A (FRC)
0 1 1 i A 1
=15 =10 -5 0 5 10

Pab (cm H,0)

Figure 5.2 Macklem diagram [147].

27




28

provides a means of inferring the pattern of recrutment of muscles without having to
measure volume or chest wall displacement  During quiet breathing, similar results were
found by previous investigators [16], whereby the diaphragm appeared to be the major
muscle contracting and the Ppl-Pab relationship lies along the relaxation ine (line AB)
Displacement off this relaxation line infers inspiratory muscle recruitment  When only the
Intercostal/accessory muscles are active, Ppl decreases and Pal, decreases by the same
amount (Pplis transmitted through a passive diaphragm), resulting in rib cage expansion
and a paradoxical mward movement of the relaxed abdomimal wall (ine AC) Intermediate
palterns are said to represent the combined action of intercostals and the diaphragm (line
AD) [125,147]

The idea of a quasi-isometric diaphragmatic contraction has now been rejected. It
now appears that mechanically the diaphragm and nib-cage muscles are linked both in
parallel and in senes as they act together upon inspiration [148]. If the nb cage
expands and the diaphragm s solely acting as a fixator, abdominal pressure should
decrease since the RC would act to expand that part of the abdomen contained within the
diaphragm, thus resulting in a decrease in Pab unless abdominal muscle tone increased or
some diaphrafgmatic contraction occuried [149]

Although the quantification of the contribution to breathing of individual muscles can
not be achieved through the use of Macklem diagrams (ie the abdominal wall 1s never
lotally relaxed duning exercise), the Macklem diagram does permit the qualitative inference
of respiratory muscle recruitment  Pdiiso-hnes, whereby Pdi = 0, can be construed and
thus permitting the calculation of the total diaphragmatic contribution in terms of pleural and
abdominal pressure changes from the x-y coordinates of the Ppl-Pabplot [125] Combining
both the relative motion diagrams introduced by Konno and Mead and the Pes-Pga analysis
achieved through the use of Macklem diagrams provides the investigator with a simplified

method of qualifying respiratory muscle activity



CHAPTER 6 RESPIRATORY PSYCHOPHYSICS

6.1 Historical Development

The exploration and elucidation of the subjective sensory process has largely been
addressed through the science of psychophysics Unlike oLjective sensory physiology,
where one is able to measure both the strength of the stimulus and the amphtude of the
response through either physical or chemical means, subjective sensory studies utihize
unigue subjective measurement systems [150]

In 1846, Weber reported that the "just noticeable difference” (JND)Y 0 intensity
between two stimuli 1s a constant fraction of the intensity of the first stimutus (Weber's Law)
[151] In 1889, G T Fechner defined psychophysics as an exact theory of the relation
of body and mind [152] and based on Weber's findings, developed a law stating that
sensation intensity grows as a function of the loganthm of the stimulus (Fechner's Law)
[153]

S S Steven's modified these early assumptions of Fechner and reported that the
psychological magmitude of a given sensation is a power function of the physical magnitude

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

v = k" (1)
whereby ¢ = the psychological magnitude of the perceived
sensation

® = the physical magnitude of the stimulus
k = a constant
n = the associated exponent

The value of n can be obtained by performing a loganthmic transform of the
relationship, log ¥ = logK + niog ® Therefore, n is the slope of the best-fiting regression
line between stimulus magnitude and stimulus intensity, and its value has been used to
quantify subjects’ responses or perceptual sensitivities to a vanety of added stimul
Perceived magnitude may rise faster than stimulus magnitude, n>1, it imay nse: at the: same
rate, n=1, or it may nse slower, n<1 [154] Most psychophysical relations may be
described by Steven's Power Law, with exponents of n ranging from 0 3 to 3 The value of

n has been utlized to describe the relationship between sensory magnitudes and to
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evaluate differences In sensory perception between subjects and under different
experimental conditions

A large range of subjective sensations, examined under many stimuli and by varying
methodologies have been quantified through the use of Steven's Power Law
[153,155,156] These studies have provided the basis for the direct scaling

methods used in studies of respiratory sensations.

6.2 Scaling Methods
A number of potential scales exist, each demonstrating mntrinsicly different
mathematical and statistical properties [157]  There are two main ways one can

construct a sensation or response scale, indirectly and directly.

6.2.1 Indirect Scaling
The first approach s "indirect” scaling, whereby the subject perceives one stimuius
from another This approach apphes Weber's JND concept and its use has largely been

associated with quahfying, rather than quantifying perceptions [1566,158]

6 22 Direct Scaling

The concept of direct scaling in psychophysics has largely been contributed through
the works of S S Stevens, based upon his Power Law relationship {n direct scaling tasks,
observers make quantitative judgements of senscry magnitude [153,159,160].

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

6.2.2 1 Ratio Scaling

A ratio scale 1s one that possess a unique zero. Subjects are asked to rate their
perceved sensation based on a ratio relationship  For example, the subject may use any
number, including fractions, to assess sensation The subject 1s to'd to focus on ratio
relationships among stimulus intensities  If one stimulus appears five times as intense as
another, this judgement could be represented by the numbers 1 and 5 or 5 and 25

respectively [159]



6.2.2.1.1 Magnitude Estimation

Magnitude estimation, developed by Stevens [161], 1s a commonly used ratio
technique to assess perceived stimulus intensities  Subjects are asked to give a direct
numerical estimation of their subjective sensation for each of several stimulus levels, ether
with reference to a given standard stimulus or with no previously given standard  The
majonty of magnitude estimation studies employ the latter, termed open magmnitude scaling
Studies have demonstrated the validity of Steven's power law for a number of perceived

sensations scaled through magnitude estimation [153,156]

6 2.2.1.2 Magnitude Production

This technique involves the expenmenter presenting numbers one at a time in a
random order, and the subject 1s asked to adjust the stimulus to match the given numerical
value [161]

6.2.2.1.3 Cross-modality Matching

Subjects are asked to manipulate the intensity of a stimulus mn one modality, e
loudness, to match the perceived intensity of the magnitude of the stimulus of a different
modality, e g hghtintensity [159]

One major drawback of ratio scaling is in its ability to quantitatively permit inter-

subject comparison and evaluation

6.2.2.2 Category Scaling

The subject is asked to rate their perceived sensation on a provided scale, which 1s
limited by an interval range and type of numbers (1e subject 1s not permitted to fractionize:)
A true zero does not exist  Though Stevens has cautioned on the use of such category
scales to quantify perceived sensations [152)], recent investigators have returned to
modified category scales for Investigating perceived sensations in the climcal setting as they

permit inter-subject comparisons
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6 22 3 Visual Analogue Scale (VAS)

The visual analogue scale (VAS) 1s one type of a ratio, interval scale which has been
utized mn the quantfication of a vanety of sensations [162,163,164] The VAS
consists of a ine, usually 100 mm 1n length, wiuch represents the full range of seventy of
the Investigated sensation  The line may be oriented either horizontally [162], or vertically
[164] In studies of dyspnea, the bottom of the scale 1s described by a phrase such as "no
breathlessness” while the top of the scale 1s tagged by the phrase "greatest breathlessness”
or "maximum imaginable breathlessness” [164,165] Subjects are asked to mark on
the scale therr level of the sensation under investigation at given intervals of time and the
distance (1 in milimeters) from the bottom of the scale to the marked level of sensation is
quantiied  Subjects freely set their own interval size, consequently, inter-individual

comparnsons are stll preblematic [166]

6.2.2.4 Category-Ratio Scaling-The BORG Scale

One major drawback with previously mentioned ratio-scaling methods is that they
do not provide any dire:ct "levels” for inter-individual comparisons  However, utilizing a ratio
scale does permit mathematical calculations (ie using Steven's Power Law) and within
subject comparisons of perceptual sensitivity [167]

Owing to his studies of perceived exertion, Borg's Rating of Perceived Exertion

(RPE) scale was devised to create a linear relationship between heart rate and exercise
ntensity for work on a cycle ergometer [168,169] The scale consists of both
numerical values and adjective-adverbial expressions, to allow easy interpretation of the
meaning of a ratingvalue The RPE scale has been widely used in chnical studies to predict
heart rate  However, each individual works within their own absolute range of perception,
thus inter-individual studies of perceptual sensitivity are not possih'»

Addressing the above 1ssues concerning the hmitations anc. dvantages of category
v ratio scales, Borg has developed a simple category scale incorporating the positive
attributes of a general-ratio scale, yet the simplicity of a category scale [170,171].
Numbers from 0 to 10 are anchored by verbal expressions, whose simplicity and clanty are

easily understood by test subjects These expressions are placed in the correct position



10 MAXIMAL

9 VERY VERY SEVERE (almost maximal)

7 VERY SEVERE

5 SEVERE

4 SOMEWHAT SEVERE
3 MODERATE

2 SLIGHT

1 VERY SLIGHT

0.5 VERY VERY SLIGHT
0 NOTHING AT ALL (just noticeable)

Figure 61 Modified Borg Scale
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on a ratio scale, accordingto their qualitative meaning [fig 6.1} The resultant modified Borg
Scale permits inter-subject comparisons yet has been proven to produce psychophysical
functions approximating those obtained with magnitude estimation
(156,167,171,172,173]

6 3 Respiratory Psychophysics

Progress in the study of respiratory sensations has developed slowly. Experiments
relating to perceived respiratory sensation have met with methodological and conceptual
difficulties, including controling and 1dentifying the appropriate stimulus parameters and

selecting the appropnate scaling technique to quantify perceived sensations [174]

6.3.1 Threshold l.oad Detection in Norma! Subjects

The first studies directly related to perceived respiratory sensation were not carned
out untilthe early 1960's These studies focused on "indirect” measurements of respiratory
sensations, spectfically the JND, or Difference Threshold concept, based upon Weber's
Law, AS/S = k, which states that the change in stimulus intensity needed to produce a
perceived JND (AS) 1s a constant fraction (k) of the background stimult (S) [160]

Resistive loads to either inspiration, expiration or both, alter normal pressure-flow
relationships and are utihized in studies of normal subjects to mimic the type of flow
hmitations expernenced by patients with obstructive lungdisease Conversely, elastic loads,
which alter normal pressure-volume relationships mimic the type of volume restrictions
charactenzed by patients with restrictive iung diseases [159]

Early studies of respiratory perceptions focused on the ability of man to detect a JND
when smell resistive and elastic loads were added at quiet breathing These investigators
measured the added elastic, AE,, or resistive load, AR, ,, which elicited detection in 50%
of the loading trials (threshold detection tevel) and confirmed that man 1s able te consciously
detect the addition to breathing of both inspiratory elastic [175] and inspiratory and
expiratory resistive loads [176]

Studies addressing resistive load threshold detection in sitting and supir:e positions

n normals demonstrated that although the ARy, was increased in the supine position,
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Weber's fraction, defined as the ratio of AR, , to the total initial background resistance, R,
(eg of the breathing circuit and the subject’s pulmonary resistance) was found to reman
a constant [177] A study addressing the effects of timung, flow and lung volume on
load threshold detection in normal subjects demonstrated that resistive threshold detection
1s subserved by the relationship between pressure and flow over the early part of inspiration
and netther increasing lung volumes or increasing background loading caused a decrease
In resistive load threshold detection [178]  Also, other investigators demonstrated that

just detectable loads were detected very early in the inspiration, close to peak flow
[179,180]

6.3.2 Threshold Load Detection in Patients with Asthma and COPD

Studies on resistive load detection have been carned out m both asthmatics and
patients with COPD It has been demnnstrated that asthmat.cs demonstrate o higher than
normal AR,,, yet comparable Weber fractions when compared to normal subjects  Stodies
in patients with COPD, however, have yielded conflicting results - Wiley of 3/ [177] found
that although the AR, was higher in a patient with COPD the Weber fraction was similar
to normal subjects However Gottined ef o/ [181,182] found that i a larger group
of COPD subjects, both the resistive load detection threshold and the Weber fraction were

significantly higher when compared to normals

6.3.3 Mechanisms of Threshold Load Detection

Later studies have attempted to elucidate the mechanisms underlying resistive load
detection It has bern demonstrated that threshold detection of added resistive: loads was
similar before and after vagal block, excluding the role of the vaqus in resistive 1oad
detection [183] The role of the airways in resistive threshold load detecthion wis
excluded through demonstrating normai resistive threshold detection when the: loads were
added via a tracheostomy [184,185], normal resistive and elastic load detections
following anaesthesia of both the upper and lower airways {186,187], Aand through
the reduced sensitivity for load detection in patients with airflow obstruction [177,181,182]

Resistive load threshold detection was also normal in patients with complete: cervcal cord
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transection [185,188], with spinal anaesthesia of the thoracic cord (chest wall block)
[189] and dunng partial curanzation to weaken the respiratory muscles [190]
Duning assisted mechanical ventilation, a deterioration in the ability to detect addedresistive
loads occurred [191] Based on the above, it was hypothesized that resistive load
detectionisin part due to afferentinformation generated by the inspiratory muscles and that
load detection was mechanically related to the relationship between force and displacement
and not merely a function of either force or displacement alone [175,176,192] and that
active respiratory muscle contraction plays an essential role in the detection of added
resistve loads [191,193] It has been suggested that patients suffering from COPD

may have a defectin resistive-load detection (1le perception is blunted) [181,182]

6 34 Threshold Detection of Ventifation and Pressure

Further studies addressing ventilation and pressure threshold detections have
demonstrated the ability of man to detect increases in ventilation [194], and to detect
negative pressure changes at the mouth [195]  Since passive ventilation and chest
vibration sign'ficantly increased the pressure load detection thresholds, it was concluded
that afferent information generated from actively contracting inspiratory muscles was a

necessary component for pressure and ventilation threshold detection

6 3 5 Direct Scaling of Perceptions of Volume, Ventilation, Frequency and Pressure

The first attempts to apply diract scaling techniques to respiratory studies utihzed
open magnitude estimation and magnitude production to investigate the respiratory
perceptions of ventilation, volume and pressure changes It was established that all of
these sensations, regardless of the scaling technique utilized, fit Stevens’ psychophysical
power law mode! [196]

Further studies utilzing the direct scaling method of magnitude production and
volume matching confirmed the power law relationship or subject's ability to perceive tidal
volume, mspiratory flow, minute ventilation and respiratory frequency, with perceptual
sensitiviies (n) >1 [197,198,193] When comparing individual subjects, a large

range of exponents exist for each measured sensation [196,197,200] although the
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sen: tYivity of an individual to respiratory variables tends to be similar for each vanable (eg
subjects with a high sensitivity to Vt also tend to have a high perceptual sensitivity for
pressure or ventilation scaling) [197] One group of investigators determined that the
exponent for minute ventilation was significantly higher than ether tidal volume or
frequency, leading them to conclude that the assessment of ventilation probably provides
the most significant respiratory sensation [196] whilc other investigators found no statistical

increase In the expenent for ventilation when compared to Vt or inspiratory flow [197]

6.3.6 The Perception of Achieved Force (Tension) and Pressure

Studies on the perceptior of force and pressure have utiized the direct scaling
method of magnitude estimation, where sibjects are asked to estimate the magmtude of
their perceived sensation of load elicited by either the addition of a resistive or clastic load
at the mouth  Loading inspiration consequently increases the respiratory effort required to
maintain a given level of ventilatton and causes pressures (measured as airwady pressure
at the mouth) generated by the inspiratory muscles to subsequently ncrease to match

ventilatory demand, as described by the equation of motion,

Pmus = Vt XE, + VX R, [201] (2)
whereby: Pmus = pressure developed by the inspiratory
muscles
Vt = tidal volume
E, = elastance
V = flow

R, = resistance
It has been demonstrated that the perceived magmtude of added loads to breathing

in normal subjects and patients with COPD grows as a power function of the added load
[181,202] Within subjects, the rate at which the sensory magnitude: increased was
highly correlated during both elastc and resistive loading, but agam, great inter-subject
variability existed Thisindicates that some individuals were more: "sensitive” perceiving the
added loads than others [202]

It was also demonstrated that fixing flow rates during resistive loading and volumes
during elastic loading caused the perceived magnitude of the loads to increase: It was

concluded that either the actual tidal volume and flow rates adopted or factors related to
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them, such as muscular effort, were important attributes of the sensation elicited by loading
breathing [202]

Further investigation of load sensation in normals confirms that the perceived
magnitudes of added resistive and elastic loads at rest and during increased ventilatory
dnive (by exercise, CO2-stimulated breathing and hypoxia) 1s a direct function of peak
airway pressure duning inspiration (an index of changes in respiratory muscle tension)
generated to overcome: the load and an indirect function of the actual added resistance or
clastance or  combination  of both (at comparable inspiratory pressures)
[203,204,205] Also, # has been observed that perceptual magnitude of added
resistive and elastic loads ncreases as the inspiratory duration of pressure development

(duringloading and static inspiratory manoeuvres) increases [204,206]

6 3 7 Magnitude Estimation of Loads in COPD Patients

Astudy examimingthe perceptual sensitivity of a group of COPD patients found that
the exponent of magnitude estimation to added resistive loads was significantly lower when
compared lo normals and that adjustment for background airway resistance did notimprove
the measured sensitivity [182) A group of asthmatic patients, however, demonstrated
similar sensitivity when compared to normal subjects Patients suffering from COPD have
long term, ntrinsic resistive loading of therr respiratory systems, and consequently are
already experiencing chronic background resistive loading  in contrast, asthmatic patients
only experience pericdic increases N background resistive loading during acute
exacerbations of the disease  Therefore, It was hypothesized that COPD patients have
developed blunted perception to increasing resistve loads [182] and that the mechanism
responsible for load detection can be altered by the loading history of the respiratory
muscles [207] Moreover, COPD patients tend to be older and it has been
demonsltrated that age does play an important role in the perceived sensation of added
loads Perceptual sensitivity of added elastic and resistive loads 1s less in older subjects,
when compared to younger normals [208,209,210] In contrast, the perceived
sensation of respiratory muscle force duning static inspiratory pressure manoeuvres does

not differ between ages [211])
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The early study of the perceptual sensitivity of COPD patients to resistive loading
[182] did not take into account age, however, later studies using COPD p itients and age-
matched normals have shown conflictng results  One study showed that when COPD
subjects are compared to age-matched normals, the perseived magmitude of added loads
were similar [210], whereas another study demonstrated that even after correction for
inspiratory durations, COPD subjects demonsirated lower sensitivity to added elastic and

resistive loads when compared to age-matched normals [212]

6.3 8 Mechanisms of the Perceived Magmtude of Volume and Added Loads

It has been suggested that the sensalion of volume 1s medated by afferent
information generated by receptors affected by active respirdatory muscle contraction {197
Many factors influence the sensory magnitude of added loads to breathing, however, the
pattern of breathing adopted in overcoming the load (ie the combimation of mspiratory flow
and time with resistive loading, and the cormbination of tdal volume and tme with elastic
loading) [204,210] and the age of the subjects (208,209 210] appear to play roles These
authors concluded that the blunted perceptions to addad loads observed in COPD patients
was due to their adopted breathing patterns of low inspiratory flow rates and shorter
inspiratory duration times, compounded by theirincreased age Both of these mechanisims
act to lower the perceived sensation of their disease-added intrnsic resistive toad (210}
This conclusion is disputed by those investigators who demonstrated that neither age nor
reduced inspiratory durations could explain the abnormalities in load sensations observed
in COPD patients [212]

Durng a magnitude production study of respiratory force at varying lung volume:s,
it was determined that the sensation of resprratory muscle force 15 based primanly on
signals related to tension developed by the actively contracting muscles [203]  Resistive
and elastic loading studies in low cervical cord transections demonstrated that ther sense
of loadingwas 1mpaired, supporting the hypothesis that the sense of force 1 in part due to
afferent signals (tension) from rib cage muscle receptors during active breattung [213]
However, it is beheved that under conditions of extreme inspiratory muscle: fabque or

weakness, whereby afferent information from the muscles 1s greatly imparred, subjects
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associate the perception of force with the sensation of innervation associated with the

outgoing motor command to the muscles from the central nervous system [190,214]

6.3 9 Effects of Background Loading on Magnitude Estimation of Resistive Loads

It has been shown in normal subjects that the sensitivity of applied resistive loads
Increased when background resistive or elastic loads were applied, measured by cross
modality matching and nagmitude estimation However, adjustment of the magnitude of the
loading stimulus, by subtracting either the actual added background resistance or the
Increase In pressure necessary to overcome the background loay, resulfted in similar
responses to loading as  with non-background loaded conditions [215] Other
investigators also observed that the perceptual performarice of magnitude estimation of
resistive loads was not altered by background loading in normal subjects [216] It was
demonstrated, however, that short term exposure to extreme background loads in normal
subjects resulted i adaptation of the mechanisms subserving load perception  The
subject’'s response (n) was not changed but the actual intensities of the added loads were

perceived to be less than during non-background loaded conditions [207]

6.3 10 Perception of Force Versus Perception of Effort

There s debate as to whether the perceived magmitude of added loads is related to
the sense of force/tension or to the sense of effort required to overcome the load

It has been shown that subjects are able to distinguish between the sense of force
and sense of cffort, indicating two distinct sensory mechanisms A subject's sense of
force/tension 1s their perceived magnitude of the actual amount of force/tension being
developed by the muscles to overcome a given load Their sense of effort, meanwhile, is
their measurement of how muich actual effort or work they are exerting to overcome that
same load It also appears that when subjects are asked to rate perceived magnitude of
load, they are actually rating their perceived sense of force and not effort  This is supported
by studies whereby the perceved magnitude of an added load or of a static pressure
manocuvre 1s not increased as lung volumes are increased [203,206] At higher lung

volumes, more motor output command to the muscles Is necessary to achieve the requrred
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tension (since the muscles are shortened) Infact, inone of the above studies. the subjects
stated that the effort required to produce the target pressures was markedly ncreased at
Increasedlungvolumes [206]  Also, subjects sufferingfrom inspiratory muscle fatigue have
demonstrated the ability to clearly distinguish and estmate the perceved magnitude of
tension and effort during static maximum mspiratory pressure (MIP) manocuvres  The
perceived tension decreased with fatigue whereas effort increased in studies where the
inspiratory muscles were weakened by fatigue [214] Kilhan of o/ {217} demanstrated,
utihzing open magnitude estimation and the Borg scdle (category scale), that the sense of
effort and sense of tension both increase with increasing inspiratory pressure generation,
however only the sense of effort was increased with increasing lung volume:s

These authors also addressed the sensation of dyspnea or breathlessness  They
found that breathlessness, like effort sensation, was increased with increasing pressure
generation at higher lung volumes This study was important in the development of the
conceptthat dyspnea is related to the conscious sensation of the outgoing motor command

to the inspiratory muscles and 1s mediated by the same mechanism which subserves effort

sensation.
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CHAPTER 7 DYSPNEA

Dyspneais a medical term used to characterize the non-specific complaint of difficult
or laboured breathing  Itis often the primary symptom of patients suffering from respiratory
disease Although a symptom, dyspnea s also a subjective sensation, and many authors
have used such terms as breathlessness ard shortness of breath synonymously
[159,218] One of the major problems with addressing the 1ssue of a specific definition
for dyspnea 1s that the exact stimulus for this sensation 1s unknown [219]  Numerous
authors have proposed defimtions of dyspnea, but as of yet, no clear and unanimously

accepted definiion exists [Table 7.1]

Table 7 1 Defimtions of Dyspnea Proposed by Various Authors
1 The consciousness of the necessity for increased respiratory effort [220,221]
A sensation of laboured or difficult breathing [222,223]
Pathological breathlessness [224]

Undue awareness of breathing or awareness of difficulty in breathing [218].

[6) P - V¢ B V]

Conscious awareness of outgoing motor command to the inspiratory muscles [225].

o

Quantitative non-threshold sensation of the mctor effort required of the respiratory
muscles [201]

-~

Increased effort in act of breathing [226]

X

Inspiratory effort sensation [217)

7.1 Methods Used to Quantify Dyspnea

Chimical dyspnea ratings (ie the Baseline Dyspnea Index, the Transition Dyspnea
index [227], the Medical Research Council Scale [228]) are indices often used in
the hospital seting to evaluate the functional impact of dyspnea on patients’ activities of
daily iving However, the contribution of both emotional and psychological factors play a
major role mn a patient's subjective response [229] Psychophysical tests provide
different results in dyspnea perception when compared to clinical dyspnea ratings in the
same subject group [230] Clinical dyspnea ratings are mainly used as a monitoring

tuarof the impact of chronic dyspnea on patient’s daily ife, whereas psychophysical testing



addresses the perception of acute dyspnea, Induced in the laboratory setting

In psychophysical testing, the intensity of dyspneais directly related to measures of
ventilation, respiratory muscle contractility and force output, and cardiovascular
performance, therefore providing an objective measure of the contributing physiological

mechanisms involved in the perception of dyspnea [230,231]

7.2 Psychophysical Testing and Dyspnea

Open magnitude scaling [165], the Borg scale [166,232] and the VAS
[165,16€,232] have all been used to quantify the perception of dyspnea during a vanety
of methods of ventilatory stmulation  Ventilatory stimulation has been achieved through

hypercapnia [165], hypoxia [165], added resistive loads to breathing [233] and excrcise
[165,166,232,233]

7.2.1 Dyspnea Durning Hypercapnic and Hypoxic Ventilatory Stimulation

It has been hypothesized that afferent signals arnsing from both central and
perpheral chemoreceptors in response to changes in the PO2, PCO?2 or hydrogen ons in
the blood may be responsible for the perception of breathlessness  The chemical
stimulation of ventilation through hypercapma or hypoxiet has been shown to nduce
breathlessness [222,234,235] However, 1t has been  concluded that with
hypercapnic stimulation, increased breathlessness cannot result from the: straightforward
perception of afferent information ansing from artenal chemoreceptors  Given that a clear
and reproducible relationship of dyspnea to increasing ventilation due to chemical stimuh
has been demonstrated [236,237], 1t has becen suggested that dyspnea perception
is related to the effective ventilatory response [233,238]

The effects of hypoxia on breathlessness remains more: controversial  Some
investigators have observed that the reduction in breathlessness produced by preventing
exercise desaturation in COPD patients 1 was in proportion to the: reductionin ventilation
[239], 2 could not be explained solely by the accompanying decrease in ventilation
[240]; and in contrast, 3 that an increase In breathlessness was observed in relation

to ventilation when breathing supplemental oxygen [241}.
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7 2.2 The Role of Vagal Afferents in the Perception of Breathlessness

Pulmonary afferent neural information has been hypothesized to play a direct role
in the mediation of dyspnea [222,242] This has been based on studies whereby vagal
blockade has led to a reduction in shortness of breath in patients with pulmonary disease
[243,244] However, rccent studies in patients with heart-iung transplantation
(pulmonary denervation) supports the hypothesis that vagal mechanisms contribute to
dyspnea only indirectly, through the modulation of the pattern of ventilation, thus influencing

thex pattern of respiratory muscie activation [222,245]

7.2.3 Exercise Testing and Dyspnea

Exercise offers several advantages in the study of dyspneawhen compared to other
artificial means of stimutatingventilation (le hypercapnia and hypoxia) It directly simulates
demands placed upon the inspiratory muscles (increasing force and effort requirements)

which an individual is faced with during daily physical activities [219,246]

7.2.3.1 Dyspnea as a Function of Workload

During progressive exercise testing, normal subjects exhibit an absence of
breathlessness at very low levels of work (measured in kpm/min or watts). Dyspnea,
however, increases in a curvilinear fashion as exercise progresses, demonstrating a rapid
increase and reaching values between 7 and 10 as rated on the Borg scale near maximal
exercise [233,247]  The addition of resistive inspiratory loads in normal subjects
increases the perceived level of dyspnea for a given level of work and with increasing
loading, exercise capactty 1s dimimished [233]

In a group of cardiorespiratory patients during a progressive exercise test,
breathlessness has also been shown to systematically increase with increasing levels of
work, with dyspnea ratings on the Borg scale of severe (5) to maximal (10) at maximum
exercise  However, a wide inter-subject vanation was shown o exist in the rating of
dyspnea for any given level of work Some patients presented with a similar response to
exercise as normails, with no dyspnea perceived at rest or for low levels of work However

others presented with dyspnea at rest and more rapid increases in perceived dyspnea with
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increasing work It was observed that a wide variability stil existed when dyspnea was

plotted as a function of workload, normalized for the predicted maximum [248]

7.2.3.2 Dyspnea as a Function of Ventilation

Numerous authors have demonstrated that the intensity of dyspnea progressively
increases with increasing levels of ininute ventilation (VE) duning progressive exercise, In
both normal and COPD subjects [165,240,249,250,251,252,253,254] COPD subjects,
however, experience higher degrees of dyspnea for a given level of Vi when compared to
normal subjects

The rationale for using VE 1s that it represents the total output from the respiratory
system and correlates significantly with ratings of breathlessness during exercise [219]
Using both the VAS and Borg scale, the intensity of breathlessness at comparable levels
of ventilation has been shown to be quite reproducible within a subject upon repeat testing
[165,232] However, inter-subject vanation exists in the perceived dyspnea for any quven
level of absolute ventilation, both in normal [222,245] and COPD subjccts [248] 1t s
believed that it 1s not simply the level of ventilation, though, which deterrmines the ntensity
of the dyspnea perceived, but rathcr how much of the total ventilatory capacity s being
utihzed This idea has led investigators to normalize Vi by the maximum voluntary
ventilation (MVV) Investigators have utiized both the true measurced MVV, calculated
through pulmonary function testing [255], or a predicted value for the subject's MVV,
based upon *he equation

MVV = FEV, X 35 [245,248,256,257] (1)

A recent study, however, demonstrated quite a large vanability in the MVV/FEV,

ratio between subjects (both normals and patients) and dermonstrated that
MV =FEV, X 42 [258] (2)

represents a more average value for predicting the MVV across a wide range of subjects
There have been conflicting results when dyspnea has been expressed as a function of
VE/MVWV  Some auth~rs demonstrated that no difference existed hetween normal and
COPD subjects’ perceived difficulty of breathing when VE was expressed as a fraction of

the MVV [203] Others have shown that in both normal subjects, heart lung recipients
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[245], and in a group of cardiorespiratory patients [248], a wide inter-subject variation
existed in the dyspnea response to VE/MVV

Others have expanded further to suggest thatl breathlessness 1s not simply the
sensing of the actual ventilation achieved but other mechanisms such as fatigue may play

a role in the perception of dyspnea [259]

7 2.3 3 The Effects of External Loads on Dyspnea Perception

External resistive loads have been added to inspiration in normal subjects during
progressive exercise to simulate arway obstruction  Attempts to determine the effects of
mspiratory loading on breathlessness have met with conflicting results Some investigators
have shown that the additon of an inspiratory load during a progressive exercise test
significantly increased breathlessness for a given ventilatory level [233,251,26G]. [t
was also obscrved that the threshold of dyspnea perceptionis lowered and the slope of the
response of dyspnen to VE s increased with added inspiratory loads  Other investigators,
however, observed no significant increase in breathlessness with the addition of low level
nspiratory loads durning a constant workload exercise test [261] The dfferences
probably lie in methodolorgy A progressive exercise test causes much higher achieved
ventilaion when compared to steady state exercise, and this added ventilatory stimulus may
be neressary to observe the increases in dyspnea associated with the addition of inspiratory
loads

It has been hypothesized that subjects' rated levels of breathlessness 1s also based
upontheir pastexperiences of theirrelationship between breathlessnessand ventilation (eg.

loading breathing and then removing the load) [260]

7.2.3 4 Dyspnea as a Function of Pressure Development

Mcuth occluston pressure (P,,,,) has been used as a measure of respiratory efferent
activity during ventidation  In orderto correctfor differences in maximum respiratory muscle
strength and contractility, mouth pressure 1s expressed as a percentage of the maximum
generated inspiratory airway pressure at FRC, with the airway occluded (MIP) [222] Again,

results have been conflicting  One study demonstrated that during progressive treadmill
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exercisetesting, both with and without iInspiratory resistive loading, the relatonshipbetween
the intensity of breathlessness ind normalized occlusion pressure s the same in COPD
patients as in normal subjects [222] This led to the conclusion that at a given level of
respiratory motor activity, the intensity of breathlessness does not differ from normals to
patients with COPD  However, a more recent study demonstrated that althvough a direct
linear relationship existed between dyspnea and P, /MIP in all subjects, a wide vanration in
the responses (slopes of the relationships) existed [245]

Studies have also demonstrated a sigmificant correlation between peak inspiratory
mouth pressure (Pm) and perceved breathlessness, both in a group of normal subjects
[217] and asthmatic patients [219]

A close relationship between dyspnea and inspiratory effort sensation (IES) is
assumed [262], therefore IES and dyspnea are often used synonymously by
investigators studying the mechanisms of dyspnea

Esophageal baloons can be utilized to measure esophageal pressure: (Pes), which
approximates pleural pressure [263]  Studies in normal subjects have demonstrated
a directlinearrelationship between pleural pressure swings (APes), APes normalized as a
percentage of the maxmum inspiratory pressure (APes/MIP) [264], and mean Pes
(Pes) [265] to the subjects’ IES A large vanability n subsects' sense: of effort s
observed when IES s related to the pleural pressures qgenerated  This vanability was
minimized when Pes was expressed as a percentage of the MIP [233]

A similar Iinear relationship of Pes/MIP and Pm to breathiessness, as rated on the
Borg scale, has been shown i both cardioresprratory and asthmatic subjects [248,219)

The MIP has generally been utilized as an index of respiratory muscle strength
(RMS). In normal subjects, a large variation in MIP has been shserved, 60 «miz0 to 300
cmH20 COPD patients also exhihit a wide vanahiity in RMS (1e a4 mean value: of 66
cmH20 +20 cmH20 in a group of cardiovascular and respiratery diseased patents) {201

Vanations in RMS have been demonstrated to result in an equally 1arae vanability
in 1ES duringresistive loading in both normat and COPD subjects  The sense of effort for
a given pressure generated was greater for the subjects with we:aker inspiratory muscles

[201,246,262] The majority of all studies have utilized MIP as the normali g value for
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pleural pressureswings, however, arecent study addressed the fact thatthe capacity of the
inspiratory muscles to generate pressures decreases with both increasing lung volumes
(used as an Indication of changes in respiratory muscle length) and increasing inspiratory
flow rates (used as an indication of changes n the resprratory muscle velocity of
contraction) [247,266,267,268,269]

This concept has led to the quantification of the capacity of the inspiratory muscle
to generate preossure (Puap) during exercise it was found that Pcap 1s preserved between
J0and 55% TL.C,but dexchnes by 1 7%for each 176 increase in end insprratory lung velume
above 55% TLC In addition to this volume effect, a 5% reduction in the muscles’
generating capacily was nbserved for each litre per second increase in flow at any given
lung volume  Therefore, normalization of pleural pressures hy MIP willunderestmate the
percentage of capacity being utilized by the respiratory muscles during exercise  The
following equation quantifics the relationship,

Peap (% max) = (MIP -1 7(%TL.C)) -50 (I/sec) [24 7] (3)

These nvestigators found that when breathing was loaded durng exercise, the
sense of respiratory efforl was closely correlated to the pressures generated by the

respiratory muscles expressed as apercentage Pcap [247,270]

72.3.5 Dyspnea as a Function of other Physiological Parameters

A study in normal subjects undergoing exercise testing has demonstrated a
signtficant and independent relationship of breathlessness () to peak Pes (indication of
muscle tension), nspiratory flow (V1) (@n indication of the velocity of inspiratory muscle
shortening), the frequencyof breathing (fb) and the duty cycie (TTtot), giving the predictive

equation

¥ = 0 11(Pes) +0.61(Viy+ 1 99(TiTtot) + 004(fb)-260 [233]  (4)

Simitar studies in COPD patients during exercise have also demonstrated a multi-
variable relationship to breathlessness  In a group of cardiorespiratory patients, the

following predictive relationship for breathlessness was found:



W= 3.0(PPI/MIP) + 1 2(VI) + 4 5(VUVC) + 0 13(fb) + 5 6(TiTtot) - 62 (4)
Simuilarly, in a study of asthmatic patients, Vi, VT/FVC, fbb and Pm each mndividually
demonstrated inear relationshipsio subjects’ levels of breathlessness as rated ¢n the Borg

scale and all variables together accounted for 63% of the vanance in the rating of dyspnea
[219].

7.3 The Relationship of Dyspnea to Muscle Fatigue

The role of inspiratory muscle fatigue n the development of dyspnea remams an
unresolved i1ssue  Studies have largely foctused on 1ES dunng induced fatigue in normal
subjects Diaphragmatic fatigue, induced through mspiratory resistive loading, has been
shownto be associated with increases in the sense of respiratory effort. However, both the
iNtensity of the diaphragmatic contraction and changes in diaphragmactivation levels were
unrelated to the magnitude of the sensory porception [271]1 A further study whereby
draphragmatic faligue was induced through fatiquing contractions of the diaphragm also
demonstratedthat IES was independentof the transdiaphragmatic pressure (Pdi) and could
be dssociated from the development of diaphragmatic fatique [272]  Inveshgators
found stronger correlations between the levels of activation of both the stermomastod and
nb cage muscles and the sensc of resprratory effort, leading to the conclusion that the
Increasing effort sensation duringa diaphradgmatic fatigue run was due to enther thie loading
of the b cage muscles or to the central perception ot an overall increase in the central
motor output directed towards these "accessory" muscles [271]

Other studies have induced generahzed insprratory miuscle fatique (IMF), both
through continuotis maximal inspiratory contraction [273] and by mspiralory threshold
loading [274] It has been demonstrated that a faster rate of increasing IES 15 observed
with a high pressure (Pm/Pmax)-short duty cycle (TVT tot) pattern of loade:d hreathing when
compared to a low pressure-longduty cycle pattern, despite the mantenance of @ constant
pressure time index of 0 24 This led to the hypaothesis that IES s related to but not a direet
function of the onset and seventy of IMF IES 15 therefore dependenton the intensity rather
than the duration of muscle contraction and may possibly occur as a result of the central

perception of the subsequent increasing motor command to the fatquing muscles
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[273,274] Varying the breathing patterns (le predominantly rib cage, diaphragm or a
combination of both) duning inspiratory resistive loading 1n normal subjects resulted in an
observed direct inear and umique relationship between APes and IES, regardless of the
thoracoabdominal breathing pattern adopted [265] Although mposing fatiguing
diaphragmatic patterns of breathing did demonstrate a strong correlation between IES and
Pes/Pesmax, [ES was independent of the development of diaphragmatic fatigue [264].

Itis mportant to note that a study addressing the perception of dyspnea associated
with changing levels of ventilation demaonstrated that dyspnea intensifies when the level or
pattern of breathing s voluntanly changed from the spontaneously adopted level [275].
Thercfore, this may compound the dyspnea which subjects perceive during studies where
their breathing patterns are set or constrained

Studies of diaphragmatic fatigue and I1ES in COPD subjects are hmited,
nevertheless, it has been demonstrated that, as in normal subjects, diaphragmatic fatigue
appears independent of 1ES [276]  Also controversy exists as to whether COPD
patients develop respiratory muscle fatigue dunng progressive exercise It has been
observed that COPD subjects often develop a fatiguing pattern of mspiratcry muscle
contraction and/or daphragmatic contraction during exercise [115,277,278,
279,280] In contrast, non-fatiguing patterns of both inspiratory muscles (p.eural
pressure-time indices (PTH) of 0 10) and the diaphragm (PTI of 0 12) have also been
measured upon the cessation of exhaustive exercise [281]

Utiizing fatiguing patterns of PTI to draw conclusions regarding the relationship of
IES to fatigue must be interpreted cautiously  What 1s usually being indicated 1s incipient
fatigue, whereby the muscles would fatigue should that pattern of contraction continue for
a given length of ime  For example, a diaphragmatic PTI of 0 15 could be sustained for
approxivately 90 nmnutes, wherecas an inspiratory muscle PTi of 0 25 could be sustained
for approximately 15 minutes before signs of overt fatigue would develop [272] Also,
subjects may cyclicly alternate between diaphragmatic and inspiratory muscle contraction
man attemptto hmitincipient fatigue [106} It appears that normal subjects adopt a pattern
of breathing which serves to optimize the sense of effort by minimizing the tension

generated in the respiratory muscles [270]
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Other observed signs of incipient fatigue (during observed fatiqu: q PTH) include a
fall in the hugh to low ratio or centroid frequency of the EMG power spectrum, the slowing
of observed inspiratory muscle relaxation, rapid shallow breathing and chest-abdomen
asynchrony [282]

COPD patients often demonstrate respiratory muscle weakness and subsequent
decreases in their inspiratory muscle force response after exercise (10 decreasing
sternomastoid force [279]), however, one cannot assume that overt muscle fatigue has

occurred They too will attempt to adopt a pattern of breathing to mimimize: the risk of IMF

7.4 Mechanisms of Augmentation and Relief of Dyspnea In COPD Subjects

It has been shown that in patients experiencing acute asthma attacks, dyspneais
well corretated with both hypernnflation and recruitment of the sternomastoid muscles, and
that dyspnea supsides when the heightened sternomastoid activity  ceases |283]
Patients suffering from respiratory failure experience a loss of dyspnea when mechancally
ventilated, a loss which correlates with a cessation of diaphragmatic electrical activity
{284] Dunng abdominal strapping, COPD subjects expenience increased levels of
dyspnea during exercise, hypothestsed to be caused by a shortening of the intereostat and
neck muscles and the subsequent increase In the requircd motor command [285]
COPD patients often experience a relief in dyspnea by assuming the leaning postion
(supporting their upper extremitics) Postural relief of dyspnea is likely duc to the fact that
leaning forward both improves the length-tension state and increases the cfficiency of the
diaphragm as well as the unloading of the nb cage accessory muscles [286] 1t has
been observed that in a patient with tilateral diaphragm paralysis, acute dysppea was
experienced when the subject was immersed in water to the level of the abdomen Since
the water now fully supported the abdomunal contents, immersion prevented the passive
inflationary effects of abdominal muscle contraction and ehminated ispiratory abdominal
muscle relaxation This resulted in a loading of the nb cage muscles [287]  All of these
studies serve to emphasize the apparent sigmficance of respiratory muscle function to the:

perception of dyspnea
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CHAPTER 8 METHODOLOGY

Itis hypothesized that high levels of ventilation should be reached at lower perceived
levels of dyspnea if respiratory muscle coordination increases and the use of the
diaphragm-accessory muscles 1s optimized  Successful athletes ana/or COPD patients
should therefore display high levels of ventilation at lower dyspnea. Hence we tested
muscle coordination and its relationship to dyspnea in groups of athletes, normal sedentary
subjects and COPD patients during high levels of exercise Dyspnea was measured using
the Borg scale  Coordination was inferred via esophageal and gastric pressure swings and
chestwell-abdominal displacementduning a progressive exercise test on a cycle ergometer

Tacrabonale underlying this hypothesis is fourfold  First, dyspneais a quantifiable
sensation which is known to be proportional to the degree of inspiratory muscle activity
Second, COPD patients do have an increased load to breathing at rest as well as at lower
ventilatory levels due to the nature of thewr disease Similarly, athletes also are exposed to
higher respiratory loads on a reqular basis when performing traiming which requires high
levels of ventilaion  Finally, sedentary normal subjects are not exposed to either of these
types of loading on a regular basis

In order to mvestigate this hypothesis we tested fifteen male subjects  All subjects
gave informed consent prior to their participation  Four of the su.jects were normal,
sedentary, non-smokers and were famihar with respiratory studies  Four were defined as
ehte athletes, having competed in their sport internationally and who underwent daily
endurance training (3 rowers, 1 cyclist)  The remaining seven subjects were classified as
moderat~ to severe COPD patients

Prior to the study. all subjects performed standardized pulmonary function tests,
using a compact Vitalograph spirometer, to determine their forced wital capacity (FVC) and
forced expired volume in one second (FEV,)  The relationship of FEV,/FVC was thus
calculated  All studied patients were currently being followed at Notre Dame Hospital,
Montreal, Quebec and had undergone extensive testing in the pulmonary function laboratory
prior to their participation in this study Values of Total Lung Capacity (TLC), Functional

Residual Capacity (FRC) and Residual Volume (RV) were obtained from the patients’
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charts. Predicted spirometric values were obtained from standardized tables, based on the
suvject’s sex, age and height [288,289]

immediately prior to exercise testing, patients were sent for an <lectrocardiogram,
whose results were verified by a physician to ensure their sintability for exercise testing

Subjects were seated on a cycle ergometer (N V. Godart, Holland #11647 3) where
a metal bar with chest pads was adjusted and placed m front of the subject, enabhing them
to lean againstit for mproved stabiization and mimimization of body movement and postural
changes The handlebars of the ergometer were also stabiized o decrease extraneous
body movemont [fig 8 1]

Subjects were fitted with a headpiece to which a large two way valve was attached
(Hans Rudolph Inc Kansas City, No 2700) A pneumotachograph (Fleisch no 3) was
connected to the inspiratory port A rubber nouthpiece was connected to the valve and
inserted into the subject's mouth  The pressure gradientwithin the pneumotachographwas
measured via a Validyne pressure transducer (12 cmH20)  For monitoring purposes, flow
was electronically integrated to volume and displayed on paper utihzing a Hewlett-Packard
respiratory integrator (8815A) Signal calibration was performed to minimize drift of the flow
signal and the inspiratory flow was set to automatically reset to 0 at the end of each
inspiration  Esophageal pressure (Pes) (measured as an estimation of pleural pressure:)
and gastric pressure (Pga) were measured [129,263,290] using commercially available:
latex rubber balloons , 5 cm lona, 0 012-0 015 cm in thickness, 3 50 cman circumference
and 1 11 cm in diameter (Medical Corporation, New Jersey), attached to 100 cm Intramedic
PE 200 non-radiopaque, non-toxic polyethylene tubing with a lurmimal diameter of 140 mm,
and outer diameter o, 1 90 mm (Clay Adams, Division of Becton Dickinson and Company,
New Jersey) The catheters were connected to separate Validyne pressure transducers
(1200 cmH20 for measuring esophageal pressure: changes and 1250 cmH20 for measuring
gastric pressure changes) All pressure signals were demodulated and amphficd by
Hewlett-Packard carrier amplifiers (8805B) Both balloons were inserted via the nose into
the stomach Placement of the esophiageal balloon was performed by slowly retracting the
balloon as the subject sniffed  When the pressure changes became negative m direotion

as opposed to positive and a baseline resting negative pressure was observed [291],



Figure 81 Expenimental setup showing a subject seated and secured to the cycle
ergometer, with mouthpiece, 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 Care was also taken
to place the esophageal balloon where the cardiac artifact was muminzed  This procedure
was performed by a physician at Notre Dame Hospital who had
significant experience in accurately positioning the esophageal and gastric balloons

The esophageal balloon was filled with 2 mil of air, of which 15 mi was then
removed, lcaving 0 5 ml remaining The gastric balloon was filled with 1 ml of air The
compliancy of the esophageal latex balloon at a volume of 05 ml as an acceptable
minimum unstretched volume was validated by the pulmonary function taboratory at Notre:
Dame Hospital Normally, the gastnc balloon 1s thicker than the esophageal balloon,
however, since the gastric balloon was notleft in the stomach for a prolonged penod of ime,
there was adequate resilience to gastric secretions and thus, the utiized balloon thickness
was acceptable The polyethylene catheters were found to demonstrate a flat frequency
response up to 10 Hz  Frequency spectrat analysis of both Pes and Pga swings
demonstrated that even during maximum exercise, no frequencies of any power produced
exceeded 5 5 Hz, thus validating the usage of these catheters

Rib cage (RC) and abdommal (AB) excursions were: measured via respiratory
Inductive plethysmography (Respitrace, Ambulatory Momitoring, Inc , White Plaing, N Y )
The upper edge of the nb cage band was placed at the mid-axiliary ievel, about the second
to fourth intercostal area, while the upper edge of the abdominal band was placed ot the
level of the umbilicus above the illac crest [292]  Both bands were taped and secured
In place Respitrace signals were amphfied using two Hewlett-Packard medium gain
amplifiers (8802 A) for RC and AB signals respectively

All signals were displayed on a Hewlett-Packard 8 channel paper recorder (7758A)
and recorded on analog magnetic tape (Hewlett-Packard instrumentation recorder 3968A)
for future playback and computer analysis

A four lead electrocardiogramwas also utilized, connected to an oscillosc.ope: for the
monitoring of cardiac electrical activity throughout the exercise test for safety reasons and
an attending physician was present throughout the study

Alt channels were calibrated prior to beginning the exercise test and calibrated again

at the end of the sesston, to minimize error and assure accuracy Once the setup was
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completed, subjects were asked to perform a stalic maximum inspiratory pressure
manoeuvre (MIP) at functional residual capacity (FRC) with airways closed, while in the
se edposition on the ergometer This was repeated until consistent results were abtained

Subjects were also asked to perform a static maximum transdiaphragmatic pressure
manoeuvre (Pdi ), also at functional residual capacity with airways closed while seated
The Pdi,, manoeuvre was performed as follows  Subjects were first asked to maximally
activate their diaphragm-abdomenby asking them to "bear down as for defecation” While
mamtaining this maximal expulsive effort, subjects were asked to perform a maximal
inspiratory (Mueller) manoeuvre where they vigorously attempted to suck in air against a
closed gloths [293] This manoeuvre was repeated untd consistent results were
obtained

The Respitrace was calibrated by having the subjects perform isovolume
manoeuvres [133]

Subjects were informed that dunng the exercise test, they would be asked
periodically to rate "how short of breath” they were on a modified Borg Scale [171], which
was clearly displayed in front of them They were informed that they could choose any
numbecr, or fraction thereof and to exclude any other sensations (1e imb pain) they might
be experniencing when they made their rating

A penod of guiet breathing was monitored until all signals had reached a steady
state Subjects then began a progressive exercise test, with 20 watt increments in workload
introduced every minute  Subjects were requested to cycle at a constant rate of 40 RPM
At the end of each minute, prior to the next increase in workload, heart rate was recorded
and subjects were asked to rate their level of breathlessness

Subjects were encouraged to continue cycling untif exhaustion After cessation of
the exercisc test, subjects were asked to continue to cycle at their own pace, and at the end
of each nunute, their level of breathlessness and pulse rate were again monitored  The test
rnded when both of these values reached their pre-exercise resting levels  Although the
data recorded post-exercise was not included in the data analysis, the subjects performed

this "cool down” segment for safety reasons



8.1 Computer Analysis

The signals of the five recorded channels (Flow, Pes, Pga, RC, AB) were digitally
sampled to a personal computer (IBM 386) using a software, acquisition package (Labdat
Version 2.0), through an A\D Board (National Instruments No MC-MIO-16) and stored for
future off-hne analysis  The patients’ data was sampled at 100 Hz, whereas the normals’
and athletes’ data were sampled at 200 Hz, given the extremely rapid breathing responses
observed during maximum exercise Inspiratory flow (V) was electncally integrated to
volume using a software respiratory analysis program (Resp, written by Doug Wight, Notre
Dame Hospital, 1991) and the transdiaphragmatic pressure (Pdi) signal was calculated by
the following equation

Pdi = Pga - Pes [129] (1)

A breath by breath analysis was performed on five breaths of quiet breathing prior
to exercise, and on the last five breaths of each consecutive minute of exercise at a given
workload for each subject

The following ventilation parameters were calculated for each breath, utiizing 0 flow
as the beginning of Ti and the end of inspiratory flow as the end of Ti [Figure 8 2aj
inspiratory tidal volume (Vt), inspiratory time (T1), expiratory time (Te), total time of the
breath (T,,). the ventilatory duty cycle (T/T,,;), frequency of breathing in one ninute (fb)

by the following equation.

fb=60/T,, (2)
Also minute ventilation (VE) whereby
VE =fb X Vt (3)

and minute ventilation normalized for lung size and disease obstruction (VE/FVC) were:
calculated. Each subject's individual maximum voluntary ventilation (MVV) was predicted
utilizing the equation
MVV = FEV, X 42 [258] 4)
permitting the estimation of the percentage of the subject's maximum ventilatory capacity
that was being utilized during exercise (VE/MVV)
Since the decline of Pes often precedes flow (pressure events can occur prior to the:

observation of a mechanical event), the following pressure parameters were: separately
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measured, utihzing the onset of the negative Pes swing (when simuiltaneous changes in Pga
were observed) as the onset of the Ti related to pressure and the end of Tt as the point
where Inspiratory flow ends [Figure 8.2b] peak to peak pleural pressure swing (APes),
mean APcs (APes), peak to peak gastric pressure swing (APga), peak to peak
transdiaphragmatic pressure (AP, mean APdi (APd 1), APes normalized by maximum
mspiratory pressure generated at FRC (APes/MIP), APes normalized by the maximum
capacity pressure the inspiratory muscles are capable of producing corrected for volume
and flow (APes/Pcap) which assumed a progressive 10% reduction in end expiratory lung
volume throughout the exercise run in both normal and athletic subjects [247], mean
APes/Pcap (APe's/Pcap), the pressure duty cycle (Ti/1tot) and the pressure-time index of
the inspiratory muscles (TT,,) where

TTw=APes/Pcap X TUT 4, (5)
Also measured using this timing was APd T/Pd
diaphragm (TT,) [272] where

TT,=aPd i/Pd

and the pressure-time index of the

max?

mar X TV T4 (6)

Two phases of the onset of each inspiratory effort were also identified  The first was
termed the "Pre-Inspiratory Flow" phase of inspirat.on and was defined as the segment of
time between the onset of the negative Pes swing and the onset of inspiratory flow The
second was termed the "Initial Phase”, and was defined as the time between the onset of
nspriratory flow and the peak of the acceleration of the inspiratory flow [fig 8 3]

Further parameters were thus calculated These were  the rate of change of Pes
with respect to time for the pre-inspiratory flow phase of inspiration (APes/At ;) and the
nitiar phase of inspiration (APes/At)  Similarly, the rate of change of Pya with respect to
time for the pre-mspiratory flow phase of inspiration (APga/At ..) and the imtial phase of
mnspiration (APga/At) were calculated

Each of the above ventilation and pressure values which were calculated for each
of five breaths at the end of each minute of exercise were then averaged utiizing Sigmaplot
(Jandel Scientific, Version 4 1), giving the mean + 1 standard deviation (sd) of each

measured parameter at a given workload  An analysis of vanance between the three

groups was performed with a post Scheffe test F ratios <0 05 were considered statistically
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significant For graphics purposes, signals were converted from Resp files to ASCII files,
analyzed in 123 (Lotus Development Corporation, Release 2 01) and subsequently plotted

utlizing Sigmaplot.
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CHAPTER 9 RESULTS

The results will be divided into three main sections 1 Anthropometrics, 2 Dyspnea
as a function of work, ventilation and pressure generation during progressive exercise and

3 Mechanics of breathing and coordination during progressive exercise.

9 1 Anthropometrics
Individual subject data is provided in Table 9.1 and Table 9.2 respectively. The
mean age (1 standard dewviation) of the patients was 62 +10 years, the mean age of the

normals was 37 15 years, while the mean age of the athletes was 22 1+ 1 years

9.1 1 Pulmonary Function

All pulmonary function tests (PFT) of the normals and athletes were within a norme |
range when compared to predicted values The only exception was N1 who presented with
an FEV ,/FVC of 66% When considering the normal predicted values for a male, aged 37
and 175 cm in height [289], itis found that N1's abnormally low FEV ,/FVC ratio was directly
due to his extremcly migh measured FVC (6 15 1itres versus 5 00 hitres predicted). His FEV,
was comparable to that predicted (4 G hitres)

The COPD patients presented with significantlimitations in all aspects of pulmonary
function Five patients were clinically and functionally dagnosed as severely obstructed and
two as moderately obstructed based upon their ndividual FEV /FVC results  The following
values are an average of all seven COPD patients (11 standard deviation). FEV, (%
predicted) 33 8 +15 8%, FEV,/FVC 40 97 110 93%, and RV/TLC (% predicted) 184.16 +
35 94%

9 1.2 Respiratory Muscle Strength

The mean group Maximal Inspiratory Pressure (MIP), generated against a closed
glottis at FRC of both normals and athletes were not significantly different, -130 88 +8 29
cmH20 and -143 13 119 08 cmH20, p>0 05. The group mean MIP value of patients was
signific= tly reduced (-63 94 ¢18 81 cmH20, p<0 05) when compared to both the athletic



SUBJECT| AGE | HT | wr FEV, FEV, FVC FEV,/FVC | RVITLC MIP Pdi__
(yrs) (cm) (kg) U] (%Pred) ) (%) {%Pred) {cmH20) (cmH20)
P1 49 175 | 91 | 230 530 | 527 | oo | 1aeir | 5070 8653
P2 49 167 | 54 085 17 30 2 40 27 00 252 31 -40 00 62 46
P3 73 187 | 58 197 4230 2 51 4280 17219 -50 00 50 00
P4 67 177 | 84 102 25 60 260 39 40 167 45 65 00 80 19
P5 70 160 | 71 072 24 90 183 39 50 190 19 8316 99 41
P5 69 178 | 81 158 5190 289 55 00 158 69 19230 1218
p7 61 185 | 77 052 18 50 180 28 89 204 13 66 43 68 00
Mean.sd | 82210 | 170:7 {73213 | 112:083 |3380:1580 | 261083 |4097-1093|184 15:3594 | 6394 :1881 | 826222225

Table 9.1 Patient Data

£9




SUBJECT| AGE l HT WT FEV, FVC FEV./FVC MiP T Pdi__
(yrs) | {cm) | (kg} U] 0 (%) (cmH20) (emH20)
N1 37T ) (75 | 72 400 515 85 CC REFER f*
N2 2E 121 73 419 527 7900 138 20 204 00
N3 43 | 178 | 72 438 534 8200 -125 13 136 32
N4 30 | 170 | 63 397 457 85 80 -12240 157 85
Mean :sd |37 :5 11765 [ 71:6 | 414:019 22065 {7830:940 | -13088:829 | 180542197
M a1 21 | 188 | 86 595 705 84 40 -120 00 21000
A2 21 190 | 85 546 670 8150 -135 00 160 64
A3 23 176 75 490 570 86 00 -160 00 178 60
A4 23 | 173 | 70 476 571 8340 -157 50 195 40
Mean ssd |22:1 1182:9 [79:8 | 527:055 | 829:069 |8380:190 | -143 131908 [ 1884141792

Table 9.2 Norma' Sedentary Subjects (N) and Athletes (A)

¥9
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and normal groups. Mean group Maximal Transdiaphragmatic Pressures (Pdi_ ) of both

avan

normals and athletes also were not significantly different, 188 41 117 92 cmH20 and 180 54
£21.97 cmH20, whereas the mean Pdi, value of the patient group was significantly

reduced, 82 62 122 24 cmH20, p<0 05 The range of Pds
was 60 00 to 121.8 cmH20

values within the patient group

max

9.2 The Relationship of Dyspnea to Work
9.2.1 Dyspnea as a Function of Workload (Watts)

The athletic group reached a stahsticaily higher mean level of absolute work
(measured In watts) at maximum execrcise, range 320-400 watts, than both the normal
group, range 200-320 walts and patient group, range 40-120 watts, p<0 05 Since the
work!oad was increased at one minute intervals in all subjects, athletes also demonstrated
much longer endurance time, range 17 to 21 minutes, when compared to the normal
subjects, range 11 to 17 minutes, and the patients, 3 to 7 munutes

The mean maximum perceived dyspnea at maximum exercise as rated on the Borg
scale was not different amongst the athletic group (7 50 + 1 80}, normal group (7 50 1 1 7.3)
or patient group (6 00 + 1 73), p>0 05

Mean group dyspneawas examined as a function of the workload measured in watts
(W) [fig 9 1.a] All groups demonstrated a curviinear reiaiionsiip of dyspnea to work
There was no difference between mean group dyspnea values at quiet breathing of tive
athletic, normal and patient groups, p>0 05 [t should be noted, thouqh, that four of the
seven patients did present with slight dyspnea at rest (2 with a dyspned rating of 1,2 with
a dyspnea rating of 2) During the exercise test patients percerved sigmficantly higher
dyspnea than etther the normals or athletes from the pomt when absolute: workload was
increased to 20 watts to the point when exercise was ceased, p<0 05 The athletes and
normal subjects presented with similar dyspnea ratings from O W to 120 W, however, from
140 W to maximum exercise, normal subjects perceived hicgherleve:ls of dyspnea than the

athletic group for a given level of work, p<0 05
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9.2.2 Dyspnea as a Function of Workload (% Maximum)

Individual subiect's dyspnea was examined a3 a function of workload, normalized
as a percentage of the maximum workload achieved by that subject [fig 9.1 b] Workload
was normalized n order to examine the dyspnea response observed relative to what
percentage of the individual's maximum workload capacity he was exercising at

All subjects demonstrated a curviinear relationship of dyspnea to normalized
workload No difference existed between any groups from 0% to 100% maximum workioad,
p>0 05

The response rate of dyspnea to workload 1s defined as the rate of change of
dyspnea per a given change in work  The response rate was assessed by plotting the
dyspnea scores on a common loganthmic (log) scale versus the % of achieved maximum
workload A "1" was added to all dyspnea scores for all subjects to permit a fogarthmic
analysis  This mathematical addition would not change the slope of the dyspnea/%
maximum workload relationship but permitted the logarithmic analysts of 0 dyspneavalues

The relationship of the common log of dyspneatoworkload (% maximum) was inear
in all subjects (means + 1 sd of the regression coefficients were 0 95 10 05, 0 97 +0 01,
096 1004 for the athletes, normals and patients respectively) [fig @ 1.c] The slope of
each individual regression line represents the response rate of dyspnea to work (%
maximum)  All athletes presented with similar response rates (0 83 +009) Three of the
four normals presented with very similar response rates (1 00 10 04) however one normal
subject (N3) presented with a very low response rate (0 72) which was similar to the
athletes The patient group presented with a significantly lower response rate (0.57 +0.18)

than either normals or athletes (p<0 05)

9.3 The Relationship of Minute Ventilation and Work
9.3 1 Minute Ventilation as a Function of Work

At rest, minute ventilation (Ve) was examined and no difference was found between
the athletic group, 10 81 +3 33 Iymin, the normal group, 12.89 13 89 I/min, or patient group
1270 14 19 /mun, p>0 05
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Intially, VE was plotted as a function of workload measured in absolute Watts ifig

9 2.a]. Nu difference in mean VE existed between the normals and athletes at any levels

of absolute workload up to 240 watts At extremely high levels of work, greater than 240

watts, normals demonstrated significantly higher mean ventilation levels, p<0 05 Patients

presented with similar mean VE for the first five levels of measured work (0 to 80 W),

howeverat >80 W, patients presented with significantly higher mean Ve than either normals
or athletes, p<0 05

When assessing the maximum value of VE achieved at maximum exercise, athletes

and normals reached similar values of VE, 138 09 129 49 I/min and 102 56 133 51 I/mun,

whereas patients achieved lower values of VE, 35 26 + 16 20 I/min, p<0 05

9.3.2 Normalized Minute Ventilation as a Function of Work

VE was normalized for lung volume by dividing VE by the indviduals’ Forced Vital
Capacities (FVC). At quiet breathing, no difference existed between athletes and normals
mean VE/FVC, 17310 59and 2 41 10 60, however, patients presented with a significantly
higher mean VE/FVC at rest, 522 +2 34, p<0 05 All groups, however, reached similar
maximum VE/FVC, 22 04 1490 sec, 1913 1551 sec, 13 61 14 94 sec for the athletie,
normal and patient group respectively, p>0 05

Mean VE/FVC versus absolute workload measured in watts (W? was plotted for each
group [fig 9.2.b] All groups demonstrated a curvilinear relationship of V£/FVC to work
Patients presented with significantly higher VE/FVC than athletes and normals at all levels
of absolute workload Athletes and normals presented with similar Vi/FVC from 0 to 140
watts However at >160 watts, nearing the maximum workload achiceved by normal
subjects, the VE/FVC of the normal group became significantly higher than the athletes,
p<0 05

9.3.3 Normalized Minute Ventilation as a Function of Workload (% Maximum)
The mean VE/FVC of individual subjects was expressrdas a funchon of the absolute
workload in watts, normalized as a pe.rcentage of tine maximum workloadin watls achicved

by eachsubject [fig 9 2 ¢] All subjects demonstrated a curvilinear relationship of Vi /FVC



\
7

—_ e, ; .
Z o .ires/man

(:/min/1}

/EVC

vz

200
180
160
140 }
120
100

P
7
+/
-

® ATHLETES
| NORMALS
O PATIENTS

/H/*

120 160 200 240 280 320 360 400

Workload (Watts)

figure 9 2 a Minute ventilation (VE) plotted as a
function of work, measured in watts.
Points represent group mean values
+ 1 sd QB represents quiet breathing
30
25

20

® ATHLETES
B NORMALS
O PATIENTS

QB 0 40 80

tiqure 92 b

120 160 200 240 280 320 360 400

Workload (Watts)

VE/FVC plotted as a function of work,
measured in watts Points represent
group mean values £ 1 sd. QB
represents quiet breathing

70



VE/FVC (I/min/1)

Dyspnea

30

25

20

15

10 ¢ 1

5@ @® AlHLEItLS
- - m NORMALS

OT O PAIENTS

QB

o -

N W & OO O N D © O

0 10 20 30 40 50 60 70 BO 90 100

Workioad (% maximum)

Figure 9 2 ¢ VE/FVC plotted as a function of work,
normalized as % maximurn Poimnts
represent qroup mean values 1 1 sd
QB represents quiet brealhing

- -
. vt
. + -
. s : ATHIE T8 5
e " . NOKRMAL
.. - s s o« = PATIENTY,
0 5 10 15 20 2% 50

VE/FVC (I/min/1)

Figure 5.2 d Dyspnea plotted as o function of Vi /IV(
Linear regression lines are preaentord
for each individual subject




72

to work (% maximum) No difference existed between the mean VE/FVC of the athletic or
normal groups at any level of normalized workload. Comparing the athletic and normal
groups to the patients, the patent group demonstrated higher VE/FVC from 0 to 20%,
12<0 05, but thereafter, similar VE/FVC up to 100% of their maximum workloads, p>0.05
The rate of increase of VE/FVC with respect to normalized workload was examined
by plotting VE/FVC on a common {oganthmic scale versus % maximum workload. All
groups demonstrated a positive, linear relationship, mean correlation coefficients of 0 99
1000,097 +0 02,0 97 10 03 for the athletic, normai and patient groups respectively. The
rate of increase of VI/FVC with increasing workload expressed as a % of maximum was
similar between the normal and athletic groups, 0 84 10 16 and 097 +0 11, however was

significantly lower in the patient group, 0.36 t0.13, p<0 05.

9.4 Dyspnea as a Function of Minute Ventilation

Dyspnea was plotted as a function of VE normalized by FVC for each individual
subject [hg 9.2 d] Al subjects demonstrated a posttive, linear relationship between
dyspnea and VE/FVC, mean correlation coefficients of 0 97 +003, 0 97 +0 02 and 0 91
1 0 09 for the athletic, normal and patients groups respectively The mean response rates
of dyspnea to changes in VE/FVC (slopes of the regression lines) were also similar; 0.34
1008, 045 1007, 087 1052 for the athletic, normal and patient groups respectively,
p>0 05 However, as observed, alarge vanation in response rates existed within the patient
group  The range of rcsponse rates within the patient group was 0.41 to 180. This
demonstrates that although some patients did present with similar response rates as the
athletes and normals, other patients demonstrated much higher dyspnea response rates
to increasing ventilation normalized for lung size [fig 9 2 d]

Itis intriguing to see that as a group, patients, normals and athletes can reach very
diffe.entlevels of ventilation [fig 9.2.a], however, when that ventilation (VE) is normalized
for lung size (VE/FVC), significant overlap exists within individual subjects’ dyspnea

responses independantif the subject is an elite athlete, normal or COPD patient.



9.5 Minute Ventilation Normalized as a Percentage of Reserve Capacity
9.5.1 VE/MVV as a Function of Work

In order to deterrmine what percentage of their maximum dynanmic ventilatory
capacity was being utiized throughout the exercise test, subject’'s VI was normahzed as o
percentage of their predicted maximum voluntary ventitation (MVV) At quiet breathing, the
athletic and normal groups presented with similar mean VE/IMVV, 4 94 + 1 74% and 7 47
+2 39% respectively, while the patuent group presented with a significantly tngher mean
VE/MVV atrest, 32 18 + 18 60%, p<0 05 At maximum exercise, all groups demonstrated
similar mean maximum VE/MVV, 58 15 + 14 67%, 59 26 1 20 00% and 81 24 32 72%,
for the athletic, normal and patient groups respectively  Once again, a large vanance
existed within the patient group, range 45 38% to 135 75% This indicated that while some
patients were utilizing similar percentages of their maximum ventilatory capacity as the
athletes and normals during maximum exercise, other paticnts minute ventifatory levels
were far in excess of the defined maximum sustamable ventilatory level of 60% MVV

Group mean VE/MVV values were plotted versus absolute workload measured n
watts (W) [fig 9 3 a]. Aill groups demonstrated a curviinear relationship of Vi /MVV to
absolute work Patients presented with significantly higher VE/MVV at dll levels of absolute:
work, p<0 05 Athletes and normals presented with similar VE/MVV from O W to 120 W
However, at > 120 W, normals’mean VE/MVV was significantly higher at each level of work

up to maximum workloads, p<0 05

9.5.2 VE/MVV as a Function of Workload (% maximum)

Individual subject's mean VE/MVV were expressed as a function of worktoad
normalized as a percentage of the maximum workload achieved by eachsubject [fig 9 3 bj
Please refer to section 9 2.2 for the purpose for normalizing workload in this manner

All subjects demonstrated a curvilinear relationship of VE/MVV to normahized work
(% maximum) No difference existed between the mean Vi /IMVV of the athletic or norimal
groups atanylevel The patientgroup demonstrated significantly hiugherme:an Ve /IMVV only
up to 40% of maximum work

The rale of increase of VE/IMVV with respect to normalized worklnad was exarmined
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by plotting the common logarithmic relationship of VE/MWV versus normalized workload (%
maximum) for each individual subject [fig 9.3.c] All groups demonstrated positive linear
relationships, mean correlation coefficients of 0 99 10 00,0.97 +0 02and 0 96 +0 O3 forthe
athletes, normals and patients respectively  The rate of increase of VE/MVV was similar
between the normal and athletic groups, 0 01 +0 00 and 0 01 :0 00, however patients
presented with significantly lower mean rates of increase of VE/MVV with increasing levels

of normalized workload, 0 004 10 00, p<0 05

9.6 Dyspnea as a Function of VE/MVV

Dyspnea was plotted as a function of VE/IMVV forindividual subjects [fig 9.3.d] All
subjects demonstrated a posttive linear relationship between dyspnea and VE/IMVV; mean
group corrclation coeflicients of 097 1003, 097 10 02 and 0 92 10 08 for the athletes,
normals and patients respectively  Response rates of dyspnea to increases in VEIMVV
(slopes of the regression hines) were also similar between athletic, normal and patient
groups, 0 12100301510 02and 0 13 t0.09, p>0 05 Similar to the observed dyspnea
responses to VE/FVC of subjects, overlap also existed between individual subject's
response rates when dyspnea was related to ventilation, normalized by thetr ventilatory

reserve capacity

9 7 The Relationship of Dyspnea to Pleural Pressure Changes

The analysis of the relationship of dyspnea to pleural pressure changes consists of
regression analysis of the relattonships between changes in individual subject's dyspnea
levels to changes in inspiratory pleural pressure swings (APes) Values of APes are also
compared, both at quiet breathing and at maximum exercise for each of the three subject

groups

971 APes Normalized by Maximal Inspiratory Pressure (MIP)
Previous investigators have normalized pleural pressure changes by expressing

APes as a percentage of the Maximal Inspiratory Pressure (MIP). At quiet breathing,



77
athletes and normal subjects presented with similar APes/MIP, 0 04 +0 01 and 0 04 1001,
p<005. Patients were generating significantly higher APes/MIP at quiet breathing, 018
+0.08 At maximum exercise, the athletic and normal groups presented with similar mean
APesMIP, 028 +0 09 and 025 10 04 The patient group presented with a stnthcantly
highermean APes/MIP, 0 54 0 21, p<(0 05 As noted. alarge vanance existed within the
patient group. Patient 6 reached a maxmumaPes/MIP value of 0 27, similar to both
athletes and normals Whereas, at the other extreme, F2 reached a maximum A Pes/MIP
of 0 92.

Dyspnea was plotted as a function of APes/MIP for each ndividua!l  Indvidual
regression hines for this relationship are presented [iig 94 a] Al subjects demonstrated
a positive, hnear relationship between Dyspnea and APas/MIP, mean group regression
coefficients of 0 97 1001,0 971002, 087 10 11forthe athletic, normal and patient groups
respectively  This relationship represents the subject's dyspnea response to pleural
pressure changes.

Much variation existed, within and between groups when dyspned responses 1o
pleural pressure changes were compared Given this vanation, the data was analyzed
according to the following cnterra Within each group, a cut off response: rate of 40 was et
Therefore any subjects with dyspnea responses above 40 were classified as tigh dyspnea
responders, whereas any subjects within that group with dyspnea responses less than 40

were deemed low dyspnea responders

9.7.1.1 Dyspnea Response to APes/MIP of Athletes
All four athletes presented with dyspnea responses which classified thern as low

dyspnea responders, mean group dyspnea response of 284 16 4

9.7.1.2 Dyspnea Response lo APes/MIP of Normals
Two of the four normals (N1, N2) presented with high dyspned responscs,

significantly greater than the athletes, mean response rate of 45 14 11 46, p<0 05 Thetwo
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remaining normals (N3.N4) presented with low response rates of 23 44 and 29 06, sumilar

to that of the athletic group

9.7 1.3 Dyspnea Response to APes/MIP of Patients

All patients presented with dyspnea responses which were classificd as low
responses, group mean of 17 03 19 60, similar to the athletic group, normal subject low
dyspnea responders, but significantly lower than the two normal subjects who were
classified as high dyspnea responders, p<0 05

What was interesting was that within the patient group, a wide range of responses
did exist In fact, five of the seven patients (P1, P2, P4, P5, P7) presented with very low
response rates, mean of 11 69 13 33 while the remaining two patients (P3,P6) presented
with much higher response rates, mean 30 37 +3 15 So, in terms of the defimtion of tugh
and low response, as a group, the patients were defined as low responders, however within

the patient group. it appears that two distinct response patterns also existed

9.7.2 APes Normalized by the Maximum Pressure Generating Capacity of the
Inspiratory Muscles duning Exercise

APes was expressed as a function of Pcap Al quiet breathing, the athletic and
normal groups presented with similar mean APes/Pcap of 005 1002 and 004 10 01
respectively, p>0 05 The patient group demonstrated significantly higher A Pes/Peap at
quiet breathing, 0 21 10 09, p<0 05 At maximum exercise, the athletic and normal groups
demonstrated simular mean APes/Pcap, 045 1017 and 034 1003, p<0 05 Patients
presented with significantly higher mean A Pes/Prap when compared to the normal group,
p<0 05, but similar mean APes/Pcap when compared to the athletic group, 0 63 10 24,
p>0.05 However, a large vanance existed within the patient group  P6 reached a
maximum A Pes/Pcap value of 0 34, similar to both athletes and normals  Wherreas, at the:
other extreme, P2 reached a maximum A Pes/Pcap of 1 01 far in excess of that achieved by
any normal or athlete

The relationship between dyspnea and APes/Pcap was assessed  Individual

regression lir es of this relationship for each individual subject are plotted [fig 94 b} A
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positive:, iinear relationship existed between dyspnea and APes/Pcap for all subject groups,
mean correlation coefficients of 0 95 10 01,0 95 :0 02,0 87 :0 11 fer the athletes, normals
and patients respectively

The dyspnea response rates of both athletes and normals were statistically lower
when using Pcap normahization for A Pes versus MIP normalization, p<0 05  Although the
dyspnrea response rates were lower for both low and high responding patients with Pecap
normahzation, the differences inresponse rates when compared to MIP normalizationwere
not significant, p>0 056

Similar to observations made with MIP normahization, a lot of vanation existed, within
and betwe:en groups when dyspnea responses to pleural pressure changes, normalized by
Pcap, were compared

In order compare varying dyspnea respunse rates, not only between groups but
within groups as well, a new lower cut off response rate of 25 was set, to compensate for
the statistically lower response rates observed in athletes and normals with Pcap
normahzation  Therefore any subjects with dyspnea responses above 25 were classified
as high dyspnea responders, whereas any subjects with dyspnea responses less than 25

were deemed low dyspnea responders

9.72 7 Dyspnca Response to A Pes/Pcap of Athletes
All athletes (A1, A2, A3, Ad) presented with similar dyspnea responses below 25,

mean 18 30 13 50, and therefore were class'fied as "low dyspnea responders".

9.72 2 Dyspnea Response o APes/Pcap of Normals

Two of the four normals (N1, N2) presented with dyspnea responses above 25,
mean value oi 27 45 +1 48, which is significantly higher than the mean response of the
athletic group., p<005 Therefore, N1 and N2 will be referred to as "high dyspnea
responders” in all subsequentanalysis Two of the four normals (N3, N4) presented with
similar dyspnea responses below 25 as the athletes, mean of 1870 10 26, p>0 05 and

therefore are referred to as "low dyspnea responders™ in all subsequent analysis.
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97 23 Dyspnea Response to APes/Pcap of Palients

As a group, the COPD patients all presented with dyspnea responserates below 25
It 1s observed, though, that much vanation in dyspnea response existed within this patient
group In fact, five of the seven patients (P1,P2,P4,P5,P7) presented with extremely low
dyspnca responses, statistically lower than the athletic group or low responding normals,
mean 885 1151, p<0 05 It was therefore proposed that althouqgh all patients presented
with a "low dyspnea response” given the above mentioned criteria, that patients as a distinct
group may hsplay both "low" and "high" dyspnea responses Indeed, the remaining two
patients (P3,P6) presented with statistically higher dyspnea response rates, mean 22 53
10 15, when compared to the lower responding patients

Future results focus upon the respiratory muscle coordination and whether an
individual subject's adopted breathing pattern wppears to have any relationship to his
observed dyspnea response rate to changes in pleural pressure normalized by Pcap In
order to facilitate: this analysis, and based upon the above results the following defimition will
be used throughout the remainder of this thesis  Within the athletic and normal groups, all
athletes are termed low dyspnea responders (LDR), and N3 and N4 are also referred to as
low dyspnea responders (LDR) N1 and N2 will be referred to as high dyspnea responders
The patient group will be treated as distinct, therefore within that group P1,P2,P4,P5,P7 will
be referred to as low dyspnea responders whereas P3,P6 will be referred to as high

dyspnearesponders

9.7 3 Validity of Regression Analysis in Predicted Maximum Achieved APes/Fcap
Values

The actual measured maximum APes/Pcap achieved by indvidual subjects was
compared to that predicted by linear regression analysis  All subjects’ actual maximum
APes/Pcap values were within 0 10 of that predicted by linear regression (the dyspnea
response) with the followng exceptions [fig 9 5]

1 N4 The regression line overestimates his maximum achieved APes/Pcap by 0 17
2 P1 The regression line overestimates his maximum achieved APes/Pcap by 0 26

Both of these subjects demonstrated a change in their response patterns midway
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through the excraise test At approximately 75% of his maximum exercise level achieved,
N4 no longer achieved significant increases In APes/Pcap, despite further increasing
dyspnca P1 demonstrated a similar pattern, whereby at 60% of his maximum exercise
level achieved, dyspnea increased at an accelerated rate despite smaller changes In

APes/Poap

9.8 Analysis of "Pre-Inspiratory Flow" Pressure Generation

A combined four parameter graph is presented in Figure 9.6 For each of the four
relationships presented, the regression hnes for each ind. vidual subject are presented. In
the upper nght quadrant, the relationship of Dyspnea to end expiratory pleural pressure
(EEP) measured in cmH20 1s plotted The lower nght gquadrant plots individuals’
refationships between EEP and the rate of change of pleural pressure (prior to the nnset of
nspiratory flow) with respect to time (APes/At),,,, , measuredin cmH20/second The upper
Ieft quadrant plots Dyspnea as a function of the rate of change of gastric pressure (prior to
thc onsetof nspiratory flow) with respect to time (A Pga/At) g, , measuredincmH20/second.
The Inwer left quadrant plots the relationships between (A Pes/At).., versus (APga/At) .
Numerical values (mean + sd) for each subject for each of the four variables at quiet

breathing and at maximum exercise are presented in Table 9 3

9.8.1 Dyspnea versus EEP [Figure 9 6, upper right]

Changes in EEP can result from changes in cither end expiratory fung volume
(EELV), increased expiratory muscle recruitment or a combination of both  Gbserved
changes in EEP occur during exercise, both in normal, athletic and COPD subjects These
changes in EEP will directly effect the magmtude of ti.e load placed upon the inspiratory
muscles for the next inspiratory effort  The purposc of the following analysis was not to
imply a causal effect between EEP and dyspnea, but rather as a method to infer how much
load was placed upon the inspiratory muscles and whether changes in this loading pattern
affected dyspnea

At quiet breathing, no difference existed between the measured EEP of athletes and

normals, -2 80 12 37 cmH20 and -5 82 +3 98 cmH20. Patients as a group presented with
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similar results to the athletes, -0 81 1142 cmH20, but ligher EEP than the normals,
p<0.05

At maximum exercise, the athletes, normals and patients presented with a wide
range of EEP (9 02 cmH20 t0 22 84 cmM’ 9, 3 14 cmMH20 to 10 82 cmM20, -0 20 cmH20 to
16 79 cmH20) Although group means were notstatistically significant, it was observed that
within the patient group, 4 of those patients previously defined as low responders
(P1,P2,P4 P7) presented with higher EEP (mean EEP of 1305 + 3 49cmH20) when

compared to the two patients termed high responders (P3,P6)

9.8.1.1 Dyspnea Response to EEP of Athletes
The athletic group presented with a strong linear relationship between dyspnea and
EEP, mean group correlation coefficient + 1 sd of 093 1002, and a mean dyspnea

response to EEP of 048 10 03

9.8.1.2 Dyspnea Response to EEP in Normals

All normal subjects presented with a positive relattonship between dyspnea and
EEP, however, the mean group correlation coefficient of the group was significantly lower
than the athletic group, 0 78 +0 06, p<0 05

Threencrmalsubjects, N1,N2 N4, presented with higherdyspnearesponses to EEP
when compared to the athletes, range of O 63 to 0 91 while N3 presented with a low

dyspnea response to EEP, similar to the athletes, 0 29

9.8.1.3 Dyspnea Response to EEP in Patients

As a group, a large varation in dyspnearesponseto EEP existed Five of the seven
patients (P1,P2,P4 P6,P7) demonstrated a strong inear relationship between dyspnea and
EEP, mean correlation coefficient of 088 1011 P3, a high responding patient,
demonstrated a weak relationship between dyspnea and EEP, correlation cocfficient of
0 58 PS5 presented with no significant correlation  Observing responses for thosc patients
who did present with a strong relationship, those patients termed low responders

(P1,P2,P4 P7) had a similar low dyspnea response as observed in the athletes, mean
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response of 036 10 17 The remaining patient, P6, presented with a much higher mean
response rate: of 0 84 10 25 when compared to the athletes, N3 and P1,P2,P4,P7 This

value was similar {o the dyspnea response measured In N1, N2 and N4

982 EEP versus (APes/At),, [figure 9.6, lower right]

Al quiet breathing all athletes and normals presented with 0 APes/At, (1e. no
nedqalive pleural pressure swing preceded the onset of Inspiratory flow) Four of the seven
patients (P1,P2 P6,P7) also presented with 0 APes/At.g. at quiet breathing P3 and PS5
presented with negative mean APes/AlL,,, (-93 46 + 12 43 cmH20/sec and -30 12 + 649
oimH20/sec), whereas P4 presented with very small and inconsistent negative pleural
pressure swings prior to the onset of inspiratory flow

At maximum exercise, two of the four athletes (A1 & A4) presented with very rapid
mean APes/Al,, (-28173 + 74 73 cmH20/sec) A3 presented with a lower mean
APes/At,,,, of -127 30 cmH20/sec however he ceased exercise at 80% of his maximum
workload

In the normal subjects, three of the four (N1,N2,N3) presented with similar, slower
APes/At,,, , (-111 08 + 25 49 cmH20/sec) N4 presented with a very slow APes/Atgg of -
25 89 cmH20/sec, with a very large variance about the mean.

in the patients, a wide range of APes/At,,, were observed at maximum exercise.
Three of the patients, alllow responders, (P1,P2, P4) presentedwith veryrapid APes/Atg,,
similar to the athletes (mean rale of -203 44 160 04 cmH20/sec) PS5 presented with a
slower APes/At,, of -77 63 +8 20 P3 and P7 presented with similar APes/At,.. of -90 04
t-2 21 and -102 9 112 84. Finally P6 presented with the lowest APes/At,.,, .-58 93 +22.64.

9.8.2 1 The Relationship of EEP to APes/At,,,,

All athletes and normals demonstrated a stronglinear relationship between EEP and
APes/At,,, , (mean correlation coefficients of 0 92 10 05and 0 87 1 O 08respectively) Four
patients (P1,P2,P4,P7), all defined as low responding patients, also demonstrated a very
strong correlation between EEP and A Pes/At,, , mean correlation coefficient of 0 98 +0 01.

P5 and P6 demonstrated a weaker, yet still positive relationship between EEP and
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APes/At,q., mean correlation coefficient of 0 67 +0 07, while P3 (high responder) presented

with a poorer correlation coefficient of 0 35

9.8.3 Dyspnea versus APga/At,,,, [fig 9.6, upper left]

At quiet breathung, neither athletes or normals demonstrated negative gastnce
pressure swing prior to the onset of inspiratory fiow  Similarly, four patients ‘P1,P2,P6,P7)
also demonstrated no negative gastric pressure swing preceding flow  The remamning
patients (P3,P4,P5)presented with inconsistentpatterns of negative gastrie pressure swings
prior to the onset of flow with values of APgalAl,, of -12 22 139 57 cnH20/sec, -1 16
+11.25 cmH20/sec, -25 27 16 51 cmH20/sec, respectively

At maximum exercise, all subjects except for one normal (N4), presented with
negative gastric pressure swings prior to the onset of mspiratory flow  The athietes
presented with a high vanation in APga/At,,,range -45 84 +7 35 (Ad)lo -188 74 142 04
(A1). The normals also presented with a large range of values, +27 98 129 50 (N4) to -
104 26 +46 98 (N3) Patients also presented with large ranges of, and sometimes
inconsistent patterns reflected by a large standard deviation, of APga/At,,, (-4 85 144 34
(P3) to -130 98 128 18 (P2))

9.8.3.1 Dyspnea Response to APga/At,,, of Athletes
A directlinear relationship existed between dyspnea and A Pga/At,,, for all athletes,
mean group correlation coefficient of 0 90 +0 04  All athletes also presented with similar

low dyspnea responses to APga/At,,, , -0 06 1002

9.8.3 2 Dyspnea Response tc APga/At,, of Normals

Three normal subjects (N1,N2,N3) presented with strong positive relationships
betweendyspneaand APga/At,,,, ,mcan correlation coefficientof O 80 10 03 N4 presented
with an insignificant correlation between dyspnea and APga/At,,,, Looking within the:
normal group, the two normal subjects defined previousty as high responders (N1,N2)

presented with higher dyspnea responses to APga/aAt,,, than the atnletic group, -0 14 and -
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010, p<0 05 N3 presented with a low dyspnea response similar to the athietes, -0.05

983 3 Dyspnea Response to APga/At,, of Patients

All patients demonstrated a positive linear relationship hetween dyspnea and
APgalAt,, ,mean group correlation coefficientof 0 84 1011 Three patients, P2,P4,P7, (all
low responders) presented with similar low mean dyspnea response to APga/At,, when
compared to the athletic group, -006 + 0 02 Three patients (P1,P5,P6) presented with
simifar dyspnea responses when compared to high responding normal subjects (N1,N2), -
0141002 AlthoughP3 demonstrated a posttive dyspnearesponse to APga/At,,, of 0.33,

the correlation coefficient of the relationship was only 0 69

984 The Relationship of APes/At,,,, to APga/At,, {fig 9.6 lower left]

The relationship of APes/At

t 10 APga/Al,,. indicates the contribution of the rate of

the gastnc pressure swing to the rate of the pleural pressure swing and is defined as the Pdi
ralio A ratio of 1 indicates that for every change in the rate of the gastric pressure swing,
an equal and similar directional change in the rate of the pleural pressture swing occurred

(Pdi = 0), whereas a ratio of -1 indicates that a large Pdiis being generated

9.84 1 APes/At,, to APga/At,,, of Athletes
All athletes demonsirated a positive hnear relationship of APes/At, to APga/Atoge,
mean group correlation coefficient of 0 90 +0 08 Three athletes (A1,A2,A3) presented with

very low Pdiratios, mean 1 03 + O 25whereas A4 presented with a higher Pdi ratioof 4 15

9842 APes/At,, to APga/At,,, of Normals

Three norma's (N1,N2 N3) demonstrateda positive linearrelationship of APes/Atoge
to APga/Al,,, . mean correlation coefficient of 094 1005 No correlation existed between
APes/At,, and APga/At,,, for N4 N1 and N2 presented with a mean Pdi ratio of 1.67
043 N3 presented with a low Pdi ratio, similar to the athletes (A1,A2,A3) of 1 03



9.8.4.3 APes/At,, to APga/At,, of Patients
All patients demonstrated a positive linear relationship between APoes/at ., and
APga/At,g., meancorrelationcoefficient of, 089 + 0 10 Patients presented withvarying Pdi

ratios, range O 97 (P6) to 6 84 (P3)

9.9 Analysis of the Initial Phase of Pressure Generation (from 0 to Peak
Inspiratory Flow Acceleration)

A combined four parameter graph 1s presented n Figure 9 7 For ¢ ach of the four
relationships presented. the regression hines for the relationships of each individual subyject
aredisplayed Intheuppernght quadrant, Dyspnea s plotted versus APes/Poap The Tower
right quadrant plots A Pes/Pcap versus rate of change of pleural pressure, measured from
the onset of inspiratory flow to the peak of the mspiratory flow aceeleration (APcs/At),
measured in cmH20/second  The upper left quadrant plots Dyspncea versus the rate of
change of gastric pressure with respect to tme. again from the onset of inspiratory flow to
the peak of inspiratory flow acceleration (APga/at), measuredmcmb20/<ccond The tlower
left quadrant olots APes/At versus APga/Al For each individual subject, numerical values

for each of the four variables at quiet breathing and at maximum exercise are presentedn

Table 94

9.9.1 Dyspnea versus APes/Pcap [fig 97, upper nght]
This relationship has been previously discussed (section 9.7 2)  1tis re-plotted

order to compare Its results to other investigated parameters

9.9.2 APes/At versus APes/Pcap [fig 97, lower nghtj

The relationship of APes/At 1o APes/Pcap expressed in percentaqge indicates, for g
given 1% increase in the amount of pleural pressure being generated, expresseoed m
relationship to the maximum pressure generating capacity avallable:, whats the changen
the velocity of the pleural pressure swing from O inspiratory flow to peak inspiratory flow
acceleratien,

All subjects demonstrated strorg relationships between A Pes/At and AP :/Peap,
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QB MAX QB MAX QB MAX
SUBJECT QB MAX APes/Pcap APes/Pcap APes/At APes/At APga/At APga/at
Dyspnea Dyspnea mean :sd mean :sd (cmH20/sec) (cmH20/sec) {cmH20/sec) {cmH20/sec)
mean :sd mean :sd mean :sd mean :sd
A1 0 95 003 001 064 :005 -986 +395 42395 166 40 -303:079 221200 141 34
A2 0 40 007 +002 027 +002 367 +116 -12338 +14 33 -336 :090 -11919 21968
A3 0 60 003 :000 033 +0 04 -558 + 186 -213 20 40 2, 276 + 096 -2344 +57 16
A4 0 70 005 001 039 1007 -898 390 -293 85 54 46 551539 -15144 431 34
N1 0 90 004 :001 032006 -11 28 210 14 -7186 22375 -241 21642 -56 15 21935
N2 0 80 004 :001 032 +032 593 +292 -1€6 02 3773 032:230 22970 +24 13
N3 0 50 +0 00 034 .003 618 » 113 -83 84 :45 36 403 :214 £311 23817
N4 0 80 5 :000 051 :003 470 :043 -86 75 227 42 580 +: 060 56 23 139 36
P1 0 "0 +0 04 374 :008 -1854 : 553 -150 95 2597 555209 <3504 230 30
P2 0 70 +002 101 0 11 -2392 £ 315 -167 21 £30 23 -530 :250 -10945 1153
P3 0 50 +005 059 012 -108 62 £3C 59 -186570 £29 57 -122 21417 48862 124 87
=2 10 50 +0 02 0802005 -2878 £12 71 -200 00 24382 320:6509 5373 23675
=S 10 30 0 04 359 005 -3462 2509 81064 21139 -2059 2448 5328 : 369
PS 20 a0 009 002 034 :005 -12624 £3589 -7227 21785 502 2201 -3391 21480
P 20 42 T 002 037 20 -3023:572 25212 .2093 -192 5251 5019 2875
Table 9.4
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mean group correlation coefficients of 0 97 +0 03, 0.91 10 03, 0 96 +0 01 for the athletic,

normal and patient groups respectively

9921 The APes/At to APes/Pcap Relationship in Athletes
All athletes presented with similar, high (A Pes/At) / (APes/Pcap X 100) relationships

with a mean value of -6 51 11 86 cmH20/sec/1%

9.9.22 The APes/At to APes/Pcap Relationship in Normals
The normal group presented with a mean relationship that was significantly lower

than the athletic group, mean of -2 98 + 0 76 cmH20/sec/1%, p<0 05

9.9 23 The APes/At to APes/Pcap Relationship in Patients
The patient group presented with similar mean values as the normal group; however

significantly lower than the athletic group -2 28 + 0 60 cmH20/sec/1%, p<0 05

9.9.3 Dyspnea versus APga/At [fig 9 7, upper left]

Three of the four athletes (A1,A2,A3) presented with a mean APga/At of -3.05 +0 30
cmH20/sec at quiet breathing The remarning athlete (A4) presented with a positive mean
APga/At at rest of 6 51 cmH20/sec

One normal subject (N1) demonstrated a negative mean APga/At of -2.41
cmH20/sec at quiet breathing  The remarning three normals (N2,N3,N4) demonstrated
positive mean APga/At at rest, ranging from 0 32 cmH20/sec to 5 90 cmH20/sec

Five of the seven patients (P2,P3,P4 P5,P7)demonstrated negative mean APga/At
at quiet breathing, ranging from -1 92 cmH20/sec (P7) to -20 59 cmH20/sec (P5) The
remaiming two patients (P1,P6) presented with positive mean APga/At at rest of 6.55
cmH20/sec and 0 02 cmH20/sec respectively Addressing the vanability of patient mean
values, P3, P4 and P6 each presented with large variances about their individual means
[Table 9.4}

At maximum exercise, two of the four athletes (A1,A4) presented with very rapid

negative APga/At of -212 0 cmH20/sec (A1) & -151.44 cmH20/sec (A4) A2, who only
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reached 80% of his maximum exercise also presented with a fast negative APga/At of -
119 19cmH20/sec  Even though A3 demonstrated a small negative mean value of -23 44,
the standard deviation was +57 16 cmH20/sec  This allows the inference that for some
breaths he demonstrated negative gastric swings, sometimes there was no change in
gastric pressure and sometimes a slightly positive gastric swing existed  Three of the four
normals (N1,N2,N3) demonstrated a negative mean APga/At at maximum exercise of -
5165 +20 08 cmH20/sec, significantly slower than athietes A1,A2 A3 The remaining
normal (N4) presented with a positive Pga/At at maximum exercise of +56 23 cmH20/sec
All normal subjects presented with large vanances abotit their individual mean values
[Table 9.4]
All patients demonstrated simitar negative mean APga/At at maximum exercise,

-66 03 +25 98 cmH20/sec At the individual patient level, four of the patients (P1,P3,P4,P6)

demonstrated large variances about their individual mean APga/at [Table 9 4]

9.9.3.1 Dyspnea Response to APga/At of Athletes

Three of the four athletes (A1,A2,A4) demonstr-ted a strong correlation between
dyspneaand APga/At, mean correlation coefficientof 0 93 10 06 A3 presented with a poor
correlation coefficient of 0 40  As a group the athletes presented with a mean dyspnea

response to APga/Atof -0 04 +0 01

9.9.3.2 Dyspnea Response to APga/At of Normals

Three of the four normals, N1,N3,N4 demonstrated a strong correlation between
dyspnea and APga/At, mean correlation coefficient of 0 87 1006 The correlation for N2
was insignificant  Within the normal group, each indiidual subject presented with a very
differentdyspnearesponseto APga/at N1 prescnted with a high dyspnearesponse, when
compared to the athletes, of -0 14 N3 presented with a low dyspnea response:, similar to

the athletes, -0 06, and N4 presented with a positive dyspnea response of 0 14

9.9.3.3 Dyspnea Response to APga/At of Patients

All patients demonstrated a strong correlation between dyspnea and A Pga/At, mean
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correlation coefficient of 089 ;009 Low responding patients (P1,P2,P4,P5P7)
demonstrated a similarmean dyspnea response to APga/Atwhen compared to the athletes,
-0 07 10 02, p>0 05 High dyspnea responding patients (P3,P6) demonstrated significantiy
higher mean dyspnea responses when compared to both the athletic group and the low

responding patient group, -0 13 10 02, p<0 05

994 The Relationship of APes/At to APga/At [fig 9.7, lower left]

The relationship of APes/At to APga/At indicates the contribution of the rate of the
gastnc pressure swing to the rate of the pleural pressure swing (Pdi ratio) A ratio of 1
indicates that for cvery change in the rate of the gastrnic pressure swing, an equal and
similar directional change in the rate of the pleural pressure swing occurred (Pdi = 0),

whereas a ratio of -1 indicates that a large Pdi 1s being generated

9.9.4 1 APes/At to APga/At Relationship of Athletes

Three athletes (A1,A2 A4) demonstrated a positive relationship between APes/At
and APga/at, mean correlation coefficient of 097 1002 A weaker relationship was
demonstrated by A3, correlation coefficient of 0 64 As a group, the athletes presented with

a mean value of APes/At/ APga/Atof 181+ 0.74

9.9.4.2 APes/At to APga/At Relationship of Normals

Two norimals (N1,N3) demonstrated a much strong relationship between APes/At
and APga/At than either N2 or N4 As a group, the normal subjects had a mean correlation
coefficient of 0 73 +0 22 N1, N2 and N3 demonstrated Pdi ratio values of 1.22, 2 30 and

0 99, while N4 presenteu with a negative ratio of -1 14

9943 APes/At to APga/At Relationship of Patients
All patients demonstrateda stronghnearrelationshipbetween APes/Atand APga/At,
mean correlation coefficient of 0 94 :0 08 The patient presenting the weakest correlation

was P3. correlation coefficient of 077  All patients demonstrated similar ratios when
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compared to the both the athletic group and the three normals presenting with positive Pd

ratios (N1,N2,N3), mean patient Pdi ratio of 1.61 10 65, >0 05

9.10 The Pressure-Time Index of the Inspiratory Muscles

The relationship between the duty cycle measured from pressure (T+/Ttot) {fig 8 2b)
and APes/Pcap s plotted (fig 9 8 a) Symbol and line definitions are presented in Table
9.5. Mean values at guiet breathing and at maximum exercise are plotted for each
individual subject Since the product of APes/Pcap and pressure TiTiot represents the
pressure-time index of the inspiratory muscles (TTim), 1so-TTim hines were calculated and

plotted, TTims of 0 10,0 15, 0 20, 0 25

9.10.1 Pressure Duty Cycle (Ti/Ttot)
The athletic, normal and patient groups presented with simifar mean pressure
derived Ti/Ttot values at quiet breathing, 0 38 10 06,042 1007 and 038 +0 07, p>005
At maximum exercise, athletes and normals presented with similar mean Ti/Ttot,
0.551+005and 057 + 0 04 The patient group had significantly lower mean T/Ttot when
compared o both the athletic and normal group, 0 40 10 07, p<0 05

9.10.2 APes/Pcap

Athletes and normals presented with similar mean APes/Pcap at quiet breathi.g,
0.03 +0 01 and 0 02 +0 00; however patients’ mean APes/Pcap at quiet breathing was
significantly higher, 0 14 10 06, p<0 05

At maximum exercise, the mean APe's/Pcap was not statistically different between
the athletic, normal and patient groups, 0 32 10 12, 026 1005, 045 1018 Looking at
individual subjects within the groups, A1 presented with a very high APe:5/Pcap of 0 46,
resulting 1n the large standard deviation observed about the mean of the athletic group
Individual patients also presented with widely varying values ot APes/Pap at maximum
exercise P1,P2 P4 (all low responding patients) presented with higher AP e s/Peap vilues,
when compared to the remaiming patients, athletes and normals, mean AP ¢ s/Peap of 0 62

+009 P3,P5P6,P7 presented with similar mean APes/Pcap when compared to the:
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athletes and normais, 0 32 10 07

9103 TTim

At quiet breathing, the athletic and normal groups presented with sirilarmean TTim,
001,000and 001 :000 The patient group presented with significantly higher mean
TTim at quiet breathing compared to both athletes and normals, 0 05 :0.02, p<0 05. At
maximum exercise, no significant difference existed between the mean TTim values
achieved by the athletic group, 0 16 +0 08, normal group, 0 15 10 02, or patient group, 0 18
1007, p>005

Within groups, A1 achieved a much higher mean TTim of 0 27 when compared to
the remaiming athletes  This resulted in the observed large standard deviation about the
athletic group mean A3 and A4 achieved similar maximum TTim when compared to the
group of narmal subjects, 0 13 and 0 15 Patients again demonstrated a large variance in
maximum achieved TTim P1,P2,P4 (all low responders) achieved higher TTims of 0.26,
0 23, 0 27, when compared to the remaining patients  Their TTim resembled that of A1
P3,P5,P6,P7 reached similar levels of TTim to the remaining athletes A2,A3,A4 and all

normal subjects. mean TTimof 0 12 +0 01

9.11 The Pressure-Time Index of the Diaphragm

Therelationshipbetween the pressure duty cycle (Ti/Ttot)and APd 1/Pdi_, is plotted
(g 9 8 b) Plcase sce Table 9 5 for defimtions of symbols and lines Mean values at
quiet breathing and at maximum exercise are plotted for each individual subject Given that
the pressure-time mdex of the diaphragm (TTd1) 1s the product of Ti/Ttot and APd i /Pdi .,
1Iso-TTdi lines were calculated and also plotted (continuous curving lines of TTdi = 0.05,
010,0 15,0 20) Eachiso-TTdi line represents all combinations of APd 1/Pdi,,,, X Ti/Ttot

that produce that given TTdi

9.11 1 Pressure Duty Cycle (Ti/Ttot)

The same Ti/Ttot used in the above TTim analysis were also utihized for the plotting
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of the TTdi relationship

9.11.2 APdi/Pdi__,

At quiet breathing, the athletic and normal groups demonstrated sinular mean
APdi/Pdi,,,.0 04 +0 02and0 03 :0 01 while the patient group presented with significantly
higher mean APdT/Pd),, at quiet breathing, 0 12 10 06 P3 prescented with an extremely
high APd 7/Pd1,,, at quiet breathing, 0 24 At maximum exercise, no significant difference
existed between the mean group values of the athletes, normals and patienls  Within
specific groups, there was considerable variabilityinthe APd 1/Pdi_ _achieved atmaximum

ax

exercise A3,A4 N1 N2presented with similarmean APd i/Pdi_ .0 11 1002 A1 and N3

maxt

presented with similar lower APd 1/Pdi
presented with a high APdT/Pdi

a Of 006 and 0.07 at maximum exercise N4
max O 019 Within the patient group a large varation
existed between individual subjects P2 and P6 (both low responders) presented with
similar mean APdT/Pdi . as A3,A4,N1,N2, of 0 11 (P2) and 0 12 (P6) At the opposite

Max

extreme, P4 demonstrated a mean APd1/Pdi_ _of 0 43 at maximum excrcise

max

9.11.3 TTdi

At quiet breathing, the athletic and normal groups demonstrated similarmean TTdr's
of 001 :t0 01 and 0 U1 +0 00 The patient group demonstrated significantly tigher mean
TTdi at quietbreathing, 0 04 10 02, p<0 05 At maximum exercise, the athletc, normal and
patient groups demonstrated similar mean TTdi's, 0 05 1001, 006 1003 and 0 08 +0 05
respectively.

Individual subjects within each group demonstrated varying mean TTdr's at
maximum exercise A1 and N3 both presented with the lowest TTdi's at maximum exercise,
measured at 0 04 Individual patients also demonstrated a wide: range of TTdi values For
example, P2 achieved only a maximum TTdi of 0 04 whereas P4 achieved a maximum TTd

of 0 20, in excess of the fatigue threshold of 0 15
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9 12 The Relationship of Dyspnea to TTim and TTdi

The relationship of dyspnea to TTim and TTdi 1s plotted 1in a combined graph in fig
9.9. Please see Table 9 5 for defimtions of symbols and iines  On the left graph, Dyspnea
1S plotted versus TTdi The nght side of the graph represents the relationship between
Dyspnea and TTim  Mean values are plotted for individual subjects at quiet breathing and
at maximum exercise  The Adyspnea (the change between quiet breathing and maximum
exercise) response to A changes from quiet breathing to maximum of TTim and TTdi are

examined

9 12.1 Dyspnea versus TTim [fig 9 9 right]

9.12.1.1 ADyspnea Response to ATTim of Athletes
Athletes presentedwith similar Adyspnearesponsesto AT Tim, group mean of 46.56

t7 81, with a range of individual subject values between 35.74 (A1) to 53 92 (A3).

9.12 1.2 ADyspnea Response to ATTim of Normals

The mean Adyspnea response to TTim of the normal group was not statistically
different from the athletes, 54 67 :16.17, p>005 Within the normal group, a large
vanability existed with a range of mean Adyspnea responses between 36 88 (NJ) to 75 59
(N1)

9.12.1.3 ADyspnea Response to ATTim of Patients

As a group, patients presented with a similar Adyspnea responses to ATTim when
compared to the athletes and normals, 50.37 +32 40, p>0.05. When the responses are
grouped into the previously defined "low responding” patients (P1,P2,P4,P5,P7) v "high
responding” patients (P3,P6) a differences did exist Low respondingpatients demonstrated
much lower Adyspnea responses to TTim, 3319 11 34, when compared to high
respondingpatients 93 30 124 99, p<0 05 The Adyspnea responses of the low responding
patients were similar to that of A1 and N3 whereas the high responding patients

demonstrated similar responses to N1 and N2
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9.12.2 Dyspnea versus TTdi [fig 9.9 left]

9.12.2.1 ADyspnea Response to ATTdi of Athletes

The athletic subjects demonstrated a wide variation in Adyspnea responses to
ATTdi Two athietes (A1,A2) presented with very high Adyspnea responses (324.61 and
8620 00) This was due to the fact that TTdi had increased very Iittle at maximum exercise
from that measured at quict breathing The remaining two athletes (A3,A4) presented with

Adyspnea responses to TTdi of 11£ 29 and 1553

9.12 2 2 ADyspnea Response to ATTdi of Normals
The mean Adyspnea response to ATTdi of normals was 164.84 +53 98, similar to

A3,A4 but much lower than that of A1 and A2

9.12.2.3 ADyspnea Response to ATTdi of Patients

A large vanance m Adyspnea responses to ATTdr also existed within the patient
group In general, P2 and P3 exhibited very small increases in TTdi when maximum
exercise was compared to quiet breathing, thus their Adyspnea responses were very high
(4046 24 and 761 14), similar to At and A2 The remamning patients presented with
maximum dyspnea responses ranging from 28.68 (P4) to 281 69 (P7).

9.13 Comparison of the ADyspnea Response to ATTim versus ATTdi

Companng individual subject’'s Adyspnea response to ATTim versus ATTdiI, some
general observations can be made The two athletes witn the lowest Adyspnea response
to ATTim (A1.A2) presented with the largest Adyspnea response to ATTdi. N3 who
presented with a low Adyspnea response to ATTim also presented with a reasonably high
Adyspnea response to ATTdr  In the patient group, P1,P2,P5 and P7 (all defined low
dyspnea responders) each presented with a low Adyspnearesponse to ATTim and yet high
Adyspnea response to ATTdi  In contrast, both patients termed high responders (P3,P6)
demonstrated a high Adyspnea response to both ATTdrand ATTim Conversely, P4, alow

responder, exhibited a low Adyspnea response to both ATTim and ATTd
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9.14 The Mechanics of Breathing A Qualitative Analysis

Muscular coordination and breathing mechanics are quahtatively evaluated through
the use of both Macklem diagrams, plotting Pes versus Pga, and Konno Mead diagrams,
plotting nb cage versus abdonunal walt movement (RC versus AB)  Representative
examples of the obscrved breathing patterns dunng exercise at an iso-dyspnea level of 5
will be presented for the athletes, normals and patients  Iso dyspneais defined as the same
numerical value of dyspnea, thus an iso-dyspnea level of 5 was chosen to pernit a
standardized comparison between subjects  Ali subjects experienced this level of dyspnea
at some point in time during their progressive excrcise test

The following analysis expands upon the concept of "low responding” and "high
responding”subjects This 1s based upon the already observed differencesain the response
of dyspnea to changes in pleural presstire (APes/Pcap) of individual subjects (see 9 7 2)

This analysis addresses the question of whether breathing coordiation and
mechanics are explanatory mechanisms for observed vanations i the: dyspnea response
of low resnonders versus high responders

In order to qualitatively assess and compare mechanics and coordmation belween
subjects, standardized timing 1s presented on all graphics  The definitions  of all timing
symbols and lines used on all of the following graphics is detated in Table 96 This
method of analysis will be used throughout the remainder of the results sechon unless
otherwise specified 1t should also be noted that the units of measuremaont for Both RC and
AB disp acement are referred to as "Arbitrary Units" on all graphics  This 15 not meant o
indicate that changes in RC and AB cxcursions presented are not quantitatively equivalent
Delta changes in amplitude are equal in umit measurement  The units of measurement,
however at individual data points cannot be compared  For example, a 2 on the RC axis
does not necessarily correspond to a 2 on the AB axis A negative baseline value docs not
necessarily indicate a change in compartmental EEV compared to rest - Ratherif a change
downward is seen in the baseline value from one breath to another, this would represent

a decrease In compartmental EEV
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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

10% of the Ttot of that individual breath

25% of the Ttot of that individual breath

O > O @

The end of inspiratory flow (ie. the end of
inspiration)

Definitions of Lines Used in the Qualitative Analysis

Mackiem Diagrams
Solid Line  ( ) represents a Pes of 0 cmH20
Dashed Line (---------- ) represents an iso Pdi =0 line
Konno-Mead Diagrams
Dashed Line (---------- ) represents an isovolume line

Table 9.6
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9.14.1 Mechanics of Breathing of Athletes versus Normal Subjects
Allathletes have previcusly been defined as low dyspnea respondersto A Pes/Pcap
Meanwhile, in the normal group, 2 subjects (N3,N4) presented with a low dyspnea response

to APes/Pcap and two normals (N1,N2) presented with a high dyspnea response to

increases in APes/Pcap

9.14.1.1 Low Responding Athletes versus High Responding Normals

Macklem diagrams (Pes v Pga) are presented for a representative breath of a low
responding athlete (A1) [fig 9 10 2§ and high responding normal (N1) g 9 11 a] The
corresponding inspiratory flows, Pes and Pga swings are also individually plotted as a
function of time for the same breaws for both A1 [fig 910 b} and Nt [fig 9 11 b] The
Konno-Mead diagrams (RC v AB) for *ae same breath of AT and N1 are presented i fig
9.10 ¢ and fig 9 11 ¢ respectively The corresponding RC and AB displacements as a
function of time are individually plotted for A1 fhig 9.10 d] and N1 [fig 9.11 dfrespectively

Comparing the Macklem diagrams of A1 [fig 9 10.a] and N1 [iig 9 11 a], it s
observed that the athletic subject begins breathing from a much higher, positive end
expiratory pleural pressure (EEP) when compared to the normal subject  However, within
5% of the total breath time, the athlete has achieved a large negative Pes swing, comnciding
with a large negative Pga swing Pes has reached 0 cmH20, wherehy inspiratory flow
begins In contrast, the high responding normal has only actieved a very small negative
pleural and gastric pressure swing in the first 5% of Ttot Within 10% of the Ttot, the athlete
has achieved peak negative Pes, peak neqative Pga and reached peak inspiratory flow [fig
9.10.b] In contrast, the normal subject has only achieved a small portion of his rmaximum
negative Pes swing, relatively no change in Pga has occurred and nspratory flow is still
accelerating [fig 9 11 b} The athlete, at 25% of Ttot, demonstrates both Pes and Pga
which are relatively unchanged from their peak negative valiues and the: mamtenance of a
constant peak inspiratory flow In contrast, the normal, s stll generating a negative Pes
swing, APga s relatively unchanged and inspiratory flow has just now reached its maximum
value From 25% Ttot to the end of inspiration, the athlete demonstrate:s both Pes and Poga

swings in the positive direction, whereas the normal subject demonstrates a large: positive:
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APga and a much smaller positive APes

Analysis of the corresponding Konno-Mead diagram [fig 9.10.c] and separate RC
and AB displacements v time plot [fig 9 10 d] for A1, demonstrates a predominantly AB
pattern of breathing  In contrast, N1, [fig 9.11c], [fig 9 11.d] presents with a
predommantly RC pattern of breathing Comparing the timing of RC and AB displacement,
within the first 5% and 10% of Ttot, A1 demonstrates a large outward abdominal
displacement conciding with very bittle outward RC movement, whereas N1 presents with
hoth relatively small outward RC and AB movement  From 10% to 25% Ttot, Af
demonstrates stmilar RC and AB expansion, whereas N1 demonstrates large RC
disptacement with very kittle AB expansion  From 25% Ttot to the end of inspiration, RC and
AB displacements still increasing for A1 and maximum displacementis achieved at end
mspiration oy contrast, the normal subject 1s still exhibiting a predominant pattern of RC

expansion and the AB actually begins to move inwards prior fo the end of inspiration

9 14.1 2 Low Responding Athlete versus Low Responding Normal

Mackiem diagrams (Pes v Pga) are presented for a representative breath of a low
responding athlete (A4) iy 9 12 a] and a low responding normal (N4) [hg 9.13 a] The
corresponding inspiratory flows, Pes and Pga swings are individually presented as a
function of ime for A4 [hg 9 12 b} and N4 [fig 9.13 b] The Konno-Mead diagrams (RC
v AB) for the same breaths of A4 and N4 are presented in fig 9 12 ¢ and fig 9.13.c
respectively  In addiion, individual RC and AB displacements versus time for A4 [fig
9 12.d] and N4 [hig 9 13 d] are presented

Companngthe Macklem diagrams of A4 [fig 9 12.a] and N4 [9 13 a], 1t is observed
thatboth subjects begin breathing from similar positive end pleural pressures (EEP) Within
5% of Tiot, A4 has achieved a large negative pleural pressure swing, corresponding to a
negative gastric pressure swing and inspiratory flow has almost reachedits peak value N4
presents with a very rapid negative pleural pressure swing, reaching 0 cmH20, however, no
change in Pga s observed (APga =0) Inspiratory flow has just begun Within 10% of the
Ttot, Ad has almost reached peak negative Pes, peak negative Pga and peak inspiratory

flow [fig 9 12.b] ComparnngN4 [fig9 13 b). despite peak inspiratory flow beingmaximum,
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only a small portion of the maximal Pes swing has been achieved and the Pga swing is in
the positive direction The athlete, from 10% to 25% of Ttot, demonstrates a relatively
unchanged negative Pes swing, whereby Pgats moving in the positive direction  Inspiratory
flow is maintained at 2 constant peak value In contrast, the normal subject 1s still
experiencing a negative Pes swing, and APga and peak inspiratory flow are relatively
stable From 25% Ttot to the end of inspiration, the athlete demonstrates both positive
APesand APga Inthe normal subject, Pes reaches its maximumnegative value at the end
of inspiration, and the APga has reversed to a negative direction

Analysis of the corresponding Konno-Mead dragram [fig 9 12 ¢] and separate RC
and AB displacements v time [fig 9 12 d] for A4, demonstrates large AB displacement
outwards from 0 to 10% of Ttot, with concurrent RC paradoxical movement inwards N4
demonstrates a similar AB breathing pattern, also with RC paradoxical movement mwards
[fig 9 13.c¢] anu. {fig 9.13d] From 10% Ttot to the end of inspiration, both subjects
demonstrate continuing AB displacement outwards now accoimpanied with similar outward

RC movement At end inspiration, both RC and AB are at maximal outward displacement

9.14.2 Mechanics of Breathing in COPD Patients
Within the patient group studied, 5 patients (P1,P2,P4,P5,P7) were defined as low
dyspnea responders, based upon their dyspnea response to APes/Pcap, whereas the

remaining two patients (P3,P6) were defined as high dyspnea responders (see 9 7 2)

9.14.2.1 Low Responding Patients versus High Responding Patients

Macklern diagrams (Pes v Pga) are presented for a representative breath of a low
responding patient (P2) [fig 9 14 a] and a high responding patient (P3) [ig 9 15 a] The
corresponding inspiratory flows, Pes and Pga swings are: also mdividually plotted as a
function of tme for P2 [fig 9 14 b] and P3 [fig 9 15 b] The: Konno-Mead diagrams (RC
v AB) for the same breath of P2 and P3 are presented in fig 9 14 ¢ and fig 915 ¢
respectively The corresponding RC and AB displacements as a function of ime are
individually plotted for P2 [fig 9 14 d] and P3 [fig 9.15 d] respectively

Comparing the Macklem diagrams of the low responding patient (P2) [fig 9 14.a]

.
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and highresponding patient (P3) [fig 9 15.a], it 1s observed that P2 begins inspiration from
a very large positive end expiratory pleural pressure (EEP) whereas P3 begins inspiration
from 0 cmH20 Pes  Within 5% of the Ttot, P2 has achieved a very large negative Pes
swing, with a paralicl larqe negative Pga swing, with the correspondingPes v Pga plot lying
very close to aniso Pdi=0line  Pes has reached 0 cmH20, whereby inspiratory flow begins
{fig 9 14 b] Incontrast, P3 expenences a large negative A Pes, with relatively no change
in APga with the first 5% of Ttot [fig 9 15 b] Within 10% of Ttot, P2 has achieved peak
negative Pes, peak neqgative Pga and reached the peak of flow acceleration  Similarly, P3
has achieved peak negative Pes and peak inspiratory flow, however, APga 1s still relatively
unchanged (A Pga-0) From 10% to 25% of the Ttot, P2 demonstrates a positive APes with
a very sight positive APga  P3 also demonstrutes a positive APes, however a very small
negative APga  Inspiratory flow is decreasing for both subjects  From 25% Ttot to end
nspiration, P2 demonstrates, a relatively unchanging APga and shightly positive APes,
whereby P3 demonstrates parallel unchanging APes and APga

Analysis of the <orresponding Konno-Mead diagram {fig 9 14 c] and separate RC
and AB displacements v time plot [fig 9 14 d] for P2, demonstrates a predominantly AB
pattern of breathing In contrast, P3, [ig 9.15¢], [fig 9 15.d], presents with a
predominantly RC pattern of breathing Comparing the timing of RC and AB displacements,
within the first 5% of Ttot, P2 demonstrates a large outward AB movement with
simultaneous inward RC paradoxical movement  P3 demonstrates very little RC or AB
displacement  From 5% to 25% of Ttot, continuing large AB outward movementis observed
for P2 with very Iittle concurrent RC displacement  P3 presents with exactly the opposite
pattern RC displacementic largely outward whereas AB 1s moving inwards in a paradoxical
fashion Trom 25% Ttot to end inspiration, P2 demonstrates outward RC displacement,
reaching peak maximal outward displacementat end inspiration In contrast, only from 25%
Ttot to end insprration does P3 demonstrate outward AB movement coinciding with the

continuing RC expansion



CHAPTER 10 DISCUSSION

10.1 Limitations of Study Design

A major hmitation of this study's design is the limtea number of subjects being
evaluated While a total of fiteen subjects 1s appropnate n overall analysis, the division of
this sample population into three distinct smaller groups poses a problem in making any
statistical conclusions concerning the popuiation general

The purpose of this study, however, was not to take the underlyingstatistical results
and make specific inferences and statistical conclusions about the general population
What this study did attemipt to do was to address differences both between and within the
athletic, normal and patient groups studied and to dentify pos<tble parameters (both
quantitative and qualtative) which could explainobserved differences  This study also dealt
with the qualitative analysis of resprratory muscle coordination and attempted to add a
qualitative interpretation to the results observed for each subject studred

A large vanability in measured values i1s t¢. be expected when one 1s performing
psychophysical scalng tests  Although all subjects’ data was included n group mean
values, if was often observed that one subject (for example N3 of the normal group),
consistently presented data which was different from the remaining subjects within bis
group Although no statistical significance can oe ascertamed qiven the small sample sizes,
these differences were pointed out in the respective resulls sections (1e section 92 2) to
demonstrate that, in the case of N3, he appeared to present data which was more similar

to the athletes thanto the normal subjects  This pointisimportant give:n the purpose of this

study

10.2 The Perception of Dyspnea during Exercise

«t any study requiring a subject to perceive and scale theirlevels of breathlessness
during exercise, there 1s always the possibility that leq fatique, pain or other motivational
facters may influence the subject's estimation of the mvestigated sensation  Indeed,
motivation and psychological factors have heen demonstrated to affect an indiidual’s

perception to various sttmuli [229] These factors are very difficult to control for, therefore
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it 1s plausible that they may have played a role in individuals’ dyspnea responses durirng
exercise In an attempt to mmmimize these factors, subjects were given very specific
instructions to exclude any other sensations which might arise during the exercise test and
to spectfically attemptto scale "how short of breath" they were  They were also encouraged
throughout the exarcise test

At maximum exercise, each groups’ mean dyspnea ratings were similar to those
previously reported {233,247], however, no subject reached a rated dyspnea level of 10,
maximal on the Borgscale  This fact 1s not surprising in the normal group, given that leg
fatigue would most likely wnpose a significant imiting factor to the achievement of high
levels of excreise on the cycle ergometer Hence, the achievement of high dyspnea levels
could have been signiicantly imited by the normal subiects’ inabilities to reach high levels
of work  Athls tes did demonstrate significantly longer endurance times when compared to
the normal subjects and achieved sigmificantly higher levels of workload (in watts) [section
9 2.1}, yetthey reached similar maximum meandyspneavalues COPD patients would be
expected to also achieve highlevels of dyspnea perception despite lower levels of work and
VE given the increases in work of breathing due to therr diseased state Interestingly
though, all grouns presented with similar mean dyspnea levels at maximum exercise and
maximum dyspnea scores of 10 were not observed

There are: several explanations why maximum dyspnea scores were not achieved.
A rating of 10 (maximal dyspnea) was described to the subjects as representing the worst
possible shortness of breath they have ever experienced, therefore it 1s possible that this
explanation in itself biased subjects not to perceive a score of 10 Also, 1t has been
demonstrated that in general, subjects tend to utiize the Borg scale over a narrower range
when compared with open scaling methods, possibly due to the effect of the verbal
descriptors in the Borg scale imposing a certain threshold of sensation intensity at each
level which must be exceeded before proceeding to the next digit Furthermore, the Borg
scale demonstrates an inherent ratio bias which tends to restrict scores to the lower half of
the scale [232] A 5 on the Borg scale 1s verbally inked as "severe”

Subjects were asked torate their dyspnealevels each minute, whichmay havebeen

toolong aninterval  Each subject's maximum dyspnea score was recorded for only the final
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completeminute of exercise The final partial minute of exercise might have produced rapid
increases in dyspnea perception, but the recording interval would have been insensitive to
this.

Previous 1nvestigators have proposed that COPD patients demonstrate blunted
sensitivity when estimating added loads to breathing [182] while others contend that normal
perceptual mechanisms exist [210] If COPD patients do i fact expenence blunted
sensitivity to added loads, an analogy could he drawn to therr ability to perceive dyspnea
This blunted sensitivity most probably would be a direct effect of the: loading history of the
respiratory system of individual subjects

In the present study, three distinct subject groups were studied, all presenting with
three very distinct respiratory loading histones  Elite athletes underqgo daily endurance
training to their maxmum  Therefore they expertence a type of "chronic” loading of their
respiratory system, yet present with normal pumonary and respiratory muscle function to
overcome these loads tmposed by physical activity  Normal sedentary stubjects do not
experience daily imposed loading of their inspiratory muscles when compared to athletes,
yet they too present with normal lung and resprratory muscle function  In contrast, COPD
patients experience chronic loading of thexr respiratory syste:m, dependent on the degree
of obstruction, and demonstrate Iimitations in both pulmonary and respiratory muscle

function,

10.2.1 Dyspnea versus Work

Based upon the results of this study, patients did percerve significantly hicgher
dyspnea levels than either the normals or athletes for a qiven level of absolute work
measured In watts  However, when ndvidual subjects' achieved workloads  were
normalized as a percentage of the maximumworkload that subject attaned, no difference
existed between any group indyspnealevels measured[see section 92 2] Differences,
though, did exist in dyspnea responses to increasing no.malzed work  COPD patients
demonstrated lower, or biunted perceptual sensitivity to dyspneawith increasingnormahzed
work. Inferrng from this observation, though, that COPD patients have blunted perceptual

sensitivity is premature
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No evidence by previous investigators has demonstrated that dyspnea is a direct
consequenceof workload Rather, studies have focused on the dyspnea relationship to the

ventilatory levels achieved during an exercise test

10.2.2 Dyspnea versus Ventilation

As previously demonstrated by other investigators [165,240,249,250,251,
252,253,254] these results aiso display a strong correlation between dyspnea perception
and ventilation, and confirm that for a given level of VE, COPD patients experience higher
intensibes of braathlessness  However, a larqe inter-subiect vanation with considerable
overlap between individuals of each of the three groups existed when the dyspnea
responses to ventilation (Vi /FVC and VE'MVV) were examined  Patients presented with
significantly tugher mean VE/FVC and Vi /MVV at all levels of absolute work, yet when
workload was normalized as a percentage of maximum, no differences existed between
obscrved Vi /EVC or VE/MVV for a given levei of normalized work - Where differences were
obscrved was in the rate of change of the ventilatory response of the groups Patients
presented with significantly lower mean rates of increase in both VE/FVC and VE/MVV to
increasing workload. normalzed as a percentage of maxxmum  This observation is not
surprising given that COPD severely limits ventilatory increases during exercise

What was surpnising was that when dyspnea was examined, no differences in the
dyspnea response to changes in either VE/FVC or VE/MVV were observed between the
athletic, normal or patient groups, appearingto contradict the proposals that COPD patients
demonstrate blunted perceptual sensitivity - Similar to previouslv reported studies, though,
a lot of within group vanability did exist in observed dyspnea responses Indeed, some
mndividual patients actually presented with higher dyspnea responses to changes in VE/FVC
than either athletes or normals

Although COPD patients demonstrated similar dyspnea responses to ventilation, the
loads placed upon the inspiratory muscles to achieve a given level of ventilation are
significantly increased The mechanical work of breathing is increased whereby larger
pleural pressure changes are necessary to overcome the increases i both the frictional and

elastic work of breathing
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10.2.3 Dyspnea versus Pleural Pressure

To further investigate the \dea of perceptual blunting, the relationship of dyspneato
changes in APes/Pcap was addressed if dyspneas directly related to the outgoing motor
command to the inspiratory muscles as previously hypothesized, then the concept of
perceptual blunting shouid not be applied to studies evaluating the relationship of dyspnea
versus ventilation but rather, the changes in dyspnea which accur with the mcereasing
pressure changes required to bring about that level of ventilation

As a group, the patients did not demonstrate differences in dyspnea sensitivity to
APes/Pcap when compared to the athletic group but they did demonstrate lower sensitivity
when compared to the two normal subjects defined as high dyspnea respondess  As
discussed in the results section 9 7.2 3, though, a lot of variation in dyspnea response did
exist within the patient group This variation i1s not surprising, given the expected vanability
recognized when evaluating any perceptual sensitivity What was interesting was thatwithin
the patient group, some patients presented with extremely low dyspnea responses o
changes in pressure (P1,P2,P4,P5,P7) and did appear to demonstrate a blunted dyspiea
response to increases in APes/Pcap when compared to all other subjects  Two patients,
though, did not demonstrate this apparent perceptual blunting, but instead demaonstrated
similar dyspnea responses as the athletes and low dyspnea responding normals —in
conclusion, while it appears that some COPD patients do appear to demonstrate perceptual
blunting of dyspnea, others respond as normas subjects  Therefore, this study does not
confirm that COPD patients as a group demonstrate blunted perceptual sensitvities to
dyspnea

One limiting factor of this study lies in the age disparity between each group A
decline in the perceptual sensitivity of added elastic and resistve loads has been
demonstrated with increasing age [208,209,210], however, itis unknown if a sirmilar age-
related blunted senstivity exists for dyspnea perception  All of the: COPD paticnts studied
were signit  ntly older than both the athletes and normals  Despite: this, though, some:
patients demonstrated very similar dyspnea perceptions when compared to some: normal
and athletic subjects Others, though, did appear to demonstrate perceptual blunting (when

dyspnea was related to APes/Pcap as discussed above) Although aqge dispanty could be
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a possible explanation for the lower dyspnea responses observed in the apparent
perceptually blunted patients, 1t fails to explain the normal or even enhanced dyspnea
responses observed in other COPD patients

The normal subjects were older than the athletes, yet two normals were defined as
hgh respondingsubjects Similarly, the high dyspnearesponding patients were significantly
older than the athletes and normals, yet displayed dyspnea responses similar to both the
athletes and low responding normal subjects

In conclusion, some COPD pauents’ sensitivities to increasing dyspnea appears
blunted when dyspnea 1s examined as a function of pressure changes; however, the
observed differences in response when all subjects (athletes, normals and patients) are

considered cannot be explained solely by age disparities

10 3 Factors Limiting Exercise
10.3.1 Ventilation

As previously discussed in the literature review, the ventilatory system is not usually
regarded as a imiting factor of exercise in normal subjects, however in patients with COPD,
their severely hmited ventilatory capacity will result in a reduced exercise capacity
[89,91,93,100,294] Patients demonstrated similar mean VE at quiet breathing when
compared to athletes and normals, similar to results of previous investigators [90]
Throughout the progression of the exercise test, however, further increases in VE were
significantly imited

Normalizing VE as a percentage of the FVC takes into account the differences in
both lung size and ventilatory imitations imposed on the patients by their disease Patients’
VE/FVC at rest was significantly higher than both athletes and norma'  However, at
maximum exercise VE/FVC was similar to the normals yet lower than that of the athletes.
Examining Ve/FVC as a function of the % of maximum achieved work, 1t was demonstrated
that although presenting with similar VE/FVC for a given % work throughout most of the
exercise test, the rate of increase of VE/FVC was still significantly reduced

Using the estimated maximum voluntary ventilation (MVV) to indicate the maximum
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ventilatory capacity of the respiratorv system, patients presented with significantly lower
MVV when compared to both athletes and normals  One himitation of this estimated MVV
was that it was derived mathematically by utihzing the equation, FEV,*42 The FEV, 1s not
hmited by reduced respiratory muscle strength whereas a true measured MVV may be
Therefore, the lower MVV's observed in the patients may have been a direct consequence
of solely their obstruction and not necessarily due to reduced respiratory muscle strength
The measured VE of patients at rest accounted for a mean value of 32 2% of ther
ventilatory capacity, increasing to a high of 81 +33% at maximum exercise  Thus, patients
were utihzing a much higher % of their ventilatory capacity and often exceeded thew
maximum sustamnable ventilation In contrast, both athletes and normal subjects, were
working at, but not exceeding their maximal sustainable ventilation of approximately 60%

of their predicted MVV at maximum exercise

10.3.2 The Inspiratory Muscles

The role of the inspiratory muscles as potential factor hmiting factors of exercise:
endurance must also be considered The studied patients presented with moderate to
severe arrway obstruction, based upon the observed reductions in their measured
FEV,/FVC, and were extremely hyperinflated at rest, indicated by the disproportionate
Increase n the measured RV/TLC  As previously discussed, hypernnflation compromises
the ability of both the inspiratory intercostals and the diaphragm to generate the necessary
force for tension development

Utihzing the measured maximum inspiratory pressure (MIP) at FRC as an index, the
patients demonstrated significant recuctions in inspiratory muscle strength compared to
both athletes and normals Also, the patients' abiities to generate maximum
transdiaphragmaticpressures were significantly imited, indicative of their hyperinflated state:
and subsequent diaphragmatic inefficiencies

In conclusion, these results indicate that although differences in lung volumes (ie:
patients demonstrate reduced VC due to large increases in RV as well as variations due to

body size) and the arrway obstruction characteristic in COPD do account for sume: of the:
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observed limitations to increasing VE 1n the COPD patients, other contributing factors must
he considered Ventilatory imiations, significant reductions in inspiratory muscle strength,
reduced ventilatory reserve coupled with dyspnea probably act together to play a major role
in the ohserved exercise hmitations of COPD patients

When considering exercise imitation of normal and athletic subjects, on average
they had just achieved their maximum sustainable ventilation at the same time as maximum
exercise was reached, thus it appears that ventilation alone was not a miting factor for
these subjects Indecd, penpheral imb fatigue and dyspnea may have played significant
roles in the imitation of exercise

One major hmitation to the above interpretation of possible limiting factors of
exercise hes in the methodology of this study  Cardiovascular data did not play arole in the
analysis given that the main 1ssue being addressed was the role of respiratory muscie
coordination to dyspnea Therefore parameters such as VO2, VCO2, Sa02, the anaerobic
threshold and exercise nduced hypoxemia were not measured and inferences concerning

their role in imiting exercise cannot be commented upon.

10.4 Mechanisms of Dyspnea

10 4.1 The Relationship of Dyspnea to Pressure Changes

When evaluating possible mechamsms which underlie dyspnea perception, it can
be noted that a relationship between dyspnea and ventilation does exist for individual
subjects It 1s concluded, though, that dyspnea 1s not a direct function of the actual
ventilaton or percentage of capacity being utiized per se  Since ventilation is the final
output of the respiiatory system, it 1s reasonable to believe that dyspnea perception will be
more closcly linked to some mechanism nvolved In achieving that given ventilation
Therefore, the relationship of dyspnea to changes in both pleural and gastric pressures is
examined in more detall

Previous investigators [219,233,248,264), have demonstrated a positive linear
relationship between dyspnea and pleural pressure (Pes), normalized by the MIP in both

normal and COPD subjects However, utiizing MIP as the normalization factor presents
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serious limitations. MIP 1s a measure of the static, maximum pressure the inspiratory
muscles are capable of generating, usually measured at FRC

Pleural pressures nicasured during this study and those previously mentioned,
however, were under the dynamic conditions of exercise It has long been recognized that
the ability to generate pleural pressure decreases both with increasing inspiratory flow rates
[267,269] and increasing lung volumes [266] Thus, normahizing APes measured duning
an exercise test by MIP would theoretically underestimate the proportion of maximum
pleural pressure being expended to achieve a given ventilation

Normalization of A Pes by the maximum capacity the inspiratory muscies are capable
of generating at a given inspiratory flow and volume (Pcap) 1s an attempt to correct for this
limtauon Our results demonstrate a strong, linear correlation between dyspnea and
APes/MIP and between dyspnea and APes/Pcap  Both methods of normalization result in
similar observed differences in the dyspnea responses both within groups and between
groups Athletes presented as low dyspnearesponders, two normaals presented as low and
two as high dyspnea responders, while within the patients group, five patients presented
with a low and two with a high dyspnea response  Comparnson of the two methods of
normalization, however, demonstrated that MIP nhormalization did underestimate ndividual
subjects’ dyspnea responses to APes This underestimation was significantin the athietic
and normal groups but not in the patient group  This 1s not surprising given the fact that
athletes and normals are able to achieve large increases n both their inspiratory flow rates
and volumes to meet the demands of exercise, whercas the patients are severely mited
in their ventilatory response It should be pointed out, though, that the full neqgative effects
of Increases In inspiratory volumes which occurs during exercise in both normal and athleti
subjects will be somewhat offsct by therr abilty to reduce EELV below FRC  This would
somewhat decrease the volume effects upon Peap, but only up to a volume: of approximately
10% TLC

In conclusion, Pcap1s a more accurate normalization tool for both normal and athietic

subjects when assessing pleural pressure changes during progressive exercise testing
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10 4 2 Dyspnea and the Mechanics of Breathing

The simultancous measurements of esophageal pressure (as an estimate of pleural
pressure) and gastnc pressure (as an estimate of abdominal pressure) coupled with rib
cage and abdominal wall displacements provides a quahtative means of inferring both
respiratory muscle mechanics and coordination  Limitations of this method of analysis lies
i its inability to identify the quantitative contribution of the diaphragm and the "intrinsic”
muscle groups when antagonistic nwuscle activity 1s present such as sewn during exercise
[98,147]

In the results section, representative breaths are presented for numerous subjects
at 1so-dyspnea levels of 5 Comparable results are obtained at other points during the
exercise for cach subject, however, for simplhaity, only single breath representations are
presented The relalive workload at which a subject experiences a dyspnealevel of S1s not
relevant to the following discussion concernming mechanics of breathing

All subjects demonstrated some degree of a negative gastric pressure swings upon
carly nspiration, except for A3 and N4 who presented with a pattern of predominantly APga
= 0 dunng carly mspiration, as exercise intensity increased Patterns of negative gastric
pressure gencrations have been reported in both normal subjects during exercise, during
hyperventilation induced through re-breathing [145,295,296], and in asthmatic [§7]
and COPD patients both dunnq exercise and at quiet breathing [98,297] There are
several possible breathing strateqies which would account for negative APga swings during
carly inspiration [fig 10.1 a, fig 10 1 b, fib 10.1 ¢]

The first would be an inspiratory effort initiated by active intercostal/accessory
muscle contraction, where the negative pressure generated in the thorax I1s transmitted to
the abdominal space through a passive diaphragm [fig 10.1 a] Examining the relative
motion of both the RC and AB, RC expansion would be observed with a coinciding
paradoxical inward movement of the AB, assuming the abdominal muscles are relaxed.

The second breathing strategy could be the passive relaxation of the tnangularis
sternt muscle upon early inspiration, again resuiting in negative APpl being transmitted
through a passive diaphragm, resulting in a negative APgaswing[fig 10 1 b] A similar RC

out, paradoxical AB inward motion would be observed, again assuming abdominal muscles
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are relaxed To the best of my knowledge this hypothetical breathing pattern has never
been demonstrated in normal subjects

The third strategy involves the employment of the abdominal muscles in an
inspiratory "accessory"role Followingabdominal muscle contraction during expiration, their
subsequent relaxation upon early inspiration would result in a negative APga swing ffig
10 1 ¢] Thus, dunng expiration, abdominal muscle contraction acts to store both elastic
energy and gravitationai energy in the diaphragm/abdominal wall and through the
stibsequent relaxation upon rnspiration, the gravitational potential energy of the abdominal
contents being oulled caudally 1s sufficient to accelerate diaphragmatic descent and to
decrease intrathoracic pressure  If the nb cage muscles are relaxed, an inward paradoxical
movement would be observed, whereas if the nb cage volume increases or remains
relatively constant, this would indicate the switching of intercostal activity from expiratoryto
inspiratory [98]

It has been proposed that a 0 cmH20 change in APga during early inspiration 18 a
result of the coordination of release of abdominal muscle tone coupled with simultaneous
diaphragmatic contraction aganst mimimal abdominal impedance [298] If this were the
case, outward AB movement would be observed upon early inspiration [hig 10.1.d], and
consequent RC movement would be dependant on the level of activity of the inspiratory
intercostal/accessory muscles

The importance of the abdominal muscles as "accessory” muscles to inspiration is
now recognized  Increased expiratory abdominal muscle recruitment during exercise has
been well documented in both normal and COPD subjects  Increased abdominal muscle
recrutment causes a decrease in end-expiratory lung volume below the normal FRC in
normal subjects by approximately 10% of TLC both during exercise to maximum and during
inspiratory  loading  [39,79,299,300,301,302] In contrast, 1t has been
demonstratedthat expiratory muscle recruitment during exercise in COPD patientsis largely
ineffective in reducing EELV, due to expiratory flow imitations imposed by the obstruction
189,97.,98,122], and dynamic hyperinflation results in increases in end expira‘ory pressure

It 1s argued, therefore, that in order for the abdominal muscles to adopt an

“Inspiratory” role, increasing positive end expiratory pressures in normal subjects 1s an
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unavoidable occurrence. in normal subjects, the reduction of resting lung volume below
FRC permits the elastic outward chest wall recoll to aid the proceeding inspiration  In
contrast, though, the acute hyperinflation which occurs during exercise in the majonty of
COPD patients acts to place the inspiratory muscles at an even more shortened,
disadvantageous initral length position for the proceeding inspiration

Most nvestigators have stressed the role of expiratory abdommal muscle
recruitment on optimizing resting diaphragmatic length and mproving its inspiratory
efficiency to expand the nb cage through an increase in the sone of apposition
[7,32,57,145,295,296,303] However, few mvestigators have emphasized the role of
Inspiratory passive abdominal muscle relaxation v actually conaibuting to the mspiratory
pressure generaticn [98]  Such a function would prove to be of great sigmficance,
especially in COPD patents, given that reduced inspiratory muscle strength coupled with
the mechanical inefficiency of requinng larger pleural pressure swings to achieve a given
ventilation, act to place their inspiratory muscles at nsk to develop fatique

The significant role of respiratory muscte function in the perception of dyspnea has
been proposed, with previous investigators hypothesizing that dyspneais the perception of
the outgoing motor command to the mspiratory intercostals/accessory muscles
[222,245,259,271,284,285] Anymechanical readjustmentof the breathing pattern which
acts to "load" or increase the central motor output towards bolh the inspiratory
Intercostals/accessory muscles has been shown to result in hugher levels of dyspnea
[271,273,274]

Theoretically, therefore, any readjustment of respiratory muscle activity which would
serve to decrease the load placed upon the inspiratory intercostal/accessory muscles would
therefore reduce the amount of central motor output directed towards these muscles and
would theoretically result in a lower dyspnea perception  Passive abdominal relaxation
upnn early inspiration would serve such a purpose

Indeed from our results, It appears that during progressive exercise, the utiization
of abdominal muscle relaxation during early inspiration does play a significant role in
reducing the dyspnea response of subjects to changes in pleural pressure  This conclusion

IS based upon numerous qualitative and quantitative observations made throughout the:
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subjects’ individual progressive exercise tests

It appears that the athletes, low dyspnea responding normal subjects and low
dyspnea responding patients all utihzed some degree of passive abdominal muscle
relaxation during early inspiration, whereas high responding normals and high responding
patients did not employ this method to make a sigr.ficant contrnbution to the necessary
pleural pressure generation

All subjects studied presented with positive increases in both end expiratory pleural
pressures (EEP) and gastric pressures, combined with inward RC and AB displacement,
ndicative of a combination of increased expiratory mtercostal muscle recruitment and
abdominal muscle recruitment and in the case of the COPD patients, dynamic
hyperinflation

All athletes, low dyspnea responding (LDR) normal subjects and LDR patients
demonstrated AB displacement outward upon early inspiration as observed in the presented
Konno-Mead diagrams  In addiion, inward paradoxical or virtually no RC movement was
observedin these abdonunal breathers during the early phase of inspiration unti' inspiratory
flow and volumes were increased  This tme readjustment of the abdomen leading the rib
cage and with the nb caqge paradoxically moving inward upon early inspiration has been
observed in normal [302] and COPD patients [98,297,304,305] dunng progressive
exercise and loading expenments  Examining the pressure generation profile, presented
in Macklem dragrams, a large negative APga swing and concurrent negative APes swing
is demonstrated  The observed combination of RC and AB displacement, coupled with the
observed pattern of pressure generation implies that passive abdominal muscle relaxation
1s oceurring, providingthe mechanism for pressure changes  The similarity in both pressure
generation profifes and RC and AB motion when athletes are compared with LDR COPD
patients s striking  In the athletes and LLDR patients, for example, these nogative pressure
swings occurred within the first 10°% of the time of the breath, and ur >n examining the
Macklem dragram, the pressure generated durng this early phase lies «  y close to an1so
Pdi = 0 ne Its therefore possible to infer that very Iittle change m transdiaphragmatic
pressure 1s occurrting in this early phase of inspiration and that minimal diaphragmatic

activation 1s required  In contrast, the high dyspnea responding (HDR) normals and HDR
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COPD patients, despite achieving negative pleural pressure swings, demonstrated mimimal
gastric pressure swings during early inspiration  Examining the relative motion of the RC
and AB, outward RC movement is observed upon early mspiration with no outward
movement or inward paradoxical movement of the AB  Therefore, it can be inferred that in
these high dyspnea responding subjects, the RC muscles are actively contracting to
generate the necessary change in pleural pressure

Following these generalized observations, it 1s possible to divide early inspiratory
pressure generation into two phases The tirst 15 the "pre-inspiratory flow” phase of
pressure generation and indicates the mechanmsms utiized to return the respiratory systein
to a level whereby inspiratory flow can be inttiated  Resistive and elastic loading studies
have demonstrated that the perception of just detectable loads occurs very early in the
inspiration, close to peak flow [179,180] Applying this concept to the present study, the
phase of pressure generation from 0 to peak flow acceleration s also explored

All subjects presented with some degree of increases in pleural end expiratory
pressures (EEP) as exercise progressed  These observed mcreases were due to either
increased expiratory muscle recruttment and a reduction i end exprratory tung volumes
below FRC, as occurred in the normal and athletic subjects, or due to the combimation of
Increased expiratory muscle activity coupled with dynamic hypermflation, previously
observed to occur in COPD patients during exercise

Examining the pre-inspiratory flow phase of pressure generation, it was observed
that all athletes and N3 (LDR) presented with lower dyspnea responses to the posttive end
expiratory pleural pressures (EEP) when compared to high responding normals N1, N2 and
the LDR subject N4 Similarly, the LDR patients (P1,P2,P4 P5P7) presented with low
dyspnea responses to EEP when compared to the HDR patients (P3,P6)  Of the HDR
patients, P3 actually presented witn an inconsistent relationship of dyspnea to EEP while:
P6 presented with a response similar to N1,N7 and N4

Evaluating actual EEP measured, some athletes presented with much tugher EEP
when compared to the normal subjects, four of the seven patients who presented with the
highest EEP were also LDR  Mechanically, increasing EEP causes work to be: performed

on the iung which would produce no ventilation and the subsequent high levels of
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intrathoracic pressure may impose a hmitation to cardiovascular fiznction [91]  Itis therefore
surprising that in general, the low dyspnea responders were the subjects who were faced
with the largest mechamcal impedance to overcome in order for inspiratory flow to begin
As previously mentioned, both athletes and normal subjects have the benefit of increased
outward chest wall recoil to aid in overcoming the EEP, but the COPD patients cannot rely
on such a mechanism Passive abdominal relaxationin COPD patients may thus constitute
an optimal response of the respiratory system aimed at achieving the maximum ventilation
possible in the face of a4 severe mechanical impediment {98] Conversely, in the athletes,
abdorminalmuscle relaxation would be additive to the outward chest wall recol which occurs
when lung volumes are below FRC  The two coupled together would result in inspiratory
mechanics which are very enerqgy efficient

Three of the four athletes (A1,A2,A3) and onelow respondingnormal (N3) presented
with much faster neqgative rates of change in gastric pressure (APgal/At,,. ) when compared
to the remaming stibjects The one remaining athlete (A4) and low responding normal (N4)
both presented with lower rates of gastric pressure change and in the case of the normal,
APga was in the positive direction  However. the role of abdominal muscle relaxation, in
these two subjects was still significant (as seen in the respective Konno-Mead diagrams)
Abdommal muscle recruitment dunng expiration would not only place the diaphragm at a
more: lengthened position but the diaphragm would be primed for subsequent inspiratory
contraction Indeed, it has been shown that the force developed by a muscle when it
shortens after being stretched 1s greater thun that developed at the same speed and length
when starting from 4 state of 1sometric contraction [306] Thus as the abdominals
relaxed the diaphragm was faced with optimal conditions in which to contract downwards
A wide vanability existed within the patient group when the APga/At,, was examined at
maximum exercise  As seen on Table 9 3, P2 (LDR) presented with a similar rapid rate of
change in gastnc pressure as seen in the athletic subjects  The remaining subjects
presented with varying rates of change, however, it should be noted that the two lowest
observed rates of change were by the two HDR patients (P3,P6) These two subjects also
demonstrated large vanations in therr breath to breath measured APga/At,,, . whereas

P4,P4 P7 (all LDR) presented with relatively consistent APga/At,,: as inferred from the
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small standard deviations about the means P1 (LDR) demonstrated some very rapid
changes in gastric pressures while in other breaths, he demonstrated relatively no change

The rate of change of negative pleural pressure (APes/At,, ) in this pie ispiratory
flow phase also appeared to be related to the abiity to utihize abdominal muscle release
In general, the athletes all demonstrated very rapid APes/At,,, . as did four of the five low
responding patients (P1,P2,P4,P7) 1tis also seen that those subjects whao experienced the
larger development of EEP during exercise, also demonstrated faster APes/At,,,,  Itcanbe
speculated that abdominal muscle relaxation provided an accelerative mechanism,
permitting a more rapid rate of change of pteural pressure to overcome the EEP and 1o
initiate the next inspiration

Similar to this concept, Dodd et a/[98] hypothesized that at the onset of mspiratory
flow at the mouth, the diaphragm/abdomen have already acquired a descending velocity,
which must be additive to that produced throughout mspiration by the release of
gravitationai energy They also proposed that the elastic energy denved from thoracic gas
decompression, added to the "sling shot" effect of abdominalmusele relaxation would result
in a more rapid development of negative pleural pressure on inspiration than would
otherwise be possible These resuits appear to corroborate this hypothesis

When comparing the maximum rate of change of pleural pressure achieved from the
onset of inspiratory flow to peak flow acceleration (APes/At) at maximum exercise of each
subject, it is observed thatthree of the four athletes (A 1,A3,A4) achieved very bigh APes/At
The remaining athlete while achievinga lower APes/At than the others, was the athlete who
only reached 80% of his maximum workload When considering the ratio of APes/At o
APes/Pcap, the athletes were able to achieve a much faster rate of change of pleural
pressureforagiven % chongen APes/Pcap  This supports the: idea that abdorminal muscle
relaxation may in effect "accelerate” the negative change in pleural pressure required for
vertilation In contrast, the normal subjects all presented with much lower APes/At,
regardless of whether they were low or high responders A possible explanation as to why
the two normals deemed "low responders” do not exhibit the same accelerative forees
working on APes as do the athletes lies in therr level of workload achieved  Leqg fatique,

motivation or other factors previously discussed may have played a imiting role: in both of
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these: subjects and therefore they demonstrated smaller positive increases 1in EEP.
Therefore, they would have had lower levels of abdominal muscle recruitment, coupled with
their lower levels of achieved work, thus the possible accelerative force which abdominal
muscle relaxation provides would be imited  The patients demonstrated similar ratios of
APes/Poap to APes/At when compared to normals and indeed, often achieved higher
APes/At at maximum exercise

Itis important, however, to considerthe rates of change of gastric pressure APga/At
which accompany and perhaps contribute to the rate of change of pleural pressure |f
abdominal muscle relaxation does play a ro € in reducing dyspnea perception, it would be
expecled that for a given increase in dysonea, a concurrent rapid APga/At would occur
This relationship s expressed hy the ratio of Adyspnea to APga/at

Three athletes (A1.A2,Ad) and one low respondingnormal (N3) both presented with
strong relationship correlationsbetween dyspnea and A Pga/At throughout the exercise test
Also they dermonstrated a much faster rate oi change in gastric pressure for a given change
in dyspnea when compared to both high responding normal subjects (N1,N2) n contrast,
agamn A3 and N4, both low responders presented either a poor correlation or positive (1e
APgal/at >0) ratio  As discussed previously, these two subjects demonstrated patterns of
cither relatively no change in gastric pressure or positive APga swings Looking at the
patients, all low responders also demonstrated similar fast rates of change in gastric
pressure for a given change in dyspnea, similar to the athietes The two patients termed
high responders exhibited much smaller changas in the rate of gastric pressure change for
a gwven change in dyspnea

Qualitatively, looking at subjects who presented with early inspiratory passive
abdominal relaxation, it was consistently observed that upon higher levels of work, the
generation of peak negative pleural pressure, coupled with the rapid negative gastric
pressure swing resulted in the complete acceleration of inspiratory flow to peak values in
both athletes and LOR patients  If an analogy can be made to the previously mentioned
loading studies [179,180]. the perception of dyspnea may occur very early in inspiration
If this 1s true, early inspiratory abdominal muscle relaxation i1s well suited as a "dyspnea

hmiting™ mechanmism
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Researchers have demonstrated that dyspnea 1s not directly related to the level of
diaphragmaiic fatigue [264,271,272] but rather to the "loading" effects that induced
diaphragmatic fatigue would impose on the inspiratory intercostal/accessory muscles  in
the subjects studied, it does not appear as if any subjects achieved above threshold
pressure-time indices of the diaphragm, excluding the presence of diaphragmatic fatigue
The exception to this i1s 1?4, who exceeded the threshoid level of 0 15 TTdr This patient,
however, demonstrated a strong abdominal relaxation breathing pattern - This mechanmsm
would theoretically permit the diaphragm to generate tension with less amountof work being
performed, therefore, permitting a TTdi >0 15 to be achieved without impending fatique

When measuring the pressure-time index of the inspiratory muscles (1 Tim), several
factors must be considered The TTim is based upon the assumption that all of the: pleural
pressure changes occurring are due solely to active mnspiratory muscle contraction
Increased expiratory muscle recrutment dunng exercise would cause an over exddgageration
of the measured pleural pressure swings, thercfore, the effects of abdommal muscle
relaxation on changes in pleural pressure must be considered when evaludating the Thim
of subjects during exercise Indeed, from the results, A1,P1,P2 and P4 all present with
TTim exceeding the designated inspiratory muscle fatigue threshold of 0 24 However, all
of these subjects demonstrated abdominal muscle refaxation, resulting in a portion of the
pleural pressure change to be generated passively  However, given the design of this
study, 1t 1s impossible to discern quantitatively what the contribution to pleural pressure
changes 1s being accomplished through abdominal relaxation and by inspiratery muscle
activity

Therefore, it appears that passive abdominal recoil not only acts to uninad the
diaphragm but also to unload the inspiratory muscles, permitting larger pressure: generdtion
with little risk of developing inspiratory muscle fatigue In conclusion, it does not appear as

if either diaphragmatic fatigue or inspiratory muscle fatigue played a limiting role: in exercise:
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10.7 CONCLUSIONS

These results indicate that dyspnea perception 1s directly related to respiratory
muscle function  The hypothesis that dyspneais a perception of the outgoing motor
command to the inspiratory muscles (intercostals/accessories) is one which would provide
an explanationfor our results

Exercise imposes demands upon the respiratory system, demands which the
nspiratory muscles must meet by increasing their force generation, in order to generatethe
required ventilalion  Thus, as exercise intensity increases, the insprratory muscles are
faced with increasing ventilatory loads  Both athletes and normals demonstrate normal
respiratory muscle strength and function, whereas the COPD patient is faced with severe
kmitations 1 both endurance and function However, when examining pressure generation
and relative RC and AB motion, itis surpnising to see the similanty between LDR patients
and athletes

The: importance of passive abdominal muscle relaxation upon early inspiration has
not been directly investigated in the past This study, though, demonstrates that this
mechamsm indeed appears to play a very mportant role mechanscally. It appears to not
only unload both the diaphragm and the inspratory inlercostal/accessory muscles,
preventing fatigue at tugh worklodds, but also to provide a very strong accelerative force for
pleural pressure generation  Subjects who presented with a coordinated pattern of
abdominal muscle relaxation presented with lower dyspnea responses to changes in pleural
pressure It also can be hypothesized that in some COPD patients, the lower dyspnea
response to changes in pleural pressures 1s a direct result of their adopted breathing
patterns and not due to perceptual blunting of sensation  In conclusion, passive abdominal
muscle relaxation appears to play a significant role in limiting the perception of dyspnea

during progressive exercise
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1. Perform an epidemiological study, examining the prevalence of early mspiratory
abdominal muscle relaxation during exercise In a population of athletes, normal subjects,

chronic obstructive pulmonary diseased patients

2. Study the effects on dyspnea perception of abdominal muscle relaxation during another

form of exercise (ie. treadmill exercise)

3. Investigate the mechanics of breathing during expiratory resistive loading in normadl

subjects and the relationship to perceived dyspnea

4 Investigate the effects that earlyinspiratory abdominal muscle relaxation has on both the

timing of and electromyographic activity of the diaphragm

5 Investigate if inspiratory abdominal muscle relaxation has a similar role in the reduction
of dyspnea perception during exercise 1n a group of patients suffering from restrictive ung

disease.
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