T | National Libeary

Ottawa, Canada
K1A ON4

CANADIAN THESES

»

NOTICE ,
The quality of this microfiche is heavily deper%m upon the
.quality of the original thesis submitted for microftiming. Every
effort has been made to ensure the highest quality of reproduc-
tion possible.” . '

if pages are missing, contact the university which granted the
degree. ’

- Some pages may have indistinct print especially 'if the original
pages wete lyped with a poor typewriter ribbon or if the univer-
sity sent us an inferior photocopy. '

Previously copyrighted materials (journal articles, published
tests, etc.) are not filmed.

Reproduction in full or in part of this film is governed by the
Canadian Copyright Act, R.S.C. 1870, c. C-30.

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

ML=339(r. 0606}

~Bibliothéquenaﬁohale,
du Canada -

Services des theses canadiennes

THESES CANADIENNES

AVIS

La qualité de cette microfiche dépend grandement de la qualité
de ia these soumise au microfilmage. Nous avons tout fait pour
assurer une qualité supérieure de reproduction.

S'it manque des pages. veuillez communiquer avec l'univer-
sité qui a confére le grade. B

La gualité d'impression de certaines 'pages peul laisser 3
désirer, surtout si les pages originales ont été dactylographiées

a I'aide d'un ruban usé ou si I'université nous a fait parvenir
une photocopie de qualité inférieure.

- Les documents qo{ont déja I'objet d'un droit d'auteur (articles

de revue, examens publiés, etc.) ne sont pas microﬁlmés.,

La reproduction, méme partielle, de ce microfilm es! soumise
alalLoi canadienné 'sur le droit d'auteur, SRC 1970, c. C-30.

-

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE

Canadt



P

! * EFFECT OF BREATHING GAS PRESSURE ON RESPIRATORY MECHANICS
o ' OF IMMERSED MAN. |
- by
- T NIGEL A.S. TAYLOR

\\h ' * Dip.T., Brisbane, 1973
B.H.M.S., University of Queensland, 1977 -
B.H.M.S.(Hons), University of-Queensland, 1983

=

M.Sc., University of London 1984.

——e

]

THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
" THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHIEZ&)PHY |

| in the School
gf

\ , ' KINESIOLOG
. - .

¢ NIGEL A'S. TAYLOR 1987

SIMON FRASER UNIVERSITY

Mazch 1987

—— e B —_ Ce

All rights reserved. This work may not g ‘
reproduced in whole or in part, by photocopy
or other means, without permission of the author.

(



Permission has been granted
to the National Library of
Canada to microfilm this
thesis and to lend or sell
copies ‘of the film.

The author (copyright owner)
has reserved other
publication rights, and
neither the " thesis nor
extensive extracts from it
may be printed or otherwise
reproduced without his/her
written permission.

ISBN (#-315-36367-3

. L'autorisation a été accordée

4 la Bibliothégque nationale
du Canada de microfilmer
cette. thése et de préter ou
de vendre des exemplaires du
film. :

L'auteur (titulaire du droit
d'auteur) se réserve les
autres droits de publication;
ni la thése ni- de longs
extraits de <celle-ci ne
doivent &tre imprimés ou
autrement reproduits sans son
autorisation ‘écrite.



.
k.
*

~y

g

Name: * NIGEL AS. TAYLOR

{ .
Degree: DOCTOR OF PHILOSOPHY
Title of thesis: EFFECT OF BREATHING GAS PRESSURE ON RESPIRATORY MECHANICS OF

IMMERSED MAN.

Examinixig Commitiee:
_ Chairman: ProfM.V. Savage

Prof.].B. Mormisun
Sér?u'{or Supgrvisor

Dr1.T.J. Smith
- Dr.D.KC Stjling

Dr.J.Road
Faculty of Medicine
University of British Columbia

Prof. N.R. Anthonisen
Faculty of Medicine
University of Manitoba
External Examiner

Date Approved: March 6, 1987



PARTTAL COPYRICHT LICENSE . E ”

1 her?byﬁgfant to Simon Fraser University the right to lend
<;;’;hesis or dissertation (the title of wh{;h 1; shown below) to users
of the'Simqn Fraser University Library, and to ﬁake partial br‘slngle
- copies only for-such user;Jpr In response to a request from ther11bfary
of any other univgrg%ty, or chér educationai institution, on its own
behalf or for one of its u;ers. 1 erEhEr agree that permission for
multiple copying of this thesis for ‘scholarly purposes may be granted
by me or the Dean of Craduate Studies. It is understood that copying
or publi;afion ofrthis thesis for financial gain shall not be allowed

without my written permission,

Title of Thesis/Dissertation:

EFFECT OF BREATHING GAS PRESSURE ON. RESPTRATORY MECHANICS OF IMMERSED

MAN.

Author:

(signature)

NIGEL A.S. TAYLOR

{name)

12 March, 1987

‘(daﬁe)



&L , ‘,.ABSTRACI'
It was hypothesised upnght, whole~body immersion, vmhout hydrostanc pressure compensahbn, |
would displace the respiratory comphance curve, reduce functionial residual capacity” (FRC) a.nd increase
resplratory work. Lung centroid pressure (P ) was defined as ‘the pressure necessary to return
immersed static respiratory mechanical abm'ibutes to levels observed in air. It was hypothesisedvd‘lal
breathmg aif supplied at Py would restore normal lung volume subdivisions, return elastic and

~ flow-resistive work towards normal and permn}reater workload tolerance with less. respiratory dlstres&

Lung cemrad pressure was determmed frony changes in lung relaxation volume accompanymg
immersion (\I-17) Upnght immersion mused a mean displacement;of the respiratory compliance curve
of +1.33kPa (SEM=0.106), relative to the hydrostatic pressure at the sternal notch. Prone immersion
produced a mean %sgxacemem of ~0.69kPa (SEM20124) (N=13). Lung centroid was deemed to be
13.6cm inferior, and"7.6cm posterior to the sternal notch.

Static respiratory mechanics were investigated in air (control) and water (N=10). Upright
immersion produced no significant changes’in lung, chest or total respiratory compliance, measured at
control relaxation volumé. Immersed subjects were provided wi‘th air supplied at four hydrostatic
pressures: mouth pressure, (Pzc ~0.98)kPa, Py ¢, and (Pc +0.98)kPa. Immersion with air supplied at
mouth pressure reduced expiratory reserve volume by 47% (p<0'.05) and increased inspiratory muscle
work Lh’ree—fold (p<0.05). At the other three supply pressures, inspiratory \iavork«vand luhg volume

compartments were returned towards control status (p<0.05).

Dynamic pulmonary mechanics were investigated under identical conditions. When immersed,
~ % inspiratory and expiratory pulmonary work, and pulmonary resistance increased significantly (p<0.05),
with air supplied at mouth pressure. Air provision ai greater pressureé returned variables towards control ~ _

status sequentially with pressure inctements.

7 ' ’ 'fen subjects performed graded, immerSe-’d_exercise at ambieﬁt pressures ofl and 6 ATA, breathing"
air supplied at mouth and lung centroid hydrostatic pressures. Minute ventilation, end-tidal CO,, -
oro-nasal pressure, heart rate and perceived respiratory comfort were recorded. At 6 ATA subjects .
experienced significant bradycardia and hypoventilation (p<0.05). When breathing air at Py subjects
found respiration to be more comfortable (p<0.05), while achieving a significantly greater minute
ventilation (p<0.05). Subjects also reported being less affected by narcosis.

.,
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CHAPTER 1

" INTRODUCTION

The respiratory system has been described as a reciprocating bellows pump (Mead and Milic-Emili
1964) consisting of two concentric walls, with the outer wall housing the respiratory muscles, which 'power
the pump. The work done, and the degree of efficiency of this pump are of prime importance. In man,
respiratory work does not normaliy impede phy_simi power (Asmussen and Neilsenri 1960, Stubbing.er al.
1980). P;llmonary patients have shown that power may be impaired by ventilatory inadequécy (Roussos
and Macklem 19738, Bye et a/. 1983). It has been suggested that under extremes, respiratory work may
consutne enough oxygen to limit that available for useful externa! work in normal subjects (Shephard
1966, Hesser et al. 1981). - |

-

~

Respiratory woik (Wreg') is carried out to overcome intrapulmonary forces (Figure 1.1), which
include elastic recoil of the lungs and rib cage. Lungs recoil towards zero.volume so that inspiratory
effort must exceed recoil pressure to cause inflation. The rib cage recoils towards a volume approachmg
60% of the vital capacity (VC) (Agostom and Mead 1964). Inspiration to volumes 260%VC requires work
agalnst rib cage recoil pressure, however, at volumes <50%VC, recoil is in Lhe‘mspxrator_v direction, aiding

inspiration.

A second category of respiratory forces encoume{td?rt(h{e flow-resistive forces created by

friction during respiration: airway resistance (R,y), lung tissue resistance (Ry), and chest wall resistance

(Ry).

Finally there are inertal forces. Though minor under normal ambient conditions, both gas and
ussue inertia may become signiﬁcam under conditions of raised gas density and elevated thoracic mass.
Fac[ors which reduce lung or rib cage compliance, or mcrease respiratory resistance (Rpy)), or inertial

forces will increase the internal work of respiration (Wreg).

Standing in air, man is exposed to pressure from the environment. This pressure acts on all
: P2

internal and external surfaces with which the air is in direct contact. The gradual decline in pressure

. : &
with altitude renders detection of a vertical air pressure gradient over an upright man, a!mosg
imperceptible.\in this case all body surfaces are essentially exposed to the same atmospheric pressure.

This is not the case when man is immersed in water.

! Operational definitions and abbreviations are contained in Section 1.2.
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Figure l.1: R.spintory work and the forces from which it arises. -




Water dehsity is about 770 times greater than that of air at sea level. Descent to a depth of only

10 metres will double ambient pressure. Under these circumstances an ;im:riersed; upright man will'\;g :

exposed to an appreciable pressure gradient from head to toe. A man 1.7m tll experiences a total body -
pressure gradient of 16.67kPa (170cmH,0)*. This is equivalent to the pressure difference between sea

| level and an altitude of 1500m. A second gradient exists between the mouth and diaphragm. Both

pressure gradients have been shown to p{oduce Tespiratory perturba:jons resulting in altered ventilatory

work during head-out immersion (Agostoni et al. 1966, Hong et al. 1969, Flynn et al. 1975, Dahlback

et al. 1979). ‘

Man adopts a variety of postures during recreational and commercial divihg; The commercial
diver is forced, by the nature of his work, to spend most of his diving hours in an upright posture. In
. this position the craniocaudal pressure gradient is- greatest. Whnen receiving air at a pressure head equal

‘to that of water at mouth level, there exists a hydrostatic pressure ipralance between the external ‘
thoracic pressure and mouth pressure, equivalent to about 2.45-2.94 kPa (25-35 cmH,0), depending upon
stature. This is phygif;ally similar to negative pressure breathing, which has been shown to reduce lung
volumes and elevate airway resistance (Ryy) (Ting et al. 1960a, Agostoni et al. 1966, and Bjurstedt et al.

1980).

It has been consistently demonstrated during immersion, ihat the imposition of a vertical
hydrostatic pressure gradiem,,produces a translocation of peripheral blood to the thorax (Arborelius et el. -
1972, Farhi and Linnarsson 1977, Lbllgen et al. 1980, and Krasney et al. 1984). Elevated venous return
increases cardiac output, possibly due to a preloading effect, to produce a concommitant pulmonary )
‘engorgement (Arborelius ef al. 1972a, Begin et a/.1976, Lollgen er al. 1980, and Hajduczok et al. 1984).
The effect of this translocation, and mechanical compression of the thoracoabdominal region, is‘ to reduce
lung relaxation volumes and total respiratory compliance (Agoslohi et al. 1966, Hong et al. 1969,
McKenna et al. 1973, Flynn et al. 1975, and Craig and Dvorak 1975). These changes elevate elastic

respiratory work.

Upright immersion also produces volume—dependem increments in airway and pulmonary
resistance (Agostoni et al. 1966, Sterk 1970, 1973, Dahlback et al. 1979, Lollgen et al. 1980). Such

changes increase flow-resistive ventilatory work.

* The Systeme Internationale d’Unites (SI units) are used throughout- this thesis (Appendix
One). .



Comniercial divers respire gas at mouth pressure whilst working upright, and thus will be requiréd

1o generate this additional elastic and flow-resistive work. At the very lea{stT such increased effort wil ,
feducrrespifatory comfort and relative respiratory work efficiency (J.I'*), and at worst may be frankly
dangerous, if the loading is large enough to impose a ventilatory limit on gas exchange during emergency

operations.

1.0.1 Statement of the problem.

The general lack of experimental evi‘dence conceming levels of respiratory work divers can
tolerate, has resulted in the ventilatory requirements of underwater breathing apparatus remaining largely
unspebciﬁecL ' Implication; of this omission, for safe and efficient pulmonary function in divers using
conventional apparatus, remain unknown. By evaluating the components of respiratory work at various
breathing pressures, one may derive optimal physiological specifications for the design of respiratory

apparatus necessary to improve work efficiency, respiratory comfort and safety for commercial divers,

Lung centroid pressure is defined as the breathing gas pressure reqmred to retumn staUC respiratory
mechamcs to normal. Lung centroid (or thoracxc centre of pressure) may be con51dered a sanal location
w1thm the lungs, represenung the mean hydrostatic pressure acting on the outside of the thorax. It is
postulated that gas delivery at pressures approximating lung centroid pressure will return respiratory

work towards levels Which prevail in air.

1.1 HYPOTHESES

111 — e
* Upright, whole-body immersion without compensation of air
supply pressure, produces a positive pressure shift of the total

* respiratory compliance curve, contributing to a reduced lung

relaxation volume, and increased elastic work of breathing.

L2

The provision of air supplied at lung centroid pressure, during
! upright immersion, will restore the position of the respiratory
compliance curve, and return lung volume subdivisions and

capacities towards levels which exist in air, thereby reducing -



1.1.3

1.14

. elasticity. It is further postulated that these work levels will be

\

inspiratory muscle\&wo'rk required to overcome respintod |

equivalent to the inspiratory muscular work in air.

Uncompensated upright immersion will elevate the pu'lmonaryl
flow-resistive work of brrwthking. The pfovision of air suppliéd at
lung centroid pressure, during-upright immersion, will reduce
i)ulmomn flow- resistive work of breathing during‘in'imers;ic')n,

returning it towards values obtained in air.

Increased internal elastic and flow- resistive pulmonary work,

_ accompanying uncompénsated, upright immersion will cause

respiratory discomfort during severe exercise and will limit
physical power. It is hypothesised that provision of air at lung

centroid pressure during exercise, will: (a) reduce respiratory

effort, (b) improve respiratory comfort, and (c) permit divers to

tolerate greater workloads. &



- - —

1.2 ABBREVIATIONS AND DEFINITIONS OF TERMS *

The definitions and symbols used wnthm this thesis were abstracted from the recommendations of
Pappenheimer (1950), the International Union of Physiological Scientists (Bartels ez al; 1973), and the - ’
American College of Chest Physicians and the American Thoracic Society (1975). |

1:2.1 Lung volumes. _ :
The lungs may be divided into four non—overlappmg primary compartments. Summauon provides total

lung capacity (Boren ez al. 1966). When volume is expressed per unit time, it becomes a measure of gas
flow (V). o
1. Expiratory reserve volume (ERV): The volume of air which may be expired from the point of end
l- tidal expiration ©0 maximal expiration (’reserve air’, I-Iutchmson 1846). -
2. Inspiratory reserve volume (IRV): Th; ;olume of air whlch may be inspired from the pomt of end
tidal inspiration to maximal inspiration (Boren et al. 1966)

3. Residual volume (RV): The volume of air remaining in the lungs followmg the fullest p0551b1e

expiration (Davy 18 l'm ° , ‘“\a _ v
4 " Tidal volume V1) “The volume of gas expired or inspired during the respiratory cycle ("bréathing /
air’, Hutchinson 1846). ' '

1.2.2 Lung capacities.

Lung capacities are composed of combinations of two or more primary volumes. There are four

standard lung czpac;ities (Boren et al. 1966).

1. Functional residual capacity (FRC): The volume of air remaining within the lungs at the end of a
normal expiration (Lundsgaard and Schierbeck 1923). FRC = ERV + RV.
2 Inspiratory capacity (IC): The volume of air inspired from the point of end tidal expiration to R

maximal inspiration (‘complemental air’, Hutchinson 1846). IC = VT + IRV.

E.;J

Total lung capacity (TLC): The total volume of gas within the lungs at the end of a maximal
inspiration. It is composed of ai] four lung volumes (Boren et al. 1966).

4. . Vital capacity (VC): The volume of.air expelled from the lungs during exp}iratior‘l, from the point
of maximal inspiration to the point of maximal expiration (Hutchinson 1846). VC = ERV + IC.

> Reference dtations have, where possible, been traced to primary sources.



1.2.3 Ventilatory vanables o L Ll |

1

N

N

Breathing frequency (fp): The number of breaths per umt time (usua]ly b minr ‘) (Pappenhenmer ’
1950). — . - |
Forced expired volume (FEV): The volume of gas expired in a gnven time durmg the forced vital
capacity manoeuvre {(e.g. FEV,,) (Boren et al. 1966). _ . ,
Forced vital capaclty (FVC): The volume of gas expired during performance of the v1ta1 capacrty
'manoeuvre using maximal expiratory effort (Boren et al. 1966). ST

- Maximal voluntary ventilation (MVV): The maximal volume of air (per unit time) that is ,
voluntanly breathed without extrinsic control of ndal volummency of breathmg The ferm _
maximal breathing capacity is reserved for correspondmg values driven involuntarily (e g exercnse 7

or carbon dioxide driven) (Boren et dl. 1966).

1.2.4 Respiratory work.

L

Work of breathing(Wyeg): .Classically physicists define work as a scalar product of the vec(ors force
(E) and displacemem (s). When a force apolied 10 a body eauses it 10 move in the dire;:tion of the
force application, then work is performed on that bod) Thus: : '
W=/ Fd )
The product of Force (newtons) and displacement (metres) has the metric units of work: N.m (iJ =
1 N.m). Since the *bellows-action’ of the thorax pumps air, force may be substituted by the ‘
pressure difference (P) required to produce gas flow and alveolar duct cross—secﬁoW o
F=Pa |
Displacement may be substituted by lung volume change (V) divided by the alveolar ducl‘

cross—sectional area (a):

A - s=V/a P,
Substitution of the last two expressions imo.the first (and simplifying) provides a means for
denvmg the flow-resistive work of the respiratory pump: N

Wieg = [P-dV [umts-N m *m’ = N.ra = Joule]
Classically lung pressure is taken as dymamic transpulmonary pressure (pressure at ure airway
opening [mouth) minus pleural pressure) and oesophageal pressure is used as an approximation of
average pleural surface pressure, Otis '1964. Volume is obtained from respired gas measured at the

mouth. This technique fails to account for ﬂow¥resistive work performed on ‘the 'tissues of the

thorax and aEdomen-, which may account for’about 25% of respiratory work during exercise (Opie
. -



etal. 1959 Otis 1964 Goldman et al. 1976) and the work of antagomst muscles opposmg each

other during breathmg (Milic-Emili ‘et al. 1981) Wres , derived usmg spontaneous
pressure-volume relationships, is deﬁned as work performed to overcomg airway and lung tiswe
resistance.  Under these circumstances Wrag should more precnsely be named pulmonary work
(Wpu_l) ThlS nomenciature has been adopted.
2. Speciﬁc rsplratory work an power Both work and power may be expressed in absolute umts, or -
in {erms relatwe o the volume of gas moved. This later expressmn permits normahsauon of data
1o account for mter—subject,,mtra—su‘tvuect» and inter-trial variations jn tidal volume.& '
3 Power (Wres) : A time derivative of the scalar quantity work, power is work perforrned per Emit
 ime: . '
) Wieg = dWpeg /. dt

1.2.5 Respiratory pressures. , - e

. - {4 .
- All pressures are expressed relative to an anatomical or physical location by use of subscript

abbreviaﬁon_s. Anatomical subscripts mclude: airway (aw), airway opening or mouth (ao), alveolar (alv),
oesophagus (oes), gastric (ga), pleural (p!), lung (1), lung tissue (lt), chaphragm (di), rib cage (rc), body
surface (bs), total respiratory system (rs), chest wall (w) (which is a composite of the 1ib cage and
abdomen (ab)) (Agostoni and Mead 1964), ransthoracic (tth), and transpulmonary (tp) (Goldman ez al..
1976). These subscripts have also been used 10 descrit;e the-sgmponents of the work of breathing (e.g.
Waw) and flow-resistance (e.g. Ry). Physical subscripts include: ambient pressure (A).

r—

Pressures are measﬁred statically (zero gas flow), quasi-statically or dynamically ahd have’ Lhé
respective oubscﬁpts st 'q-s’ axid ’dyn’. Location subscripts follow measurement subécripts where botﬁ
are present, and in such cases the former appears in parentheses (e.g. PSL(I))- The follow.ingv'expressions
define and‘display pressure ihter—relaﬁooships §

Pai(rs) =PI * Py = Pag ~ P = PU’S
Pst(w) P pl = Phs
- Poyly =Pao - Pp1 = P‘Ip , Pulmonary pressure
Psi(w) = Pst(rc) = Puab * Pudi
(If the rib cage and abdomen— dlaphragm operate in parallel while the diaphragm ana' abdomen operate

in senes )



b

 Pp=Pay-Py

Pih = Ppl = Pps

1.2.6 Compliance. o , - . .
Lung comphance (C) measures h:ng tissue mpacxty 1o} be distended dunng mﬂauon (clastancc = I/L)
(Radford 1964). Comphance may be measumd;m static (zero flow and zero volume accclcraum}
quasn—stahc (slow flow or transient occlusxon) and dynamic (flow and/or volume accclprauon not cqual o
zer0) conditions (Cgy, Cq_S and Cgyn) and may be used to refer 1o the lungs (e & Coyny: chest wall, or
}he enure respiratory system (including lungssand chest wall e.g. Cst(rs)) Comphance may be derived at
any pomt along the pressure-volume curve, and is given by the curve slope:

C= dV / dP
Dynamic compliance is the ratio of tidal volume to the pressure change between the two points of zero

gas flow at either end of the tidal excursion (Mead and Milic-Emili 1964). *

1

' 1.2.7 Resistance.

1. Airway resistance (R,y): The opposition 10 air movement created by friction. and resujting in the
loss of mechanical energy as heat. To compensate for resistance, respiratory muscles perform more

work to move a given gas volume °.

o

Pulmonary resistance (Rpul): Frictional resistance is also imposed by lung tissue mMOving across
itself (Ryp). Pulmonary resistance is the summation of airway and lung tissue resistances.

Rpul = Raw * Ry
Respiratory resistance (Rrg): Frictional resistance is also imposed by the chest wall movement

(¥9)

(Ryp). Respiratory resistance is the sum of all resistive forces expcrienced during breathing.

Rrs = Rpul * Ry

* Compliance measurements are sensitive to two variables: (a) lung volumec excursion
immediately prior to measurement, and (b) the time taken to produce the volume change (ic.
static versus dynamic measurement). . .

* Airway resistance will vary with lung volume and flow rate.



1.2.8 Miscellaneoxs terms. L ' o
i.

)

L)

[ 1%

Fupsacic presswre: Derived by PalmmdSmd(lW)mrc&rtomzardehwn prcssurc .
subjectively azmmummfwh&edmugm o

Lowg-controid (P1C): Derived rom the phrase “centre of pressure of the thorax’ and used initially
by Paton and Sand (1947). Lung centroid pressure (ﬁw) is defined as the pressure required (o

: mnm the zmmmedluns relaxation volume back towards that level n{hn:h exists in air. ‘Thcr

centroid is a spatial location within the thorax which represents the mean hydrosiatic pressure .
acung on the outside of the.thorax during such an immersion. In air. pressure at this point would
be aumhm pressure. During immersion, with an ocduded amva) it would equal thc
hydmsuuc pressute found.-at some poinl between the apex and base of mc jungs

O’rm consumption (VO.) : The quantity of oxygen consumed by an organism or Ussue. Smce
oxygen forms vi! links within the epergy metabolism processes, VO, has been used to express

- energy production, using the thermal equivalent for the non-protein respiratory quotient VO, is

expressed in absolute (Lmin *) and relative units (mlkg “.min).

Retaxation pressure (PR): Intrathoradic pressure o&aincd during complete respiratory relaxation
agains? an occluded airway, with the glotis open. '

Relaxation yolume (VR): Lung volume obuined during complete respiratory relaxation with glotus

ang airway open. The airway may, or may not be open to the aunosphérc. In the case of

‘ :mmtm(m when breathing from self contained underwater breathing apparafus, the airway is

;mem!i; not equilibrated 10 almomhenc pressure, but to the delivery pressure of the appatalu& /

When the sirway 15 open 10 the atmosphere, when seated in air, the relaxauon volume is usually

L= e

equivalent 1o the funcuonal residual apaaly.

10
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' DETERMINATION OF THE THORACIC CENTRE OF PRESSURE

. N
Historians accredit Becker developing the'first helmet-hose diving apparatus in 1713 (Davis 1962).
Augustus Siebe injtiated 'hard-hal; diving in 1837 with the ’closed’ suit and gen_tejd helmet (Dévis 1962): A
_ .Aéfding ‘10 Haldane (1907), the Siebe apparatus was iiil'lAused by the Royal Navy in i'907. A vent
valve located on the helmet, permitted divers to regulate the volume (and hence pressure) of air inside
the suit With the valve fully open, pressure actipg on a given body part equallea atmospheric pressure,
plus that of a water column equal to the differenc{ in depth between the body part and valve. Regions
‘below the helmet were at greater pressure, vwith the exceptién of alveolar air which, due to its -
communication with helmet air, was at helmet pressure when the glottis was open and airflow absent -

(Pascal’s principle). ' ’ .

Using this apbaralus, Hal@e (1907) reported the first expg‘rimcms on the ricspifatory
- consequences anendiqg disparities between air delivery pressure and external préssures. Attachment of a
60cm tube at the-vent valve permitted divers to regulate helmet pressure by positioning the tube end at
various depths. With the valve 7-10cm above the helmet ventilation became almost impossible, duc to
an inspiratory limitation. Increasing valve depth progressivel)‘ reduced respiratory effort. Respira;idn

)

was easiest with the valve at shoylder level (deeper depths resulted in excess helmet Jift and loss of

neutral buovancy). - -

Head-out, or wholeZbody, upright immersion results in an elevation of external Lhoracic'pressurc
relative 10 alveolar pressure. Thus alveolar ;;ressure (P3}y) becomes negative relative to the hydrostatic
forces acting on the thorax, abdomen and legs. Furthermore, the resultant transrespiralory pressure
(Pyrs) 1s not equally distributed 6ver the thorax, as in air (Figure 2.1). Resting thoracic volumes, which
detergnine respiratory mechanics, are regulated by lung and che§1 wall elasticity, transrespiratory pressurc
gradients, gravity, intrathoracic blood volume and pressufe differences between parietal and visceral 7
pleural circulatfon (Rahn et al. 1946, Fenn 1951, Agostoni and Mead 1964, Mead and Agostoni 1964, Ots
1964, Agostoni 1972, Miserocchi ef a/. 1981, Denison 1983). Upﬁgﬁimmersion has been shown 10
adversel} alter respiratory mechanics (Paton and Sand 1947, Hong é{:.l 1960, Jarrett 1965, Agostoni
et al. 1966, Hong et al. 1969,Craig and Dvorak 1975, Flynn et al. 1975, Dahlback 1975, 1978, Prefaut

“ef al. 1979, Minh ef o/. 1979, Lollgen er a/. 1980). Such mccﬁanical penlirbaxjons explain the breathing
difTiculty experienced by the divers in Haldane’s (1907) study.

>
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Figure 2.1: Hypothetical hydrostatic and transrespiratory pressures during whole—body, upright
immersion. If a man 1.74m tll is immersed upright, ‘he will experience a vertical hydrostatic
pressure gradient from head to toe, of approximately 17kPa. Over the thorax there will exist
a negative wansrespiratory pressure, which becomes more negative with increased depth.
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Paton and Sand (1947) introduced the rerms eupnoeic and éemr&&"préssufréﬂtd describe the ideal
gas delivery pressure. They defined euupnoeic pressure as the air supply pressure produr:ing'grealést
resprratory oomfort, }nd equated it with the pressure even]y diffused in the lungs, which matched the
mean of the external hydrostaUC pressure gradient. The difference between air supply pressure and
eupnoelc and/or lung centrad presure‘ reﬂécts the hydrostatic 1mbalance between P,y and mean

thoracrc surface pressure (Frgure 2.1). - ‘ R AN

Jafretr (1965) extended the cdnt:cpt of thoracic centre of pressure, or lung centroid pressure, by
reéognising that it is moved by ;}re phase of respiration and by the posture adopted. Because lungs lack -
radial symmetry, and because they behave as flaccid balloons within a semi-rigid comainer, the thorax
cannot possess centrosymmetry (a fixed centroid locus), and thus, the centroid is applidble"‘onl_r' t-o,the :
posture and respiratory phase from which it was derived. A '

During upright immersion, the rregauve transrespiratory pressure\ effcountered means that divers
are faced with a breathing pressure 1mbalance The pressure acting on Lhe thorax is greater Lhan Palv. If
the magnitude of this imbalance is known; underwater breathing apparatus may be modrﬁed 10 enable
provision of air at slighty higher pressures. In the Siebe suit, this would mean closing the vent valve to
increase helmet pressure, since divers breathe from the helmet and suit volume without intervening
connections. Self-contained underwater breathing apparatus (SCUBA) provide air at the ambient
: pressure,of ‘Lhe second stage regulator, which is usually positioned at mouth depth. Hydrostatic

~ imbalance between centroid pressure and the pressure at mouth level, igcurre/d, by this apparatus, may be

minimised by supply of air at positive pressure, relative to mouth pressure:

In upright immersion, Paton and Sand (1947) reporled subject preference for delivery pressures
more positive than eupnoeic pressure rather than moré negative. Subsequent invesugalors repbrred
restoration of normal lung mechanics during immersion by use of positive mouth pressures (Beckman
et al. 1961 Flvnn et al. 1975, Thalmann er al. 1979). In accordance wuh these observations, and the
works of Paton and Sand (1947), and Jarzefi (1965). lung centroid pressure (P ?) is defined, in this
thesis, as the-pressure required to return the immersed thoracic relaxation volume to levels which exist in

~air. When immersed, upright, delivery of air at PLC represents aposiu've pressure at the mouth, with a

-

—
-

* Centroid is a term used in physics and mathematcs LO descnbe the centre of an area,
volume, inertia or mass

* Chapter One



prog'ressi‘ve decline of pressure. pradient moving upstream to the alveoli. ,ApimlalveoleﬂLbemder 77777 .
very slight positive transrespiratory pressure (Pyy), if the qa{\eal bifurcation is located above Py depth, -,
while baia.l alveoli will experience a slightly negative Ptrs; ' o

Three methods have previously been employed to derive Pz : (1) subjgcﬁve pressure selection by |
immersed dirvers (i.e. eupnoeic pressure), (2) immersion with airway occluded-at the relaxation volume
' obtained in air, to measure the change in Pal;{ (non-steady state measu}'emenl), and (3) analysis of static
rcspiritory pressure-volume relaxation curves for air and immersed states, 10 mwsureﬁressure- change at

the respiratory relaxation volume (VR).

Using the psychophysimi method of limits, Paton and Sand (1947) asked subjects to determine
eéupnoeic pressures at various depths and orientations. *. One would expect eupnoeic and Py 10.be
equivaleht_ since greatest comfort should‘coincide' with greatest respiratory mechanical efficiency.
However, the authors reported mean vertical, supine and prone eupnoeic pressures of 8.73t1.1cm below

the auditory meatus (above the thorax), about 10cm and 10+3 5cm dorsal to the sternal notch‘

respectively. . - 7

P:non and Sand (1947) suggested.oral sensation dictated pressure selection to some degree, that

" immersion elevated the lung’s centre of volume, and that thoracic compression may elevate chest recoxl
and pleural pressure (Ppy). If the resting thoracic volume is delé}mmed by the algebraic sum of chest
wall and lung recoils, then the relaxation pressure (PR) of the respiratory systern may be expressed as the
difference between internal and external expansive and compressive%forces. Paton and Sand (1947)
suggﬂested that an increase in chest recoil and Pp) ( i.e. Pp) becomes less negative) with immersion, will q
reduce the upright lung centroid pressure. This explanation was offered to justify their positioning of the

‘centroid above the thoracic cage.

! Lung centroid position in the horizontal plan; was subsequently verified (Qong et al. 1960, Jarrett
1965, Craig and Dvorak 1975), however, it appears implausible that the upright lung centroid would be
located above the thorax. Jarrett (1965) proposed that this may have been created by additional muscular

effort required to hold the mouthpiece in place at high lung volumes and delivery pressures. Thompson

 Eupnoeic pressure was measured in the units: cmH,O (lcmH,0 = 0.09803kPa). Su .
measurements equal the hydrostatic pressure at a given water depth (in centimetres) thus it
is convenient to express both eupnoeic and Pyc as a water depth, relative to the ambient
pressure at an anatomical reference point, which has a well defined relation to the chest

* Also known as: supra-sternal nbmh,\stemal angle, jugular notch or interclavicular notch.

3
—
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and McCally (1967) suggested that large transpharyngeal pressures would produce local discomfort before

P was reached, and subjects would consequiently select pressures below P LC-

Thompson and McCally (1967) subsequemly used faci;l and pharangeal counter-pressure in a -
replication of the Paton and Sand (1947) study, to further investigate the problem. They found eupnoeic
pressure was ~8cm H,O (0.78 kPa) greater with, than without pharangeal countéf—pressure. With facial
‘oounter-pressure, mean eupnoeic pf&ssure was still only 4.0#8.6cm below the sternal notch, though
subject variability was high (range = -5 to +20cm). It is concluded by the current author that eupnoeic
techniques are inadequate to provide an accurate appreciation of the upright Py ¢, possibly bemhse the

poor kinesthetic sensation of the lung tissue makes it difficult to detect changes in Paly-

Hong et al. (1960, 1969) implemented non-steady state determinations of P LC.'{\II was postulated
that P,}y, during airway occlusion at a known thoracic relaxation volume, would be elevated as the body
was lowered into the water. The elevation magnitude would be proportional to the mean external
‘thoracic pressure gradient ( i.e. Py ). They reported an average P,y rise of 0.84kPa (8.6cm H,0),
relative to atmospheric pressure (Pa). This was half the pressure chahge observed following several
miputes at the’ same immersion depth. The discrepency was attributed to involuntary maintenance of
inspiratory muscle tone by the subjects. It is also possible that transient glotial closure prevented the true

P,1v from being recorded.

Minh et al. (1977) determined FRC (N, washout technique) ip upright anaesthtetjsed dogs in air.
The airway was occlﬁded and the dogs were immedi.ately immersed ui)right 16 the midneck level while
Pa)y was monitored (relative to Py). Py was 3.18 £ 0.12 kPa (32.41/‘1.2 cmH,0)*. These d'aia. showing a-.
much greater increase in Py}, during immersion when inspiratory muscles are anaesthetised, support the
inadequac; of the non-steady state technique for derivation of P L in non-anaesthetised subjects. The
relevance of this Py to human studies is unknown. It must be noted that centroid depth is not able to
be expressed relative to the sternal notch. Because Pj ~ was determined relative to Py , centrd’d dep»th
can only be expressed relative to the water surface ( i.e. at some mid-neck point).” Lung centroid in‘thevsp

dogs must have been located about 32cm below mid-neck level.

Jarrett (1965) attempted P~ measurement from respiratory pressure-volume relaxation curves,

obtained in air and underwater. Subjects (N = 3) performed static inspiratory manoeuvres d&ring

* The investigations of Hong et a/. (1960, 1969), Craig and Dvorak (1975) and Minh et al.
(1977) did not specifically address the issue of Py measurement. However, they did obtain
data from which P;- could be obtained.
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head-out, upright and éupine postures. Lung relaxation vblurnes were derived from upright control

-

curves obtained in air. P LC Was obtained by computing regression equations for alveolar pressure as a
function of lung volume for head-out immersed subjects, and calculating the air pressure required 0
reproduce the upright control relaxation volumes~(VR) Thus, Jarrett (1965) obtained a pressure shift of

the control VR along the pressure axis® (Figure 2.2),

‘Classical description of the resprratory comphance curves was first prowded by Rahn et al. (1946)
The total respiratory curves represent a combmauon of lung tissue and chest wall presstiré-volume
characteristics. Static pressure exerted by the total respiratory system equals the sum of lung and chest
wall static recoil pressures ( ie. Pgyrs) = Pst(l) *+ P gtw)’). The mechanical zero of the system (whrch
corresponds with the resplratory VR) falls between the relaxatmn volumes of the lung and chest. The
total respiratory compliance curve is sigmoidal, with the lower curvature being attributed to the serial
collapse of smaller airways, alveolar closure (Velasquez and‘Farhi 1964, Labadie and van Eenige 1969),
and ch&et wall stiffness. The pper asymptote is due to attainment of near maximal lung expansion.
Conventionally such curves are reported with pressure on the abciésa, however, pressure is the dependent
variable. The slope of the conventional curve is termed compliance, and describes the ability of the lung
system to distend with internal pressure increments’. Elastance is the inverse of compliance and describes

resistance to distention.

From ana]ysfs of total respiratory compliance curvee, Jarrett (1965) found Py to be 19cm inferior
_ and 7cm dorsal to the sternal notch. These resufts have been used for a variety of applications by
numerous investigators (Thompson and McCally 1966 1967, Sterk 1970,1973, Craig and Dvorak 1975,
Minh et al. 1977, 1979, Sawka et al. 1978, Milne and Mornson 1979 eltman and Katch 1981, Ostrove
and Vaccaro 1982, Grismer and Goodwin 1983), yet these data were obtained from only three subjects.

No subsequent studies have been found by the author which deal specifically with Py measurement.

Several investigatbrs, (Table 2.1) have produced data permitting the calculation of Py ¢.
Inconsistencies between prdtocols render some of the data contradictory to an upright P of 19cm

below the sternal ‘rknotch. as reported by Jarrett (1965). Yet the authors have suggested their evidence is

* This technique uses a constant lung volume (or isovolume) with which to compare control
and immersion compliance curves. Pressure displacements are determined from- pressure changes
recorded at this isovolume.

~ Chapter One.

' Chapter One.
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Figure 2.2: D'splarcunen;w t of respiratory relaxation volume along pressure axis during head-out,
upright immer§ion. [Redrawn from Jarrett 1965. Curves represent mean values for three
subjects.]. .
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supportive of Jarrett’s observations. 'I‘he major mconsxstency is the use of different. anatomxca. -
references. Lung centroid may only be referenced to an anatomical structure if 'tranSpulmonary pressures
are expressed relative to the ambient pressure at that pomt. Most studies subsequent to Jarrett (1965)
report isovolume, compliance curve shifts relative to PA. Since various immersion depths have been
‘investigated, lung centroid pressure may be refefenced only to the water surface, and ’heﬁce the ‘ f
~anatomical site at that level. This point has been overlooked by most authors. In order to allow cross
study ébmpaﬁsorxs, data must be referenced to a common anatomical point Data from previous

investigations has been adjusted to permit lung centroid pressure to be referenced to the sternal notch

(Table 2.1).

Re-analysis of the adjusted'data from Table 2.1 permits computation of a weighted average lung
centroid (according to subject numbers) rclﬁn’ve to the sternal notch. Centroids averaged 12.7cm and
7.8cm for upright and horizontal positions respectively (eupnoeicAdata not included). Horizontal
positioning agrees well with the'original work of Paton and Sand (1947) and Jarrett (1965), however, it

appears 19cm may be too deep for the upright centroid .

2.0.9 Purpose of the chapter.

The objective of this study was to re-evaluate lung centroid position in the erect (seated) and
prone postures using the isovolume, compliance curve technique used by Jarrett (1965). The latter
posture was chosen since it representé swimming posture, while the formet (within constraints of the
diving chamber) best represents the posa/xre of a working commefcial diver. A sample size of 20 was

chosen to ensure that measurements derived could be utilised with a degree of confidence, to evaluate

possib_le benefits of gas delivery at pressures approximating Py .
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2.1 METHODS,
- 2.1.1 Subjects.

: Twehty male non-smokers (incl}lding 13 diveré), screened by questionnaire for normal luhg '
function history, participated in this investigation. All received subject information packages and signed
 informed consent releases. - - '

Subjects were requifcd 0 perfom; a series of static pressure-volume relaxation manoeuvres over
the volume range from residual volume (RV) 10 total luné capacity (TLC). Commencing with a
relaxation at RV, subjects slow}y inspired a variable volume of air, as determim_ed by the expeﬁmeﬁter,
ihen relaxed for four to six seconds with the glottis open, against an occluded airway. Trials were
performed upright and horizontal ih air (control), and while totally immersed. Subjects unable to p;dvide
reproducible stétic pressure—volume curvés in air were excluded and replaced. Twenty—-nine subjects

were tested before twenty suitable subjects were identified.

2.1.2 Apparatus

Lung volumes were measured using a pneumotachograph (Fleisch #4) coupled with a differential
pressure transducer (Validyne DP103 + 0.25kPa ). Alveolai pressure was measured at the mouth, with
the airway occluded and glottis open, using a differential pressure transducer (S.E. 1150 * 6.2kPa ).

Output from both transducers was amplified (S.E. 423/1E amplifier demodulator): »ﬂow signals
were low pass filtered at SHz (Rockland model 432 dual high/low filter), andbo;h signals passed to an
IBM(PC), via an analog/digital converter (Tecmar Labpac), for storage. Data were sampled at SOH’L
McCall et al. (1257) demonstrated the peak frequency content of tidal volume and vital capacity
manoeuvres to be 3.5 and 4Hz respectively. According to sampling theorem (Berson 19{0), 50Hz

sampling results in minimal signal distortion and information loss. | - \

System linearity was evaluated ° using a U-tube water manometer in parallel with the mouth

pressure transducer. A step series of known pressures (+0.02kPa) was applied to the system over the

* Since it was crucial to know the system response ‘(i.e. from transducer to computer), and
since system components act in series {causing system amplitude response to be the product
of component responses - Fry 1960), it was decided to evaluate the complete system, rather
than linearity of separate components.
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range - 5.9KPa to +4.9kPa. This range was deemed to include mouth pressures anticipated during static
pressure-\}olume»relaxation manoeuvres. The system was linear (r >0.999), and remained so throughout

the investigation.

Accuracy of volume and apressure megsurement was confirmed b)}v répealed applimﬁon of imown*
'volumes and pressures to »each;system. 7The standard error for dry vqlumes was 0.007 litres (usiné%@ )
litre syringe injector as a standard), and, for immersed volumes it was 0.016 litzes '(uéing 5.921 litre syringe
standard). rFive pressure standards were used (-1.96, -0.98, 0, +0.98, +1.96kPa (-20, -10, 0, +10,
+20cmH, (). Pressures standards were applied with an accuracy of £0.02kPa (+0.2cmH,0). Standard
errors for the five pressure standards were 0.006, 0.008, 0.005, 0.005, E).OO9kPa respecﬁvely.

Volumes were calculated by integration of flow signals with respect to time. System validation
included all components between the pneumotachograph and integration routines. Integrated volumes
displayed a ﬁon—systematic\u@:iance with flow rate (x = 1.00420.042 litres), when a one litre standard was

passed through the pneumotachograph at flow rates between 20-40 Lmin 't

Immersion trials were performed in the wet‘ chamber 6f a hypo-hyperbaric chamber complex able
to simulate depths to 300m with temperature and humidity control. Water temperéturé was regulated to
34.6+04°C by a menndsmﬁqlly' controlled ﬁeat exchgnger. This necessitated the use _oL[ong pressufe | v
probes to connect the pneumovtachograph to its differential pressure transducer. 'To ev;]uate the effects
of probe length upon volumie measurement, trials were performed using known volume standards (0.961
 litres) and different probe lengths (0 415, 1.600 and 3.350 meues’“) Increasing probe length resulted in a
systemaUC but non-significant increment in the mtegrated volume measurement (0.966+0.034,
0.971+0.004, and 0.978+0.007 litres respectively), representing 0.52%, 1.04% and 1.77% above syringe

volume, which itself was determined by repeated. water fitling.

During the immersion trials the pneumotachograph ‘was kept above water.r i’re]iminary- trials
revealed leakage around the mouth, causing occlusion of the Fleisch tubes when the latter were vbe]ow
mouth level. Since both subjects zind the air subp]y were.immersed'(the latter to the depth of the sternal .
notch), lengths of low resistance tubing were used to link same 1o the pneumotaéhograph (Figure 2.3). : —
At either end of this tubing were Mares (MR 12 1) regylators c;)nnected to compressed air storage |

tanks. Subjects were positioned in this circuit, close to the second regulator. Two, two-way 1aps

1* Probe lengths corresponded with: the shortest possnble ‘probe length, the. probe length for
dry trials, and the probe length for immersion trials, respectively. :
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permitted the e;perimenter to control airflow through the pneumotachograph, and from which regulator .
- the subject breathed. Subjects were instructed on how to operate the taps to obtain air on dcman¢ if

Regulator 1 was positioned at sternal notch depth (upright trials), or in rhe sternal plane (prone
trials), émd provided air at that hydrostauc pressure. This p;evented excessive negative .pr'esure :
breathing during immersion.—This regulator was used only during uressure-\)elume manoeuVres, because
of the large dead space betwee;n it aud the subject (approximately 2 litres), and to avoid condensation in

the uiﬂreatec_l pneumotachograph, created by rebreathing. Tap 1 remained closed except during trials.

——

The second regulator served three purposes:
(1) it provided an easily accessible emergency air suppl) 10 subjects,
(2).it permitted subjecrs to breathe comfortablx below the water between trials, mcreasmg their ability to
reproduce relaxation pressures, and ’

- (3) it obviated rebreathing through the pneumotachograph.

3

For control experiments in air, a small length of ‘low resistance lubmg (volumc = (.365 litres)
connected subjects directly to the pneumotachograph. All other tubing was dnsconnecled but tap |
remained. In each set-up there exisied a volume of air between the subjea and tap 1 (1.591 litre and
0.950 litres — immersion and control respecuvelw) Lung volumes were corrected for gas expansion

during negative pressure holds, and for compression during positive pressure holds. -

Nine subjects took part in prelinunary' immersion trials using this apparatus. Subjects wore @
swimming goggles, a t.iqmy fitting neoprene diving hood<to compress the cheeks) and a nose clip.
Hands were used 1o support cheeks in both control and immersion trials. Data revealed marked
divergence from the results obtained by Jarrett (1965), vet pressure-volume curves were hiéhly
reproducible. Jarrett suggested subjects were unable to adequately relax unless an oronasal mask was
used. To evaluate the significance of this observation, all subjects were retested using a pressure

- compensated diving hood.

o

From this point, all 20 subjects performed immersion trials using a Kirby-Morgan band mask
{U.S. Divers) (Figure 2.4). A small pressure line connected regulator 2 directly with the a'rr space inside
the hood, and pressurised the latter to the pressure at the depth of the regulator. Both regulators were

maintained in the same horizontal plane at the level of the sternal notch (or stemum), pressurising cheeks



. Kirby~Morgas band mask wsed to provide facial ‘counter—pressure during immersion o



—

- to reduce bulging at high relaxation volumes. Since the pressure line by—pmdftap*%;mask*prssurefwas*f
constantly maintained. The hood provided strong rubber strappings to maintain its position during '
immersion. These facilitated mouthpiece stability, as it was impossible to physically eject the mouthpiece

when strapped in position. Subjecrs wore a noseclip inside the hong to prevent air losses.

During al] trials a U-tube water manometer was connected in parallel with the mouth pressure

transducer, enabling the experimenter to determine when a stable relaxation pressure was atained!’.

Preliminary immersion trials produced relaxation pressures beyond the differential pressure
Iransducer capacity. To bring pressures back into range a pressure compensator (Figure 2.3y, whrch . -
applied a pressure of about 0.15kPa, was connected to the transducer reference side, which had been |
open to air during control trials. The compensator consisted of a perspex cylinder, and pressure probe,

immersed to known water depths, and connected in parallel with both the manometer and the transducer.

To relate immersion-induced effects found in this study with those reported in the literature, and +
to a defined anatomical point, relaxation pressures were expressed relajiye to the hydrostdtic pressure at

the superior border of the manubrium (sternal notch). Prone relaxation pressures were expressed relative

to pressure at the sternal plane (a horizontal line through the anterior sternal border). i
~ 2.1.3 Calibration -
e Calibration was performed daily, or more frequently if the apparatus was shut down between -

subjects, or when large ime gaps occurred between successive testing periods. Pressure calibration was

performed at zero and +4.§kPa (+50cmH,0) using a waler manometer (20.02Pa (£0.2cmH,0)), utilising

previously confirmed system linearity.

U
Flow calibration was carried out with apparatus in situ preceding trials.” For control Lrw/s a series
of six syringe volumes of 0.961 litres were péss‘ed through the pneumotachograph at various flow rates.
Integrated flow was averaged and matched against volume standards. lmmersion trial célibration could
not be performed in this manner. With regulalor\l submerged, it was found that callibrau'on by pumping .
syringe volumes at regulator pressure produced erroneous volumes. Finucane er a/. (1972) demonstrated |
that geometry change of tubing upstream from the pneumptachograph had a marked affect upon the

pressure differential across the resistive eilement Thus flow calibration was performed with apparatus

' Relaxaton . was defined as the absence of inspiratory muscle tone. Since diaphragmatic
and/or intercostal electromyograms were not laken, relaxation became a subjectively derived
- state. The experimenter could determine relaxation stability from-manometer movement

: o,



fully assembled, by employing a single inspiritory calibration stroke with ’ar large syringe (5.921 litres)*:.

Calibration was performed with the regulator 10 - 15cm below the surface. Testing revealed no effect of

regulator depth on calibration data, and calibration data obtained with the apparatus immersed was now

equivalent to control calibrations. .

4 2.1.4 Procedures

Subjecrs performed static respiratory pressurehvolume manoeuvres between RV and TLC. Volume’
increments were inspiratory, and random in size. At each volume, snbjects relaxed totally, wuh the glotus
open, against an occluded airway. Relaxation pauses lasted four to six seconds. Pressures and volumes
were recorded for each volume increment. Trials were performed in air (control) andduring immersion,

using erect (seated) and horizontal postures.

Static pressure-volume manoeuvres were performed in the inspiratory direction to: (a) re_prodube
protocols of earlier researchers (Jarrett 1965, McKenna ef af. 1973), (b) to avoid condensation within the
pneumotachograph, and (c) to facilitate use of a regulator to reducé the effect of negative pressure

breathing during immersion.

Integration of respiratory ﬂour was adopted, rather than the inspiration of a known volume from a
spirometer, as used by Jarrett (1965) and McKenna et al. (1973). This provided the capacity for suojects
10 inépire different volumes on successive trials, and to allow total immersion without excessive negative
pressure breathing. Jarrett (1965) used inspired volume increments of 0.5 litres, and accepted data where
relaxation pressures were consistent. The current procedure lacks the advantage of checking 7
reproducibility till trials were completed, however, it possegg_s}\ several advantages over the former
technique: o /

(1) pressure-volume reproducibility was verified by total curve consistency, with random volume

variations along the curve providing a more acute appreciation of its true shape;

(2) the experimenter could regulate inspired volumes to provide data at given points ~ this was

particularly important in"determining pressures around the relaxation volume (VR):

(3) subjects ﬁad no knowledge of the volume inspired, therefore removing subjective bias.

Constant inspired volumes may have induced the reproduction of a previously learned relaxation

pressure, which may, or may not, be the true relaxation pressure; . , /

I* The calibration pumping error resulted in overestimation of lung volumes during trials due
to an underestimation of flow during calibration
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(4) the prooedure was techmcally easxer to perform; and

(5) the experimenter was unable 10 bxas subject performax;ce since he had no know{cdge of rcsuhs

R

Subject training eogsiézep“ of four phases:(1) verbal description of the task and methods of
obtaining glottal conu%l and a’ixticipated curve shape; (2) pr.aqctjcevat reproducing gesidual vblume (RV)
and total Iung capaaty (TLC) relaxation pressures using visual feedback froﬂd:er manometer (3)
practice at pcrformmg msplrauons and relaxations with visual feegback; and (4) practice performing
small inspirations and telaxauons without visual feedback. ngz;ssxon through the stages was controlled
by the' subject’s czpac!ty td consistently reproduce RV and TLC relaxation pressures, and lo consistently
provide step mcremems in relaxation pressure without backward pressure movements. Subjects passed all
stagés prior Lo‘commenc-ing the trials in aik Progreésion varied"belween subjects (25-90min), and some
prefcrred nol 10 use visual feedback '*. The four phases were repeated preceding 1mmersnon trials, but

onh a few SUb_]CCIS required pracuee at phase two.

, Agostoni and Mead (1964) stated one in three people were good relaxers du'ring the static
pressure-volume manoeuvre. In the present study 29 were initially tested to provide 20 successful
subjecté. Present success was attributed 1o non-random subject selection designed to provide a high
number of divers. Many current subjects had ﬁreviously partcipated in other experiments, were
comfortaple in experimental situations and found it easy 1o relax. Subjects were rejected for failure in

any of the four preliminary phases.

'i‘rials were preceded by 3-5 rapid breaths, at slightly larger thah normal tidal volumes, .lo' lowér

‘ blood CO, tension and, reduce respiratory drive. Three normal tidal volume breaths fol_lowe_d this
tachypnea to remove volume history influences on compliance (Ferris and Pollard 1960). Expiration to
RV followed. During immersion, transition 10 RV was determined by rapid air expulsion from regulator
2, a;nd RYV attainment by cessation of bubbles from this regulator. At RV subjects were isc;lated from
atmospheric air by closing tap ll (control trials) or from regulator 2 by closing tap 2 (immersion). On
verbal command (head 1aps during immersion) subjects gently inspired when tap 1 was op;aned and
relaxed when it closed. To prevent large inspirations subjects were uainéd,lo resist inflow at low
reiaxation volumes. Inspiration was continued until subjects felt the tap close. at which po;m they
relaxed. To prevent accidental gas loss, tap | was not opened till the experimenter observed

commencement of inspiratory effort (change in manometer pressure). Using this sequence, subjects were

¥ It was found that subjects with excellent glottal control were those with- previously
developed motor skills (e.g. singing and wind instrument playing). -
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* able to provide 5-10 pressure-volume holds between RV and TLC. Trials were repeated 5-7 timesto
. provide adequate data. Unsatisfactory trials were repeated. An electronic trigger was activiated -at each

relaxation point and recorded on a separate comr puter channel to identify boims of relafxatiom -

Subjects performed trials in two posti s (seated upright and horizontal) in air and immersed.
Seated trials took place on the same chair with the back held vertical and hips flexed at ~90°. Horizontal
control trials in air were performed supine to avoid thoracic compression effects upon cofnpliahcé.
Horizohtal immersion trials were comp}eted with the subjects prone, and with ihe regulator in the sternal

plane. This produced a situation where subjects were exposed to a continuous positive pressure.

Some supine trials were performed underwater during preliminary studies and prior to using the
diving hood. Subjects reported difficulty holding the mouthpiece in place, and resultant static

pressure-volume curves were generally not as reproducible as prone data.

To reduce buoyancy, subjects placed a weight belt over the thighs while sitting, and buttocks while
prone. The experimenter held their head position constant during trials. This reduced, but did not
prevent the chest from rising at high lung volumes. Attempts to secufe the chest were deemed unethical

and not conducive'to measurement of respiratory compliance.

t

- " At the commencement of immersion trials, submgl:sipp dep'ths of the sternal notch (upright) and

sternal plane (prone) were carefully cﬁeck:d and récdrded. Regulators were then positioned-at that

depth.
2.1.5 Calculations

Pressure measurements represented differential pressures between alveolar (measured at the
mouth) and atmospheric (control), or atmospheric plus compensator pressure (immersion trials). During
air wals the entire body was at atmospheric pressure, but during immersion a vertical pressure gradient

(equivalent to atmospheric plus hydrostatic pressure) acted over the body.

Computer programmes were written to perform calculations. Using the electronic trigger poinis as

relaxation markers, the programme imegréted flow between consecutive markers, and determined
£
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pressure over a one second period (50 samples) two seconds after each marker point.

-

Derivation of alveolar pressures relative to anatomical locations during immersion was performed

as follows: i
_ Pmeasured = Pmouth - Pcomp o | Equaﬁon 1
| where: |
Pmouth = mouth pressure, B
~ Pcomp = compensator pressure.
Both pressures are measured rélative to atmospheric pressure (Pa). - i
pressure required = Pmouth - Psternal - . Equation 2
where: "

Psternal = pressure at sternal notch depth, )

We know Psternal and Pcomp. Thus, combining equations 1 and 2:

-3

.

Pmouth - Psternal = (Pmouth - Pcomp) + (Pcomp - Psternal) Equation 3

4 .
‘Since Pmouth-Pcomp is the actual pressure measured during each trial, equation 3 simplifies to:

.Pressure relative to sternum = Pmeasured + (Pcomp - Psternal) Equation 4

Inspired volumes were corrected for absolute ambient pressure ( i.e. atmospheric, pressure at the

regulator, alveolar pressure and pressure at the anatomical reference point), and for apparatus dead space

%1
P,V, = constant

. Equation 5

_effects using the Boyle-Mariotte Law.

If V. represents integrated volume, and V, represents the actual lung volume at alveolar pressure.
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Vv, = ‘P,-VL/ P, ' N Equaﬁon [
" where: . | ‘
o P, =atmospheric + regulator pressure;

P, = atm‘ospheric' +"Pmouth.

Alveolar air is_cApressed and decompressed by changes in ambient and alveolar pressure.
Apparatus dead space (V) stores compressed gas and returns gas to the lungs during decompression,
thus Vf) must be considered a component of V,. RV is also a component of V, since it is always present

in the lungs. Substitution of terms into equation 6 gives:

Ps + Preg) (V, + RV + Vpy) ] o
V, = (Fa g (Vi*R D -RV-Vp Equation 7

(Pao+ Pmou_th) _ .

Integrated volumes were then corrected to BTPS (equau'.on 8). Pressure corrections included
allowance for absolute pressure at anatomical reference sites, and alveolar pressufe during static holds.
This was essential since immersion compressed gas volumes, and alveolar pressure acted either to
decompress (if négaﬁve) or further compress &if positive) lung volumes measured by inspired flow

integration.

(Pa + Pmouth + Psternal - P V, - 310
V,BTPS = __ H,0) V:

.Y (P + Pmouth - 47.1) (273 + Tp)
¢

Equation 8

% 3 .
Before analysis of compliance curves was undertaken, data points were rejected as errors according

1o the following criteria: (é) false positive/negative pressures (e.g. negative pressure measured at lung
volumes >VR), (b) points when glottal closure or swallowing occurred during trials, as recorded by the
experimeter or detected from coﬁlpliance curve shape ( e.g. pressure fluctuations >0.49kPa (5cmH,0)
from mean curve), and (c) points of poor relaxation (as determined by curve analysis). Care was taken t0 - -

avoid unnecessary exclusion of preésure—volume data point since Henry (1949) showed measurement



error to be inversely proportional to the square root of the measurement numbers used to derive a score.
Data averaged from many observations possesses smaller error. Random errof dictates that points will
disperse about the true value. 'Inc_:lusion of this dispersion algebraically reduces rheasurement error while
providing a more acute appreciation of the true value, which always possesses.someﬁ u_ncerthinty (Beers
1957).

o - . Te——

Compliance curves were examined using polynomial regression analysis (Dixon 1983) of the

general form:

y=Bo*t X+ A+ ..t ppite | ' Equation 9

Conventionally, static pressure-volume curves are plotted with bressure on the abcissa. Statistical
convention dictates that independent variables appear on the abcissa. Static pressuge is dependent upon
lung volume, thus analysis was performed with volume as the independent, and pressure as the

dependent variable.

Curves from upright and proné postures during control and immersion trials were separately
analysed using orﬂiogonal polynomials to derive the least squares curve fit of independent toxdependem :
variables. Coefficients of each regression equation were entered into three analysis programmes written
for this ir;vestiga;joﬁ. The first enabled numeric solution of the regression equa;ion to derive lung i
~ volume at zero pressure' ( Le. VR): The second differentated the equation to provide respiratory
elastance’’, compliance, and static volume and pressure at increments of 1% of vital capacity (VC), over
the volumé range from residual volume (RV) to total lung capacity (TLC). The third programme

integrated pressure with respect to volume, thus providing respiratory elastic work'® over a given volume

range.

1 Traﬁscendemai equations cannot be resolved analytically since Ax cannot be isolated. A value
of x (volume) may onlv be attained numerically, Solution accuracy was set at +lml, which
was bevond the capacity of the measurement system, but was deemed appropriate (Kuo 1972).

¥ Differentiation provides a‘measure of curve slope (i.e. dy/dx or dP/dV) which is
respiratory elastance. When drawn according to physiological convention (pressure on abcissa),
curve slope equals respiratory -compliance.

1 Area below the pressure—volume curve has the dimension of work (Chapter One).

i
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Lung centroid pressure was determined from isovolume (VR) pressure-volume curve

displacements, measured between control and immersed curves, along the pressure axis. Pressure data
were differential pressures between P,y and local pressure at the sternal notch. If pressure is expressed
in imperial units (cmH,O), one may rebresent lung centrid as a vertical displacement below the sternal
notch (upright immersion), or above the sternal plane (prone immersion), since these dist:mees equate

with the bressure head produced by an equivalent column of water.

In accordance with Jarrett (1965) curve Shifts were expressed relative to upright control VR. This
method was chosen since the supine VR may have been ~located on the lower bend of the curve, at which .
point curve shifts may not have been parallel. Use of mi‘d—curve isovolumes ensured curve shift analysis
over the approximately linear part of the curve. Over this region the curve shifts were expected to be
parallel, thus providing a Py ¢ that was relevant to a greater range of lung volumes. Expressing P LC
relative to the upright control VR provides a measure of the pressure required from the breathing
apparatus to return respiratpry mechanics to eperating dimensions and pressures experienced under -

normal ambient conditions at sea level.

No pre’ﬁous work has invesu‘gaied the prone lung centroid pressure. To facilitate compafability
with the literature, prbne P41y was also expressed relative’to the spinous process depth opposite a
mid-sternal point.' This was accomplished post hoc using anterior-postericr chest dimensioné. These
data were taken as approximating the supine observations of others (Paton and Sand 1947, Hong et al.

1960, Jarrett 1965, Cralg and Dvorak 1975).

2.1.6 Analysis

Analysis was based on a repeated measures experimental design, with subjects providing control
and immersion data. Statistical analyses took the form of paired or correlated t~tests with a priori levels
of significance set at a probability of 0.05. Where significant changes were not observed, computations of

stau'stical'power were performed. Statistical power (@) is defined as the probability of correctly accepting

——

an experimental hypothesis (Keppel 1973, Gehring 1978).



2.2 RESULTS

2.2.1 Characteristics of subjects.

Physical characteristics of subjects are detailed in Table 2.2. Twenty subjects were trained to
provide reproducible relaxation pressure-volume curves in air, however, three could not provide {
saUSfactory pressure—' volume data dunng immersion, in either the upnght Or prone postures. ‘These

subjects have been excluded from all data reported 1
22.2 Pressure— volume curves obtained in air.

7 Pressure—volume curves in air were constructed from an average of 28 (£8) data points, over the.
volume range from residual volume (RV) to total lung capacity (TLC). Typical curves are illustrated in

Figure 2.5 **. Data points on these curves reflect relaxation pressure~-volume curve reproducibility.

Total respiratory compliance for each subject, in upright and supine postures (when measured
relative to upright relaxation volume) were within expected normal ranges'’ (Table 2.3). Adopting a
supine posture translocated compliance curves rightward along the pressure axis kTable 2.3), proddcing a
mean pressure increase of 0.67kPa (SEM=0.08kPa?®) at a volume equal to the upright relaxanon

~ volume?! (Figure 2.6).

When computed over one litre above the upright VR. compliance syslemadcerlly increased from
1.84 1.kPa~* (SEM=0.17) in the upright position, to 2.12 LkPa ! (SEM=0.18) while supine (Table 2.3,

p<0.05). Such an increment serves to verify technique validity, since Agostoni and Mead (1964) have

shown supine postures to reduce gravitational effects upon the chest wall, facilitating easier expansion. It
N - & .

" was concluded that upright and control data were reproducible and valid measures of total respiratorfy

compliance. : -

¥ Subject numbers allocated in Table 2.2 remain consistent throughout this chapter.

i Pressure-volume or compliance curves are reported according to physiological convention,
with pressure on the abcissa. The upper asymptote was not always observed, since data
collecion was primarily directed at the pressure-volume points between RV and- about 2 litres
above the VR.

** Normal total respiratory compliances fall in the range 0.9 - 4.0 lkPa' (Cotes 1979).

® X = mean, SEM = standard error of the mean.

** This volume corresponds to FRC, and is defined as the volume achieved during total
relaxation with the glottis and airway open.
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Table 2.3: Total respiratory compliance for subjects upright and supine in air.

’ .
O 00 ) O B W N

SUBJECT Upright © Supine \ Supine Curve
- : compliance _compliance B compliance A shift -
. 195 193 291 ~ 030 -
B 2.03 , ~ 118 2.32 0.67
116 0.72 1.45 0.61
274 : 2.17 2.53. 024
1.10 0.44 124 1.34
2.23 0.67 ' 120 0.67
1.14 042 2.00 ~ 111 :
2.50 1.21 L 267 0.42
= 2.02 073 2.26 083

10 1.19 0.68 © 129 0.34

11 2.55 , 1.24 284 . 059

12 2.11 0.91 234 0.72

13 3.30 1.21 3.81 0.46

14 1.5 075 . 1.50 0.57

15 0.96 0.48 107 134

16 1.41 0.34 2.49 0.78 -

17 1.72 0.78 ¢ 2.08 0.44

X o184 0.93 2.12 0.67

SEM 017 - | 0.12 : 0.18 0.08

Compliance units = (kPa‘*. ’

Upright .and supine compliance A (column 4) were obtained throughout a range of 1 litre

from upright relaxation volumes. Supine compliance B (column 3) was -derived from a mean

of 5 points {representing 5% of VC) above supine relaxation volume. Curve shifts (kPa)

represent positive, isovolume displacement of the supine curve relative to the upright curve )
along pressure axis (measured at upright control relaxdtion volume) due to postural change. - ———— —
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2.2.3 Cenirdid détermination withoul focial ow}::crh pressure.

Nine subjects 100k part'in trials breathing from a mouthpiece and wearing only a diving hood to
support the cheeks against bulging during static holds at high lung volumes. Jarrett (1965) reporied
bulging prevented relaxation due © mnscuiar effort required to hoid the mouthpicce. Unlike Jarreu’s
data, where pressures mned constant with increased lung volume, subjects in the present study

demonstrated highly reproducible presstnr-volume data (Figure 2.7). though they reponed a tendency w0
- gject the mouthpiece. Holding the ngid brcalhmg wbc (Figure 2.3) on either s:dc of the mouthp:eoe

prevented expulsion, while tubing buoyancy aided retennon during prone tnals. %/ :
ta points from RV 10

| Prcg.swe-m;m curves were constructed from an average of 32 (SD = 7) 7
TLC. Compliance curves proved highly m;&xodu;:sble (Figure 2.7), indicating subjectively consistent
relaxaton. Rcspamon compliance (computcd over onc litre from control, upright VR) systematically
mc’tcascd while upright. and uccruscd while prone (Tablc 2.4). DifTerences were non-significant

(upnght 1.98 LkPa ' (SEM = 0.26) in air versus 212 1kPa (SEM = 0.24) immersed; and h(gnzomal

"‘l‘f!kPa‘{SEM OJB)maxrvcrsuslSHkPa (SEM@028)xmmcrsed p>005 = 0.56 and 0.55

respectively’ '2(\) Figure 2.8 shows increased upright compliance, whxch may be due 10 inspiratory muscle
tonc, preventing auazmm'm of an appropriate positive relaxation pressure in the upright posmrc Prone
relaxation prcssurcs would tend to become more negative underwater {relative lO ‘sternal plane), thus .
cxpiraiory muscie tonus may have prevented total muscle-relaxation at RV. These observations support

Jarreu’s (1965) cmnm\\n\ts concerning use of facial counter-pressure to aid relaxation {e.g. the use of an

. oronasal mask).

Lung centroid . determined from group mean isovolume complivanAc_é' curve diSplacemen‘ts‘ (qomrol
upﬁghz VR) during immersion. was found to be 9.5cm (SEM = 1.59):bclow the stén'uil\ﬂo‘tcb for upright
subjects. and 8.7cm (SE?:A = 1.88) dorsal to the stenal plane in prone subjects. Thesc represent a PLC of
0.93 and -0.85kPa respecuively. It is suggested that poor relaxation spuriously elevated the‘ expc_n‘rﬁenm}

- ¥R. and depressed posilive relaxation pressures while upright (Figure 2.8).

* @ = slatistical power. pmbamuu of correctly accepting expenmcntal hypotheszs (te 1-8)
(Keppel 1973 Gehring 1978).
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Table 2.4: Total respiratory compliance for subjects immersed upright and prone without facial
countefeprséure. :
SUBJECT " Upright . Curve Prone - Curve
compliance Nt compliance ~shift
1 2.38 3.87 : 2.06 , -4.67
2 2.22 ) .10.94 1.65 -10.87
3 159 778 1.56 S -13.89
5 238 ° 11.42 1.90 -0.72
6 1.10 439 1.26 -11.30 :
10 1.4] 15.29 1.06 -5.88
11 2.58 . 1744 ' -— —
13 . 3.53 : 5.21 330 -13.33
15 : 1.91 9.51 ‘ — —_
- : .
O 212 954 - 183 -8.67
SEM : 0.24 1.59 , 0.28 1.88
K =

Compliance units = LkPa'. : _
Upright and prone compliances were computed throughout a range of 1 litre from upright
conurol relaxation volumes. Curve shifls represent positive and negative isovolume pressure
displacements (cm.). relative to the control upright relaxation volume, referenced to the sternal
noich, and expressed in cmH,O. ‘ /j’k :

‘ 4‘
[



8.0

5.0 -#‘TE—‘E |

immersed result|

2.0 lexpec#gd result|

Volume (litres)

1.0 1

LR ERAAA S e

0.04+—
' -50—40—30—-20-10 0.0 1.0 2.0 30 4.0 6.0
~ Pressure kPa -

AILAND ST A gan e ToR————

6.0

ihorizontal|

r

5.0

4.0

3.0

2.0
j
1.0

<4

Volume (litres)

0.0- . A
~5.0-4.0 -3.0 20—10 0.0 1.0 2.0 30 40 5.0
Pressure kPa B

szs Comsonoftotxirspntorycomphanceobﬂinedmananddmmghnmaslon

without facial coenter~pressure. [Plots are schematic representations. of observed data trends. |
See- text for discussion.)

M

T p—



'One-subject (thineen) was t&sled without counter-pressure in 'twofupﬁghrpositions(head-ourwimf‘;

water level at sternal nou:h and head under) to gain perspectwe in comparablhty of current procedures
0 those of earlier r&swchers who mvanably used head—out immersions. Upnght lung centrads were
almost 1denurzl '5.60cm and 5.21em respecuvely Compliance from the former trial was margmally
greater (3.89 v_ersus 3.53 L.kPa!). The s\ubject, upon trial oompleuon, reported difficulty retaxmng the

mouthpiece.

One expects lung centroid , on the basis of anatomical and previous data (Table 2.1, corrected to a
sternal notch feference), to occur deeper. Thus incomplete relaxation was suspected. To test this, a -
diving mask, capable of providihg facial counter-presshre and firmly holding the mouthpiece in position,

was adapted, and the experiments were repeated (Figure 2.4),

L]

2.2.4 Centroid determination with facial counter- pressure.

Twenty subjects took part in immersion trials using facial counter-pfessure’. Only 17 brovided
satisfacjory upright data, and only 13 could produce suitable prone data. In the 1:pright cases, rejected
subjects provided less reproducible control data. Two were nbn—divefs and apprehension and task
novelty possibly confounded relaxauorL Prone rejecuons were attnbuted 1o sensation reversal. Prevxous
upright immersion displaced relaxation pressure positively. Prone immersion produced 4 negative shlfL,
resulting in negative mouth pressures until relatively high lung volumes. It is postulated that _

orWangal pressures, disproportionate with inspired volume created false impressions of relaxation
failure, or ingdequate glotial opening, even though subjects Were informed about the new sensations prior
1o the trials. Trigl failure took one of two patterns: (1) identical relaxation pressure with lung volume
increments, as reported by Jarrett (1965), and (2) relaxatiop ptessure hunting , possibly due to subjects

ryving 1o produce preceplibly appropriate pressures (Figure 2.9). -

To subjectively evaluate the band mask seven subjects, who took part in trials with and w;thout
facial counter-pressure, were asked 1o rate the mask. Five found facial counter-pressure moré :"
comfortable than without counter-pressure. two reported the reverse; four believed facial
counter-pressure aided relaxation (two undecided; one negative); and one said additional noise (due to

pressure l.eaks around seals) hindered concentration (six were unaffected).

Pressure-volume curves were constructed from an average of 37 (‘SD =11) data points from RV to

TLC (Figure 2.10). Total respiratory compliance (computed over one litre volume range from control,
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upright VR) was not significantly altered by immersion (upright:controlrr==71:84fl;kPa:‘('S'EMfﬂ:H);*if%

immérsed = 1.87 LkPa"! (SEM = 0.17); p >0.05,5 = (.55), though prone immersion produced a reduced

compliance (supine control = 2;12 LkPa! (SEM = 0.18); prone immersed = 1.87 LkPa! (SEM = 0.1P); p
—->005,08 = 0.?6), however this was created by changes in only 46% of subjects (Tabie 2.5). Upright‘ and

prone compliances were not significantly different during immersion (p >0.05. ¢ = 0.55).

Lling centroid , determined from isovolume compliance curve displacements during immersion,
was found to be 13.6cm (SEM = 1.09) inferi‘or to the sternal notch for upright subjects, and 7cm'(SEM =
1.27) dorsal to the sternal plane in prone subjects. These represent a P Lc of +1.33 and -0.69kPa

respectively.

Lung centroid determinations obtained with and without facial counter-pressure, on nine subjects
who took part in both experiments were compared. It was found that counter—pressure produced a
__greater Py~ in upright subjects (1.33 versus 0.94kPa; p>0.05<0.1, ¢ = 0.74 ), and in prone subjects (-0.69
versus —0.85kPa; p>0.05, ¢ = 0.55). ’ |

2.2.5 Elastic work increments and compliance curve displacement.

Rahn er al. (1946) approximated elastic work, on the basis of geémetric shape alone, for upright
subjects in air to be ~0.18]. Reanalysing their original data using current curve fitting and analysis
programmes provided a value of 0.118] for 0.5 litres **. In the current study upright control elasticn work
averaged 0.103J (SEM = 0.01) over 0.5 litres, whict; is in close agreement with Rahn’s data®*. Present

results revealed that adopting a supine position displaced the pressure~volume curve positively about

'0.67kPa (SEM=0.0.08). The change in Vg moved tidal volumé (V1) excursions down the compliance

curve (Rahn er al. 1946, Figure 2.5), forcing subjects to breathe at volumes with greater elastance (Figure
2.11, Table 2.6). Thus respiratory elastance doubled by adop'u'ng a supine posture (from 0.62kPg.1 !

(SEM = 0.06) when upright, to 1.38 (SEM = 0.17) when supine; p<0.05). “ v
Upright immersion, with facial counter-pressure, displaced relaxation curves +1.33kPa, producing a

signiﬁcani (46.8%) reduction in VR (Figure 2.11, p<0.05). Subjects now respired over a region where

3 Differences may be attrjbuted to precision, and inaccuracy of the ’straight line’ assumption'
inherent in fitting a triangle 10 a physiological curve. :

* Elastic woik was calculated over 500ml from VR in each condition. A half lire was
- chosen since this value is commonly allocated w0 tida.lr volume.
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Table 2.5: Total respiratory compliance, and curve shifts, for subjects immersed upright and
‘prope with facial counter-pressure. ' . <

SUBJECT * Upright Curve Prone Curve

: compliance shift " compliance shift-
1 > 3.24 9.73 312 -2.47
2 ‘ 164 - 8.82 — ——
3 1.46 18.29 1.89 , -7.07
4 2.84 11.10 o 201 -692
5 1.41 , 15.48 -1.56 -4.76
6 1.35 1071 1.06 - - =9.52
7 1.70 22.35 1.30 -7.16
8 1.50 15.38 115 -0.46
9 ' : 2.30 9.62 2.08 -1.22
10 ) 2.29 18.60 ° 167 -12.84
11 0.95 11.52 — —
12 175 18.84 2.14 -3.95
13 232 N . 14.76 4 291 -14.76
14 1.39 ’ 7.75 _ 1.69 ‘ -6.54
15 1.50 - 12,61 —. L —
16 2.36 7.50 _ —_—
17 ' 1.72 1774 171 S =134
3 1.87 #&@7 1.87 -6.99
SEM . 015 1.09 017 1.27
Compliance units = LkPa'. . ’ -

Upright and prone compliances were computed throughout a range of 1 litre from upright
control relaxation volumes. Curve shifts represent. positive and negative isovolume pressure
displacements (cm.), relative to control upright relaxation volume, referenced to sternal notch,
and expressed in cmH,O. Subjects 18-20 are not included due to failure to providE> '
reproducible immersion data (see: Figure 2.9). ‘(nq
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Table 2.6: Respiratory elastance in upright and horizontal subjects in air and during immersion -
with facial counter—pressure.

SUBJECT  Control " Control Immersed Immersed

upright supine upright prone

elastance elastance - elastance elastance
1 0.513 0.518 1.429 - 0273
2 0.493 : 0.847 , 1.250 —
3 0.862 1389 - 2.174 0.478
4 0.365 0461 1.754 0.515 -
5 9.909 - 2273 1.852 0529
6 0.448 1.493 “ 1.639 1.136
7 0877 - 2.38 | 1333 . 0.730
8 0.400 0.826 . 1449 1.124
9 0.495 1370 1.667 ‘ 0.578
10 0.840 1.471 3.333 0 0.592
11 0.392 0.806 - 1667 _
12 0.474 1.099 2.041 0.478
13 0303 0.826 2.564 - 0.325
14 0.870 1.333 1.099 0.592
15 A 1.042 2083 1.449 _ —
16 S 0.709 2.941 2.083 —_
17/ 0.581 . C 1282 2.941 ’ - 0.599
X S 0622 1.376 " 1.866 0.611
SEM ~ 0.056 1 0.168 0.147 , 0.072
Flastance units = kPal. : ’ ]

Flastance (1/compliance) was computed over 0.5 litres for upfi-ght control and over 5% of VC
',‘for .other conditions. Calculations comme_nccd at relaxation volume for each condition. .
§ Flastance measures respiratory stiffness.



h%

elastance was three times gréater than the upright control (1.87, SEM = 0.‘15;,p<0.05; Table 2.6)**,
resulting in a two~fold elastic work increment®* (Figure 2.12, p<0.05).

©

~ Prone immersion tripled the VR when compared with supine control (Figure 2.11, p<0.05).

Upright control elastance was returned during prone immersion (0.61, SEM=0.07; p>0.05, 8 = 0.55; Table
2.6), and elastic work similarly returned to control status (Figure 2.12, p>0.05, ¢ = 0.55).

4
¢

** Flastances cited in Table 2.6 (except upright control data) were computed over only 3% of
VC. Normal VT may range between 10-30% of VC. Throughout this volume range elastance
undergoes a progressive decrease until the VT excursion reaches the part of the curve which
approximates linearity. Data are therefore higher than mean elastance encountered during VT.

* The apparent discrepency between increments in elastance and elastic work is created by

differences in volume range over which each was calculated. The former was computed over
5% of VC, while the latter was obtained over 500ml :
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. _ —~
Elastic work during postural change and immersion with facial counter—pressure.
- [Data represent means and standard errors] |

. Figure 2.12:



2.3 DI ION -

< 2.3.1 Determination of the thoracic céntre of pressure. - §

The major purpose of this i vesﬁgation was the measurement of the thoracic centre of pressure,

for which Paton'and Sand (194?) introduted the term lung centroid pressure. During immersion P LC

relative to the control VR, was located at 13.6cm inferior to the sternal noich (seated upright), and at
7.0cm dorsal to the sternal plane (prone), as illustrated in Figuge 2.13,

" The similarity of control and immersed complianees reflected an anticipated parallel curve shift
during immersion, and has been previously used as an index of relaxation reproducibility (Jarrett 1965,

Agostoni et al.1966). Furthermore, it reflected the effectiveness of facial counter-pressure in eni)ancing

relaxation, since gubjects were better able to attain expected relaxation préssures at both the high and low

lung volumes. 1 - ~

Human Itings extend from 3-4cm above the first rib to the sixth costal cartilage (midclavicular
line), eighlrib (midaxillary line) and tenth rib (al. the lateral bordér of erector spinal) (Gray 1977,
McMinn and Hutchmgs 1977). Using these data one may approximate lung length 10 be ~30cm, _however,
. the right lung is shorter by “2.5cm due to a higher dnaphragm posmomng or’this side to accomodatg the
liver (Gray.1977). Antenor—postenor dimensions vary with the plane of measuremenr. At the
mid-sternal position, using mean anterio—posterior chest dimé_nsions (x = 20.8+2.0cm) and thoracic
vertebrae thickness of about 6cm (fmﬁ skeletal measurements, as spinous process to ventral surface plus”
Icm for tissue) one may approximate lung'and nstemal thicknes?to be about 14;m, though the lungs are

conical in shape. Assuming uniform density and symmetry?” , one might expect to find the centre of

mass about 15cm inferior to the sternal noich and about 8cm dorsal to the sternal plane

Prone centroid measurements are in direct agreement with the dauwa of Jarrett (1965)‘ and are
simil2F to the édjusled results of Hong er a/. (1960), and Craig and Dvorak (1975) (-Tablee2.l)', and the
anatomical calculations. However, all previous reports of horizontal compliance curve shifts with
immersion, dealt with supine subj%cts. Expressing P,y refative 10 spinous process depth, and recording
shifts relative to supine controls, facilitated a comparison of current data with earlier works. Horizontal
lung centroid increased slightly to 7.6cm. o

| <

7 Neither %assumption would be accurate, however, they are used here simply to derive an

approximation of the cerfire of mass. -
5» ‘

v



.. < Figure 213; Schematic represestation of the lmg centraid locus [Centroid is referenced to the
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_ Present-data for the upright lung centroid pressure agree with thefva}uesfobrained—wirenfthe—resu}tsf%
of Agostom et dl. (1966), Hong et al. (1969) and Flynn et al. (1975) weéte corrected 1o acommon
anatomical reference site (Table 2. 1). Present data also appmmnated the centre of mass defived from . -
calculations based upon average anatomrwl drmensron& However the presem results farled 1o support |
observations by Jarrétt (1965), who placed Pic at 19crn 1nfenor 10 the ste no durmg upright '

immersion®®.

Jarrett (1965) obtained total respiratory pressure—volume curves usmg five standard Iung volumes
(up 1o 1.5 litres) above RV. Quadraue equauons were fitted 10 the data®. Comphance curvé
displacements were derived during 1mmersron 10 the sternal notch, and eXpressed relative to t.he comrol
VR. Fundamental to Jarrett’s. calculation was the determination of the control VR. Two pomts are noted .
concerning its measurement. Fu‘st, upnghl resprrarory relaxation produced somewhat low values for the
control Vg (x = 1.10 litres). Present observations r)roduced a mean VR of 1.72 litres (SEM = 0.12), in
agreement with the literature (Table 2.7). Individual values measured from Jarrett’s graphs gave VRs of _
1.183, 1.142 and 0.980 litres. Resrdua] volumes were normal (i = 1.25 lires). While it is not rare to find
such a low VR in normal subjects (Dahlback (1975) observed u in 1 out of 6; Bondi er al. (1976) found
11 in 1 in 10; and in the current study it was found in 3 out of 17 subjects), one would not anticipate a -
low VR for all subjects ¢, It is suggested that the Iow relaxauon volumes observed by Jarraut (1965), may
be due to poor relaxation or glotal closure; borh of which give incorrect relaxation pressures. Volume
ranges used by Jarrett may have been too small for subjecis to differentiaté between pressure and volume
change. Graphic data presented for two of Jarrett’s subjects showed a considerable pressure overlap ’for
each lung vdlume and for each volume increment, indicating difficulty in reproducing relaxation
préssutes -with consistency (PR). Some of the current subjects expressed uncenaimy in judging total
relaxation and glottal dpening at volumes around VR. It might be speculated that Jarrett’s subjects had
similar indecision, producing possibly a dubious VR. It is believed that multiple and variable volume

increments over the full VC range produce a better appreciation of the total respiratory VR.

** Florio (Admiralty Research Establishment, Physiological Laboratories, U.K.) reported inabiliiy
to replicate Jarrett's higher P;~ data in three subjects (unpublished observations).

** The data points presented are perhaps better described by a linear function (r>0.99), -
however a quadratic function better rephcmes phvsrologml status at this point on the eurve
(Rahn er al. 1946). _

3e Assumjng an 18% distribution of subjects with low VR (based on the above obscrvau'ons),
the probability of choosing all three with a low VR would be ~0.005.

53



Y

Table 2.7: Respiratory relaxation volumes in air and during immersion

AN

(data from previous

investigators). o
REFERENCE osture Controls Immersed
y - ) in air

’ (1 BTPS) (1 BTPS)
Jarrent 1965 seated 1.10 —
Beckman er al. — - —seated 1.56 0.56
1961 o
Agostoni et 4. seated 1.86 0.56
1966
Dahlback standing 1.90 060 "
1975 n : ?
Bondi et al. Reated 1.89 0.56
11976 - | |
Dahlback et al. standing 2.10 0.52
1975 =
Present study seated 172 0.81

L ~
34 .



The fact that measurements of lung VR may be questioned.msts,doum,onﬁlamn:s,ggﬁspteiff
determination, since the latter was.calculated from immersed compliance curve shifts relative to the lung
: VR One may ralse the same questions regardmg prwsure—volume reprodua&ht) during the i 1mmcrsxon -

v

Second, the VR of Jamett’s'upright, immersed subjects does not appear o be at zero pressure.

Jarrett’s lowest measurement point was 0.5 litres ;bgve RV, which yieldeci a mean relaxation pressure of
~1.23kPa ("12.5cmH;0). Subsequent ihvesu‘gau’ons have found the mean immegsion VR to be above 0.5

litres (Table 2.7, Figure 2.11). Low Vgs during immersion have been reported elsewhére (Dahlback_

(1975) found it in 1 out of 6 subjects; Bondi et al. (1976) found 1.in 10; Dahlbéck etal. (1978) 2in 5;

and in the current study it was observeg in 3 out of 17A subjects), but its frequency is again low enou’gﬁ'm

further justify questioning its appéarance in all three subjects®’. It may have been that Jarrett’s subjects -

failed 1o relax, and instead were exerting an expiratory pressure. This would account for both the

discrepency betwecn Jarrett and the current upright Py, and for an apparent failure of those subjects to

atiain the relaxation volume of the respiratory sys;em.

— =

Table 2.5 shows that five of the present 17 subjects (29%) suppori Jarirélrl‘s 19cm locus®?. Table 2.5 -
alsp shows a large subject variability, in agreement with observatfons of Paton and Sand (1947), and
Thompson and McCally (1967). If one accepts Jarrett's data, (for which_ no indi\giduai or dispersion
vaJuesrwere reported) and accepis the existence of imersﬁbject variability, then one must expect a study
with a larger sample size 10 reveal this data variability, resulting ‘i\n a qualitatively similar, but possib]_v a
quantitatively different centroid locus. The present investigation has shown this, indicating thc; possibility
that Jarret’s data falls at the upper limit of a lung centro;'d spectrum.

A}

In respiratory bressure—volume djagrams, the abcissa represents a djfferential preSsure. Pressure is
classically measured as Pyjy relative to body surface pressure (Rahn er a/. glf\,jgoswni'and Mead
1964). Iq air the latter equals P ; during immersion, surface pressure ingr ases xeriicall)' wiih depih é '
(Figure 2.1). Since one does not know the mean surface pressure at t_he thorax, hydrostatic pressure is
measured at a suitable anatomical location. Stiidies attempting verification of Jarreu s-19cm centrmd

must express P,y relative to the anatomrcal reference point used. by Jarrett (1 e. slemai notch) However,

3 If low conumol VRs were correct, one would expect - low experimental VR

*2 Using present occurrence frequenaes the probability of selecting all three subject.s wah a
large Py is ~0.018.



all previous studies (Table 2, 1) have referenwd vPalv o PA,-withodtpacknov!/ ledging that cornpaﬁsdn'of
such data is inappropriate unless a constant immersion depth is used. Data referenwd o PA, is
referenced only to the anatomical site at the water surface. Data can besmﬁed toalter the reference

- pressure (and hence the anatomical reference) providing ns depth is known. In this manner a family of
compliance curves may be obtained from one set of data, simply by changing the anatormczl reference
point. Five research groups (Table 2.1) supported Jarrett’s upright Py~ data. rHowever, since they lack a
comrtion anatomical reference, they have only prod_uced members»of this family of curves, with curve

. shifts represenﬁng different reference pressures (fj‘fgure‘Z.M.A). Compe.rfson of these curves wi;h

Jarrett’s data is not valid.

Data from previous studijes were reanalysed in order 0 reference Palv {0 pressure. at the sternal
notch’® , 2ad to normalise curve displacement to the control VR, as “used in thls study and by Jarrett
(1965). Agostoni et al (1966) calculated curve displacement usmg the unmersed . VR, calculating-its shift

from the same voiume on the control curve. Smce curves are not parallel at this level, due to rmmersron

effects on lung, chest and totat complrance curves calculations are not comparable. Usmg upnght control
VR, which comcrdes with parallel curve sections, displacement was remlculated for all prevrous ’
investigations. Results of this analysis provrded mean values of lung centroid between 11 and 17.8cm
(Table 2.1). A werghted average of the 13 SUb_]CCIS contamed in these five reports provided a. Iung

centroid of 12.7¢cm (Frgure 2.14B), which is in agreement with current observations.

Some degree of caution must be exercised concerning data obtained wrthout facial )
COunter—pressure, or some means of prevennng voluntary effon bemg requlred to retain the- mouthpxece
‘ durmg immersion. None of the studies cited (Figure 2.14B, Table 2.1); except Jarrent (1965) reponed -
usmg such mechamsms. Present results show differences in P Lc With and without counter-pressure. It .
is not possible to evaluate the sigm'ﬁcance of this observation to previous research, since indices of -

reproducibility were not reported.

Honzoma] lung centroid agrees well with Jarrett’s data, both when expressed relative to the

sternum and the rmd—sterna} spinous process (7cm, and 7.0+4.6cm respecmel)) ** Work by Hong et al.

j ** Calculations were performed on mean data sinte individual and deviation values were
absent in all reports. Anatomical distances were considered consiant: < ’shoulder’ to sternal notch
- = 5m; 'CT to sternal potch = 7.2cm (from Craig and Dvorak 1975). : , .

* The current study referenced Py 10 the sternal plane, while Jarrett (1965) used the .
sternal noich reference. These are essentially at equivalent immersion depths, unless the chest
Tises exc&‘e_sj}vely. However, this would only occur at high lung volumes, which were
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| Figure .2.14: l}eierenc'mg static alveolar pressure to ambient pressure (A) and to a common’
tomical point- (B). [Curves drawn from compliance curves of seated, immersed subjects.
I:;mers':on] data are .expressed relative to a common control relaxation volume. See text for
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(1960) and Craig and Dvorak (1975) provided similar values, though both reported curve shifts relative to

the supine VR. Corresponding experimqntél 7VR‘data may fall alongithc lower bend of the compliance
curve. Displacements a: such volumes may not be parallel, rendering Py periinent to that volume only.

It is concluded that seated and prone Py displays intersubject variability abc}ut respective means -
of 13.6cm (1.33kPa) inferior to, and 7.0cm (-0.69kPa) dorsal to the sternal notch. However it remains
unclear as to the cause of this intersubject variability. Clearly the thorax laéks uniform distensibility, as
apical alveoli h;:vc been shown to be éxpanded more than basal alveoli in control states (Glazier et ‘al.:

h 1967, Hogg and Nepszy 1969). Thus basal alveoli operate over more compliani portions 6f their
pressu:r‘volume curves (Rahn et al. 1946, Agostoni and Mead 1964), experiencing greater volume s
change during vontrol tidal breathing (West 1)965, Milic-Emili et al. 1966). Arborelius e al.! (1972a)
demonstrated that during immersion apical ventilation is further increased while basal alveoli_experience
varying degrees of closure (Dahlback and Lundgren 1972, rlr)ahjback 1975, Bondi et al. 1976, Prefaut -

\/_J et al. 1979). K : - .
During immersion thoraco-abdominal hydrostatic compression is uneven, causing elevation of the
diaphragm (Agostoni et al. 1966, Hong ef al. 1969) and widening of ﬁe rib cage base (Minh et al. 1977).
Shoulder girdle weight is removed (Agostoni et al. 1966), as is the thoracic gravitational loading.
Diaphragmatic elevation combines with alveolar buoyancy to displace lung tissue cranially (Arborelius

et al. 1972a). However, it is unhkely that mtersubject cllfferenccs in lung distension or thoracic

comp.essmn may fully account for the observed lung centroid «fTiance.

When one considers anthropometric variability in combination with respiratory changes during
immersion, one cannot readily explain the observed intersubject variability. No correlations existed
between lung centroid and anthropometric dimensions, and cohuol or experimental lung relaxation
volume's or respirztory compliances. It is hypothesised that lung centroid was regulated by some, as yet.
unresolved, cqmbination of respiratory mechanics and perceived relaxation. Subjects were well trained,

~ providing high‘ly reproducible control and immersion data. No trend existed between data reproducibility
and the centroid magnitude, as subjects producing highly consistent relaxation pressures were located at
.either end of the Py spectum. The role of perceived relaxatioq could be evaluated using respiratofy

muscle electromyogra/ﬁc analysis during pressu:rvoluime manoeuvres **. It may be possible that

' (- *(cont’d) presumably above the upright control VR. It is thus considered that both studies
used a common anatomical reference at this isovolume. '

¥ A computer controlled system for quasi-static manoeuvres is being developed at Chalmers

T . oA
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g .
‘ relaxation levels are pertinent to the centroid locus. High reproducibility may-indicate maintainence of

constant respiratory tonus during immersion, even after considerable practice and numerous experiments.

Evidence implicating a possible increase in diaphragmatic muscle tone during immersion was 0
provided by Bishop (1963). Anaesthetised cats were exposed to negative breathing pressures during
periods of spontaneous respiration. This is at least physically analogous to immersion'.: As the magnitude
of the negative pressure increased, the electromyographic activity of the diaphragm was elevated.
Eventually a negative pressure was reached where the diaphragm was active throu'ghoqt the entire

Tespiratory cycle.

Minh et al. (1977,1979) observed greater impimpw pressures during isovol.ume respiratory
occlusion, atténding diaphragmatic stimulation in immersed dogs. Changes.were attributed to an
elevation of the abdomen, and stretching of the diaphragmatic fibres (Agostoni et al. 1966. Minh et.al.
1977, 1979, Banzett et al. 19835, Reid et al. 1985), thus shifting the diaphragm loWards a more favourable
length—tension relationship (Evans and Hill 1914). Reid et al. (1985) and Banzett ez al. (1985) recorded
_ Teduced intercostal and diéphragmatic electrical activity attending respiration during immersion. The
latter reported substantial intra- and imersubject,varianc‘e. Both studies conciuded that reflex central,
inspiratbry compensation for diaphragm length increments, reduced innervation to maintain .a constant

tidal volume.

It is possible, Lhat in well trained, relaxed SubJCCIS variability in inspiratory/expiratory muscle tone - -

B

may partially account for mtersubgct variance in the lung centroid locus.
2.3.2 Physidlogica! mechanisms producing compliance curve shifts.

Transposition of pressure-volume curves occurs when environmental or physiological perturbations
produce changes in P,jy at constant occlu*ung volumes. Normal respiration occurs up and down the
compliance curve. In upright man VR falls on the linear portion of the curve, so respiratory excursions -
occur at constant compliance. A positive éurve shift lowers the VR and may lower compliance. Tidal

volumes may now occur over a region of elevated elastance (Table 2.6). ' .

Elastic work is performed to expand lung tissue and the chest wall *¢ | and is represented by the .

3%(cont’d) University of Technology, Sweden; Warkander and Dahlback (personal
communication).

56 The chest wall includes the rib cage and abdomen, which act in parallel (Agostoni and )
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’ area between the pressure axis 'gmd the: oompliancé curve over the V:r— range- (—FigiuefzrifSA—.FAqaositive%ff
’ curve shift, for a constant V-t elastic work due to elevated respiratory elastance. Since elastic -

work is returned during eXpiration, which is essentially braked or passive at rest, elastic’_ wor?ﬁ?emems

3

- represent heightened inspiratory effort.

In the present study, when bréathing air supplied at the ‘hydrostatic préssure qf the §ternal nptch,
positive curve shifts (Table 2.5) halved the VR (Figure 2.11), and caused a two-fold rise in elastic work
to 0.24] (Figure 2.12). During immers*;on to the neck (C7), Flynn et al. 61975) found elastic work Tose

t0 0.27J (VT = 0.5 litre, n = 1), while Hong et al. (1969), r¢ported miean elastic work at 0.79] (range =

0.69 to 0.88]) during immersion to shoulders (VT = 1.04 le , N =4).
S /

" Flastic work is mainly dependent upon two factors: elastance and VT (i:igure 2.15B). S'igc‘é neither
Hong et al. ' (1969) nor Flynn et al. (1975) reponcd elastance, direct comparisbns are not possible.

Given that ﬁynn- et al. (1975) expressed P,y relative to a point above the stemalﬂnotch, which would
produce a éreater curve shift and elevateé elastance more than in the current study, their elastic work is

very similar to the present data. Hong et al. (1969) used a 1.0 l}ue mea;l V1. Doubling VT requires
-about four times (Figure 2.15B) the elastic} work. Allowing for this difference their data also agfeef with

present observations.

- Accepting that curve shifts result from hydrostatic pressure gradients acting on the body surfaces, .
one may suggest three factors that are résponsible for this curve displacement: (1) thoracic compreésion,
. N Y] N
(2) abdominal compression, resulting in cranial movement of the diaphragm, and (3) elevate{l thoracic

A

. blood volume due to a greater hydrd_static pressure acting on the legs.

Hartshome (1847) reported \thag immersion elevated thbracic blood i;olume; ihough it§
_quantification is relatively recent. Stigler (19{1) reported right side cardiac dilation during immersion.
This was verified directly by Echt et al. (1974), Lange et al. (1974) and Risch ewt al. (1978a, 19785).
Cardiac oﬁtput increments generally attend dilation, Kroetz and Wachter (1933),, Arbore_liﬁs etal.
(1972b), Lollgen et al. (1980), Hajduczok et al. (1984) and Krasney et al. (1984), though some l:ave )
reported no rise or even a decline (Hood et al. 1268, Rennie et al. 1971). Hajduczok er al. (1984)
reported cardiac output to rise immediately u1;>on immersion to four times thé steady state immersion '

value.

*(cont’d) Mead 1964).
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Figure 215: Elastic work of breathing in air and during immersion. [2.15A: Elastic work
changes associated with a positive shift of the total respiratory complignce curve. 2.15B: (1) a
four-fold increase in elastic work would be produced by doubling the tidal volume; (2)
altered elastic work atending reduced compliance.] _
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Agostoni et al. (1966)'postulated that hydrostatic compression-and-a-shift-of peripheral-blood-to————

the thorax mediated a displacement of the chest wall compliance curve. Recalculation using their data

curves and the currént isovolume meth: evealed immersion to the xyi:hoid dxsplaced thé chest wall :
curve (:41kPa (4 2cmH,0), M‘Z immersion. to the neck/thorax Juncnon produced a further
1.01kPa (10. 3cmH ,0) shift. The first immersion would increase thorac1c blood volume and elevate the

dlaphragm, while the second may increase blood volume further, but would primarily prowde thoracic

compresswn. Hong et al. (1969) observed similar changes in t.he transrespnratory curve followmg

1denuml meersxons

4

Dahlback (1978), studied thorax only and head-out immersion, using a inodiﬁed body |
plethysmograph, and found thorax immersiori pi'oduced a significantly greater reduction in expiratory
reserve volume. Though total réspiratory compliance was not reported, one might speculate, since
compliance curve shifts determine resting ERV, that hydrostatic compression was mainly responsible for

the.present compliance curve displacements *’.

It is concluded that rightward movement of the compliance curve (relative to sternal notch
pressure) observed in this project, is attributable primarily to compressive forces on the thorax.
Partitioning the curve shift between compression (thoracic or,abdominal) and blood .volume chahges is

not possiblhé from the current techniques or ffrom‘th_e-datag aVailgbié in the literature. i1

A |

*" Thorax immersion alone would not be associated with pulmonai'y vascular engorgement,
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CHARACTERISATION OF STATIC PULMONARY MECHANICAL A UTES DURING
' WHOLE-BODY, UPRIGHT IMMERSION BREATHING AIR AT \sz STARE
' ~ RESPIRATORY LOADS. o

3.1 RESPIRATORY ELASTICITY.
James Carson (1820) reported the earfiest recorded‘ investigations of lung elasticity. He described
the elastrc recoil of Lhe lung measured using a water manometer connected to the alrways of dead
ammals Pneumot.horax caused a positive airway pressure which was used as an index of lung reconl
‘Hutchinson (1849—1852) repeated these measurements on fresh cadavers, observing a linear
pressure—vdlume (compliance) relationship. Donders (1853) subsequently postulated that there was an

inherent tendency of the lung to recoil towards zero volume.

Although Rahn and his co—workers are recognised as producing the first respiratory
pressure-volume diagram (Rahn et al. 1946), similar curves were previously, and mdependermy recorded
by Romanoff (1910~1911) and Rohrer (19 6) from passrve stanc’félaxauon against an occluded anrway
Jaquet (1908), Bernoulli (1911) and Cloetta (1913) also denved similar curves from lung volume changes

accompanying altered breathing gas pressures.

These methods recorded lung elastic recoil urlder static conditions. Buytendijk (1949) developed.
the quasi-static technique, where measurements were taken as subjects breathed slowly between Lotai v
lung capacity (TLC) and residual volume (RV). A third technique permitted an approximate measure of
lung elasticity from end-tdal compliance measurement, during spontaneous breathing (Neergaard a'nd
.Wirz_"'1927, Bayliss er al 1939, Mead and Whittenberger 1953): the so'called functional or dynamic

~ =

compliance.

Components com:ributing to thoracic elasticity include the paraliel elasticity of the rib-cage and
abdomen—diaphragm and the series elasticity of chest wall and lung dgsue (Agostoni and Rahn 1960,
_ Agostoni and Mead 1964). The classical sigmoidal pressure-volume (com;)}iance) curve of the total
Tespiratoly apparatus (Romanoff 1910-1911, Rohrer:1916, Rahn et al. 1946) results from summation of

the chest wall and lung tissue curves (Figure 3.1) 7
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Lung tissue elasticity is assessed from transpulmonary pressure change (Pq; = Pﬁ]v - Ppl). Pleural

pressure (Ppl) was first measured by Ludwig (1847) usmg a balloon-tipped intrapleural amula Luciani >
(1878) approxrmated Ppl using an oesophageal mtheter (Poes) a techmque which, thmugh developmem
by Buytendijk (1949), has become the criteri§n experimental measure of Pp].

Chest wall elasticity is evaluated from transthoracic pressure change (Pyp, = Pp) - 'Pbs)‘ Since lung
tissue and the chest wall act in series, it can be shown that transrespiratory pressure (Pyyr) is obtzunablc
from the drfference between P,jy and body surface pressure (Pbs)

“"%
S Prp=Pay - Ppl " o Equation 1
Puh = Ppl - Pps | | Equation 2
I .  Pus=PptPpy < Equation 3
s ' . > 5 ¢ R
Then: L Pirs = (Paly - Pp)) + (Pp) - Ppg) :
Thus: o ‘ Pus = Pa],Q - Pps X - | 'Equation 4

These relationships are illustrated in Figure 3.2.

" Each of the pressures obtained is a function of lung volume (Carson 1820 Hutchinson 1849 52,
Donders 1853 Rohrer 1916 Rahn et al. 1946). Huichinson described Lransresprratory pressure o be a
linear function o@{é volume, though subsequent s_tudres have shown the relation to be sigmoidal
(Romanof‘f 1910-1911, Rohrer 1916, Rahn et al. 1946, Lawton and King 1949). In 1913‘Clocti‘zr fo\rrnd

.

~ pressure-volume linearity over physiolcgical volume ranges.

“

Curve shapes are attributable to mechanical changes associated with volume change. King and
Lawson (1950) proposed these changes to be analogous 10 those displayed by other exlensiblc materials,
when stretched. However. physiological mechanis‘ms must also’ play a role. ' \_‘9 .

. . - &

Al low lung volumes alveoli undergo serial collapse (Velasquez am}i Farh1 1964, Labadie and Van

Eenige 1969), which along with the chest wall suffness produces the lpvfer curvature of the Lotal

respiratory curve. A similar bend has been observed in the lung tissue compliance curve (P[p) al volumes
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<20% VC. Ofiginally, this curve was considered 10 be artifactual (Knowles er a/: 1960, Permutt and
Martin 1960), however, if has been hypothesised that air trapping may produce such a curve inflection.
Trapping would pmduoe zones where local Ppl exceeds Pajy mcasured at the mouth, during lung collapse

> (Butler and Smith 195? Ghmer el al, 1973, Ingram et al. 1974, Pedersen er al. 1984). Gibson and Pnde“

(1976), Milic-Emili (1984) and Pedersen et a/. (1984) maintain Ptp can onl) reflect lung elasucuy if free

communication is mescnt betv.een alvcolx and the mouth. This would m»ahdate the use of ncgamc Pp

* during mlmlauons of jung oomphance and elastic work.

-

At rmd-lung volume range of the Ptp. Pm Pah curves approumale linearity. However, smcc lhc ’

overall curve shape is non-hnw clasxance is umquch related 10 lung volume, At any poml along

these curves, elastance is the mean mcchamcal status of the senes and parallel tissue clemems (Labadlc

and Van Eenige 1969), each at a volume point on its own unique compliance curve. As lung volumc
appmaches TLC more elcmems achieve. thc:r max:mal ¢xpansion, producmg the upper asymptotes of the

totai,regpnrator} and lung ussue curves (F:gurg 3.

Recoil properties of lungsf are priman‘h- governed by surfactant surface tension ( Nccf'gard 1929,
Radford 1964), wmle rib cage: .and abdommal ng:du\ regt}lale chest wall elastcity. Othcr conmbuung

~

factors are descnbcd 1in xable 3 t.

Eva!dating l.ung and chest wall elasticity Féquires measurement o; ' E:p)-.« It t}as béén d,emonﬁuawd
that Poeg provides an index o{fm’p; P (Fry er dl. 1952, Stead et al. 1952, Cherniack et af. I9SS."‘A:Un§m
et al. 1956a, Buder ef al. 1957, Ehmer 1960. Milic-Emili 1984), however, Pyey is I;}OI’C ﬁosipvc, and its
dvnamic rcspiratof:; ch'ariges_ (crp§l to trough) are smaller th\a% Ppl. Elasticity measurements based oﬁ LT

Poes are valid only i/'Pges faithfully reffects pleural surface pressure.

The oesophiagus iy a ﬁaccid muéculmncmiaranous tube (25cm long 2cm diameter), connected to the

) 'mcdsasunum by areolar tissue and muscle, and posscssmg superior and infenor Sphm(:lcrs (Gray 1977)’

Oesophagca) pressurcs have two origins: mmnszc {local spasms, penstaiuc wavcs) and cxmnsnc

(inu;thomdc pressures: Pp,). cardiogenic, tracheal movement). One must assiime ones technique permuts

; . »
* A measure of resisiance lo distension (elastance = }/comphance). Elastance. is used hére
xmdofmpmncc.mmctonnerzsmrcxeadm associated with clasu:work,wbjcb
dexnbes work necessary 10 expand !ung ussue.

: There are two P . pleural surface pressure and pleural liquid pres‘sure,, The laucrs is more

. negative, while the fomm affects mechanical status of thoracic structures. Poes approximates

pleural surfac:pr&surc .
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Table 3.1: Factprs contributing to chest wall and lung tissue static elasticity.

CLASSIFICATION -~ COMPONENTS CONTRIBUTION

Tissue networ‘kl ~ Tissue cells (epithelium, ~  Minor in adults
fibroblasts, hystocytes)

Smooth muscle tonus .- Minor unless extensive °

(bronchial, parenchyma,
interiobular septa)
Tissue fibres (elastic, collagen, Significant

reticulin) v
Visceral pleura ) Major in disease
Sturface tension Surfactant ' Maj?)r
™~
Pulmonary blood Acute engorgement Unresolved
: Chronic engorgement Significant
Lung volume Interacion of above Major

components with chest wail

Table onstructed from Radford (1964) Pp.437-445. and Cotes (1979) Pp.69-71.
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distinction between Pgeg of different origins, and that Poes is not altered by measurement mtervenfjbfﬁ \

(i.e. reactive error).

+

When the.body is upright in air at normal ambient pressures, elastance has been shown to range
" between 0.25-1.11kPa.l-! (total system), 0.26-1.00kPa.l"! (lung tissue) and 0.28-1.00l£f\‘a.l'I (chest wull) b
(Christie and Mclntosh‘1934, Stead et al. 1952, Butler.et . 1957, Marshall 1957, Donleben 1959, Ehmer
1960, LeRoy and Guerrat 1965, Agosion ef al. 1966, Tumer ef . 1968, Jonson 1970, Cotes 1979)
Dunng upright immersion Jarrett (1965) observed rightward, but parallel movement ol the total
resplralory compliance curve, producing grcater elastance at the immersed relaxation volume (VR). but:
not at the upngh,t_ control VR. Subsequenl investigations have revealed a qualnauvel) s:mllar shlrung of
the total resplratory compllance curve with mmersnon (Horig er al. 1969, McKenna et'al. 1973, Flynn
et al. 1975 Finh et al. 1979, Chapter Two).
. . -

Bonduranl et al. (1957) reported reduced lung u'ssue. dynamic compliance* following .g-suit
inflation, and immersion. . They attributed these changes 1c bulmonar_v vascular engorgemenL
: Subsequeru replication of lhis study revealed Lhe compliénce change was mediated by mechanical’-
compression of the oesophagus rat.her than altered pu- onary mechanics (Bonduram et aI 1960D).
Basch (1837) first measured t.he efTects of pulmonarv congesuon on lung mechanics, demonstrating a
reduced V1 dunng fixed pressure venulauon. and an elevated end-expiratory volume. Subsequcnll)
Frank (1959). Caro et al. (1960). Gianelli er al. (1967), Wood er al. (1971) and Prefaut et al. '(19-76‘}
supported this apparent sufT em‘n'g. however, they reported pulmonary compliance to be X .
‘ volume-dependent. At low lung volu‘_m;e}.\lung recoil was diminished, while at high volumes recoil was
increased. Frank (1959) found no change in compllam:e with engorgemem ‘when lung volumes ’
approxnmaled control FRC *. Prefauter al. '(1976) observed that changes in static Pyp during Im‘r‘nersion
were dependent upon the lung volume at which the mehsuremems were taken. At high lung volumes,
immersion increased Lranspulmonar\ recoil pressure while the opposite was observed at low lung

volumes.
z =

£
N 2

‘ These range values represent a compilation from. several sources. The normal

interrelationship of the three elastances is not apparent, since the sources cited cach rcporled

the elasxance of only one or two components, and not all threa .
‘ Elevaled elastance

' Frank (1959) recalculated data of Basch (1887) finding . that his obsenauons were. made at
volumes below FRC. See also Borst et 2/ (1957). ‘ \\,_ . . i
: . ’ )
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Sterk (1970)* found fmmersion of fully equipped divers ; .xluced dynarmc-hm{/\ eoomplrance
From calculations by the currenl author on the smgle compliance curvc provrded, it was found thal ‘
complrance decreased 13%. .The dynamrc comphanoe may have been reduced due o the mechameal

characteristics of the breathing apparatus, In 1973&1( reported a 23% reducuon in quasr-—stauc _"‘ -
oomplxance during similar lmmersrons( i.e. reduced compliance), though mdmdual and staﬁsueal data

weré not reported One cannot totally attribute these changes 10 lmmersron alone, since restncuve drvmg . '

equnpment would alter pulmonary mechanics by restncung lung VOIZE excursion (Caro et al. 1960,
Manco and Hyatt 1975). ‘ .

-

' Burkr (1976) found Cq—s(l) was not sngmﬁeantly altered u‘nmersron Subsequenl tnals wcrc
performied wrth -venous occlusion cuffs around the thlghs to prevent large 1ncremems in pulmonary
congestion, yet subjects still expenenced rcduced pulmonary compliance (p>0 05) If pulmonary

congestio h,ad mediated compllance changes, one would anticipate a return towards contrel and not

[N

similar reducuons

Dahlbick et al. (1978) reponed immersion to decrease rmd-lung volume pulmonary qu?i-statm
complran-.e 30% in five subjects However, some resérvations are held by the present author First,
control data were based on' 18 observauons. of whrch 39% were outside the upper limit for normal lung
compliance*, which may imply poor reproducibility. Second, compliance was obtained from visually
fitted 1angents, drawn along the pressure-volume curves. This introduces error’. Third, the lmagniurde of
compliance change is primarily aunbutablc oa 273% rise in one subject, whose comrol data cxceeded !
no nj Jimits on every trial.” Recalculating from tabulated data, and excluding abnormal controls and

trfled experimental data, produced a 9% compliance fall wr}h’ immersion, as opposed to the ongmal

30% reported (p<0.05, t test for correlated samples). Finally, co. jance was computed using slope

portions which contained P[p data on either side of the iero p (‘ e intercept’, at least in the example

* One might "speculate age related - elastance changes produced abnormal data (Mmman el al
1965), as subjects are readily identified, Hawever, abnormal data - occur moonsxstently in all
but one subject ) . ‘ - .

" For cxampl:, assume 2 Py, at control VR of 0,6kPa and at VR.plus ‘1 liwe of llkPa
Comphance = 20 LkPa''. If the experimenter judged the latter pressure 10- be 12kPa, the
~ compliance would be reduced 1o 167 LkPa*. represenung a 165% erTor.

' Dahlback employed quasi-static manoeuvres in_which P was usually, negatwe, except below
20% VC. This is different from static Pq, technique, whitc,l': usually produoes positive Pm :
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‘provided®. Positive Py was interpreted as an inidex of air trapping. Such points occur when Pogg tums
. positive :a_nd exceeds mouth pressure (P,o) (since the quasi-static manoeuvre is expiratory, and'Pae is
- always positive),fand have been considered artifactual (Knowles et al. 1960, Agostoni and Mead 1964, -

Milic-Emili et al. 1964a, Sutherland er al. 1968, Green et al. 1974), or indices of air trapping (Butler and
Smith 1957, Glaister et a. 1973, Ingram et al. 1974, Dahlback 1978, Milic-Emili 1984, Pedersen et dl.

. 1984, Bake'?). Wl.th alveolar closure a greater change in Prp is needed to produce a given volume ,
cbange (l e. compliance is reduced) (Milic-Emili 1984). Macklem'’ suggested that air Lrappmg if present,
©owill be accompamed by elevated Ppl and local Palv. as lung volume decreases. Local Papy will exceed

. Pao -due to absence of free communication, producing po_sitive Ptp (negative with static manoeuvre), if

Poes faithfully reflects Pp. However, it remains. unknown whether changes reflect e Pyp'or
measuremeni arlifact._:particdaily during immersion. The extenl to which one can-rely on Poeg ’
measurement at lun.'g volumes below 20% VC is still debatable (Milic‘Emili”) In either case data cannot
be used to study mr.nnsnc lung recoil, since recoil analysis assumes free commumcauon belween Lhe :

mouth andalveoli o , ‘ A

Only one group has investigated chest wall elasticity durmg 1mmersnon (Agostom et al 19669 The-

am.hors reponed only mean curves (no dispersion mdi..es) without elastance values Pun- was referenced

10 P5. Submersion to the neck moved the chést wall compliance. curve positively and increased its slope

(reduced elastance)™*, possibly indicating a removal of s%ouldei girdle weight from the thorax. No

- studies have bezef located within the literature in which all three elastic components. were studied.

#

* This subject experienced a 273% compliance decrease from control data which themselves
were outside normal upper compliance hmns - —

'°. Personal communication; Depanmenl of Clinical Pli_ysiology. Faculty of Medicine, University ‘
of Goteborg, Sweden. : s

b Personal communication: Professor of Medlc ne, Meakins—Christic Laboratories, MCGlll
University. Monwreal. =~ ‘ 7

" 3 Personal--communication: Professor of PhWns—Christie Laboratories, McGill

L]

University, Montreal.

1> Slope change was %ﬁved by digitising graphic data.

B
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3.2 LUNG VOLUMES
Borelli (1680) was the first to quantify inspired gas volumes, drawing attention to air_whiéh, even
with the most forceful'éxpiration could not be expelled. Davy (1800) named this the *residuial volume’.
_ Huichinson (1846) subsequent]y named and quanuﬁed other volume subdmsmns and capacities on over

1

2000 subjects of varying stature and health

Lung volumes are determined by the interaction of several forces: (1) inspiratory/expiratory
muscle tonus, (°) transrespifatory pressure (Pig Palv = Pg). (3) elasticity of chest wall and lung tissue,

and’(4) extemal forces (e.g. gravity, thoracic compression czused by body surface pressure increments).

Immersion interacts with these forces and is universally reported to produce lung volume changes (Table

3

“32).
~ 3.2.1 Purpose of the chépter.

The objectjve of this investigation was to examine static respiratory(mechanical properties during
upright, whole-body immersion. Of particular interest was the evaluation of 'respiratory compliance and

_ its components of lung tissue and chest wall compliance, and the evaluation of the elastic work of

~ breathing during immefsion with, ahd without hydrostatic compensation-of breathing gas pressurg. It was

hypothesised that chagges in bfea’thing éas pressu}e would alter lung' volume subdivisions, in icular

" the relaxation velume (VR), and change the elastic portion of respiratory work attributabje’to tissue

expansion. ' v
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3.3 METHODS |
3.3.1 Subects

Ten male non-smokers (including 8 divers), screened by questlormaJIe for normal lung function
history, parquated as paid subjects Medical questionnaires were screened by a phys1cxan prior 10
experimentation. All received mformatlon packages and s1gned informed consent releases. At least wo
investigators were in the laboratory, and a physician on call, with emergency resusmtauon eqmpment
(within three minutes), throughout all experiments. To avoid age related compllance changes, subJects

participating in elqs work trials were all less than 40 years of age (Mittman et al. 1965).

Subjects pgrformed a series of respiratory, static pressure—volume felaxatjon manoeuvres over the
lung volume range from residual volume (RV) to total lung capacity (TLC). Manoeuvres ‘\)vjere )
inspiratory commencing at RV: Using oesophageal balloons, transrespiratory, transpulmonary"and .
transthoracic pressures were measured at each relaxation pause. Trials were peifo;med upright in EH
and during total immersion using positive facial counter-pressure. To facilitate reproducibility of static
pressure—volume data, subjects were chosen from the best subjects used in the determination of the luﬁg

centroid . R

Subjects also performed ‘spirometric manoeuvres to enable measurement of vital capacity,
inspiratory and expiratory reserve volumes, and inspiratory capacity. _ o

3.3.2 Apparatus 4
(Y . o
" Lung volumes‘ were measured using a pneumotachograph (Fleisch #4) coupled with a diﬂfferential
pressure transducer (Validyne DP103+ 0.25kPa (+2.5cmH,0)). Alveolar pressure was measured at the
mouth, with the airway occluded and glottis open using a differential pressure transducer (S.E. 1150£6.2). |
' Oesophageal pressure was measured using an oesophageal balloon (10cm long, wall thlckness 8.45 x
10°’mm) and catheter M (teflon: internal dlameter 1.35mm, wall thickness 0.3mm) connected wa

differential pressure transducer (Validyne MP45 £3.92kPa). Oesophageal pressure was determined using

.PA as reference, while transpulmonary pressure (Ptp) was obtained from the difference between mouth

pr‘essure and Pges.

" Appendix Two detaiis procedures for making oesdphageal pressure-probes- h
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According to Milic—Emili er al. (1964) oesophageal balloon volumes should be mrmmal o
adequately gauge pleural pressure. To determine this volume the pressure—volume characteristics eF
individual balloon/cnmeter systems were analysed. Cat.heters were attached to Tygon® tubing (mlemal
drameter 3.18mm, wall t.luckness 1.59mm), whrch in tumn, was connected 0 the differential - pressure
u'ansducer Trials dunng immersion requrred longer tubmg connecuons than conu'ol mals (2.30 and 3.78
metres respectrvely) due to the greater dlSIanCC betwéen Lhe transducer and the subJect in the former.

- Characteristics of both systems requrred evaluation,

' Balloon/'cmheter systems were evacuated in air to a pressure of ~2.94kPa (—30cnrH 0). Air was
then added in 0. 2ml mcremems with system pressure being monitored at each step. Data plots 1denuﬁed
cntheler volumes at which an extended pressure—volum% plateau was located. Al these volumes Lhe
 balloon/catheter complrance would not confound oesophageal pressure measurement (Flgure 3.3). Tothe
rmmmal volume was added an addmonal 0 iml to prevent high positive pressures from compressing -

ballpon volume, drrvmg volume down to the sleep part of the compliance curve. In this manner Lheler
£a

-volumes were kept minimal to avord pressurrsmg the oesophagus (M111c~Em|lr 1964) System volumes in

air were 0.9520. 3ml, and for immersion studizs were 2.40+0.2ml. The former values were slightly greater
than recommended volumes (Gibson and Pride 1976, Mrlrc—Emrll 1984) of 0.5ml, and were almbuted o
larger probe volumes in Lhe present study. Volumes were much larger than O 2ml suggested by.
Milic-Emili e a! (1964) _This is attnbuted to°wall thiekness dlfferences between ’hand—dlpped and
manufactured balloons (Lemen et al. 1974, Mllrc—Emllx 1984). - Volumes for prebes used durmg.

im.aersion matched those of Sterk (1973), who also. studied immersed subjects®’.

Output from mouth and. oesophageal transducers- was amplmiﬁed .(S.E, 423/ lE amplifier |
demodulator). Flow signals were amplified (l)aytronic LVDT, model 9130) and low pass ﬁllcrcd at SHz -
’(Rockland model 432 dual hrgh/low filter). All output passed via an analog/drgnal converter (Tecmar
Labpac) to an lBM(PC) for SOHz sampling and storage.

System linearity was evaluated'“"using»a U-tube Kvaler manometer in parallel with each transducer.

A step series of known ;ressures'(tO.Zl(Pa) was applied 1o each system over the range -5.9kPa 10
* MiliccEmili er al. (1964) have shown that larger balioon volumes displace the Plp Curvc‘,f
‘without altering its slope. Thus lung compliance is not influenced by balloon volumi.

16 Since it was crucial to know the system response (ie. from transducer to computer), and
since sysiem components act in series (causing system amplitude response to be the product
of component responses - Fry 1960), it was decided to evaluate the complete sysiem, rather
than linearity of separate componems .
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. +4, 9kPa. Thts range was- deemed to mclude mouth pressures anuerpated durmg stauc pressure—volume

relaxauon manoeuvres. Both p%ssure systems were lmear (r>0. 999) and remamed so throughout the 7

*

LT - ST
Volnmes were calculated by mtegrauon of flow srgnals with respect o trme System valrdauon

.investigation. - L e o L R

mcluded all components between the pneumotachograph and mtegratron routmes. Integrated volumes
- displayed a non—systematrc variance with ﬂow rate (x = - 1.004 £.0.042 litres) when a one lu.re standard

was passed through the pneumotachograph at flow rates betWeen 20—40g Lmin-t, 'A ; S "‘j, o

-

Accuracy of volume and pressurd measurement was conﬁmted by repeatedly applymg lgnown -
- . volumes and pressures 0 each system. .The standard error for dry volumes was 0. 007 litres (using 0. 961
litre mJecter asa standard) and-for 1mn’lersed volumes it.was 0.016 litres (using 5. 921 lire syrmge -

standard) Five pressure standards were used (-1 96 -0.98, 0, +0.98, +1 96kPa( -20, -10, 0 +10

+20cmH,0)). Pressures were applied w1th an accuracy of #0.02kPa (+0 2cml-l ;O) Standard error for B B 2

measuring the five pressure standards usmg the mouth and oesophageal systems were 0.009 and 0. 018kPa

respecuvely .

Immersion trials were performed innthé"wet chamber of a hypo-hyp_er'oaric chamber complex able
to simulate depths of 300m wrtlr’temperature and humldrty cont.rol Water temperature was regulatéd o
34.8405° C. This necessrtated the“use of fong ptessure probes to connect the pneumotachograph to its = **
differential pressure Lransducer To evaluate length éffects on volume measurement, trials wete R
performed using known synnge volume standards (0.961 lures) and dll‘l'erem probe lengths (0. 415 1.600 |
’ a.nd 3.350 metres”) Increasmg probe length resulted in a systematic but non-srgmﬁcant mcrement in
. volume measurement (0.97+0.03, 0. 970. 01, and 0.98+0. 01 ln.res re*pectrvely) represenung 0.52%, l .04%

iy

s . and 1.77% above syrmge volume which itself had been determmed by repeated water ﬁllmg

/ Durmg 1mmer510n tnals t.he pneumotachograph was kept above the water. Smce both subJecLs and
air supply. were 1mmersed lengt.hs of low resrstance tubing were used 10 link each wnh thc
pneurnotachograph ( Flgure 2. 3) At either end of this tubmg was a Mares (MR 12 HI) regulator -

- mnnected o cornpressed au’ sv.orage tanks. Both regulators were kept in the same horizontal plane.

Sub}ects were posruoneo in this circuit, close to t.he second regulgtor Two nwp*—way taps perrmtted t.he
expenmenter ‘t0 conu'ol airflow through t.he pneumt)tachograph and from Whlch regulator the subjecta

' Probe lengths ALorresponded with: (a) shortest posrb[e prbbe l“eagth (b probe lcngt_h for R
dry trials, (C) probe length for immersion  trials. . £ o o
S . |
Q\' ' 77 . J [ . R é )/-
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) breathea. Subjects were sﬁown,hovvlv to operate the taps ,to'g'obtaih air on-demand. - — E—

The pneumoraéhograph was heated to prevent condensation in tlte resrstor tubes expiratory
manoeuvres Laboratory- tnals usmg oopper/oonstantan thermocouples (0. 125mm drameter) and a oold .
Juncuon compensatdr (Omega anmeertng Inc. Connecticut) measured inspired gas wmperatures of o .i;l :
" 39.3°C(SEM = 0.002) and gxpirate temperatures of 39.7°C (SEM =0.35) *. This difference was. .

N' negltgtble in any BTPS volume conversion, and was- rgnored. peratures were deemed to be

3%C. ' o Lo

_ Dunng elast1c work tnals regulator 1 was posrtmned at the sternal notch depth. Due 1o its large

a

dead space, this airway was used only durmg tnals '

»

The second regulator served three purposes C o
(1) it provided an easrly accessrble emergency air supply to subjects, | i
(2) it permitted subjects to breathe comfortabiy below the water between trr:i'l‘s.‘rncreasing their ebiiity' 10
reproduce relaxation pressures, and ‘ ' o

(3) it reduced apparatus dead space. ‘ o o ) ;éf . '

-

® .

Trials performed in air used asfhall léngth of low resistance t‘ubing (v'olurne = (0.365 litres) to
connect subjacts directly. to thé pneumotachograph. All other tubing was disconnected‘ buuap'lf
remained. In each set-up there emsted a volume of air between the Sub_]t:C[ and tap 1(L 59 litre and 095@
litres - immersion control respectrvel)) Lung volumes were corrected for gas expansron durmg ' ';
negative pressure' ds and for compression during posruve pressure holds. _ " {f : |

lmmersron sprrometry and elastic work trials were performed with posmvé facral oounter-pressure
using a modified Kirby-Morgan band mask (U.S. Divers - Figure 2.4). - A small pressure lme connected
regulator 2 directly with the air space inside the hood and pressunsed the lqyer 0a presure equal to the
depth of the regulator. Since the pressure line by-<passed tap z. oonstant mask pressure was mamtamed ,L
during pressure-volume manoeuvres. The hood provided strong rubber strappmgs o mamtam its
position during immersion. These straps facilitated mouthprece stabrh;y as it was rmpossrb]e o

phvsrcall) eject the mouthpiece when strapped in position. Subjects é/ore nose clrps diiring all tnals [

4

 prevent air losses. L
SRR
. . . ‘ < i ‘ -
1 ; v S & “
" Response time 0.1-0.5 secogds. o )
w_“ ~
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Duﬁné all u'ials a U-tube water manometer was connected - parallel wrth the moumfﬁféguﬁ e —
wransducer, mbﬁng,"‘h? experimenter to determine when »a"stable”relaxaudn pressur'e 'was,at_tiined
i ¢ . B K ) N

' Prelumnary 1mmersron mals produced r’elaxauon mouth pressures beyond the u°ansdug:er capac:ty
To bnng pressures into range a pressure oompenSator was oonnected 10 the transducex‘reference srde
- (whrch had been open to air during co. uol mals) The compensator consisted of - a perspex cylmder. and o
. pressure probe unmersed o known By depths, and connected in parallel with both the mat:‘meler .

v i and transducer. The oompensator eonsequentlv applied a positive reference pressuce 10 Lhe sducer

enabling measuremem of. greater relaxauon pressures 49‘ LT e :

- - 3.3‘.3.Ca[ibmlzon L . . \" - L . e oo

b .r‘h ~

. _ . . '\ ”

Cahbrauon was performed darl) oy more f'i'equent.ly rf {he apparatus was shul down between » . A

subjects or when large time gaps occur;ed belween suocesswe (esung pel;aods Pressure ca‘hbraue-1 was g,‘ .
performed at zero and +4. 9kPa (+50crnji£)k usmg a waler manometes (:tO 0.'>kPa (+O ZcmH O)‘) uuhs

e .

. . A L 0 F
. - prevnousl) confitmed system L nearity. . - . _‘ R . s -
V‘)‘( -y h ¥ N ‘ (i . : "";'HQ :# V K ‘N "'.‘ﬂ “ . “”.' : : -
- Flow eahbrauoﬂ was mmed out wuhfapparatus in situ, prec{dmg mals and wuh t.hcu Sar e
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provide rcproducrble data®’. One sub]ect was new and undertook rdenuml tralmng to that descnbed m
Chapter two. Dunng rmmetsxon trials both regulalots were posmoned at the depth of the stema’r notch

Tnals were preoeded by 3-5 rapid breaths. at slighty larger than normal udal volumes to lower
blood CO, tension and reduce reeprraron drive. Three normal tidal volume breath followed this

tachypnea lo remove. volume histery mﬂuences on compliance (Ferss and Pollard 1960). Expirafion to -

|

RV followed. During immersion, transition-to RV was determined by rapld air expulsron from regulator

2, and RV anainment by cessatjon of bubbles from this regulator. ALRV SUbjeC!S were isolated from

o aunosphenc air by closing tap 1 (control) or from regulator 2 by closing ap 2 (rmm%rsron) On verba'"

. command (head taps dunng 1mmersron) subjects- gentl\ 1nsprred when lap 1 was opened and relaxed

wl‘en it closed. To prevent large unconuolled inspirations subjecis were trained 10 resist rnﬂow at low

relaxation volumes, Inspiration was conunued until subjects. senscd tap 1 close, al whrch point Lhcw agam .

relaxecL To prevem accidental gas loss, tap 1 was not opened ull the expenmenter observed
commencement é\rﬂnjprraton effort (change in manomeler pressure) Usmg mrs sequence subjecls were
able 10 provide 5-

be evaluated. Trials were repeated 5-7 umes. Unsatisfactory trials were repéated. An electronic m’gger
was activiated al each relaxauon point and recotded on a separalc computer channel 0 rdcnuf\ points of

.‘\w [N

relaxauon.

Subjects performed mals seated upright with their back vertical and hrps flexed at. ~90° . To &

rcduce buovancy during thc immersion trials, subjccts placed a weight belt over the thghs and Lhe \'\

v

experimenter held the head posiion constant.
» \

., Oesophageal balloons were inserted by the experimenter in the presence of a physician and/or a -

member of the supervisory committee trained in placement of oesophageal catheters. Nasal and

» pharyngeal mucosa were locally anaestheused (xylocaine endotracheal acrosof*"). lnserLion‘procedurcs

were dcmonsualed to the subjects and fully explained while the topical anaesthetic took effect S;ubjecu\
were seated in a padded chair with arm and back support Balloons were smcared with a steriic,

water-soluble lubnicant (K-Y Jelly®, Johnson & Johnson). The more patent airway was determined by

'* Five subjects had previousl"} taken part in six groups of static pressurc4volume trial€” two

~ were involved in five groups of nals, and two ook part in four groups of m’als,

3 SubJects were questioned regarding allerg\ to local anaesthetic prior to use. All subjects
responded negatively.

different points at which the pressure—volume relation between RV and TLC could »
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exammauon and the ba}leons were msenedr ia the nares, with the sub3ects head- fullyextended The

probe up was located in the pharynx behind the uvula using a tongue depresggr and flash light At thxs
point the balloon was wnhdrawn lcm, for sub;

t comfort, and the subject-sat erect and, commenced
<

strong drinking ‘and swallowmg of water through su'aw Further catheter msemon was nmed 1113

coincide with ’swallowing’.

-

Preliminary ‘catheter insertions were used to identify balloon posmomng in the oesophagus.
Balloons were lo%_u;d below the gastro~oesophageal junction (indicated by posmve pressure with

msplranon). then withdrawn siowly to identify the cardiac sphincter (positive pressure turmng negative on

inspiration). It was intended to locate balloons “10cm above the gastro-oesophageal junction, however,
preliminary work revealed considerable intrasubject variability in depth between repeated posiu‘oninés.
Ehrner (1960) similarly reported large variability (tScm) for repeat placements. It was decided to

reference balioon depth to the nares. All probes were inserted 45cm, then withdrawn and secured at

40cm from the nares to the balloon tip.

Air wnhm oesophageal balloons collects at the pomt of least pressure ( i.e. the upper junction of
balloon and catheter), thus oesophageal pressure (Pgeq) Was measured approximately 30cm from the

nares. Milic-Emili er al. (1964) had shown the pressure-volume characteristics of this position to be

- very similar to those obtained from the lowe.r one third of the oesophagus. Gibson and Pride (1976)

found mid-oesophageal positioning superior. Furthermore, the influence of basal alveoli collapse, during

immersion (Pedersen er al. 1984), upon lower third Ppeg Was unknown.

. points ( i.e. one sepond collection) which would include at least one full cardgé—cycle.

During preliminary testing, Ptp was monitored during spontaneous breathing 1o evaluate
mrdlogemc influences. Christie and Mclmosh {1934) reported Ppl fluctuations of 0.83kPa (8.5cmH O)
Lemen et al. (1974) observed a 0.49kPa variance, and Gibson and Pride (1976) found ~0.89kPa change in
Pyp. each due to cardiac oesophageal compression. Maximum peak to minimum trough Pyp differences
in the current preligainary work wéré 0.145kPa (SEM = 0.033*', sampled at 50Hz). Fluctuations did not
show recogru‘éablg cardiogenic pafl\tems. and were interpreted as being caused by oesophageal cq,ntraction
or movement artifact. The pressure difference magnitude did not warrant recording at P wave onset to

signal Py measurement times (Trop er al. 1970), since Pyp measures were 1o be averaged over 50 data

X = mean. SEM = sandard error of the mean.
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Tt was concluded that Poeg should be measured in the lower portion of the middle third of the
oesophagus ( Le. 30cm from nares). In this position end tidal Poeg averaged ~0.42kPa (SEM = 0.04)
 before commencing experiments, and —0.41kPa (SEM =.(2.05), before the catheter was refno?ed at the end
of the experiment. These data, in agreement with rrieésuremems of Ehrner and Nisell (1959), provided
confidence that ‘Foes measurement was-valid, and that probes had not moved significantly dliring' the

" experiments.

After the ocsophageal catheters were positioned, subjects performed a valsalva manoeuvre to
evacuate air from the balloons. Each balloon was injected with 5mi of air to ensure even filling. A
volume was then removed, to leave the predeterimined balloon/catheter volumes. Repeat valsalva

- :

e R
manoeuvres énabled balloon volume confirmation between trials.

Trials did not commence until 20-30 minutes-after the catheter was positioned, 1o ensure
subsidence of peristaltic contraction. Balloons and catheters were washed, sterilised (Cidex® activated 2% - j/\
glutaraldehyde solution), and refrigerated between trials, after dusting with talcum. '

~3.3.5 Procedures: static lung volume measurement. ,

Spirometric measurement of lung volumes?? was performed using the apparatus and subject
positioning described above (Figure 2.3). Measurements were made while subjects breathed throygh the

heated pneumotachograph. Between submerged trials subjects breathed through regulator 2 to avoid CO;

accumulation.

The depth of both demand regulators was identical for each submersion trial, and trials were
randomly performed at four covert regulator depths: mouth level, 13.5cm below sternal notch (mean lung
centroid position®’), and 10cm above-and below lung centroid . Before commencing each trial subjects

breathed-at the new delivery pressure for about one minute.

Tidal volumes (V) were recorded following several shallow, rapid breaths. Tachypnea was °
designed to reduce respiratory drive during trials; since apparatus dead space was large, rebreathing
would progressively elevaie V1. Tachypnea was followed by several normal breaths. Subjects were

asked to select and maintain a normal VT and breathing frequency (fy). Redirection of inspiratory

5

2 Vital capacity, inspiratory and expiratory reserve volumes, inspiratory capacily and tidal |
volume. ‘ '

3 As determined from Chapter two.
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airflow through the pneumbtachograph was done covertly. , - _,,‘,,,

Vital capacities (VC) and inspiratory czpacmes (IC) were measured as averages from repeated o/

tnals rather than from peak values (Beers 1957). Both the VC and IC measurements were recorded from- - -

o =

inspiratory volumes, the latter being performed fpllomng a normal VT expiration. Inspiratory and

expiratory reserve volumes (IRV, ERV) were determined by subtraction.
/ , . } o *

7/

‘ 3.3&;;C/'a1culations.

7
yd

A3 //
_// Elastic work study.

Pressure measurements represemed differential pressures between Pyly and sternal notch pressure
«(Lransresplratory pressure‘“) and between Pyjy andi’oes (transpulmonary pressure) Transresplratory

pressures (Py) were obtained using Equation 5:
Pressure relative to sternum = Pmeasured + (Pcomp - Psternal) Equation §
' where:
- Psternal = pressure at sternal notch.
Transpulmonary pressures (P[p) were derived by subtraction at the pressure transducer. Transthorﬁcic
pressures (Py) were calculated from isovolume subtraction ( i.e. Pis® - P[p = Pytry) during computer

analysis. —— ————— - L

TN Analysis programmes were written to perform calculations. Using electronic trigger points as
relaxation pause markers, the programme integrated flow between cohsecutive markers, and determined
transrespiratory, transpulmonary and transthoracic pressures over a one second period (50 samples), two

seconds after each marker point..

Inspired volumes were corrected for absolute ambient pressures ( i.e. atmospheric, pressure at the
regulator, alveolar pressure and pressure at the anatomical reference point), and for apparatus dead space

effects using the Boyle-Mariotte Law.

P,V, = constant : Equation 6

-4 Transresplratory pressure is generally computed at Pyjy minus mean body surface pressure.
The latter, at this point, was unknown. This correction was made subsequent to measurmg

Prc.
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If V, represents integrated volume, and V, represents actual \}olume ins’pired.r 7
Then: |

4

V,=PV, /P, , _ , - Egquation 7 -

“where: -
P, =atmospheric + regulator pressure,
. J :
P, = atmospheric + Pmouth.-
Alveolar air is compressed and decompressed by changes in ambient and alveolar pfessure.
* Apparatus dead space (V) stores compressed gas and returns gas to lungs during decompression, thus

'VR must be considered a componeni of V.. RVisalsoa VR component. Substitution of terms into

equation 7 produces:

N

*

(Pa + Preg) (V, + RV + V :
v, = FarPree D) -RV-Vp.  Equation 8

' (Pa + Pmouth) -

Integrated volumes were then corrected to BTPS (equation 9). Pressure corrections included

allowance for absolute pressure at the anatomical reference site, and alveolar pressure during static holds.

This was essential since immersion compressed gas volumes, and alveolar pressure acted either to
decompress (if.negative) or further compress (if positive) lung volumes measured by integration of

inspiratory flow.

Y]

(Pa + Pmouth + Psternal - PH,0) V. -310

V, BTPS = Equation 9

(P + Pmouth - Py;0) (272 + T4)

Before analysis of compliance curves was undertaken, data points Wege rejected as errors‘according
to the following criteria: (a) false positive/negative pressures (e.g. negative pressure achieved azz}uag
volumes greater than the VR), (l;) points when glottal closure or swallowing occurred during trials, as’
recorded by the experimenter or ;etected from the compliance curve shape ( e.g. pressure fluctuations
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. >0.49kPa (5cmH,0) from mean curve), and (c) pomts of poor relaxation (as determined by curve
analysis). Care was taken to avoid the unnecessary ¢xc1usidn of pressure-volume data points (Henry
1949). D B

Compliéncé curves were eizami_ned using polynomial' regression a.nélysis (Dixon 1983) of the '

general form:

y=5°+5]x+5;xz+-.:..'.+,5jﬂl+e . - qulaﬁonlﬂ
y

Conventionally, static pressure-volume curves are plotted with press'ure on the abcissa. Statistical

convention dictares mdependem variables appear on the abcissa. Static pressure 1s dependent upon lung

volume, thus analysis was perfonned with volume as the mdependem and pressure as the dependent .
N v

- variabie. -

[

Cufves for the total respiratory, lung tissue and chest wall were separately analysed using
orthogonal polynomials to derive the least squares curve fit of independent to dependem variab‘les.(
Control and immersion data were analysed independéntly. Coéfﬁciems of each equation were'emereg
into three analysis programmes written for this} investigation. The first enabled numeric solution of th'e
regression equations 1o derive lung volume at zero Py pressure*® ( i.e. VR). The second differentiated |
the equations producing respiratory, lung tissue and chest wall elastance?®, compliance, and static volume
- and pressure at increments of 1% of the vital capacity (VC), over the volume range resxdual volume (RV)
10 total lung mpacm (TLC). ‘Ihe third programme integrated pressure with respect to volume provndmg

respiratory, lung tissue and chest wall elastic work?” over a given volume.

. Lung centroid was determined from positive pressure, isovolume (VR) displacement of the total

Tespiratory pressure-volume curve. Pressure data were differential pressures between Py}, and pressure

al the sternal notch. If preséurc is expressed in imperial units (cmH,0), one may represent lung centroid

** Transcendental equations cannot be resolved analytically since- x }:annOI be isolated. A value
of x (volume) may only be atained numerically. Solution accuracy was set at *lml, which
‘was beyond the capacity of the measurement system, but was deemed appropriate (Kuo 1972).

* Differentation provides a measure of curve slope ( i.e. dy/dx or dP/dV) which is
respiratory Alastance. When drawn according to physiological convention (pressure ‘on abcissa), .
curve sl equals respiratory compliance. Compliance = 1/elastance.

¥ Area below the pressure-volume curve has the dimension of work (Chapter One).
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as a vertical dxsphcement below the sternal notch, since distances equate vmh the presure head
produced by an- eqmvalent column of water In accordance wnh Jarren (1965) curve shms were )
expressed relative to ‘the upnght oomrol VR Use of rmd-curve rsovolumes ensured curve shift analysrs
over an approxrmately hnear part of the curve Curve shifts over thxs range were expected o be parallel

and therefore to provrde aP LC relevam to a greater vanety of lung volume& -

Using the PLC for each’subject‘ tel) the total respnratory complrance curves from xmmersxon :
' trials were moved leftwards (negauvely) so that the VR marched the VR measured in arr Using these
pressure-volume coordrnates the Py and Pnh stach pressure—-volume data were reanalyseci Paiv and
. Poes were now-expressed relauve o the bodv surface pressure at the extemal -point in the same ‘
honzontal plane as the mdrvrdual lung centraids . Prcssure—vo]ume charactenst.ws ‘were. deemed to

represent mechanical changes accompanying 1mmerwlth gas delrverv at PLC

‘PU‘S’ Ppp and Ptp c;lrves enabled computaton of elasu‘c work components (Figures 34A.BC):
1) total respiratory elastic work, “ o
(2) lung tssue elastic work, ' ‘
(3) chest wall elastic work, ' - . v
(4) hydrostatic work performed by the regulator during immersion?*, and
(5) work performed by the respiratory muscles.
Analysis was performed over a 1 litre Vj;since control spontaneous breathing produced a VT of 1.12
litres (SEM = 0.10, n = 10). Analyses started at the control VR. Additonal ana]ysis commenced al
volumes corresponding with the regulator delivery pressures equivalent to the pressure at mouth depth,
and at depths 10cm above and below the lung centroid locus . Since the results from the previous chapler
had shown that immersion caused parailel shifts of the resplratory compliance curve, this method of

t

aralysis was appropriate.

Of prime concemn in this investigation was the work performed by the inspiratory muscles to
inflate the elastic respiratory system. To quantify this work one requires a knowledge of total respiratory

elastic work, and the hydrostatic work performed on the respiratory system by the di'ving regulator (with

its posilive Or negative pressure bias relative to P ). During respiratorv volume inflation, inspiratory

muscle work is given by the following general relationship:

3 This work work is provided by the potential energy drfference between the regulalor
pressute and PLC : o
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Inspirau;ry muscle work = (iotal respiratory elastic work) - (regulator work) - Equation 11—

All work subdivisions were measured relative to the pressure at the control respiratory VR.

In air, and during immersion with air delivery at P, the regulator performs no respiratory work
and inspiratory muscle work equals total respiratory elastic work, the latter being obtained by integration e
of thearea under the Py curve ( ie. area V.SV, Figure 3.4A%°). Chest wall elastic work equals area

V,RCV,, while lung tissue elastic work corresponds to area V,LUV,.

When gas delivery, during immersion, is at pressuré’s less than Py ( e.g. mouth pressure and

" pressure at the depth 10 cm above lung centroid ), total _r’éspiratory Qork corresponds with the area

' V,TSV? (Figure 3.4B). Hydrostatic work done on Lhe,réspiratory system by the regulator has a negative
sign, aﬁd equals area V,TQV,*°. Inspiratory muscle gibrk was obtained by subtraction of the regulatoi'
work from the total respiratory elastic work (area TSQ) Chest wali and lung tissue elastic work were |

obtained from areas below the respective curves (V,RCV; and V,LUV,).

Delivery at gas pressures greater than Py ( e.g. at depth 10cm below lung centroid ) produces
positive work by the regulator on the respiratory system (area V,TQV,). Inspiratory muscle wotk equals
area TSQ (Figure 3.4C). Total respiratory, chest wall and lung tissue elastic work were again derived by

integration (Qreas V,TSV?,, V,RCV. and V,LUV, respectively).

-

Static volume measurement.

Spirometric volumes were determined by computer integration of flow with respect to time, from

points of zero flow. Volumes were converted to BTPS units (equation 9).
3.3.7 Analysis.

Analysis was based on a repeated measures experimental design, with five levels of one

~ within-subjects factor (i.e. air delivery pressure). SubjectS provided data in all cells. 4 priori significance

% Zero volume corresponds with RV.

® The respiratory system must perform positive work to overcome the hydrostatic pressure
difference between Py and regulator pressure.
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Figure 3.4A: Partitioning elastic work of the respiratory system in air, and during immersion,
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was set at ;he 0.05 level. Statistical analyses took the form of: (1) correlated-t-tests; (2) Hotelling’s -
T-squared analysis for simultaneous comparisons between univariaté factors for several variables; and (3)
_multivariate analysis of variance for Iepeated meas’ures’analysis over several levels of the trdannent
effect. Follox;ring significant F siaﬁstics, post hoc multiple compansons (Tukey’s HSD?!) were used to
isolate sources of sigmfﬁmnt variance (Keppel 1973, Huck ez dl. 1974). Where significant changes were:
not obsgrved, computations-of statisti&l power were performed. Stat_istimi power (@) is defined as the
' probability of correctly accepting an experimental hypothesis (Keppel 1973, Gehring 1978).

n Summary. -tables are contained within Appeﬁdix Three.
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3.4&1-:_3.1&3 [

3.4.1 Charactenmcs afsubpcts ' - . o S

Physical characteristics of subjects are dexaxled in T. ble 3.3. Subjects took part in both clastic

“
work ind lung volume experiments 32,

3.4.2 Elastic work partitions ir air.

Pressure-volume curves were constructed from an average of 45 (6, Flouil respiralorv svs:t::m) 38
(£9, lung nssue) and 37 data points (8, chest wall), over the volurie range from RV o TLC T)p:czj ~
curves are illustrated in Figure 3.5, with data points 1llusuaung reproducibility. Cont)il compliances

" were within expected normal limits (Table 3.4), with respectivé means at 1.53 (SEM = 0.14*"), 3.24 (SEM
=0.21) and 3. 32 l.kPa-! (SEM 0.51). It was concluded that control data were reproducible and \alld

assessments of respiratory, lung tissue and chest wall comphance and elastic properties.

Elastic work?** of the llla.\ resplratory system averaged 0.36kPa (SEM = 0. 05) (Table 3. 5) in
agreement with Chapter Two a\ﬁ‘d Rahn et a/. (1946)*°. Energy 1o perform thxs work was prov:dcd by the |
inspiratory muscles. Lung tissue elastic work averaged 0.64kPa (SEM = 004) That Iung tssue excecded
- toial respiratory elastic- work is explained by the outward chest recoflt?work = -0 29kPa, SEM = 0. 06)
gldmg lung expansion due 1o its tendency 10 move tnwards its relaxation volume at “61% of VC (ShM =‘

5.75). [Eenn (1951) and Agostoni and Mead,(x1964) reported chest wall relaxation at “55% VC)

s » . B
Lo
R .

*2Subject numbers allocated in Table 3.3 remain consistent - throughout the chapter, but differ
from those in Table 2.2. S " : _

3 X = mean, SEM = stax;dard error of the ;nean P = staUSuml power {probability- o(
correctly accepting expenmemal hypotheses (Keppel 1973, Gehnng 1978)).

n Elasue work data are reported over V1 of 1 litre, producing work per litre. Umls arc
JI', which is equivalent to-kPa.

Proof: Work = force - displacement; work per litre = force - displacement/volume = 1i°.
Cancellation produces: force/area. But pressure = force/area, therefore correct umits for elastic
work over 1 litre VT are pressure units, or kPa. ~

** Both studies expressed elastic work for a 0.5 live VT; doublmf"\f’-r elevaies elastic work
about fourfold (Figure 2.14). ) —

by
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Table 3.3 Physical characteristics of subjects. = - |

SUBJECT Age Height  Stem ° Mass  Vial Chest Sternal  "A-P Diver ’

{vr} {cmY height  (kg) capacity’ drcum.  leagth chest
T {cm) (LBTPS) (cm) {cm) {cm)
! % . 1794 7 722 6.21 913 13 17.7 Y
2 24 189.7 7 4 599 920 23 204y
3 31 1818 966 738 539  _A20 19.8 182 , _Y
i 2% 1777 971 739 5.25 90.0 210 217 Y
L S & 1853 .94 748 6SS 9%.9 223 19.1< ¥
6 0% 184.5 926 B0 618 1025 234 41 Y
? 24 1766 9.2 756 S8 950 230 223 N
& 3. I8LE 952 825 $77 1011 18.1 214 Y
9 1697 919 635 458 918 192 174 N
10 12 1843 961 774 6.7% 1008 235 21 Y
i 2.4 1810 962 710 58 92 . s 20.3
SEA 1.1 08 23 0.2 1.5 0 07 -

! 5
b YN .
- ~ N R By
Ablreviations: A-P = antefio-posierior, droum. = drwmfcM‘« yes, N .= pga
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Table 34: Respiratory, lung tissue and chest- wall compliances for subjects'upright in air.

SUBJECT - Toml Lung - Chest
© respiratory issue wall
compliance compliance compliance
1 1.47 2.00- 5.26
2 - 1.49 ' 3.70 2.50
3 Ll N N 3.23 ‘ 323
4 1.92 3.23 435
5 0.95 3.70 1.28
6 222 - 370 5.56
7 154 - 4.00 2.50
8 1.00 313 1.47
9 “ 1.10 2.22 - 2.08
10 2.04 345 | 500
T 1.53 3.24 - 3.32
SEM 0.14 0.21 - 0.51

Compliance units = LkPa!. ; :
Compliances computed over 1 litre commencing at the total respiratory relaxation volume.



Table 3.5: Elastic work partitions of the thorax for subjects upright in air.

SUBJECT Tol Lung Chest , Work of
Tespiratory tssue wall respiratory -

muscles

1 0.340 0613 -0.283 0.340 °
2 0.362 0.595 -0.269 0.362
3 10341 0.653 -0.318 . 0.341
4 0.118 0.691 : -0.581 0.118
5 0.552 0.830 . -0.268 0.552
6 0.131 0.561 -0.443 0.131
7 0.364 0.482 0107 & 0.364
8 0599 0.516~ +0.082. 0.599
9 0524 0.792 -0.301 0.524
10 0.236 0.644 -0.415 0.236
F 0.357 : 0.638 -0290 0.357
SEM 0.052 0.035 0.057( 0052
Elastic work units = kPa (or LI /

S oy
The summation of lung tssue and chest wall elastic work should be equivalent to total
respiratory elastic work. This is not precisely achieved since the three compliance curves were
individually curve fitted, producing minor differences in the integrated areas.
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3.4.3 Elastic work partitions during immersions.

The total respiratory compliance curves were first analysed for isovolume pres‘.;ﬁre dlsplacemems
of the upnght control VR (as per Chapter Two). Curves were constructed from an average of 40 (s = »
data pmms between RV and TLC, expressed at pressures relative to sternal notch pressure. Upright lx
centroid was\ found to be 12.2cm (SEM = 1.6) below the sternal notch, thus Py ¢ was i.19kPa. This point
irs in close agreement with the weighted average derived from data adjusted to a common anatomical
reference (Table 2.1, 12.7cm), and the observations of Chapter Two (13.6cm). Differences were
non-significant for paired (nine current subjects participated in Chapter Two) g.nd independent t analyses
(® = 0.66) (Table 3.6). N | :

Lung tissue and chest wall compliance curves were constructed from 40 (s = 9) and 28 (s = 10) data
points between RV and TLC. Typical curves, illustrating vreproducibility, are contained in Figure 3;6_.‘
Total respiratory and chest wall curves were obtained relative to pressures at the same depth as individual

lung centroids . Component thoracic compliances are provided in Table 3.7.

Immersion elevated chest wall corhpliance ( i.e. reduced its elastance) 1o 4.84 l'.kPa‘l (SEM = 0.89)
from 3.32 1.kPa'! (SEM = 0.51) in the dry ‘controls, possibly via removal of gravitational pull on the
shoulder girdle (Craig 1960, Agostoni et al. 1966) (p>0.05<0.1, ¢ = 0.57). The chest, during immersion, ‘
recoiled towards a larger relaxation volume: 73%VC (SEM = 6.67). Total respiratory compliance (1.92

LkPa!, SEM = 0.18) and lung tissue compliance (3.52 L.kPa !, SEM = 0.22) were not significantly altered - _ o

(8 = 0.56). This latter observation opposes lung compliance reductions found by Sterk (1970, 179,73)'“ and

Dahlback er al. (1979), using dynamic and quasi-static manoeuvres. ) L

Elastic work partitions are summarised in Figures 3. 7A}B and 3.8. With pressure-volume curves
expressed relative to Py e, elasth work calculations were performed over a 1 litre volume, commencmg
from the total respiratory relaxation volume Subsequem calculauons were performed at Lhree lung
volumes, each representing the volume poml along the total respiratory pressure-volume curve which
coincided with the hydrostatic pressure (relative Lb'PL‘C) at mouth \depth. and at depths of 10cm above'
and below each subject’s lung centroid loci . In all instances, elastic work changed sequentially with
pressure change*. Air supply at P during immersion, most closé]} reproduced elastic work - -,
subdivisions and inspiratory muscle work Lhal existed in air. With gas delivery at 0. 98kPa greater t_han »

P;c the regulator aided inspiration the greatest amount, producmg the least mspu’atory muscular work,

$ Overall MANOVA F = 283.96 (46) p<005
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_ counter-pressure.

“Table 3.6: Uprfght isovolume compliance curve displacements during immersion with*facial

SUBJECT* | N ISOVOLUME CURVE DISPLACEMENT(cm)

N

. 11.01
11.28 .

- : 16.43

' 7.30

20.65 ,
12.73 .-
656
4.76
18.46
12.60

e B o N S S O R O

— O 00"
= .

7 12.18
.SEM ‘ 1.64

wel
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Figure 3.6: Representative pressure-volume curves for lung tissue, chest wall and the total
respiratory system, obtained during immersion with facial counter-pressure. )
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Table 3.7:“ Total respiratory, lung tissue and chest wall compliances for subjects immersed -

upright with facial counter-pressure.
|

e

SUBJECT' * Total Lung Chest
' respiratory tissue wall
‘\ compliance compliance compliance
1 < 1.47 2.78 3.13
2 1.59 3.85 2.70
3 g 2.22 4.00 5.00
4 2.49 3.33 9.80
5 1.69 3.70 3.13
6 2.94 417 9.90
7 1.75 3.13 400
8 1.04 2.86 1.64
9 — It 2.63 4.35
10 2.38 4.76 476
X - 192 3.52 4.84
SEM 0.18 0.22 (.89

Compliance units =-1.kPa ‘.

Compliances computed over 1 litre- commencing at the control total respiratory relaxation

volume.
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Figure 3.7A: Lung tissue and chest wall elastic work, computed from pressure-volime curves .
adjusted to centroid pressure, msing data obtained in air and during immersion at four
breathing pressures. [Work was calculated in JI'' .and is expressed in kPa units. Data
represent means and standard errors. *=significantly different from control staws (p<0.05)]
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Figure 3.7B: Total respiratory elastic work, and hydrostatic work performed by the demand
regulator, computed from pressure-volume curves adjusted to lung centroid pressure, using data

- obtained in air and during immersion at four breathing pressures. [Work was calculated in

JI'' and is expressed in kPa units. Data represent means and standard errors. '=sxgmﬁcamly
diffezeat from control status (p<0.05).]
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Figure 3.8: Work performed by the imspiratory muscles, computed from pressure~volume curves

4 ddjusted to centroid pressure, using data obtained in air and during immersion at four , .
breathmg pressures. [Work was calculated in JI'* and is expressed in kPa units. Data

represent means and standard errors. *=significantly different from conwol status (p<0.05)] - 8
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however, work was not significantly less than that recorded in air or during immersion at Pf ¢ air

delivery., - %

- ;—f;;lces in elastic work between control and P ¢ air deli\ér\y duri/ng immersion, were
non-significant for each elastic work vcognpbnent (Figures 3.7A,B; p>0.05, ¢ >0.99). Furthermore, with
By air supply total respiratory and lung tissue elastic work levels wefe signiﬁcandy closer 1o comrol;
values (p<0.05) than that produced by each of the other breathing pressures. Chest wall elastic work at
P;c and Py ¢ plus 0.98kPa, dif[cred’signiﬁmnﬂ; from levels measured at the other air pressures, but

- — were not signiﬁcant]y divefgent from control status (p>0.03, ¢ >0.99). ‘

Mouth pressure air delivery produced elastic work levels which, in every case, differed significantly

from values at control and the other three air supply pressures (Figures 3.7A,B, p<0.05).

Prc plus 0.98kPa air supply pgg\)ldu‘ced‘ significant changes from control and P air delivery for
" total and lung tissue (p<0.05), but not for chest wall elastic work (Figures 3.7A.B, 1')>0.05.§ >0.99). With
air provision at P7 ¢ minus 0.98kPa, all elastic work’ components differed significantly from levels
obuined under each of the other experimental and control states. fSumr%aries of post hoc comparisons

are contained in Appendix Three].

** Inspiratory muscle work quz;hﬁﬁed total elastic and hydrostaﬁc work over a one litre inspiration.
With mouth pressure air delivery, muscle work averaged 1.10kPa, ahd significanty exceeded control and
all other experimental values (Figure 3.8, p<0.05). Application of positive compensatory pressures ,
sequentially lowered inspiratory muscle work. AtPpcand Py plus 0.98kPa; averaée muscle work was
no longer significantly different from control status (0.31 and 0.25kPa respectively; Figufe 3.8; p>0.05.¢

>(0.99), but was'signiﬁcantly lower than than that produced with air delivery at Py ¢ minus 0.98kPa.

Altering the breathing pressure changed the tbtal respiratory relaxation volume ( VR), moving Lher
| one litte VT up and down the complianc%g:urve (Figure 3.9), and producing cbncommitam total clastance

alterations. The VR increased systematically with breathing pressure, producing associated decrements in

inspiratory muscle work.
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Figure 3.9: Total respiratory system relaxation volumes accompanying breathing pressure '
changes. [The equivalence of control and centroid pressure data during immersion, resulted
from the isovolume repositioning of the immersed total respiratory compliance curve so that
relaxation volumes of the two states were equivalent for each subject Data represent means
and standard errors. *=significantly different from conwol status (p<0.05)) ‘
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3.4.4 Lwrg volumies.

Spirometrically determined lung volumes were measured in air 2nd during immersion. ﬂ’c"arfr '
delivery pressure was varied randomly and coverdy between trials. Con 'I-iung‘volumcS'agreed with - |

levels previqusly reported (Tabl‘e 3.2), except for vT, which was general harger (FiguresB';lO.,End 3;.}'1’ )

. - Immersion with Ps delrvery al mouth pressure reduced VC from 5 86 to 5.571 BTPS. Lhough v:ml
7 mpacmes ' did not differ s1gmﬁcznr_ly from controls (p>0 05, ¢ >0.99) in an) of the immersed conditions. k
However, with air provrded atPre and Py plus 0. %s; the VC was srgmﬁmndy larger than a}mgum .
pressure (p<0 057). ERV was reduced from 20600
producing recrprocal increments in msprratory mpaaty%(f 24.5%) and inspiratory reserve volume (lR\

BTPS with uncompensaled immersion,

14.4%), in agreement with earlier works (Table 3.2).

R

&

During inyrrersion ERV was sequentially elevated with brathing pressure increments (Figure
| 3.11), with the mean values at mouth pressure diverging signiﬁpa yfrom those obtaincd under all the
other conditions, except for air supply at Py ¢ minus 0.98kPa (p<0.05). Mean ERV at Cenl;old and Py
\%'nus’ 0.98kPa were not significantly different (p>0.05, @ 50.99). IRV sirnil:;rl_\'k varied with deli‘ver);

.

pressure.

2®

Increments in air dehven pressure systemaucall\ reduced IC. At Pic ph.ls 0.98kPa air supp!\ the
IC was significantly lower than at each of the other condruons (Figure 3 10, p<0 05). Drﬂcrcnce’s

between mouth and centroid pressure air deliveries were also significant (p<0.05).

Tidal volume changes did not follow the changes in breat.hing pressure. All va?iances were

non-significant (p>0.05, ) >0.99). VT aP LC T delivery was however, closest 1o control volumes.

Wth the exception of VC, air supplied at Py ¢ during immersion was best able to return lung
volumes to control status. These data conform with the working definition of lung centroid pressure, as -

being the air pressure required to return immersed thoracic relaxation volume towards values which’

_existed in air} ‘ .

** Overall MANOVA F = 391.73 (54), p<0.05.
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F‘rgﬂre 3.11. Expiratory reserve volumes, inspiratory reserve volumes and tidal volumes obtained -
in air, and during immersion with and without breathing pressure compensation. [Data represent
means and standard errors. *=significantly different from control status (p<0.05)) ’
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3.5.1 Verification of lung centraid

The present study positioned lung centroid 12.2cm inferior to the sternal notEh (Table 3.6),
conﬁfrm'ng observations from Chaptcr Two. During immersion, with "air provided at the group mean
lung centroid pressure, the mean expiratory reserve volume was returned to within 50mls of the control'
value (Figure 3.11). Furthermore elastic and inspiratory muscle work were returned to control levels. It
was concluded, in accordance with the definition of lung centroid used within this thesis, that the

individual and group mean lung centroids were accurately and validly determined.
3.5.2Vdidity of oesophageal balloon techniques.

Measurement of chest wall and luné tissue elasticity is dependent upon the ﬁdé,lity with which Ppl
can be approximated by Pges. Ppl varies along the sagittal (Mead 1961, Milic—Emili et al. 1964b, 1966,
D’Angelo et al. 1970, Agostoni et al. 1970) and transverse planes (Agostoni and D’Angelo 1969,
Miserocchi et al. 1981). Pgeg cannot be considered a measure of mean pleural surface pressure, but

rather as an index of local éverage Pp. which varies with the site measurement. L‘\

vPoes has been consistently shown to track Pp| (Fry et al. 1952, Stead et al. 1952, Cherniack et al.
1955, Attinger- et al. 1956a, Butler et al. 1957, Ehrner 1960), while remaining,gfiéﬁﬂy more positive and
marginally failing to replicate peak-to-trough dimensions during cyclic chénges;,' Cherniack;et al. (1955)
_ ;suggested that Pgeg provided a better appreciation of non—elastic than elastic coihponems, though

subsequent technical advances largely negate their observation (Milic-Emili ez al. i964a, 1964b).

Pgeg is susceptible to pressure artifact of intrinsic and e'km;nsic origin ( lé.g. cardiogt;nic pulses,
peristaltic contractions, movement artifact) of which most are removed via technical or meastirement
allowances. Some artifacts are difficult to detect and remove. At volume exiremes, non—peristalu'g
contractions and/or oesophageal compression have been report;d (FlLy et al. 1952, Ehmer 1960, Knowles
et al. 1960, Permutt and Martin 1960, Milic-Emili ef al. 1964a, 1964b, Gibson and Pride 1976, Clarysse
and Demedts 1985). The latter are attributed to mediastinal compression due to posterio-lateral
movement of the heart, as the diaphragm moves up at low volumes (Knowles et a/. 1960). Bondurant:
et al. (1960b) and Wood et af. (1971) sﬁggested mediastinal expansion may also cause'compression
artifacts. Donleben (1959) found oesophageal compliance changes adversely affected Poeq measurements,

while Echt er al. (1974) and Johnson ez al. (1975) reported that the Pyeg gradient changed with /

109 | %



Given the above limitations, and qpném procedures, it is believed that ﬁresent'techniques provided
valid approximations of local Ppl changes. This view is suﬁported by pre- and post—'trial Poes which
averaged —0.41kPa (-4.60cmH,0) and —0.41kPa (-4.16cmH,0) respectively, and by the normality of

control pulmonary compliances.

3.5.3 Elastic work during immersion.

U

Since immersion is physically analogous to negative pressure breathing, one would anticipate.that
elastic and inspira'toi'y muscle work would be increased. Hong et al. (1969), Flynn et al. (1975) and
Chapter Two reported such increments in total respiratory elastic work, due to compiiance curve préssiire

shifts. However, by definition, transrespiratory pressure {Pyy) is referenced to body surface pressure

(Rahn er al. 1946, Agostoni and Mead 1964). The salient point concerns the selection of the appropriate ‘

Pps. In the present chapter, Ppg was chosen as the hydrostatic pressure in the same horizontal plane as

individual lung centroid loci, Tather than Py, or pressure at the sternal notch. Using this reference, the =~

Py at the respiratory relaxation volume was equivalent to that obtained in control trials.

With data referenced to‘ P LC subjecﬁ breathed up énd down stationary compliance curves.
/-‘;ltering breathing pressures by moving'the demand regulator vertically between the mouth and a point
10cm below lung centroid , caused subjects to change relaxation volume without alteﬁng the zero
pressure intercept (Figure 3.9). Thus total re§piratory elastic work; with negatiye”prg:ssure at the
relaxation volume (i.e. regulator at mouth or 10cm above lung centroid ), was negative, while inspiratory

muscle work was pogitive ( i.e. inspiratory muscle work = (total respiratory elastic work) ~ (work provided

by regulator): Figurg 3.4B). Conversely, a positive pressufé at the relaxation volume (i.e. regulator at
10cm below lung centrdd) required a positive total respiratory elastic work, which was provided partially
by the air delivery pressure, and partly by inspiratory muscle work (Figure 3.7). Contro! and centroid -

dérivauons followed the same convention.

In all instances elastic work changed sequentially with breathing pressure (Figures 3.7A,B, 3.8).
The demand regulator provided negative work when positioned above lung centroid depth, and was
analogous 10 negative pressure breathing, aiding only expiration. Chest wall recoil aided inspiration as

the chest attempted to expand to about 73% of VC. .
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/ At posmve pressure air provision ('elauve to cenzrad) mSpiratory muscular work was rmmmal. as
{ “ observed by Rahn et al. (1946) and Flyn: et o, (1975) Chest wall elasuc work was margmally

" neganve aiding msprrauorL Lung tissue work was maximal, as VT excursrons were now over regions of
greatesl elastance ‘and the Ptp curve was further from the zero pressure axis. Positive regulator work

(relative to PLC) aided msprrauon while unpedmg expu'anorL

Rahn et al. ( 1946) found a ’U—shaped ‘relation between total respiratory elastic work in air and
breathmg pressure (Figure 3.12). When breatlung pressures were expressed relative to P LC- currem data
revealed a sumlar relauonshrp between the respu‘atory muscle work and breathmg pressure over the
range from -2 43 to 0.98kPa (Figure 3: 13) To reduce energy used o expand elastic tissues, the use of
“breathing pressures close w Py appears desirable during 1mmersron A dreater delivery pressure
produced a further but non-significant muscle work reduction. Such brea ing pressures may produce | ,
pharyngeal drscomfon, unless appropriately counlered with externally applied-facial and Lhroar pressures
(Thompson and McCally 1966, 1967). It is concluded that during upright immersion, gvarsgdeliv’ery' atPrc
provides more favourable Lotal respiratory, chest wall and lung tissue elastic mechanical smu; since it

best replicates upright status in air.

In 1947 Paton and Sand postulated hydrostatic compression during.imrrrersion would render the

* thorax more compliant. Agostoni and Rahn (1960b) observed chest wall compliance elevation in subjects ~

immersed to the xyphoid process In subsequent immersions fo the neck (Agostoni ef al. 1966), chest == __ - “

wall compliance _curvessimilarly revealed an increased compliance (Figure 3.14), though individual and
mean compliances were not reported. Current data confirmed these observations, with 80% of the
present subjects experiencing chest wall compliance increases (Tables 3.4, 3.7)Aaccompanying immersion,

producing an elevation in the chest wall VR from 61% t0 73% of V

It is hypothesised that chest wall compliance elevations were:
(1960) found shoulder girdie weight to influence both the total fespirdtory compliance and the ERV.
During immersion the arms will become moderately buoyant, fhinimising the weight on the shoulder

girdle and also lessening thoracic weight. Under such conditiohs less pressure is required 10 produce an

eqguivalent volume expansion and, by definition (i.e. dV/dP), the chest wall comphance increases.

~ The observation that static pulmonary compliance remained unaltered during immersion requires
further consideration. Given that immersion elevates thoracic blood volume (Arborelius et al. 1972b,

Loiigen et a/. 1980), pulmonary: compliance changes accompanying immersion have been ascribed to
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Figure 3.12: Total respiratory elastic work and breathmg pressure. [Modified from Rahn et al.
(1946). Originally the negative slope represented inspiratory work, while the positive slope °
represented expiratory-work. However, these were combined as total elastic work over regions
where the two curves overlapped) ‘ '
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Figure 3.13: Inspiratory muscle work as a function of breathing pressure (relative to centroid
- pressure during wpright immersion). [Data points represent current cxpenmemal observations,
while the curve describes the exponential nature of the relation between air pressure dehvery
and inspiratory muscle work)
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Figure 3.14: Pressure-volume curves of the relaxed chest wall, in air, and during immersion to
the neck. [Modified from Agostoni ef al. (1966). The immersion curve was originally
referenced to Pp, but here it is referenced to Py, to illustrate compliance change. This
data adjustment was performed using the current isovolume method)
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pulmonary engorgement (Dahlbick et-al, 1978, 17979).7 Current results fail to support this suggestion,
however, they do not contest engorgement, merely, that in the present study, it did not modify static

-* pulmonary compliance.

- Numerous non-immersion studies have investigated the role of pulmonary blood on compliance
(Table 3.8). While most groups found vascular congestion to reduce pulmonary compliance in air, 'this
observation is not univeréally supported. Pulmonary compliance during immrersigr\x has been measured
using dynamic (Bondurant et al. 1957, Bondurant et al. 1960b, Sterk 1970, Dahlback et al. 1979), and
quasi-static (Sterk 1973, Burki 1976, Dahlback et al. 1978) pressure-volume techniques. Compliance
reductions have not been unequivocally demonstrated (sée: Section 3.1).l One may speculate that

“technical differences may account for the lack of agreement between studies, and for the failure to
observe a reduction in pulmonary compliancé m the present investigation. It is sgggested that non—staﬁc
techniques, used by other research groups, may have produced data ;vhich is not directly comparable with

results obtained in the current study using @c manoeuvres. -

All Py measurements assume Py equals Palv- but only during truly static conditions can this

assumption always be correct. In quasi-static techm’dues the airway is normally transien’tly‘oc‘cluded (

1-2 seconds) while the-subject continues to slowly exhale from TLC, withou't relaxing (Burki 1976). __ _
Sterk (1973) and Dahliback et al. (1978), however, used quasi-static manoeuvres without occlusion using
the slowest possible flow rates (after Buytendijk 1949). The assumption that Palyv equals P, during these
manoeuvres may be questioned. Gibson and Pride {1976) and Bake*® havé suggested quasi~static Plp'
includes a resistive pressure drop at higﬁ lung volumes, due to laryngeal braking, and at low volume due
to increased airway resistance. Furthermore, at high}ung’volumes, tissue stress~relaxation, acting to l
stretch lung tissue and to lower Ptp' is not complete due—tath‘e transience, or lack of a pause at each lung
volume. Such technical limitations mas—' well mean thgt Cq—1) and Cgy1) ﬁleasure different mechanical

attributes. <

Similarly, the Cgyp(]) method assumes airflow has ceased at both the alveoli and mouth, and the
obs;:rved 'Ptp changes are applied only to elastic elements. Radford (1964) states the latter assumption is
dependent on the lungs being a single elastic structure. Since this is not the case, parallel units must have

equivalent time constants for Cqyp(]) to be used as an index of lung elasticity ( i.e. product of unit

!* Personal communication.
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Table 38 Pulmonary compliance during pulmonary vascular engorgement in air.

~ e

REFERENCE

' Subjects

bbservation

1582

Method Cbmpliance’ .
~ Bondurant et al. g-suit H @4 Cdyn() ' 45% reduction.
1957, , ' : ' ' :
‘Borst et al. 1957 mechanical D (8) Cat) & Cayn(l) Cay & Cayn()
: ‘ ‘ ; - unchanged. by -
flow; Cgypy fell
as left atrial
pressure increased,
Cdyn(1) fell
' . 20-30%. -
Cook et al. 1959 occlusion D (12) Cayn(l) 18% reduction. ~
. Bondurant et al. g-suit H (7) Cdyn(l)- 40% reduction,
1960b 26% when FRC
y ' controlled.
Ting et al. 1960b negative pressure H (3) Cat no change.
Daly et al. 1963 g-suit H (8) Cdyn(l) 29% reduction.
~ Levine et dl. saline D (18) Cdyn(l) 41% reduction.
1965 : , - , |
Giutini et al. ~ dextran H (5) — Caay & Cdynq) Cdyn(l): 29%
1966 : - reduction. Cgypy -
, non-significant.
Giannelli ef -al.  mechanical D (9) Cdyn() - non-significant
1267 - elevation.
Wood et dl. miwal sienosis  H (23) Csu(l) " reduced.
1971 ‘ .
Goidberg et al.  negadve pressure  H (5) Cayn(l) & Cayn(1): . 25%
1975 ’ ' Ca-s(1) reduction. Cg_g()):
39.4% reduction
- at -4kPa.
Jones er al. 1978 occlusion D (10) Cayn() & Cdyn() reduced
Ca-s1) > Lo-s(ty
Gautier er al. altitude H (9 Csi(1) & Cgyn(1) no change.

Method = method of obuining engorgement: g-suit inflation, mechanical pumping; occlusion of '
systemic circulation, negative pressure breathing, saline and dextran infusions, patients with-
= dogs, subject number in parenthesis.

altimude. Subjects: H =
Com?liance: CSI(l) = static, Cdyn(l) = dynamic, Cq-S(l) érquasi-sm[ic_,

humans, )D
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. compliance and resistance*’). Otis ef al. (1956) have demonstrated lung unit ecjrrivalence in normal

' subjects, however, disease states alter unit constants causing ventilation distribution to vary with
respiration freouency (Radford 1964, Gibson and Pride 1976 Co ). Changes in parallel unit time
constants during immersion are unknown. ‘Under certain resprratory disease states (e.g. obstructive lung
- disease) Cqyn(1) becomes an mdex of airway resistance, and Gibson and Pride (1976) have reported that
minor airway dysfunctions may mediate Cgyn(]) abnormaImes Distribution of venulauon (Daly et al.
1963), VT, absolute lung volume (Ferris and Pollard 1960) and altered inertial forces also confound its
value as an index of lung elasticity in the anonnal lung*’. Since immersion has been shown to elevate
lung closing volumes and induce thoracic vascular congestion (see: Section 3.1) it is suggested that
Cdyn(l) during immersiionrmay‘not adequately distinguish betWeen elasde and dynamic mechanical

attributes and should be viewed with some reservation.

In summary, it is beh'eved that differences between immersion lung complianees obeerved in the
current investigation (Cgy])), and those of prei/ion; studies (Cqyn(ry and Cq-s(1)). ate attributable to
inherent technical differences. If uncompensated immersion elevates airway resistance, then Cqyn(])
techniques imay simply provide a reflection of Ihls change and may no longer represent a measure of
pulmonary elastic characteristics. It is postulated that during immersion, Cst(l) techniques may be
supenor 10 non-static methods, and that the current observation of unaltered lung tissue compliance is a

valid reflection of lung tissue elastic status during upright immersion.
" 3.5.4 Lung volumes during immersion.

Upright, head-out immersion reduces VC (’l‘able 3.2). Qualitatively similar results were observed
dum;é the present mvesuganon and were atmbuted to hydrostatic compression countenng mspxratorv
effectiveness, to the central translocauon of peripheral blood (Agostoni er al. 1966, Hong et al. 1969,
Dahlback 1975, Buono 1983), or possibly to a change in RV. In air the VC is limited by the inability of
inspiratory muscles to‘expand the lungs beyond the elastic limit of the chest wall. Current data has
shown that the chest wall expands to/a larger relaxation volume during immersion. This observation has

not been previously reported.
$

oy
—

* Unit time constants reflect time requrred for that unit to auain equilibrium following
constant pressure perturbation.

** Consequently, use of Cy yn(l) Jo assess pulmonary elastic propernes has been abandoned
(Gibson and Pride 1976).

117



In air resting man breathes along th; total respiratory compliance curve. The relaxation volumev\
(VR) of the latter normally equals the e@atory reserve vqlume. In the current pmject. ERV and VR
equival‘ence was observ_ed dgﬁpig#cpnﬁ)lbtﬁals and during Ain}x\'nersion trials thh air provided at-the mean
P; ¢ (Figures 3.9, 3.11). However, when air was not sub'plfied‘at P; ¢ during imm:rsion. ERV deviated
from the total respiratory VR, in accordance with the Ehaniges in air delivery pressure. Similar work by
Thalmann et al (1979) and Lundgréh (1984) has shown this same patiern, when the static breathing

~_pressure for prone subjects was altered.

When air pressures were less than Py ¢, subjects appeared o defend ehd‘expiratory lung volumes
at about 500-600ml above the VR, possibly by increasing ihspiratory muscle tone, since by deﬁﬁiljbn the
system is not relaxed. With air delivery in‘excess of Prc, ‘subjects defended an ERV less than the VR.
In this case increased expiratory muscle tone would have béen employed to counter the tendency of
positive air pressure to hyperinflate t:;/l‘u/l)és. Thus, while the ERV increased with sequential breathing

' pressutre increments (Figure 3.11), these changes were ‘no’t passive.

The interrelationship of ﬂTese volumes is illustrated fﬁl the tidal air band shown in Figure 3.15.
Expiratory reserve volumes falling to the left of the relaxation curve indicate elevated inspiratory muscle
tone. Conversely values to the right reflect a compensatory indease in expiratory tone. These
relationships in air were fitst investigated and reported by Ratfin et al. (1946), using breathing préssure
manipulations on upright subjects in air. The original data points of Rahn er al. (1946) (normalised to
the current control VC) are showﬁ in 'Figure 3.15. The current observations are in closefagreem‘emv,me
Rahn’s\pressure breathing data, which similarly demonstrated a tendency for subjects 1o defend an ERV
that differed from the respiratory VR during pressure breathing. Flynn et a/. (1975) reported simjlar
observations when breathing pressure changes were implememed during headﬂ—ouf immersion. I-Ziwcvcr‘ A

data in thé latter study wsq only collected for one subject.

The active defence of the ERV by intrinsic compensaiory mechanisms possibly incorporates the
rapid and/or slow adapting pulmonary stretch receptors durmg posmve pressure ventilation (Cherniack
and Atose 1981). D(Lng negative pressure air provision (relduve to Py ) the diaphragm adopts a more
favourable lengthytension relationship. Thxs may enable the development of greater inspiratory force for
a given level of /2 ural activation (Agostoni ef al. 1966, Minh et al. 1977, 1979. Banzett ef al. 1985, Reid
et al. 1985). Mead (1979) reported that expiratory duration was also prolonged, possibly due to

inspiratory effort braiking expiration. Bishop (1963)-found continuous negative pressure breathing to

»
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produce elevated diaphragmatic electrical acu'vi.ty This change waso rved even al the posmon of;
end—expnanon, where the diaphragm is normally inactive. The mamtenance ofa const;n Jmlory
tone could have been created by muscle spmdle reflexes, as suggested by Chermack and Allose (1981)
In both breathing pressure extremes, afferent feedback would probably have reaehedvlhe level of the

sensorimotor conei.,as subjecrs invariably fepqned having to resist both positive and ncgaﬁvc pressure

effects.
These active compensatory efforts to maingin ERV will alter muscular work dun’ng iespirau‘on-
The current measures of inspiratory muscle work. against Lhe respiratory apparalus also fail to account for
wthls work. Consequent]y, the respiratory muscle work durmg immersion (Figure 3. 8) usdercsumatcs the - 1

actual muscular work required at all air delivery pressures less than Py .

During uncompensated immersion vC ‘and ERV fell 10 97% and 43% (respecu'velv) of control
values, while IC and IRV mcreased respectively 10 124% and 114% of control levels. These daia” N
qualitatively support values reported in the lnerarurg (Table 3 2). Each of the mvesugauons cited
emploved different depths of immersion. Since 1mmers;on depth detenmnes Lhe magnitude or lhOraUC
compression, it will also detérmine lung volume subdwmops. " The current project used total immersion
with air pressure equi\(alem 1o the hydrostatic ﬁressure head a1 Lﬁe sternal nou:hy, thus prdviding a
minimal degree of pressure compensation. It is not surpﬁsing then that VC and ERV redudion; were

marginally less than the values cited in Table 3.2.

Static respiratory mechanics are ultimately dependem upon lung volume, due 10 the alincar nature
offhe three compliance curves. The current changes obsefved in lung volumes with altered breathing

pressu:e during immersion, highlight the need to emplox hydrostatic pressure compensauon during

/ypr;ght immersion. - . o ’

With air provided at/P~ ~ during immersion, lung volume subdivis)ionVs and capacities returned
towards control leyls (Figix}’ézi.lo, 3.11). Beckman er al. (1961). and subsequenuy Thalmann er al. '
(1§79), similarly observed posiu'v.e pressure air supply (relative to hydrostatic pressure at the mouth) 1o
return lung volumes to control v\alues“. Current data, showing progressive incréments in VC and ERV
with elevated breathing presspre, qualitatively support the observations of Thalmann et a/. ( 1979). Itis 1
A postulated that lung volumes are restored because hydrostatic Jressure compensation returns the nérmal

Tansrespiratory pressure gradiem to the lungs. Pulmonary blood will also be displaced back to the

‘1 Thalmann et a! (1979) used three subjects during prone cycle exercise at 141 Waus.
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peripheral venous pool. It is suggested that changes in pulmonary blood volume did not alter the elastic
properties of the lung tissus in the current investigation, 2 evidenced by equivalence of thé control and
immersed compliance values. However, pulmonary blood may have influenced lung volumes.
Aliematively. the 1ol lung capacity may have been reduced due 1o hydrostatic compression of the
m;' - k
Fenn er of. (1947} first demonstrated the yapécif}‘ of positive pressure vcntilau't;n 1o move blood
ftom the thorax 1o the legs. Kilbum and Sieker (1960} demonstrated positive pressure lowered stroke
volume. the cardiac indes and centra) blood volume. More recently Orlov er al. (1985) found positive
pressure ventilation duning immersion reduced lung biood volumes, by shifting blood to the liver.

s ltis conduded that lung volumes, andncomcq;amﬂy static respiratory mechanics, during immersion

are best retumed fo :iomui levels when air supﬂy pressure is modified 1o equate with a Py of 133k}’a‘.

'Thr préscm obscrvations therefore Wﬂ the accepiance of hypothesis number two, and consequently

_ indicate that underwater breathing apparatus should be modified to cr}abie diver air supply at this_
“pressure, when ack:p{ing an upright posture.

AN
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-overcome non-—elastic (flow-resistive) respiratory forces.

RESPIRATORY DYNAMICS DURING WHOLE-BODY, UPRIGHT IMMERSION BREATHING
‘AIR AT DIFFERENT STATIC RESPIRATORY LOADS.

1

w  Mechanically the respiratory apparatus may be considered a reciprocating bellows pump, (Mead

and MilicEmili 1964) driven by muscular contractions, transmitting forces via passive tissue elements 10

3

" move air. Accordmg to Newwn s third law of mouon such. contracuons will meet opposmg mlemai

forces, the magnitudes of which depend upon instantaneous posmon velocity and accelerauon of the

respiratory apparatus and breathmg gas,

~ Rohrer (1915, 1925) reported Lhe first comprehcélvc analysns of respiratory. dynamics. He
identified elaszlc flow-resistive and merual forces durmg respiration. Morphometric analysns of
autopsied airways enabled theoretical calculauon of airway resistance from Poiseuille’s Law ', permitting
separaton of forces related to volgmg change (¢las;icity), and the rate of volume change ( frictional

resistance).

LY | _ . —

Rohrer’s pupil, Wirz (1923), performed the ‘ﬁrst simultaneous measurements of pleural pressure

(pneumothorax method) and airflow. Plotting pressure against volume at equivalent times provided a

closed loop, as predicted by Rohrer (1925), the area of which described pressure changes necessary to
st ubsequem' investigations during spontaneous
ventilation (Neergaard and Wirz 1927, Buymeduk 1949 Mead and Whittenberger 1953, Mcllroy et al.
1954, Margaria et al. 1960, Ballantine e! al. 1970, Jongon and Olsson 1971, Field et a/. 1984), artificial
ventilation (Otis er al. 1950, Opie et al. 1959, Sharp et al. 1964b, Hedenstierna and McCarthy 1975,
Zocchi et al. 1984), and spontaneous ventilation wi'Lh:gase.s of varied densities and kinematic viscosities
(Bayliss and Robertson 193_9, Fry et al. 1954, Mcllroy et al. 1955) have substantiated Rohrer’s .

observations, and have provided a basis for analysing respiratory dynamics. |

2
Mechanical work of ventilation may be partitioned three ways:

(1) elastic work, .
(2) flow-resistive work,
(3) inertial work (Figure 4.1).

The elastic work necessary to produce a static volume change against the resultant forces of the lungs and

! Pressure = [ 8/luV }/Pi : '
where: / = tube length, u = coefficient of viscosity, 'V = flow, r = tube radius.

@
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Figure 4.1: Mechanical work of ventilation and the forces from which it arises.
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chest wall, increases as an approximate square function of‘ VT (Fehn 1951, Mclilféyﬁét al. 1954, Otis

1964). Flow-resistive work is expended against frictional forcés in the airways and within lung and chest
wall tissues ? (_e.g. tssue deformation). Inertial work is performed against air and body tissues, including
the lungs. rib cage; diaphragm, and the abdomen, to initiate or change uve'locity. One may describe

respiratory work as a function of lung volume (V) andv its first (V) and second time derivatives (V):

Work =f(Y,V,V)

-

Measurement of respiralory elastic work may be traced to Carson'’s (1820) initial analysis of fung
elasticity, but is generally attributed to the independent works of Romanoff (1910-1911), Rohrer (1916)
and Rahn et al. (1946). Opie et al. (1959) first antempted the divisipn of flow-resistive work. ‘Rohrer
(1925) approximated inertance theoretically (though he neglected gas ixicnia (Mead 1956)). while DuBois
(1953) and Mead (1956) subsequently provided its initial quantificauon. Table 4.1 illustrates the relative
contributions to total respiratory work of the various sub-components. Durihg resting ventilation about *
60-70% of the total respiratory work is due 1o elastic forces, while flow-resistive forces account for U;e |
7 remaining work. Inerual forces represent negligible comribuu'ghs (Rohrer 1925, DuBois 1953, Mead

1956. Sharp et al. 1964a, Dosman et al. 1975).

A consensus of available ;evidence indicates airway resistance (R,y) is responsible for about
60-86% of ‘ﬂow—resisu've work. However, th_e data of O;;ic e!.al. (1959) show the opposite trend (Table -
4.1). Frictional loésgs due 10 lung ussue resistance (R}y) reveal considerable variability, Only three
studies _could be loéaled which emploved techniques facilitating chest wall resistance (R ) measurement,
of which only Ferris e al. (1?564) partitioned work into three compbnems. Thus, the relative Ry and |

Ry contributions remain incomplete. *

Factors known to influence elastic work have been included in Table 3.1. Since Ryy, accounts for
60-86% of flow-resistive work, it is apparent thalkthe dvnamic respiratory work is primin'ly regulated by
the variables of flow mechanics. Since airways are short, elastic, curved, branched. of irregular
cross-sectional geometry and possess uneven surfaces, they do not fulfil the requirements of ideal tubes.

Flow patterns will varv with location and diameter. During quiet respiration, airflow in the trachea is

! Viscous resistance has been fu{ed 1o describe these forces, but this falsely implies viscosity
is the only variable involved. i ' . :

'
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Table 4.1: Percentage contribution of elastic and flow-resistive work components to total
" respiratory work as reported by previous mvsngators -

ELASTIC WORK

INERTIAL WORK

SOURCE RESISTIVE WORK

TOTAL TOTAL W,y W), Wy, TOTAL gas  tissue
Ots er al. 1950 63% 3% 77.6% 223% %
Mcllroy et al. 1954 70%
Mcllroy et al. 1955 5%
Marshall & . DuBois - 86%  13.7%
1956 : ’
Atunger & Segal 38%
1969 - . ;
Opie et al. 1959 286% 714% % i
Ferris er al.- 1964 0% 1% 39% _
Sharp et al. 1964a _ ' t  84% 16%
Gautier et al. 1982 82% 18%

i.
1—

n

combined lung tssue and chest wall resistance.
total inertance = 0.000918kPa.l ‘sst.

Data under total columns show percentage -of Lotal respiratory work for each sub-component
Other columns show the percentage contribution of each component 10 each of -the sub-totals.
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parr.ly laminar and partly turbulent (Cotes 1979) and accounts for approximately 80% of Ry (Hyat

and Wilcox 1961, Ferris et al. 1%4 Macklem and Mead 1967 Hogg et al. 1968 Olsen et al. 1970). *

From the fourth to twelfth generauon, ﬂow is laminar, while beyond this pogint flow gradually becomes

diffusive (Bouhuys 1977), _du: to the parallel arrangement of penpheral rays ;. Such a flow

arrangement of flow patterns has tﬁo implications:; (1) it is not possiblé 10 as&gn a single number 1o

resistance in a complex systém of branching elastic airways; a‘nd (2) modifications to R,y (e.g. duﬁng , -
immersion) occur primarily in the larger airways, with &nﬁbﬁﬁons of the smaller airways becoming

important with large lung dimensional changes.

Resistance will rise with higher tlow rates (when mrbuiem flow is present). reduced airway
diameter and lengthened airways. Briscoe and DuBois (1958) demonstrated an inverse relation between
Jung volume and Raw. However, while lung volume increments widen, they also lengthen the airways.

These changes have an opposite effect upon Ry, the net result of which is a reduction in Raw-

Flow-resistive work and power iricreases curvilinearly with minute ventilation (V], Figure 4.2),?
however, variability between Qifferem studies is extensive, particularly as ventilation figes. Data from
Ots et a/. .(1950) and Holmgrén et al. (1973) indicate that flow-resistive work is best describe a
power function of rr11'nut¢ ventilation (r = 0.97 and 0.99 respectively). Mcllroy et al. (1954) found a

iinear relation (r = 0.99), and Frius et al. (1959) an exponential function (r = 0.99).

—

Upright immersion imposes a hvdrostau'c pressure imbalance on the lungs (relative to exlemai
thoracic pressure), which is physically analogous 10 nega.ive pressure breathmg Hong et al. (1969) first
studied respiratory work (N 4) under these conditions using head-out immersion. Comparisons
between ’xiphoid’ and neck immersions revealed a 107.2% rise in ﬂow -Tesistive inspiratory work, and a

57.4% elevation in total elastic work: producmg a reported 64.6% increment in total] inspiratory work °.

* Reynolds nuinber is around 1500 (Cotes 1979).
* Weibel (1963) found cross—sectional area to decrease from 2.54cm? to 2.00cm’ at. thg third
generation, then to increase by a factor of about 1.4 per generation to 180cm’ at the
sixteenth generation. Al this point there were about 65000 airways.

* Methodological description in these experiments lacks detail pertaining to dynamic
pressure—volume measurements. Oesophageal balloons were used 1o measure static gastric
pressures. One has to assume dynamic work was derived using transpulmonary pressure (Plp)
measurements. . :
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Agostoni et al. (1966) found *neck’ immersion increased Rqy, 7.7% (interrupter technique), which

the authors attributed to a reduction in functional residual capacity ¢RC), mediated by a posiive =
displacement of the static pressure-volume curve. Subsequent work by other groups has produced o
resistance increases during immersion of varying magnitudes (Table 4.2).. Prefaut et al. (1376) obscrvedv :

- no change in upstream R, during upright immersion, which was interpreted as implying that airways |

upstream of the equal pressure pomt’ were unaffected by immersion induced physiological changes.

Resistance elevauons during immersion (Table 4.2) must have been associated with downeream airway

: changes, possibly accompanying changes in lqu volume‘.

Sterk (1970, 1973) analysed dynamic P, anc} airflow of divers wearing Wet suits and semi-closed
SCUBA. Flow-resistive work increased by 370% and 321% respectivély, while elastic work showed = .
respective increments of 115% and 131%. Sterk derived elastic work usirig only the lung u‘ssuer |
compliance curve, Since onlwatp was measured, elastic work did not make allowance for the - -
participation of the chest wall. A large percentage of the flow-resistive gains may be attributed to 4/
extrinsically imposed work, associated with the breathing apparatus and diving apparel. External
flow-resistive work presented by the SCUBA was beyond the recommended ideal limits- (Morrison and
Reimers 19{32), confounding data interprqtaﬁon with respect to immersion effeéts on dynamic respiratory
mechanics. Thus, it is not possible to assign a quantity to.the respiratory loading incurred by immersion
alone. Similarly, flow-resistance changes (Table 4.2) may have been associated with thoracic consuicﬁon J
imposed by the diving equipment. Vital capacity (VC) in the latter study approximatéd 75% of dry

controls, indicating restriction beyond that associated with immersion alone’.

At present only one investigation has been located within the literature, in which dynamic
respiratory work has been studied in isolation of breathing apparatus effects, during immersion (Hong
- et al. 1969). No material is presently available on dynamic changes associated with hydrostatic pressure

compensation during immersion.

&

¢ Upstream airway resistance = static recoil pressure / maximal expirapory flow.

" The point of dynamic airway compression.
' The measurement of upstream R,y is only an approximation of R,y.

’ Immersion normally reduces VC 5-10% (Table 3.2).
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Table 4.2: Changes in respiratory flow-resistance induced by upnght immersion. Evidence from
the literature. : ,

SOURCE METHOD Raw  Rpu  Rfpu) Totl
Agostoni et al. 1966 ~ interrupter 57.7%

Sterk 1970 dynamic Py, 3 243.5%

Sterk 1973 | dynamic Py, 185.4%
Dahiback 1978 ~ dynamic Poeg et 3%
Dahlback et al. 1979 dynamic Pgeg | : 42.5%

Loligen et al. 1980 oscillation S 57.4%

@

All percentages represent increments.

Poes = oesophageal pressure, Py, = mouth pressure minus Pges, Rpy = airway resistance,
Rpul = pulmonary resistance (Ray plus lung tissue), Rf(pu]) methods averaging msplratory
and expiratory Rpul. Total = Rgy + Rpul + chest wall resistance.

°
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s 4.0.5 Purpose of the chapter.

The work performed in this chapter was directed towards analysis of pulmohary‘dynamia during
.- upright, whole-body immersion with, and without hydrostatic pressure compensation. Of particular
interest was the evaluation of the aBility of breathing préssure compensat.ion to retumn dynamjc variables

to levels which exist in air.
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4.1 METHODS
4.1.1 Subjects

Ten male non-smokers (including eight divers), screened by questionnaire for normal lung
function history participated-as subjects. All subjects took part in experiments designed to characterise.
static respiratory attributes during immersion (Chapter 3). All received subject information packages and

signed informed consent releases. e

4.1.2 Apparatus -

-

The apparatus used in this investigation was idendcal to that used in the previous chapter. Details

of instrument calibration and testing are also delscribed above (see: Sections 3.3.2°and 3.3.3).

The phase shift between the flow and ranspulmonary rressure signals was minimised by adjusting
the lengths of pressure probes to thg pneumnotachograph and transpulmonary pressure transducers. Data
calculations incorporated a further phase shift allowance, to account for incompléte removal of phase
distortion. The magnitude of the latter was evaluated using simultaneous application of an approximately

sinufoidal air flow impulse to both the pneumotachograph and the oesophageal cathetér.

/

4.1.3 Procedures

Subjects werc required to perform spontaneous respiration using self-determined tidal volumes
-and timing patterns. All trials were completed with subjects seated upright and the hips Slex;d at90°.
- Control experiments were performed in the laboratory using the apparatus modifications described above

(Section 3.3.2).

Transpulmonary pressure (Ptp) was measured as the difference betwéen oesophageal pressure
(Poes ' and pressure at the mouth (P,4), using an oesophageal balloon. Oes_.opha'geal balloons for each
subject were positioned 40cm beyond the nares using the procedures detailed in Section 3.3.4. Balloon
volume was verified between trials by having subjects perform valsalva manoeuvres. Oesophageal
pressure at end-tidal lung volumes averaged -0.42kPa (SEM = 0.04), prior to commencing trials, and

-0.41kPa (SEM = 0.05), immediately before catheter removal. From these observations it was deemed

that batloons had not moved significantly during trials.

»
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Durmg submerged trials subjects wore a pressure compensated diving hood (Fxgu:eHT Two
demand r_egulators provided air (Figure 2.3). Regulators were covertly and randomly positioned at each |
of four depths: mouth level, 13.5cm below the stemal dotch (mean lung c’entfoid position, as determined
in Chapter Two), and 10cm above and below the mean lung centroid locus. Between trials subjects
breathed from regulator 2, to avoid CO, eccxunulation while submersed. The airway to regulator.1 was
‘ﬂushed with fresh air after each manoeuvre. Before commencing immersion trials at different delivery |

ﬁressures, subjects breathed Vfor about one minute, at the new air delivery pressure, to ensure respiratory

mechanical adjustments were complete (Ferris and Pollard 1960).
4.1.4 Calculations

Ar analysis programme was written to calculate: respiratory timing, tidal volumes (V-1), dynamic
lung tissue compliance (Cqyn(1)), pulmonary fiow-resistive work (Wpy]), pulmonary resistance (Rpyj).
and functional pulmonary Tesistance (Rf(pu])). Calculations were performed on each breath with data for

trials averaged over multiple respiratory cycles.

Respiratory timing.

Algorithms defined end inspirétorv and end expiratory flow poin-l; “and permitted data secu'oning
into regions containing complete Tespiratory cycles Insplrauon and expiration onset and termination
were identified by detection of a voltaé% change at the pressure transducer channel measurmg respnratory
flow rate through the pneumotachograph. Unpaired inspirations or expirations, incomplete phases and
false Vs '° were not analysed. ldentification of these poims permitted computation of inspifatory (Ty).

| expiratory (TE) and total cycle durations (TTQT). and also the identification of marker points for
subsequent computetions.

e

Tidal volumes.

Inspired volumes were derived from the integration of flow with respect to time. o

vi=/Va _ | ) Equation 1
f".r . ’

"—)—
Integrated volumes were corrected to BTPS, by adjusting for regulator pressure variations, and

1* Tidal volumes less than 200ml.
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temperature and saturation differences between the inspirate and expirate. - o
T - " p .

- V] = Vi{(Pp + reg.pressure) 7 (Py) - ' ~ Equation 2

© " Yp310(Pa + Py - ) B
vTps=__ 1>1FA* PLC™ PH,O) | | Equation 3
| (273 + TAXPA + PrC - 41.1) |

fy=60/Tror(se) | - Equation 4
Yy = fyV] o 7 Equation 5

Dynamic lung tissue compliance.

Dynamic pulmonary (lung tissue) compliance (Cdyn(l)) was obtained from the ratio of lung
volume change to t:ranSpuhnonar} pressure (Ptp) change, between points of zero gas flow at the end of
expiration and inspiration, after the technique developed by Ne.er.gaard and Wirz (1927), Bayliss er al.
(1939). ahd Mead and Whittenberger (1953). Assumptions inherent within the technique include:
cessation of gas flow at rdouth and alveoli; observed Ptp represents forces applied to ov‘ercome elastic |

properties only; and'compiiance between points of zero flow is linear.

Pulmonary work.

Work expended to overcome airway and lung tissue resistance (Wpul) was derived by integration

of P with respect to volume. . :
P ; \
Wpul = /PrpdV - Equation 6
Thus: Wpul = /Py Vit < - " Equation 7

Four poss;ble work subdivisions exist: (1) positive inspiratory; 2 positive exprratory, 3) negauve
inspiratory; and 4 negatwe expiratory work. Figure 4.3 illustrates that flow-resistive wpul (represented

by the area w1thm the pressure-volume loop) may be derived from the integration of flow-resistive and
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elastic work over a complete respiratory cvclell, Inspiratory and expxramr) elasue work dunngﬂnﬂ:vdc)*/'
are of opposite sign and of equal magmtude unless ‘l&olumes at the start and end of a bmthms : S
cycle are unequal. 2 o - ' - .

Thus referring to Figure 4.3: |

Wyl = (WIP - WEN) + (WEP - WIN) - - Equation 8
: ' where: )
 WIP= positive insﬁiraur)ry Work (area I:IGDC).
- WEN = negative expiratory work (area DCI).
 WEP= positive ' iratory work (area IFEA), |
WIN = negative inspiratory work (area EAH).
> 4 _

Flow-resistive inspiratory and expiratory work (Wpyj(insp) and Wpy(exp) respécxivel)') were

calculated. When end expiratory Pyp was zero or greater, inspiratory work (Wpy(inspyljequalled positive

inspiratory work minus elastic work *. When subjects breamed at delivery pressures equal o the

" hydrostatic pressure at the mouth, end expiratory P[p was negative, producmg the situation in Flgure 4. 3

Here Wpul(insp) again equals msplralory work minus elastic erk; Thus, 1nsp1ralqry work equals ar‘(‘:a;
HGDC (positive inspiratory work) minus area BCD, plus area AEB minus area EAH (negative '
inspiratory work). Expiratory work was equal 10 area BCD minus area DCI. plus area IFEA mrinu,s arca

AEB. Total work was then obtained by addition of the ihspiralory and expiratory areas.

Since udal volumes were not of equal magnitude, flow-resistive work was divided by VT 1o oblain

work in J.I'* or kPa. , v S '

' Zero volume respresent the RV. _ _ , -

12 Since Cdyn(1) i assumed ‘to be linear, elastic work .equals the area of\the 'Lriangle. or
trapezium, created between the zero Ptp axis and the compliance corcL o

-
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Mechanical resistance to lung tissue movement and airflow was computed at 20msec intervals, after

Pulmonary resistance.

the subtracﬁve technique initiated by Mead and Whittenberger (1953). Instantaneous P[p may be

attributed to elastic (volume related), resistive (flow related) and inertial (accelerafiﬁn relatéd) fbgﬁ

' Pp =/ (V) + (V) + 1(¥) _— Equation 9
i . . » .
Inertial forces are negligible and ignored at normal gds densities, norinal thoracic mass, at breathing
frequencies less than 60b.min ¢, and during noﬁhobaric immersion (Mead and Whiuenberger 1953,
DuBois ef al. 1956, Mead 1956, McKenna ef al. 1973, Dosman e dl. 1975). If Pyp attributable to lung
voiume (i.e. elastance) is hn‘dwn (i.e. P = f(V)), then the components of instantaneous P,[p responsible °
for dve}conljng pulmonary flow-resistive forces ma} be solved (i.e. P=f(V)= Pfr)‘i
~ / Pgr = Pip(dyn) = Pe = (@V/Cqyn(1)) , Equation 10
' | where: ‘
Ptp(dyn)"’ dynamic Py, during brealhiné,
dV = lung VOlurﬁc minus end-expiratory volume, .
Cdyn(1) = dvnamic pulmonary compliance,
P, = end-expiratory Py, and

: Pgr = flow-resistive pressure.

It was assumed that Cgyp(j) was linear over the VT studied.” Since instantaneous data exist for volume,

Pip(dyn) and flow. ﬁ!\a;\" compute instantaneous pulmonary resistance (Rpy)):

u N
v Rpul = | AY Fquation 11

Pulmonary resistance was measured using two methods. First, inspiratory and expiratory
pulmonary resistances were measured overﬁov rates between 0.4 10 0.6 L.s '. These data were separately

averaged and expressed as inspiratory, expiratory and total breath Rpul- Second, Rpul was averaged over

all flow rates to yield mean inspiratory, expiratory and total breath Rpy,). Units of measurement:
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Functional pulmonary resistance.

The concept of functional pulmonary resistance (Rf(pu])) was déveloped by Ahlstrom and Jonson
. (1974), and Jansson and Jonson (1975) based upon the assumptions that the lung may be modelled from
sinusoi@ flow (Jaeger and Otis 1964)-with constant airway and lung tissue resistance. - Using these \
assumptions pulmonary flow-resistive power could be obtained \f minute ventilation and Ritpul) weré

known.

Wpul = Rf(pul)-V]:'Pi’-k/Z | Equaﬁon 12
where:
\}\’Bul = pulmonary power for a given breath (Watts),
! Rf(pul) = functiona} pulmonary resistance (¢cmH,0.1"1.s),
VP =(Vpfp)? (lmin?), |
Pi* = 9.8696, and
k = common unils conversion constant
-
Since Rfypyly Was an unknown, it could be obuined if me was measured. {Equation 12 was taken from -

that developed by Ahlstrom and Jonson (1974) and Janssop and Jonson (1975)1. Thus:

Rtput) = (Wpur2)/(V1*-Pitk) Equation 13

Rf(pu]) calculations using this equation were incorporated to permit comparison with the work of

Dahlback et al. (1979).
4.1.5 Technigue delimitations.

Measuremgm of Pyp using oesophageal balloons depends upon the fidelity with which pleural
pressyre (Ppl) can be approximated by Poe& Pp1 gradienr:s occur along both the sagitial (Mead 1961,
Milic-Emili er al. 1964b, 1966, D’ Angelo et al. 1970, Agostoni et al. 1970) and transverse axes (Agosioni
and D'Angelo 1969, Miserocchi g/, 1981), thus Poes is considered to reflect mean pleural surface
pressure 'raiher than 10 be an index of local Ppl- Transpulmonary pressure change attributable to randoxﬁ
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'wdioagenic compresion). A

compression artifact during the respiratory cycle, remains unknown (e.g: oesophageal contractions, ¢

&

Measurements of me and Rpuj do not inéludc ﬂow-resisﬁQe forces attributable to chest wall
distortion (Opie et al: 1959, Otis 1964, Agostoni 1970, Goldman and Mead 1973, Goldman er al. 1976),
which, during exercise may _comn’bute a1p 10 25% of total respiratory work (Goldman er al. 1976).

Contributions of chest wall dvnamics remain unknown in the current investigation.

Measurement of Wpy is subject to underestimation in cases where subjects do not inspire and

expire identical volumes of air. Since integration procedures were triggered from flow changes measured

at the pneumotachograph pressure transducer, a mid-inspiralory or expiratory pause or airflow reduction
could result in termination of the integration process. This would occur if airflow fell below a A
predetermined basal limit. A recommencement of inspiration or expiration would then not be included
in the integration, and flow-resistive work underestimation would result. Instances of this occurrence on

expiration were observed when subjects breathed air at Py ¢ plus 0.98kPa.

Siﬁu’larl_v. transient flow reductions to basal levels would confound Rpuj measured from resistance
averaging over all flow rates. In this case flow would be almost absent while Pyp would be at some
negative or positive value close to zero. Division of the resultant flow-resistive 'Plp by flow, could
produce very large values, which may have the opposite sign for the parnt of the breaths for which they
were 10 be added. Such data points may also be prgscnl at the start and end of each respiratory phase.

Inclusion of such resistance values would falsely alter the mean Ry,)).
4.1.6 Analysis

Analysis was based upon a repeated tmeasures experimental desién, with five levels of onc within
subjects factor ( i.e. air delivery pressure). Subjects took part in all phases of the investigation. A priori
probability significance was set at the 0.05 level. Three statistical analyses were performed: (1) paired or
correlated I-tests for comparisons between group means on single variables; (2) Hotelling’s T-squared

analvsis for simultaneous comparisons between univariate factors for several variables; and (3)

multivariate analysis of variance for analysis over several levels of the treatment effect. Post hoc multiple

comparison analyses (Tukey’s HSD test) were employed to locate sources of significant variance obtained

from MANOVA®’, Where significant changes were not observed, computations of statistical power were

1 Summary tables are contained within Appendix Three.
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performeti Staumczl power () is defined as t.he probabxhty of correctly acceptmg an expenmemal
hypothes:s (Keppel 1973, Gehring 1978) , i
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42RESULTS oo

421Charaetertsztcsofmbpcts : N : v 7 ’ e

-Physical charactensucs of subjects are detmled in Table 3 3. Subjects in thxs study took pan in the

above mvesugauons of static. m\namcal attnbutes (Chapter Threc) 14
% 4.2.2 Pulmonary work of b’rea;hing. :

Under control states, spontaneous breathirig demanded a mean pu}rnonarv deCr (Wpul)‘toj
overcome flow-resistive forces, of 0. 060 £ 0.026W. Ventilatory increments produced’ an exponem.ml
elevation in Wpul (r = 0.9939) as shown in Figure 4.4. During control trials, relative pulmonary |
flow-resistive work of spontaneous breathing (Wpy) 1 averaged 0.219kPa (SEM=0.019, Table 4-3 1),
Flow-resistive pulmonary work (Wpul) in excess of that provided by passive 1ec011 of the lungs 1.
averaged 0.078kPa (SEM=0.015). In ail subjects, control pulmonary elastic work (WE(puI)) dunng
spontaneous ventilation, exceeded explralory flow-resistive work (Table 4.5) indicating venulalory
patterns were normal (Agostoni et al. 1970), and expiration was essemiall_v afp:‘assive act, or expifation

- was braked by maintenance of a degree of inspiratory tone during expiration. -

In all subjects control expiratery flow-resistive work (Wpul(exp)) exceeded inspiratory work
(Wpul(insp))- The mean, control inspiratory:expiratory work ratio during spontancous ventilation was

0.538 ' demonstrating greater expiratory flow-resistance.

Spontaneous breathing during total immersion, breathing air at mouth pressure!*, elevated total,

flow-resistive Wpy| by a faCtor of 3.8 (Figure 4.5, p<0.05%°) to 0.75kPa.

9

4 Subject numbers used -in" Tables 33 and this chapter are 1denucal and remain consistent
throughout the chapter. : '

¥ Relauve W ul represents work per litre of gas inspired. Units = JI'!, which are equivalent
10 units of pressure thus, the kPa is used for relative Wpy). :

!¢ Standard error of the mean.

" Integration of the pressure—volumé loop falling outside the zone of lung elastic recoil (see:
Figure 4.3: areas BCD and BAE).

"' Inspiratory:expiratory ratio = Wpyiinsp)/ Wpul(exp) (dimensionless).
" The demand regulator was positioned in the same horizontal- plane as the mouth.

2 Overall MANOVA F = 265 (3,6), p=0.007.
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Table 4.3: Flow-resistive and pulmonary elastic work suhdivisions during spontaneous ventilation
in air. ’ . : -

SUBJECT FLOW-RESISTIVE  WORK 'PULMONARY.
o - e ELASTIC
WORK
total insp. eXpir. s ,
— 2
1 0.274 0.126 0.148 1.102 -
2 0.139 0.057 0.083 0.390
-3 0.242 0.108 0.134 0.638
4 © 0.165 0.054 0.111 0.923.
5 0.177 0.020 __- 0.158 1.625
6 0.114 0.033 0.081 0.251
7 0.159 0.055 0.103 0.562
8 0.254 © 0077 - 0178 0.680
10 0.306 0.112 0.194 0.652
X 0.203 0.071 0.132 0.758
SEM 0.022 0.012 0.014 0.137

All units = kPa. (Work was calculated as JI' and expressed in kPa units).

Insp. = inspiratory flow-resistive work, Expira = expiratory flow-resistive work.

Control data for subject nine was rejected due to artifactual error in pulmonary resistance
data obtained at an airflow of 0.5 ls!
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Figure 4.5: Total flow-resistive pulmonary work during spontaneous breathing under control and -

immersion states, breathing air at four hydrostatic pressure loads. [Work was calculated in JI!

and is expressed in "kPa units Data représent means and standard errors. *ssignificantly
~different from conwol staws (p<0.05)]
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“The effect of altered hydrostatic breathing pressure upon wpul' during immiersion has not‘been,
repqriedipreviously. The present study reveais, in support of hypothesis three, that increasing air
delivery pressure (relative to the mouth) returns total flow-resistive Wpul towards control levels (Figure
4'5)5 The use of hydrostatic pressure compensation, in the form of breathing pressure increments,
sequentially reduced total ﬂow—resistive Wpul- When air was delivered at Py, and above, total
flow-rtesistive respiratory work was 31gmﬁcantly less than observed in the uncompensated state (p<0. 05)
but remained greater than control levels (p>0 05, 8 >0.99). [Appendix Three contams post hoc statistical

summary.)

Analyses of inspiratory (Wpyj(insp)) and expiratory (Wpyj(exp)) flow-resistive work Arevealed
irpme_rgi_on increased both components at all air delivery pressures (Figure 4.6). Flow-resistive work
inéreased?rofn 0.07 and 0.13kPa during control trials, to 0.29.and 0.46kPa during uncompensated
immersion, for Wpy)(insp) and Wpul(e-xpj respectively. Differences were significant (p<0.03), in both

instances.

Expiratory flow-resistive work was reduced 1o levels not significantly greater than control values,
with each of the three levels of breathing pressure compensation. Compensation pressures similarly
resulted in significant reductions of Wpyj(ingp). from values obtained during uncompensated immersion

(p<0.05).

Table 4.4.

The purpose of this section was to determine whether air delivery pressures could be employed to
offset the adverse respiratory mechanical changes attending whole-body, upright immersion reported in
the literature (Hong et al. 1969, Sterk 1970, 1973). It af)pears that no single air delivery pressure
provided the means to return all mechanical attributes to control status. B
(1) Py plus 0.98kPa retuined minimal total and expiratory flow-resistive work;

D Prc. Prc minus 0.98kPa and P L plus 0.98kPa minimised inspiratory ﬂow—resisu've.
work; and 4
(3) Py c minus 0.98kPa best returned inspiratory:expiratory flow-resistive work ratio to

control status.
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Figure 4.6: Inspiratory and expiratory flow-resistive work during spontaneous ventilation under
control and immersion states, breathing air at four hydrostatic pressure levels. [Work was
calculated in JI'! and is expressed in kPa units. Data represent means and standard errors.
*asignificantly different from control status (p<0.05).] - .

’ 14

(V]



.

Table 4.4: Summary of flow-resistive pulmonary work partitions during. control and experimental

conditions at four alr dehvery pressiires.

-~
'CONDITION FLOW-RESISTIVE WORK
1nsp. expir. total
control 0071 017 0.197
' (0.012) C(0.012) (0.020)
mouth 0.285 L0462 0.748
(0.037) ©(0.095) (0.120)
Prc-0.98 0165 0349 0.513
(0.039) ~ (0.120) (0:133)
centroid 0.170 0.254 0.421
(0.019) (0.034) (0.042)
Pct0.98 0.163 0.164 0.327
(0.013) o (0.022) (0.032)

All units = kPa. (Work was calculated as J.' and expressed in kPa units).

Means with standard error in parenthesis. - =

Conditions: control = upright in air; all others represent upright immersion breathing air at
mouth pressure and at three pressures relative to lung centroid pressure Pjc.
Insp. = inspiratory flow-resistive work, expir. = expiratory flow-resistive work.
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4.2.3 Pulmonary resistance.

Pulmonary and airway resistances are normally averaged from msprrawry data at e.ﬂqw'rate of 65 -
st Spoﬁt.ineous ventilation, under cuTé states, yielded a constant flow, inspiratory pulmonary
resistance of 0.125kPa.l"s (SEM = 0.022, Table 4.5). Expiratory Rpul exceeded mean inspiratory Rpy in
six sub_;ec@

Spontaneousbreathing during total‘immersion, breathing air at mouth pressure, elevated

in“spiratory, expiratory and total Rpu] (at O 5 Ls?) by a factor grcater than two, to produce respective
resistances of 0. 28 0.56 and 0:44kPa |- 1g (Frgures 4. 7 4.8, p<0.05% ). Elevated air dellvery pressures

f—»—fsysremaUeaIly returned resistances towards control status (Figures 4.7, 4.8)." Air delrvery at Py c plus

0.98kPa best rephcz:t.,d corm'ol total, expiratory and inspiratory Rpyj. Drfferences between values
obtamed atPyoand Py plus 0.98kPa were non—srgmﬁmnt (p>0.05, @ >0.99), for each of the resrsrance
measuremem.s.l [Appendix Three contains post hoc analysis summary.]

o~

When analysed collectively across air delivery pressure during immersion, the expiratory Rpul- ata
flow rate of 0.5 Ls"*, was significantly greater than inspiratory Rpy] (p<0.05). This wend is also reflected
in the Wpu] partitions in Figure 4.6. Expiratory Rpu] and WpuJ appeared more sensitive to ehange’s in

breathing pressure, when subjects were immersed.

Pulmonary resistance was also computed by averaging inspifatory, expiratory'and total breath

- tesistances over all flow rates. Mean inspiratory Rpul was lower in 'the control trials. Immersion, without

hydrostatic breathing pressure compensation, increased mean inspiratory Rpy about 3.2 times to
0.29kPa.l"'s (Figure 4.9), compared with the 2.3-fold elevation recorded at a flow rate of 0.5 1.s™! (Figure
4.8). - Expiratory Rpul obtained from all respiratory flow rates, similarly increased more than the
corresponding change observed at a constant fiow (3.2 versus 2.6 respectively, Figure 48), when
uncompensated immersion was studied. Breathing pressure compensation lowered the mean expiratory
Rpul 10 be nop-siéniﬁcantly different from the control value (p>0.05, <0.30). A sequential Rpul 4
reduction with the breathing pressure increment was not as obvious for either iiiépirau‘dn Or expiration, as

that obtained at a constant flow (Figure 4.8).

The mean Rpu], averaged over the complete respiratory cycle (at all flow rates) reflected a

weighted sum of the mean inspiratory and expiratory data. Changes observed at mouth pressure air

“Overall MANOVA F = 2608 (7.2) p = 0.037.
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Table 4.5: Inspiratory, expiratory é‘_nd'mean total pulmonary resistance during spontaneous

ventilation in air, calculated at a mean flow rate of 0.5 Ls'.-

i

SEM ' 0.022,

SUBJECT INSPIRATORY EXPIRATORY MEAN TOTAL
1 1 0.127 0.063 0.085
2 0.089 0.233 . 0.182
3 0.107 0.174 0.143
4 0.211 0.165 0179
5 0.030 0.242 0.229
6 - 0.084 0.258 . 0.169 .
7 0.103 0.127 0.123
8 0.162 - 0.137 0.151
10 0.245 0.415 0.348
X ‘ 0129 0.202 0.179
0.034 0:025

All units = kPal's.

Mean total is a weighted average of inspiratory and expiratory resistances.

Control - data for subject nine was rejected due to artifactual error.

-
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Figure 4.9: Mean inspiratory, expiratory and total breath pulmonary resistance, computed from
resistances obtained over all flow rates dunng the respiratory cycle. [Data represem means and
-standard errors)
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 delivery matched those recorded using the total Rpy) at a consiant flow rate (Figure 4.7).- Resistance ¢

increased from 0.22kPa.l"!.s in control trials, to 0.52kPa.l-'.s during uncompernsaied immersion.

Functional pulmonary resistances (Rf(pul)) were computed to permit comparison with the _
immerson data of Dahlback et al. (1979). Results are shown in Figure 410. The control Repy) of
0.15kPa.l-.s were léss than (p>0.05) total Rpul computed at either a constant flow rate (Figilre 47, or

when total Rpy] was averaged over the full breathing cycle.
N ) L&)

During total immiersion, using mouth pressure air delivery, Rf(pul) increased t0'0.33kPa.l '.s. This
change was about the same order of magnitude as seen when Rpul was averaged over the total -
respiratory cycle. . Breathing pressure compensation did not significantly reduce Rf(pul) accompanyifi‘g
immersion until air was breathed at P ¢ plus 0.98kPa. The measurement technique appeared to lack the
sensitivity necessary f detect differences between resistance at each of the compensation pressures.

~ Means were significantly greater than control values (p<0. 05) except during air breathing at 0.98kPa

above Py c.
4.2.4 Dynamic compliance.

Control static (Cst(])) and dynamic pulmonary compliance (Cdyn(l)) values were not significantly '
different (3.24 and 2.91 LkPa"! respectively) (p>0.05, ¢ = 0.54, Table 3.7, Figure 4.11). Values for Cdyn(l) «
during immersion, when breathmg at air pressures greater than mouth pressure, were not significantly
different fro.x;} controls (p>0.05, ¢ = 0.55), in agreement with observations made during static manoeuvres
(Chapter Three). Furthermore, Cgy(1) and Cgyn(1), determined at Py were not significanty different
(p>0.05, ¢ = 0.54). These observations aﬁpear to validate Cqyn(j) techniques dilring immersion when

using these breathing pressures.

With air delivered at mouth pressure, Cdyn(l) was reduced 43.8% to 1.63 1.kPa ! (p<0.05). Every
subject displayed this trend, which disagrees with the observations of no change in Cst(l) made m '

Chapter Three. T

4.2.5 Respiratory timing patterns.

Respiratory phase durations.were computed to permit analysis of Wpy] and Rpy. Since timing

- .
data was available, it was used to analyse variables commonly used as indices of respiratory control.
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Figure 4.10: Functional pulmonary resistance during spontaneous breathing under control and

immersion - states, breathing air at four hydrostatic pressure loads. [Data represent means and
standard errors.)
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Figure 4.11: Comparison of dynamic and quasi-static lung compliances measured upright in air
and during immersion. [Data from current investigation, Sterk (1970, dynamic; 1973,
quasi-static) Dahlback er al. (1978, dynamic; 1979, quasi-static). Data represent means fhd
stanidard errofs)) :
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The ratio Vr/Tj (mean inspiratory flow - Ls") has been used as an index of central inspiratory
" drive (Milic-Emili and Cajam 1957, Milic-Emili er a/. 1975, Derenne et al. 1976, Mxhc—Ermh et al.
1981). Uncompensated immersion increased V1/T I Differences failed to achieve significance at the
0.05 level. Differences between experimental conditions, while showing a reduction at Py ¢, were
similarly not significant (p>0.05, ¢ = 0.47, Table 4.6). The lack of significance betweenvbr'eathingA
pressures may be aécribed to impingement of experimental apparatus upon breathing pam For
respiratory drive to be reliably assessed by .VT/T I subjects should not become congciously aware of their

breathing patterns. This state was not achieved in the present experiments.

The ratio T/TTQT is used as an index of respiratory timing or "duty cycle’ (Milic-Emili and
‘Cajam' 1957, Milic-Emiii et al. 1975, Derenne et a/. 1976, Milic-Emili er al. 1981). Differences between

" control and experimental means were similarly non—signiﬁdnm (p>0.05. =0.70).

;

\
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4.3 DISCUSSION

4.3.1 Cha.ractensatlon of the control flow- resistive mechanics in the current subjects.

Under control states, spontaneous breathing demanded a mean pulmonary power ,(Wpu]) to
overcome ﬂow—re.éistive forces, of 0.060 + 0.026W. Evidence from the literature indicates that nonﬁél
Wpul lies between 0.031 to 0.098W (Mcliroy et’ al. 1954, Jaeger and Otis 1964, Agostoni et al. 1970,
Ballantine et a] 1970, Holmgi'en et al. 1973), thus validating the current techniques and control values,

and confirming reépiratory normality of the subjects.

In all subjects, control expiratory flow-resistive work (Wpul(exp)) exceeded inspiratory work
(Wpul('insp))- The mean, control inspiratory:expiratory work ratio during spontaneous ventilation was
0.538 * demonstrating greater expiratory flow-resistance. Expiratory Rpu] (0.5 1.s7?!) exceeded mean
inspiratory Rpul ih ’six subjects. Few studies report such a comparison,-however, Otis et al. 11950) aud
Mead and Whittenberger (1953) found approximately equivalent flow-resistances, while Uhl et al.

. (1972) reported a ratio of 0.68.
, 56 '

Spontaneous ventilation, under control states, yielded an inspiratory pulmonary resistance of
0.125kPal-'.s (S:EM = 0.022), when measured at a flow rate of 0.5Ls". Normal pulmonary resistances
(Rpy) range from 0.08 to 0.745kPa.l"".s (Marshall and DuBois 1956, DuBois 71964, Cotes 1979). .These
ooservations further validate the current techniques, .and the normality of the flow-resistive status of the

current subjects under control conditons (Table 4.5).
4.3.2 Respiratory flow- resistive work.

Hong er al. (1969) observed a two-fold increment.in total flow-resistive respiratory work, moving
from 'xiphoi§’ 10 'neck’ immersion. Sterk (1970) recorded a 4.7-fold rise, with total immersion using a
mouth-held demand regulator. Some portion of this latter change is attributed to restrictive diving suits

and SCUBA harness womn by the subjects®. In a subsequent report, Sterk (1973)> observed a 3.5-fold

1 Inspiratory:expiralory ratio = Wpyl(insp) Wpul(exp) (dimensionless). -

&

 This is evidenced by larger than normal reductions in vital capacity, which apprommated
75% of control values. Immersion normally reduces VC 5-10% (Table 3.2).
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pulmonary flow-resistive work elevation?*. With allowance for immersion depth differences and thoracic
restriction, the present data, showing an elevation of flow-resistive pulmonary work attending uprigtit 7
immersion of 3.8 times the control level, confirm these earliér obscrvations. No previous iﬁvesu‘gators
>have studied the ability of breathing press"hi‘e manipulations to modulate W] during upright immersion,
though several have hypothesised its implemention would be beneficial (Jarrett 1965, Craig and Dvorak .
' 1975, Flynn et al. 1975). Such hypqtheses afe supported by the significant inspiratory, expiratory and
total flow-resistive work reductions observed in the present investigation, wh‘i;ﬁh_ were mediated by air |

 delivery at Py and Py plus 0.98kPa (Figures 4.5, 4.6).

Flow-resistive work is performed against friction in the airways, lung tissue and chest"wall ,(/T:"i\g'ure
4.1). Inherent limits of the current techniques meant only Wy,;) could be measured, withoui . (
differentiation between airway and tissue components**. Airway friction is affected by changes in gas
flow, density, viscosity and by airway dimensions. As downstream airWayS acc'oﬁm for approximately 80%
of frictional work (Hvatt and Wilcox 1961, Ferris et al. 1964, Macklem and Mead 1967, Hogg et al. 1968,
Olsen et al. 1970), modlﬁcanons during immersion might be expected to occur primarily in Lhese larger
airways. Work of Prefaut er a/. (1976) has revealed no change in R,y of the upsr.ream airways during

immersion’®, thus indirectly supporting the primary role played by the downstream airways. o

The significant elevation of Wpul;‘during uncompensated immersion, is ascribed primarily 10
volume-dependent reductions in airway diameter, concommitant with a decreased expiratory reserve
volume (ERV). It is suggested that such volume changes elevate flow-resistance mainly by reducing the

diameter of the larger airways.

This volume-dependence of Ryw was 'identiﬁéd by Mead and Whi‘nenlfgfger (1953) and Briscoe
and DuBois (1958). ERV decrements may be ascribed to a positive shift of te ”tota,,l' reSpiratory
compliance curve, chest compression, (Figure 3.11), and acute pulmonary vasbular ehgorgemem (Echt °
et al. 1974, Lange et al. 1974, Risch et al. 1978a, 1978b, Lollgen er a/. 1980, Choukr_pun et al. 1983). The
latter augments ERV c;hénges, replacing air with blood (Dahlback 1975, Dahlback ef af. 1978), and
possibly elevating lung tissue frictional losses. Recém work by Jones et al. (1978) and Ishi er al. (1985)

* Sterk (1973) reported several values at different time intervals, the data above represents a
weighted mean of these points.

¥ Raw is assumed to represent 60-86% of Wpy; (Table 4.1).

**Measured using the upstream R,y technique.
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h:as also implimt’ed vagal participation in the airway nanfowing that accompanies pulmonary blood

volume elevation. Vagotomy was shown to-decrease the effect of engorgement on airway diameter -

~ change (Ishi et al. 1985). Some interaction between these niechaniml and neural mechanisms possibly

occurs during immersion, the net result of which is an elevation in pulmonary resistance.

The importance of airway diameter changes to increments in Wpul isv supported by ihe present
observation of a significant elevation of constant flow Rpul égttending uncompensated immersion (Figures
4.7, 4.8), and by previous investigators who foundug'reat,er iriSpiratory Raw (Agostoni et al. 1966,
interrupter technique), Rfpyy) (Dahlback 1978, Dahlback et al. 1979), mean Rpyy (Sterk 1970, 1973), and

total thoracic resistance (Lbllgeh'et'al. 1980) aocompanying immersion.

The fact that the current change in Rpul (computedy at a flow rate of 0.5 l.s!) accompanying
uni:ompensated immersion exceeded observations of Agostoni et al. (1966), Déhlb'ack (1978), and
Dahlbuck et al. (1979), may be attributed to differences in measurement technique (see: Section 4.3.3),
to the depth of subject immersion®’ and its concommitant influences upon lung volume, to differences in
minute ventilation between control and experimental states (in each study), and to differences in the
control resistance. Dahlback er al. (1979) reported only the mean minute ventilation, averaged over
control and experimental trials. It can be seen in the present investigation that minute ventilation, and
consequently airflow, increased about 65% (Table 4.7) for the same comparison. If airflow became more

turbulent in the present study, it-may account for the discrepency between the two investigations.

The current constant flow increments in inspiratory lgul do agree with R'aw changes reported by
Agostoni et al. | (1966), using negative pressure breathing, a state which is at least physically analogous to

the current uncompensated immersions.

Evidence supporting the lung volume-dependency of ﬂow¥resistive work is obtained ffom a
comparison of the ERV and expiratory Rpul at a flow rate of 0.5 1.s* (Figures 3.11, 4.8). For simplicity
data has been reproduced in Figure 4.12. Expiratory Rpyj altered inversely with ERV. “The imperfect
nature of the relationship may indicate involvement of other causal factors (e.g. vagally mediated aitway
narrowing) and/or the inability of ERV 10 reflect altered functional residual capacity (FRC). It‘is |
recognised that FRC is a better volume index with which to compare Ry}, however, it remained
unknown in the current study, since residual votume (RV) was not measured. The addition of a constant
RV 1o the ERV would alter the data shown in Figure 4.12. With air provided at mouth and Pz minus

*" No previous reports, except Sterk (1970, 1973), have employed total immersion.
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Decimal Scale

2.0

154 " Legend
- | Ml Expiratory Reserve Volume
| K3 Expiratory Pulmonary Resistance

CONDITION 2

Figure 4.12: Inter-relationship between expiratory reserve volume and the expiratory pulmonary
resistance at feur air delivery pressures, durmg upright immersion. [ERV is expressed as a
decimal relative to contro]l; pulmonary resistance was calculated at a flow rate of 0.5 ls'
and is expressed as a reciprocal of its decimal relation t0 control)
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0.98kPa, the ERV bars wouid lengthen, while at P; LC plus 0. 98kPa, the ERV bar wouldshorten. Thenetrif
result we : 11 be a proﬁle similar to that of the explratory Rpul- However, it is possibie that RV also :
varied with delivery pressure, but since no previous works have been locmed which studied this

relationship, the question i‘s'unreSOIved.

'®  Atlowlung volumes during immersion, airway closure occurs (Dahlback and Lundgren 1972,
» Dahlbick 1975), and is associated wn.h narrowing of thr/tzfger\grways (Dahlback 1978). Glaister et al
(1973) demonst:rated that such a closure may further increase Wpu] since greater Ptp mist be generated

in order to open and ventiiate occluded alveoli.

—

Analy51s of Wpul(msp) and Wpyj(exp) (Figure 4.6) revealed mouLh pressure air delivery induced
significantly greater flow-resistive work. Control inspiratory:expiratory Wpu ratio shifted from 0.54 to
0.62 in this condition due to proporuonately greater Wpul(insp) increments. Greater inspiratory

flow-resistive work could induce respiratory discomfort and eventually produce respiratory~ fatigue.

It was observed that inspiratory Wpy,, once reduced by the initial use of breathing pressure
compensation, failed to rzspond to further modifications of the air supply pressure (Figure 4.6).
Expiratory Wpul underwent greater changes during all air delivery pressures and always exceeded
inspiratory Wpul- This observation may indicate that expiratory flow-resistance is more sensitive to lung -
volume changes. Theoretically, inspiratory resistance should demonstrate a similar sensitivity, but beyond ;
the initial lung volume increments; experienced when air supply pressure was increased from mouth to )
Py c minus 0. 98kPa it failed to respond to the changes in expiratory reserve volume (Figure 3.11). The -
absence of change with’ altered breathing pressure cannot be explained on the basis of the current

measurements.

During the respiratory cycle, work is performed to overcome elastic and flow-resistive forces
(Figure 4.1), thus a knowledge of total work is important. The summation of Ato'tal Wpul and the
inspiratory muscle work obtained from static pr‘essure—vol.ume curve annlysis (Chapter 3) is inappropriate,
- since part of the flow-Tesistive work is performed by elastic recoil. However, in bdth cases, work
partitions have been shown to increase (Figures 4.5, 3.8) when subjects were immersed without breathing
pressure compensation. It is hypothesised that rhe combined effect of these elevations may increase
ventilatory oxygen consumption (YO,) tokr.he point where, during exercise at 1 ATA, it may impose a

respiratory limitation-on physical power.
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In d1v1ng, pMCularly at depth, Ry, and consequently ﬂow—resxstwe work becomes a mauor
: dded resistance of the underwater breathing apparatus (Mornson and Rexmers 1982,

Morrison et al. 1986 and densny-dependent incTements in R,y (Buhlmann 1963 Glauser et al. 1967
~Uhl et al. 1972, Vorosmarti et al. 1975, Van Liew 1982, 1983) Itis postula'ed that the use of breathmg
pressures des:gned 10 compensate the hydrostatic p;:essure 1mba1ance encoumered durmg upright «

immersion, would ameliorate the respiratory mecham_cal dlsadvamage normally 7coumered.

* Evidence supporting this proposal is illusirated in Figures 4.5 10 48. In almost every.instance
Wpulx and Rpy) were diminished 1 Emggggelivered at Py and Py c+0.98kPa. At these pressures, Wpy]

-

and Rpul were no; significantly greater than control levels.

Itis suggested that the mechanism reponsible for improved respiratory dynamics is asSociated with
" ERV increments and vascular disgorgement. Positive pressure ventilation forces blood out of the lungs
(Fepn er al. 1;947, Kilburn and Sieker 1960, Orlow e: al. 1985). Since compensation of a negative °
hydrostatic: imbalance is analogous to the,applic::nion of a positive pressure upon a balanced system, itis
assumed that the use of Py ¢ air provision similarly translocates central blood to the perip.hery.
Disgorgement may remove the vagallz ted airway constriction (Jones er al. 1978, lsﬁi e}.al. 1985),
and reduce airway closure at low lurifvolumes (Dahlback and Lundgren 1972, Dahlback 1975) and its
concommitant narrowing of the larger airways (Dahlback 1978) Perhaps of greater sxgmﬁeﬂQ is the
return of control ERV (Figure 3.11) mediated by Py ¢ air supply shifting the total respiratory.compliance

curve negatively, and increasing the thoracic relaxation volume.

It is concluded that demand regulator air supply pressures be adjusted, so that in the upright

position, divers may obtain air at a positive pressure of 1.33kPa (relative 1o mouth pressure).

It appears from vme.preceding data thaE 5' hig'her delivery pressure may best replicate the
F Umonary mechanical status ﬁ]at exists under control conditions. The decision to suggest that Py be
adopted is based upon the following points: _ ,
08 Dif‘ferehces between resulis obtained using Py and Py ¢ plus O.QSkP&air delivery pressure '
were_non—signiﬁcam in everyv instance. | ' ’
Q) Pic air‘provision resulted in a closer approximation of the control inspiratory 1o expiratory
flow-resistive Wpy) ratio. 7 "

(3) Air supply at Py ¢ plus O.9ékPa had been shown in Chaptef Three 10 increase the expiratory y
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reserve volume 1o 50% of the vital apacxxy" (Figures 3.11, 3. 12). Hy'pennﬂauon. whﬂst reducing
R, . shortens the diaphragmatic fibres, and pombiy reduces wmncuoucmaem) vaansanﬁHm
1914, Marshall 1962, Pengelly ef al. 1971, Farkas et ol. 1985) which may pmdxsposc subjects to
" respiratory fatigue (Roussos et al. 1979, Bye et al. 1983), and dyspnea (Killzan and Jones 1984)
_ during hyperpnea. o
(4) As illustrated in Figure 3.15, subjects, when breathing air at Py ¢ plus 098kPa. appwcd w
defend an expmlory reserve volume 23% below the thoracic relaxation volume. This maintenance
of end-expiratory muscle tone consumes energy, the magnitude of which is ﬁai:!e 10 be evaluated
using the current W) measurements. Such metabolic work may enhance the onset respiratory
" faugue. ‘ . ) . " L
(5) Finally. one must consider that air delivery at pressures in excess of Py . represent posiu’vc/\
pressure ventilation, which has been shown to reduce cardiac output. 10 incTease pulmonary
unting, and 1o precipitate pmmcnary oedema (Sladen er al, 1968, Kuckelt er al. 1981, Venus and
~Jacobs 1984 I)fcxfuss et al. 1985). Recent work by Dahlback and Balldin (1984) has, however, not
found pos:uve prcssurc “breathing. dunng hcav\ exercise o produce delnmenml czrdxo—pulmonan

4.3.3 Technical critique.

The measurement of pulmonary resistance using the functional resistance (Regpyty) method of
Ahlsurom and Jonson (1974) and Jansson and Jonson (1975) was incorporated 1o facilitate data
vcmnparism between thgfurrcm work and that of Dahiback et &/. {1979). Results have sho%
divergence from resistance tmhpuwd ata flow rate of 0.5 Ls . Some disparity also exists between Rypy)

measured at a constant flow, anﬁ‘avcragcd over all flows.

Thc assumpuon of the Rf(,m” :echmquc is that pulmonar} resistance may be described by a hm:ar
modci If vorrect, tis implies that resistance will remain constant regardlcss of airflow changea
However. if 2 non-linear model is mor appropriate, resistance m!i change as a function of the variations
in rcspiizmn flow. Since duning “omal sponancoss ventilation, éspimow airflow is best described as
some combinauon of laminar and turbulent fiow (Cotes 1979). the validity of the linear model was
cxamined. ' ' ? ‘

* in control tnals ERY averaged 35% of VC
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The comparison of data for inspiratory Rpy) obtained at a constant flow (Figum 4.8) and averaged
over all flows (Figure 4.9), shows the latier to be generally smaller. except when subjects were provided . -
air at mouth pressure. If Rpy is best described by a non-linear model then one would expect data 10 be
influenced by airflow. Current mean flows exceeded 0.5 15! in all conditions except the control trials.

In a non-linear system this would have p}oduced a resistance in excess of that measured at a constant

‘flow. Since lower values wére generally observed, the results indicate that while turbulence may have

been present, flow pauems durfng spontaneous ventilation appeared 10 be predominantly laminar,

Funcﬁo@l resistance t:aléuiation; rely upon pulmonary resistance béing a constant, regardless of
flow (Ahlstrom and Jonson 1974, and Jansson and fonson 1975). Ih the present study, inspiraton' 'Rpm
data does not totally validate ths assumption. When air was provided at mouLh pressure, minute
ventilation averaged 27.3 lmm while during control trials the venulauon ‘was aboul 40% lower (16.6
Lmin '). Under these condmons mean flow Rpy) more closely approached Rpul measured at 0.5 1.s ',
howevcr in all other tnals mean ﬂow Rpul underestimated that measured at a constant flow (Figures 4. 8
4.9).. Ventilations wgre also lower than during uncompensated immersion (Table 4.6). If wrbulent flow
was present, Rp;d at high flow rates should have increased o equai or exceeded constan! flow Réull‘ :
Since this was observed when subjectsyere delivered at mouth pressure, it was concluded that mc
amount of flow turbulence had increa‘:&ﬁiih elevated minute ventilation. The significance of this

? 6bservalion;for resting studies appears minor, 'howéver. it may become critical during ventilations

. [} . ! '
- encountered dun’ng exercise. ‘

7

4 B

The assumpuon o; smusoxdal brcalhmg patierns used In computing Rf(pul) (Ahlstrom and lonson
1974¢ Jansson and Jomon 1975) was not dxrccth evalualed in lhe present study. Howcvcr scvcral
subjects demonstratzd breathing paltems which were not smusoxdal paruwlarl\ whcn brcalhmg air at-
pressures in excess of Pic. Any breathing patiern which is- rol sinusoidal, may produce d]ﬂ"crcnccs T
beiween in;spimpry and expiratory durau’t;ns, peak an‘ﬁ mean flows and pamfcs. Such changes may oceur )

® Y ; - - - B s
across expenmental conditions, even though subjects maintain a fairly constant minutce ventilation.

The dispanty ber,wcen the IC‘;UHS of Dahlback et a!. (1979, Tabic 4.2) and the cx;rrcnt Rﬂpl;n.
may bz attributed 10 dszerenccs in mmuu: ventilation and breathing patterns between studies, and
between expeﬂmcnia! conditions within the current investigation. The failure of the Rﬂpu})
measurement to detect flow-resistance changes duc 1o altered breathing pressure, 1s similarly ascribed 10

vaniations in respiralion pattern between experimental conditions. -
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Dynamic pulmonary compliance (Cayn(t)) was §tﬁmed dunng the current series of experiments. to
answer technical criticisms msed within Chapter Three. Inadequacy of non-static mmphmce techniques
was suggested since such methods: (a) may violate assumptions of equivalence between Pao and Pajy; (b)
may include pressure variance aunbutable to flow-resistance (anson and Pride 1976); (c) measurements
are confounded when dlsease (or environmental) perturbations alter the time constants ?* of parallel lung
units (Rad'fdrd 1964, Gibson and Pride 1976, Cotes 1979); and (d) the results are sensitive to minor

T

?

airway dysfunctions (Gibson and Pride 1976).

During immersion with each level of pressure compensation, differences between Cdyn(l) and
Csyt) were non-siém’ﬁcam (Table 3.7, Figure 4.11). At mouth pressure, Cqyn(1) was significantly
reduced (43.8%), in agreement with data of Sterk (1970, 49.8%), Dahlback et al. (1979, 47.6%) and Baer
"ef al. (1986, 36.2%). ' - '

s

Quasi~static compliance measuremem.é have shown smaller reductions with immersion when
compared with quési-stzuc control observations (Sterk 1973, 17.4%; Dahlback et al. 1978, 30.8%). while
Cgy(p) was unchanged in this)'condiu'on (Table %:7). These observations are interpreted as indicating that
the static lung compliance curve '-.v}as essentially lihe;ir over the lung volumes encountered during thé
current investigau'on; ‘Altered .cumpliancc obtained from the rion—static techniques, indicates a non-linear |

pressurrvolume relauon over this iung volume range. It is apparent that stauc and non-stanc

techniques, whlle being designed o quanuf} a common mechanical variable, appear to be measuring

different attributes.

: - .
Upright immersions (head-out and total) produce incrcascs in Rpul- Such a change may resemble
that accompanying airway disorders. Supporung this proposition is the significant wo to threc-fold
Increase in Wpu; and Rpul It is suggested Lhat mechamcall) and/or neurally mediated airway narrowmg
may be responsible for the apparent Cdvn()) reducuon (lung stiffening), since in this state Cayn(1) may

“be measnring factors other than lung tssue elasticity (Gibson and Pride 1976).

The occurrence of negative, end-expiratory Pyp. in all subjects during uncompensated immersion,
provides another possibie explanation. Such preésures result from compression artifact and/or air
. Y
trapping. Il the former is correct, current Cqyp(1)*®, and possibly the data of other researchers, is invalid.

In the lauer case, the pressure-volume relation describes behaviour of compartments with and without

** Time required 1o equilibrate foliowing a pressure change.
v Cdyn(l) is compuied using only cnd-inspirziwry and end-expiratory Pyp.

~
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_ direct communication with the mouth. In this instance the Pip would reflect tissue and gas elasticity.
The inclusion of such data may render the interpretation of Cayn(1) doubtful. Clearly there is need for =~ —
further research and for caution in the use and interpretation of Cdyh(l) during immersion, when subjects &

are not provided with air at pressures greater than the hydrostatic pressure at mouth depth.

[f
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C‘l!m‘: Rs .7 v” o 7, t
PHYSICAL POWER OF THE UPRIGHT, IMMERSED DIVER WITHYAND WITHOUT '
HYDROSTATIC PRESSURE COMPENSATION
: » N

-

Normobaric physidal power® is generally limited by cardiovascular rather than respiratory
mechanisms (Asmussen 1964, Holmgren 1967, Saltin and Astrand 1967, Saltin 1973, Astrand 1976,
Holloszy and Booth 1976, Saltin and Rowell 1980, Stubbing ez a/. 1980a) however, patieats with
respiratory dxsorders oonsxstendy present with ventilatory mediated, exercise intolerance (Laurenco etal. .
1965, Levison & Cherniack 1968, Clark et al. £%9, Leaver and Pride 1971, Potter. et al 1971, Stubbing
el al. 1980b). It has been postulated that imme;sion without hyfrostatic pressure compensation, may
induce. respiratory mechanical perturbations capable of reducing physical power (Thalmann et al. 1979,
Lundgren 1984). 7’

Numerous research groups have investigated aerobic power under hyperbaric conditions with
divergent observations. Several groups have.found aerobic power was not reduced when studied at
depths to 6 ATA (Fagraeus et a/. 1973, Fagraeus 1974, Anthonisen et al. 1976, Unnarsgon and Fagracus
1976). However, these studies investigated exercisev with ‘dry compression. Under thes¢ conditions,

imme:sion-induced modifications to respiratory mechanics were absent

Dressendorfer er al. (1976) found that maximal aerobic power during immersed exercise at 1 ATA

(head—z)ul cvcling) was reduced along with minute ventilation, when compared with. dry cén&ol data.

Sei-eré_l studies have investigated gcrobic power of the immersed diver under hyperbaric states.
MorTison (1§73)‘repoﬁed prone subjects to experience respiratory difficulty. No consistent decrement in
maximal aerobic power was observed with increased absolute pressure, however, not al! subjects were

.- able o complete the exercise protocol. .

Dwyer ef al. (1977) invesugated upright, immersed divers at an absolute pressure of 43.4 ATA
using a heliqr_n-oxygcn brcathingwmixture. At this pressure the gas d;dsity was apprdximatcly equivalent

1o air density at 6 ATA. Unlike the dry experiments at this gas densfty (Fagraeus er al. 1973, Flag‘raeus .

' The mpacify to perforrn a given amount of work in a pefiodﬁ; tirhe.

* Recent work by Dempsey et af. (1981) has, howevei, demonstratéd arerial hypoxaemia i!(
elite endurance athletes. Such a venulamry hmnauon is not applicable to normal, trained
subjects - : .

-
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1974, Anthonisen et al. 1976, Linnarsson and Fagraeﬁs 1976), Dwyer etal” (I977)’f0ﬁd maximal
aerobic power 10 be reduced. The authors concluded that factors other than gas density were reSponsi'ble

for the observed power decrement.

Spaur éral. (1977) reported an inability of subjects 10 exercise at an VO, in excess of 1.92 I min"!
when immersed upright at 49.5 ATA,%reathmg a helium-oxygen air mrxlure 1The authors concluded

that reduced power was due 10 a density dependent increase in airway resistance (Raw).

It 2as been demonstrated that uncompensated, upright immersion elevates total respiratory and:

chest wall eiastic Work (Hong et al. 1969, Flynn et al. 1975 Figures 2[7 and 3.7), ﬂow—resistive

respiratory work (Hong et al. 1969, Sterk 1970, 1973, Figures 4.5 and 4.6), and pulmonary ,and anrwa\
resistance (Agostom et al. 1966, Sterk 1970, 1973, Dahlback 1978, Dahlback et al. 1979, Lollgen et al.
1980, Figures 4.7, 4.8). Previous chapters of this thesis have also illustrated the capacity of hjdrosmuc 1 A
breathing pressure compensauon 1 return resprratory mechanical armbutes towards conUol status |
(Figures 2.12, 3.7, and 4.5 10 4.8). It is of interest to professronal divers 10" knoW‘wht:f\cr such
compensation may 1mprove respiratory mechanics during immersed exercise and in o domg, increase

physical power:

Thalmann et al. (1979) studied the influence of breathing pressure (static load) on prone,

immersed exercise at absolute pressures from 1.45 to 6.76 ATA. The authors reported a lower maximal'

minute ventilation when subjects were exposed 10 a negative breathing pressure'. Maximal aerobic power ,

increased with absolute pressure, when breathing at a neutral static load. However, only one subject -

(N=3) was able to complete maximal exercise trials with a static breathinig load of ~0.98kPa at 6 ATA.

All subjects completed submaximal trials at static loads of 1.98 and ~0.98kPa. However dvspnexc :

- sensations were greater and often severe. . L .

It appears that staric breathing load may influence physical power during immersed exercise with a -

raised absolute pressure. Pulmonary compliance is reported to be unchangeg. during norrnobaric exercisc

’(Granal.h et al. 1959, Chiang et al. 1965, Olafsson and Hyat 1969) vel recem work by Stubbing et al

(1980a) illustrated decremems with mcreased work intensity. Axrwa\ resrslance (Raw) is also reponed 10

~ remain unaliered during exercise (Granath er al. 195, Chiang ef al. 1965, Olafsson aqnd Hyatt 1969,

Stubbing er al. 1%). - Of major concern remains the ventilatory changes associated with altered

* This would be physically analogous to breathing air- uehve'ed at a negame pressure relauvc
t0 Pyc. when immersed upright
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" barometric pressure Pa. .

' 'i'he ‘denéity of air changes as a function of barometric pressure (P ) (Glauser ei al. 1967) ' When

‘; air flow _r'contains pubulence, Reynold’s numbee will increacse proportionately with gas density (all else

! remaining constant) ‘. Thus . espiratory airflow becomes more turbulent as P4 increases, elevating Ryw
(Buhimann 1963, Glauser et af. 1967, Uhl et al. 1972; Vorosmarti et al. 1975, Peterson and Wright 1976,
FCIarke et'al. 1982, Van Liew 1982, 1983, Ddhlb‘ac‘:k 1985). P4 has almost no influence on gas Vieeosity "

(HirSChfélder. et al. 1954), leaving Raw to be primarily a function of gas density and Vemjlatory rate.

, At l ATA uynamic airway compressxon’ limits maximal venulauon (Fry et al. 1954, Hyatt et al.
1958 Fry and Hyatt 1960 Mead et al. 1967, Casule et al. 1980), however, during nonnobanc exercise,
airway compression is not generally observed, as peak ventilations, and consequently peak expiratory
,}ranspulmonary (Ptp) pressures, are not attained (Olafsson and Hyatt 1969, Leaver and Pride 1971, Potter
e al. 1971, Hesser et al. 1981), Al raised ambient pressure, Wood and Bryan (1971) measured values of
expirétory P[pv beyond levelsvassociated with airway coxhpression ef 1 ATA. These values occurre’d at
lower exercise venulauons as gas density increased, supporting earlier observations of density dependent

' expxralory lxm:tauons (Schilder et al. 1963).

' One mighl predict Raw incfements. and associated dynamic compression, to limit exercise
ventilation at dép‘m. Numerous investigations support this prediction during chamber (Wood 1963,
Taunton er al. 1970, Bradley et al. 1971, Uhl er af, 1972, Fagraeus 1974, Ig'nnarssod and Fagraeus 1976,
Thalmann et a1 1979,_Hesser and Lind 1981, Morrison-and Wdod 1986) and open ocean dives )
(MacDonald and Pilmanis 1981) to moderate depths. Deep dives beyond 40-ATA revealed cormtjng
observdu'onsl (Salzano er a1 1981, 1984), but comparison is‘confounded due to varied breathing gas |

densities and viscosities.
3

Lanphier (1963) postulated ventilatory dectements were due to depressed respiratory drive as a
- result of heightened O, partial pressures or narcosis. The lacter has subseque:my bee=n discounted
(Fagraeus and Hesser 1970, Lambertson et al. 1973, Gelfand et al. 1980), while the former was supported

by sludles uulising elevated O, concemrauons (Bannister and Cunningham 1954, Lambertson et al. 1963,

* Reynold’s number, = linear velocity-density-tube dia'rneter/viseosityi

' Dynamic airway compression is caused when expiratory effort is raised,. in an attempt to
overcome flow-resistance. The increased effort produces downstream points of negative pressure
across the -airway wall (ie. airway pressure - pleural pressure). resulung in compression of
these airways. .
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B 7;1?“, Mrller e'al-1974). At submaxrmal hyperbanc exercise, reduced venuilauon has been vascnbe‘d w 0T

. ”.’..':: £ o

LT dxmmrslted anaerobrosrs. reducms PH respiratory drive,’ ‘and 1o reduced response to co, dn?ve (L‘anphler —
and Camporesr 1982) Dunng anaerobic. work, Whipp (1981) suggested hrgh O, concentrauons would -

A ':: i 1!1‘fpd}r r.he caj‘oud bodys capacxty to compensate for thé lactic acxdosm s gl e _; . »; :

! o] F’agraeus (1974) described the hyperbanc venulatory suppressron as being erther Oz—deperrdent s : R
; (related to Qz parua] pressures) or non—O,—dependent (related aw) wrt.h bath mechamsn’ls ’ o ”% w g »
| e . contﬁbuung equally Ft is important to identify condtuons und which t.he non—O;-dependent» f‘aCtors T

I
LF

) ; =reach tl’fe pornt where ventrlauon is hmrted Under these states, ventilation may reduce physrcal poWer

Idenuﬁcauon of/such condruons is essenua.l if underwater breat.hmg apparatus ts o be desrgned which

.~

dOes not rmpbse a Further venulatorv hmdrance to the working drver : S S "L‘;
. [ . . ® LTI
A v Yo - o . N , ) . . o

Sa -
e 2%

. One épproa:ch to the evaluauon of non=0,- dependent vanables has mvolved the companson ol

exercrse and mammal voluntary venulauons (MVV)6 MVYV has been folmd to decline as a funcuon oﬁw B

B PA or gas, densrty (Figure 5:1; y-197 59- x‘0 455 - ). The decrement is att.nbutable 10 ‘a density- lhduced
_Tise in Raw accompamed bv dynamic alrway compression. Severe dyspnea aCcompanvrng venulauons \
approachmg 95% MVV. at depth (Anthomsent\et al 1976) has prompted speculauon that exercrse at depth
lS limited when the level of venulauon requlred comcrdes wrth MVV for that depth (Van LICW 1982 ‘ L .
1983, Anthbmsen 1984) < - s A "; ‘
. _ ol e

‘Th u ap 1cab|lm of the MV\ gauge mav be quesuoned atl ATA smce MVV cannot be \
. mamtar ed - uch beyond 20 seconds (Vorosmarti et al. 1975, Bye et al 1983) and maxrmal exercrse
" yentilations (vlm.ax) Tange between 50~80% MVV (Zocche el al. 1960 Shephard 1966, 1967, Olafsson )
and Hyaut.1969, Fagraeus and Lmnarsson 1973, Hesser et al. 1981) However wrth thc MVV decrement ’ t‘ !
at depth it becomes possrble Lhat ‘Imar. may approxrmate MVV Fagraeus and Lmnarsson (1973) and
Hesser etal (198}) demonstrated that vlmax reached oril\ 80% and 81.8% MVV at 3 and 6 ATA
regpectJvel\ .vlma\ was denved in the latter study, during the final 15-30- segonds of mammal exercise
and, would be expected 1o exceed the sustamable ventilation. On Lhe basis of*this data, on¢ would not -
" “expect Vlmar. to reach MVV at 6 ATA, as the ]atter manoeuvre is performed at greater ldng volumes

’ (Hesser et al 1981) permltung a lower Raw at equrvalent gas demsiues, due to’ arrwa\ enlargemem

«

.

2

¢ See Chapter é)‘n'ei‘i . R | - - e
" This equation was obtained 'by regression analysis of the data presented’ in Figure S.1.

P
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N

Another approa€h t0 the analysis of the ﬂon‘oz-dependént venulatory reducuon, has mvolved the

mvesngauon of-‘ Ptp Wood and Bryan (1971) mvesugated maximal Ptp at vanous lung volumes dunng

_expiration over PTCSS“TCS from 1 10 10 ATA. EXPIratory flow increased with driving pressure, until it -

reached a maximal ﬂow plateau at r.he pornr where arrway compressron restricted expiration. The pleural

: pressu_re at which airway compression was 1mt1ated,’ was found to decrease with increments in absolute

ptessureé (when measured at the same lung volume), and to decrease when lung volume was lowered.
Bom“obsérvarjons in‘didne‘ an earlier onset of dynamic airway compression, and an effort-independent
exprratory ﬂow lrrmtarmn. At 4*ATA Lhey observed dynamic arrway compreSSIOn during exercige, and at

10 ATA it eqnmbuted to an exercrse hmnauon. .

S

Hesser et al (1981) ,found that ma'rumal P[p 1ncreased with depth Closer analysis of their
pressure—volume and ﬂow—volume dragrams shows the observauon is not contradrctory to that of Wood
.and Bryan (1971) The laner investigated P[p ata constant flow Data from Hesser et al. (1981) show
peak P[p was.not assocrated with greater but with smallerrpeak flow rates at mcreased depth. 'Ihus these

resﬁlts only refer to the P[p change rn excess of that necessary to produce peak ﬂows Dynamic airway

: compressron occurred in Lhe Hesser et al. (1981) study and was assocrated erh vlmax reducuons of

35 7;% and 48.1%.at 3 and 6 ATA respecuvely

»

A Ihird approach to analysing the non—O -dependen1 ventilatory seduction has centered around »

the concept of critical ventrlarron. At normobaric rest; resprratory oxygen consumpuon (VO3)., ,
: approxrmates2 Sml.min! (Mrhc—E:mh a.nd Pem 1960, Otis 1964). Assumrng resung total VO7 averages
. 250- 300ml. mjn"! resprratory Vo, consumes 0.8- 10% of this total. It was hypothesised Lhat resprratory

‘VO2 may mcrease with venulauon to reach a pornt beyond which further mcremems in venulauon fail

3

10 provrde more O,, but mstead would result in excessive resprratory VO (Margana et al. 1960, Ous

1964’ Shephard 1966) 'Ihrs ventilatory level-is called Lhe crzuca! venulauon and has been measured
and approxrrnated at 120—160 Lmin:?, 'Ihese ﬁgures conespond with 60-80% MVV.

Esqmales of respiratory VO, at maximal etercise at 1 ATA range from 7% to 20% of maximal Vo,

~ (Milic-Emili et a/. 1962, Shephard 1966 Bradley and Leith 1978, Pardy et a/. 1984) represenung

substanual contributions. Macklem (1980) r*cmon'StIated that in Testing suBJects fatiguing msprratory

,resrsrance could elevatex resung total VO, by over 500mLmin- !, presenting a possrble resprralory VQ;

ceiling. Duting exercise such a resistive load would impair work capacity, however, itis unknown .

“ whether resistive loads associated with raised absolute pressure can add sufficient respiratory VO,.to

Y
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co;rrpromise performance. ’ 3:.‘ :

, Venulatory decrements lower the resplratory VO, at depth, but denmty-depenpent Raw 1n - ments -
will counter this reduction. Evidence that perrmts evaluauon of .this exchange is not- avarlable How ‘ver; -
Ulauser etal. (1967), usmg sulphur hexaﬂuonde w0 srmulate arr densmes of 4 SATA (or hehox at 30 .
ATA), found respiratory VO2 at moderate hyp'ervenulatron (36 L.min'") did not hmrt O2 avaulable for
other tissues. When breathing arr at depth, the O,’&{ual pressure is 1ncrmsed in proportron with the .
change in absolute pressure. This change may negate the 1mportance of the critical rve{mlauon theory -

during hyperbaric states.

* It is apparent thatt ventilatory Iinritations at depth, ’whether related to MVV, maximal Ptp or
respiratory VO,, are medrated by densrty-dependent elevations of Raw- Such mcrements are associated
with dynamic airway compression upon expiration. Fagraeus (1981) suggested IhlS causes exercrsmg
subjects to prolong expiration to ensure adequate timg for. air expulsron, and then to shorten 1nsp1ranon.
Thus, while expiration limjts’entilan'on,- the extra inspiratory effort required would resuit in N
work-limiting dyspnea (Fagraeus 1981). In this respecL numerous research groups have reported subject.s
1o feel limited by their inability to inspire an adequate tidal volume, or to. catch up’ on the ventilation
required at a given exercrse level (Dwyer et al.’1977, Spaur et al. 1977, Hesser and Lmnarsson 1977
Thalmann et 4. 1979, Salzano et al 1981, Luhdgren 1984) '

5.0.4 Purpose ofthe chaprer. o g o G . \\
Previous sections of this thesis have 1llustrated the capacrty of hydrostaue pressure compensanoﬁ to
return resplratory mechhmml attributes towards control status (Flgures 212, 3. 7 and 4.5 to 4: 8). One
must now evaluate the physrofogrca] sxgmﬁmnce of such observauons Given that uncompensated
immersion is unfavourable to resprratory mechamcs one must d/;[.grmne whether such perturbations '
possess sufficient magmtude 1o either reduce phys:ml power or efficiency, and in so domg to present a

2

" threat to diver safety. .
e , ! o

“ Air breathmg divers work at depths to 50m, where vananons in pressure mediate concommrtant ,
changes in gas density, and oxygen and mu'ogen partial pressures Such changes mteract wrth venuiatory )
modifications associated wrth unicompensated immersion. Divers wers therefore studied dunng upnghr. -

immersed exercise and one and six atmospheres absolute (ATA) v

' 6 ATA = SOm simulated seswater. . - .
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It was hypothesised that elastic and ﬂow—resisﬁve'respir'atory WOrkiinicreméhiSattending
uncompensated, immersed exercise will magnify the,non—O,-dependem ventilatory limitations
encourtered at dépth. Use of air delivery at lung centroid pressure was envisaged as émeliorau‘ng this

reétraint, tilereby enabling divers to improve physical powér and efﬁciency: - .

—

a
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5.1 METHODS

5.1.1 Subjects. )

Ten. malc non-smoking sprZrts divers participated as pmd subjects All were screened by .
quesuonnarre for normal lung function history, and prevrous and/or current physrczl drsorders which
would contraindicate hyperbaric exposure. Responses wege revrewed by the deépartmental physician. All
subjects were examined by a physician, to obtain medical cle’arance for diving; in accord with the
Worker’s Compensartion Board of British Columbia. All received subject information packages, and

v

signed informed consent releases.

To avoid age relatedi pulmonary mechanical factors, subjects were all less than 35 vears of age

(Mittman ez 2. 1965). To ensure subjects were not sedentary, a seleetion criteriz for acrobic'capm'ty was

" set at greater than 40ml.kg"' min and determined usingv the Astrandeyhnﬁng prediction (Astrand and

Rhyming »1954). Six subjects took part in all of the pf&vioué experimc'nts. and three took part in only the *

current cxherimcms investigating physical power. The tenth suhjcct participated in the determination of ,

3

~lung centroid pressure. e | : C

—

?

5.1.2 Apparatus e e R

- All experiments were perforrned in the wet chamber of the hypo—-hvperbanc chamber complcx

descnbed in Chapter Two “Water temperature was regulated at 28. 6+O9 SR

B v ' L ;_-t K S oL

A stainless steel, underwater cycle- ergomcter was des:gncd to fit the conf‘mes of thc wct chamber e

-

The unit was COUPICd Vla‘an h\draul'" pump, t0 an h»draulrc crrcuu_ The power output of mcsubrecs :

e.,-.‘

was controlled by adjusting the back pressurc acung on thc svsrem A largendjustable seal posruoncd théﬂ -
subject ~45cm above the ﬂoor Legs were extended forward and down to adjustable pedal posruons o
producing a seml-reclmmg lower body position. The back ‘was vcmcal Feet were protected wrth drvmg

boo's and held loosely to the pedals usmg cvclp toe chp& A qurck release bell posruoned across | thc fnps © o

1) \t
securcd the subjects to the seaL . P N A

A neckseal diving helmet (hrrbx Morgan .ruper- I:ngr Ul S vaers) was modiﬁed tofacrl tate thc

- fallomngreqmremems. , - “‘ e - . o
' (1) anachmcm to a movable demand regulawr to enable Tespiratory pressure vanauons through
' veriical drsplacememo e regulator IR B ' . T o
R . . N "M -
) C1se L _ &
r,-f',‘ L ‘
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ThompsonanndCally(l%G 19679 _j q,_ .- . ,e:; @

3) measurement of atrway pressure between the mouth and demand regulator and x5

(4) collection ofend—udalgassamples(thureSZ) Certe o

9 &
9 . P L% . s, o ¥

L= N ' B
The l‘ xed regulator was replaced b? a brass gtm sealed tnto“the helmet To thts Were attached two

sample ports the pOrt prorumal to: the subject was used to Araw: end—ucfal gas t,he Cgther\ permrtted ‘ BRK ®
measurement of atrway (Pao) pressure An oronas_al, mask was secured to the ptpe Wll.hll‘ “the helmt, L0 & '
whrle a length of low reertanC‘c COrrugated tubmg connegted“ the pipe to the moya,ble regulatgr .

% ® eg Faov .,\ - &

v "\

The an:wa) and oronasal mask llvere always at the air pressure delwered b~ the demand regulalor .' -

PR

A small mask aperture (2mm dxameter) ensured” air pressure equtltbratron betWeen the ‘l‘ac:al ca\nt\ an‘d o

-

the mask. Vertical dtsplacement of the movahle regulamr provided_ values of Pao and hclmet pressure s

equal to the hydrosratrc pressure actmg on the bod) surface within lhe range of moutlrdepth o IOt:m e

/below lung centrad- L ' - e T LI
v R . vt K o e 5 )
% R Co e : ﬁ‘ R . ,_' p

A Conshelf 30 (US. Drvers) open crrcurt demand regulzrtor was used as thetmovable r"cgulatot for g

s

<y

all tnals. Pnor to useé, the regulator wasDSEnftced and cleaned ultra msomcall\ Mornson elal. y l’986)=

found this same regtilator 10 fulfil tolerance arrd comfort requrrements at depths to SO{n (srmul&ted r:\
s&,water depth)aartd at vennlauons o 70 me (thure 3.3).in accordance Wllh preSCtrbed perfomrance o
spectl' catins of Mornson and Rermers (1982) and the Department of Enet’g\ UK aid N(’Srwegtan ‘ ) .
Petroleum. Drrectora}e ( 1984) - o L : - A @9“ &% ‘ !‘_”;;
. : : P o T

Pedal l'requenc;\ was regulated b\ the'expenmentet. using funcuon generators (Hewlett Packard “

funcuon generator, 3310A lnterstate Electromcs Inc "OMHz .5weep funcuon generator l~74) to prqduct;“a RAER

penodrc low plLCh toné lhrough the helmet earphones B ' ,_'e e e

e . . - s L “3-, ;-, i . ’Q .

End-ﬁdal £as samples were drawn through theadmng chamber wanmnd anahsed for (.O ,\ f S
concentratrop (Beckman Cé medtcal gas analvser LB*"’) §ample ltne§ of two mte@rtal dtamctcrs wcrc L a
used 2 ll7mm for surface tﬁals and~0 0 7mm for tnals al ‘SOm Thcse dtamctets were chosen tt’ult

surtable lengths. 10 maintain the F delm of the CO srgnal Bor.h S\sstems»produmd exponenttak (0 - : o

" ‘o h
growth curves dunﬂg exptrauo& thh a raptd retum ta a stable ba»sélmeon msprration ‘[t wascdncluded P
that gas rmxmg was mmlmal prtor 10 ana]ys.s. N g Y L ;}D - o 3
. 3 .“ . ] ». " : e ) L{:\‘ .. : Mi L ,_1_“4 N \,r . < R “séai;\)
fw‘a. . e e . - : [V EEC - .. M
5 ! : 2 S . 2 - -
S IR ' . R X ;:%- ] £ ks i [ .‘n
h % ; : .E s ? " - F ! e b 3,
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Figure 52: Schematic of the modified neckseal diving helmet (Kirby Morgan super- light N
US. Divers) used for all experiments. | ,
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6 Legend
O Surface
S]® 30 metres |
-‘ 50 metres

External Work(ioules.lifre-n)

Tolerance

Comfo r_t

-1 ! T ! =T T T

-1 i
0 10 20 30 40. 50 60 70 80 80
Ventilation (litres.min™)

Figure 5.3: Extemnal respiratory work using a Conshelf 30 (U.S. Divers) open circuit demand

100 T T

N

regulator, at simulated depths ranging from 0.5 to S0m, employing ventilations between 15 to

70 Lmin'. [Data reproduced with. permission from Momison et al. 1986].
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Arrway pressures (Pao) were measured as drfferentrals relaUVe 1o pressure at the regulator depth.

Tygon® tubing connected the airway port to one side of a differential pressure ransducer (Validyne

MP45 $3.92 kPa (t40cmH,O)). The reference side was connected to a 12cm rubber balloon mounted on

the regulator, and containing a small volume of air equilibrated with chamber pressure.

Heart rate was recorded directly from exercise elecrromrdrographs Elecwodes were attached and
sealed to the right scapula, and to right and left midaxillary ribs. Immersion traces were taken only after

mains power was disconnected‘from the recorder {Fukuda Denshi Electrocardiograph FD—13).,

e

Air supply to the subjects was provided frorn two calibrated gas cylinders.. At the end qf each
! minute subjects were switched from one cylinder 1 the next, with cylirrder pressures being recorded at
. the start and end of each minute (Celesco Transducer Production Inc., M'édel'PjiD\. + 34.530MPa
(x5000PSI)). The cylinder not in use was refilled 10 a pressure of 13.8M?Pa"(2000PSI) from the reserve '
cvlinder bank. Between the calibrated cvlinders and the subjecl'was a smal} surge bottle, ilo\prevem
transient pressure drops at the regulaior while changing cylinders. For surface dives 0.566m* cylirrders
were used to enhance pressure measurement accuracy. At 50m, 2.265m’ cylinders were necessary ui

supply ait requirements during heavy exercise.

Total air supply volumes, including cvlinders, pressure hosing and the surge bote, were 12.01 and.
3.68 litres for surface and 56m systems respectively. Ventilaton was c<mpu1ed each minute from

measurements of‘system volume, and initial and final cvlinder pressureb (see: Section 5.1.6).

Electrical connections for the helmet earphones, EKG cables and differential pressure Lransducer

were made through waterproof, high pressure connectors mounted above the water. Pressure signals

-~

were amplified externally (Paytronic LVDT model 9130) and passed to a micro-computer ( Digitzrl

ent Corp. PDP-11/03), via an analog to digital convertor (Digital Equipment Corp.. 1.S1-11
RT-1251)\Jor storigf.jy‘linder pressure and CO, signals were similarly sampled and stored. Sampling
was at 50Hz. Mc(iall et al. (1957) demonstirated peak frequency content of udal volume and vitaln
capacity manoeuvres to be 3.5 and 4Hz respectively. EKG signals were not stored on computer. A chart

recorder {Hewlett Packard 7404A) provided for on-line visual inspection of dawa and computer back-up.



5.1.3 Calibration.

Calibration was performed daily, or more frequently if apparatus was shut down, or when large

time gaps occurred between successive experiments. ,-analyser mlibrat.ign was performed at flow
| rates encountered dﬁring testing. Adl-conditions, except surface trials at mouth pressure, resulted in a
bositive pressure differential between P,o and the ‘external Pa. producing gas flow. These flow rates

were measured with a rotameter, and replicated during calibration to avoid delivery pressure biasing

during gas analysis.

P, calibration was performed at zero and +4.9kPa (+50cmH,0) using a water manometer
(119.6Pa). Transducer linearity was established by repeat pressure applications over the range -5.88 to

+4.90kPa using the above manometer. The sysiem remained linear (r >0.999).

Cyl'mder pressure calibration was performed with cylinders open 10 P, then préssurised toa
i/ari;ble, but known pressure, around 13.8MPa (2000PSI). Step increments over this range provided
linearity checks (r = 1.0). Cylinder pressures were also measured using 2 pressure test gauge (Marsh

Instr., type 200-3) connected in parallel with the transducer.

Pilot studies revealed ergonometric load increments in pressure steps of 1.04MPa (150PSI) induced
fatigue at about minute ten in three subjects. To accomplish this, subjects had to pedal at different
frﬁ%ncies, according to their level of cardiovascular fitness. These pedal frequencies were dcftrqrr”nine‘dri

1y trials. To evaluate absolute external work, the cycle was calibrated to measure "

ergonometric wogk. Resistive work imposed by the water was also assessed for each subject.

Ergometer calibration was performed over pressure loads from zero to 10.01MPa’. Pedals were
placed ﬁorizomally with a spirit ievel along the pedal arm. At each hydraulic pressure load, calibrated:
tv/éi;ghts (+2g) were positioned directly over the pedal axis until rhovement agaihst thé fluid flow
commenced. At this point the weight was removed and added to reconfirm the load. Calibration

-weights. and ergonometric power at four pedal frequencies are shown in Table 5.1. The relationship

1

- between fluid pressure and weight 10 iniu'{ pedal mo}éqn was linear (r = 1.0).

To evaluate power expended against water resistance, ‘subjects pedalled without load at

pre-determined frequencies *° in chin-depth water. Pedal frequency' was controlled by a metronome.

' This was the maximal pressure which could be generated within the system.

'* The frequency found mecessary to produce fatigue at abodt minute ten.
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Table 5.1: Cycle ergometer calibration data and ergonometnc power at four pedal frequencm

for nine increments in hydraulic prcssdre L “
PRESSURE* WEIGHT POWER AND PEDAL FREQUENCY
(kPa) (kg) : (W and rp.m.)
- 70 75 /'80 85

!.
2072 1.96 240 25.7 / 274 29.1
3108 3.40 41.5 45 / 47.4 50.4
4414 4.83 59.0 ° ‘ 63.3 | 67.5 717
5449 6.26 76.6 820 o] 815 93,0
6215 7.70 941 1008 107.5 114.2
7521 9.13 1116 119.6 127.4 135.5
8287 10.56 . 129.1 1383 147.6 156.8
9323 12.00 1467 157.1 167.6 1781
10014 12.95 158.3 169.6 / 180.9 192.3 .

7

*The initial test period was conducted at rest so only nine increments are shown.
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After five minutes, a one minute gas sample was collected in,a mé’fégrg\logimf balloon, and analysed for
CO; and O, concentrations (Beckman CO, medical gas analyser LB—2 Ameték:Applied 'Elecp-gqhgmisg;y ,

O, anz;l'yser S-3A/I) and volume‘?ZAmericzn Meter Division, DTM—-325)., Frorl_n‘gnlbaded VO, data,

approximations of external resistive powerﬁ were derived (Table 5.2A). The VO, and total power output

of the final minute of exercise were also approximated using these data (Table 5.2B). ;

At each increment of ergonometric load, power output was obtained from the sum of un]oadéd and .

'ergonometric‘pow‘e‘r. When immersed at 1 ATA (with demand regulator at mouth depth) terminal power

averaged 333.0+24.6W, while terminal VO, averaged 4.25+0.29 L.min"'.

5.1.4 Procedures.. N

All procedures were reviewed and approved by Simon Fraser University Ethics Review

Committee. Subjects were healthy, and physically active divers. e, .

Each subject took part in ﬁvé preliminary and five experimental dives. ‘Preliminary dives served
several purposes:‘ | \
(1) 1o act as-training to ensure suﬁjects did not improve endul'af’ce as a result of Lhé.
experiments; ) .
(2) 10 'familiarisé subjects with the cycle ergometer, underwater cycling, the diving heimet

and other experimental apparatus;

3 - - . [

(3) to train the subjects to pedal in time with the helmet tone;
(4) to determine the pedal freciuency necessary o fatigue subjects at minute ten; and
(5) to familiarise and train subjects in the use of a subjective scale to rate respiratory

comfort.

Subjects were asked to rate respiratory comfort each minute using a scale from zero to five .(Table
5.3). During the final preliminary trial subjects rated comfor} when the regulator was randomly and
covertly positioned at mouth level, lung centroid level and at 10cm above and below lung centroid .

Raung ook place at rest, and cycling at 2 mean total power output of 279.6+22.8W.

Lung cénlraid position was taken at 13.5cm below the sternal notch (Sections 2.2, 3.4). Seven
current subjects took part in lung centroid determination studies. Mean centroid position for these

subjects was 13:8cm (SEM=1.08) below stemal notch. - » . - =
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Table 5.2A: Pedal frequency, oxygen consu’mption' and power output during unloaded pedalling.

7
/

i
- I3
!

Vo, POWER —~

SUBJECT - PEDAL
FREQUENCY (Lmin?y (W)
(r.p.m.) “‘
1 85 1.79 - 150.4
2 b 80 2.11 , 1776
3 85 1.82 153.3
4 85 ‘ 2.03 170.6
5 80 2.11 1776 -
6 70 - 1.65 1389 e
7 85 : 159 133.8
8§ - 75 1.76 , 148.0
9 - 80 - 1.35 113.8
10 75 . 2.01 ' 168.7
X : 80 1.82 153.3
SEM ‘ SR WA . 0.08 6.6

VO, = oxygen consumption. .
Calculation of power from VO, was performed using the assumption of 25% metabolic
efficiency.
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Table 5.2B: Oxygen consumption and power output for the final minute of exercise.

SUBJECT PEDAL | Vo, POWER

R FREQUENCY (Lmin™! (W)
(r.p.m.) L . e

1 85 4.37 3427

2 80 4.46 ' 350.2

3 85 : 4.40 345.6

4 85 ~ 4,60 362.8

5 80 4.55 358.6

6 70 378 293.1

7 85 4.17 326.1

8 - 75 4.07 o 317.6

9 80 380 - , 294.7

10 75 4.32 . 3384

. A

X 80 - 425 ~ 3330

SEM 1.7 ” 0.09 . 7.8

VO, = oxygen consumption.
Terminal power was approximated using ergometer calibration data and VO, during unloaded
pedalling. Terminal VO, was approximated from terminal power using the following
assumptions: (a) resting VO, = 0.3 Lmin'!, (b) respiratory quotient = 0.82, (c) 25% metabolic
efficiency. T

VO, approximations for subjects 5, 8 and 10 exceeded values quoted in Table 5.5. The mean
overestimation is 14%, and was probably within the limits of accuracy for such
approximations.
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Table 5.3: Subjective rating scale for perceived respiratory comfort.
- SCALE VERBAL EQUIVALENT MEANING
0 very, very light just noticeable.
1 light ;. very litde effort,
€48y 1o breathe.
) " moderate % at the limit of comfort,
- IR AT * would prefér no greater.
3 heavyf’g‘é, s hard but acceptable.
4 very heavy at the limit of tolerance,
: . but could sustain.
5 very, very heavy -very uncomfortable, -

interferes with -breathing, '
could sustain for a few seconds.

Scale is identical to that used by Morrison and Wood (1986).
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With deeper tegulator positions, there was a tendency for the helmet to lift off, the head. Similar
problems emuntcrcd in pressurised flight helmets (Dhenin 1978) werg sqlve,d by elimination of the = S

Tr—

airspace on top of the head. Helmér lift had no associated dlscomfort and was not countered, but should
- ? )

be considered for industrial apphmnon&

Experimental dives on submerged subjects were conducted at a surface pressure of 1 ATA, and at
a simulated seaWawr depth of 50m (6 ATA). Subjects breathed air at each of two pressures (mouth
pr e and lung centroid pressure (P () at both the surface and 50m dives. Subjects were initially
randomly assigned to experirhema] conditions. However, to equate the number of éubjects experiencing
mouth and Py ¢ air dehvery pressures on the first surface and 50m dive, subjects tested later in the study
were assxgned a specific test sequence. Due to technical and support staff arrangemems no attempt was

made to balance the diving depth sequence: The fifth dive was performed at 1 ATA with VO, being
measured durfg unlodded pedalling. -

Time to coxhplet all dives (plus repeats due to occasional equipment failure) averaged 18i3-days —
(including week-ends) for nine subjects. Subjects generally rested for-24hr between trials. Subje\tt two
took longer due to injury, and was required to undertake additional training trials before recommencing

the experiments.

During experimental dwes one o four subjects started with a one minute rest, then cycled at the
appropriate and constant pedal! frequency uritil fatigued, or until ten minutes had elapsed. WorkJoad was T
incremented at the end of each minute (Table 5.1) from outside the chamber. A computer generated
signal to the dive tender prompted signaliing for perceived comfort rating at the end of each minute.

CO, and Py, signals were sampled continuously. EKG traces were taken over the last ten seconds of
each minute. Cylinder pressure was sampled by computer at the start and end of each minute. Subjects
were free to lerminate experiments due to fatigue, respiratory discomfort, narcosis, or anxiety due tb any

. N

cause.

Immediately after each dive subjects were questioned regarding subjective impressions ;dun'ng the

experiment. : N . ‘
(1) Why did vou stop éxerdsing? (a) general iatigue, (b) respiratory -

discomfort, (c) respiratory fatigue, (d) local miuscle fau’gue, (e) narcosis, (f) time

-had elapsed.
(2) Which did you find easier? (a) inspiration, (b) expiration, (c) neither.
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... (3) Did you find jnspiration a limiting factor? () yes, (b) no.
+ (4) Did you firid expiration a limiting factor? (a) yes, (b) no. -
Subjects were given the questionnaire prior to experimentation, and asked to be aware of each question

during the experiment.
5.1.5 Experimentqi safety. ‘ -

Prior to commencing trials subjects were given information regarding the risk3Npf compressed air
diving. After 50m dives subjects received decompression checklists and medical ajeft bracelets. The

lagter were-worn ;for 24 hours.

During every experiment a cardiovascular crash cart was positioned in the laboratory.- A physician ¥

was in attendance during all 50m dives. Followiﬂg such dives a ri;andalory one hour bem;s watch within

the enQironmental laboratory, was enforced for all divers and’chamber operators. The physician was

always within three minutes of the qhamber during this peridd. '

Two chamber operators controlled the diving facility. ”TWQ"diver tenders accompanied cach
subject, one in the water and one inside the entry lock, where an emergency hamess and pulley block was
secured. This second tender was generally a subject for a second experiment, and was in verbal contact

with the outside operators, except during the subject change—over. ' 5

Subjects were familiarised with the helmet’s quick release mechanism in case of air supply failure.
Two emergency demand regulators were positioned beside the ergometer at all times. Duping every

experiment the diver and tender reciprocally signalled "all is well™ at least once p‘ef minute.
) .

Decompressions took pl;ce inside the main (dry) chamber. The chamber facility was equippcé
with an ext;mal Environmental Control System,bwhich removed expired CiC)2 from the air, and controlled
air temperature and humidity. Divers dried and dressed in fire retardant clothing. All decompressions A
were monitored on closed circuit television and adhered to the 1986 Canadian Forces air diving tables
and procedures. Using Table 2 of these procedures, divers were brought to 30 feet using air, with
decompression stops at 60, 50 and 40 feet. The final decompression stop was at 30 feet. Immediately
upon reaching this point, divers commenced O, breathing, which continued untl they reached—the
surface. During O, use divers wore oronasal masks equipped with an overboard dump. Emergency air

masks were also available.
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5.1.6 Calculations. .

Calculations were performed by computer programme.- Data acquisition, calibratio and analysis — ~
progtammes were obtained from Morrison and Wood (1986). ' ‘

Ventilation. ~——

Mi'nute ventilations (V) were cofnputed as dry volumes at standard pressure (V[SP) from changes ,
| in air cylinder pressure. Sin® Lhe’cylinder volume was known, VISP was proportional to Lhe change in ‘
cylinder pressure. Air cylinders were kept in a water bath, at room temperature, o' minimise adiabatic
g’temperamre change during discharge and réﬁlliﬁg, but pressure data still required correcu'onﬂto‘ pro\}ide ' o
isothermal expansion. A series of tests were performed in which the effect of temperature on cylinder o
pressure ‘c_:hange, over one minute, was studied (Mﬁorrison"and Wood 1986).. The results produced linear

L

correction coefTicients for both cylinder sizes. These coefTicients were used within the present

calculations. \
i _
= ViBTPS = V{SP[760/(PD + P»~47.1)]-[310/(273+T)] " 'Equation 1
where: ) '
_ PD = (chamber depth + regulator depthmmHg)
> T = temperature of cylinder Hath.
! % P A, = _baromet_ric préssuré (mnﬁ-lg). .

End- tida} CO tension.

CO:; concentrations were computed as three point, moving averages to identify peéak (end-tidal)

and trough (baseline) concentrations during the middle 30 seconds of each recording minute. During LhiS ‘

time the first and last peaks were discarded, the remainder were averaged.t\
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' PErCO, = FE—ICO (Pa/ (Ph - PHO)HPA+PD an " Equstion 2
. where: ~

FHCO, = mean end-udal fractional CO, oonccmauon
Py, 0 water vapour pressure (mmHg). '

Airwgy pressure. o

Maximum and minimum values for P,o were derived from three poinl'moving a\?crages The'.
mean of these values was obtamed over the middie 30 seconds of each minute. P,o was then derfved as
the dlfference between mean peak and mean trough pressures for each minute. -

5.1.7 Analysis.

Analysis was based on a repeéiéd measures experimental design containing two wilrhirn—'su'lij’c’cu' ’’’’’’
factors (experimental conditions and wgorkioad).n Perceived respiralo;'y comforl was regarded és

parametric data since it possessed both interval and ratio characteristics. A priori probability significance

was set at the 0.05 level. Multivariate analysis of variance was used 1o search. for significant interactions. .
between experimental conditions and workloads. Analysis was also perfonnedk using a paired model,

following the attainment of a sign;ﬁcam overall F statistic (Hotelling's T;squared correlated), since

variability between subjects was large whlle changcs between condmons were consmenlh in the same

direction. Paired compansons were made at each work rate, and for Lhe combmcd dala of an work rates,
to search for differences between data obtained at 1 ATA and 6 ATA. and for differences when breathing
air supplied at Py ¢ and mouth pressure. - Analysis of variance lacks the necessary sensitivity 10 analysc
data with these charagigristics. Appehdix Three comai_n; the summary tables for the MANOVA analysis

and the Hotelling’s T-squared comparisons.
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5.2 Cbam&m;ﬂicsq[mbpm. ‘ . o D o

Physical cham:unan:s of subjects are detailed in Té%-le 5.5'*. All compressions and decompressions
proceeded without incident  No-post-dive decompression symptoms were observed.

5.2.2 Subjective evalvation o hydrostatic pressure compensation.

Using the rcspinwn‘ fatng sczlc (Table 5.3). sub}écts evaluated comfort at four regulator depths
at rest, and cycling 3t 2 mean total powcr outpm 0{ 7796 W. AL alt brcathmg pmm subpcts
percgived rcspmum to be significanty more comfomblc (p<0. OS) at rest, than dunng exercise (Fxgurc —
5.4). -2

Analysis ?c combined ¢xercise and resng data showed that difTerences in perceived comfort
between Pp and Py minus 0.}8&?1“: delivery, were non-significant (p>0.05. 8=0.65). However,

subjects petceived respiration 1o be significanty more comfortable at theye air supply pressures than at _

“either mouth or Py plus 0.98kPa (p<0.05%).

During incremental cxercise trials, subjects consistently perceived respiration 10 be more

comforable for all leveis of excreise, and at both diving depths, when the regulator was positioned at

lung centraid depth {Figure 5.5)7. Both at 1 and 6 ATA subjects rated respiration at the final minute of
CACTTISC, a8 ‘ha’fi‘f but accepuable”, using mouth pressurc delivery, and at the "limit of comfort™ with P/

a7 provision®*.

The paired daw for all !c\ris of exerase was examined for differences in perceived respiratory
comfort assoqated with 2 change in absolute pressure (1 ATA versus 6 ATA), and for differences
assocated with altered air detivery pressure (mouth versus Py air provision). Subjects perceived

respiraton 1o be significanUy less comfortabic at 6 ATA than at 1| ATA (p<0.03). SubjectS rated Pb,f atr-’

* Subject numbers in Tabic 55 remain consistent throughout "this chapter.

; Sxam\‘a and Hotellings paired analysis summary tables are conined in Appendix Three.
An astensk i used in figures o represent points of significant difference at the 0.05 level
“ Al plots during incremenwal exercise trials conin Ume on the abcissa. Times represent
points of sequenual workload increments averaging 0%, 5<4%. 60%. 66%. 72%. 78%. 84%. 90%.
%% and 100% of the terminal workioad (respectively).

* Overall MANOVA F = 690923 (5.75). p<0.0S. —
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~ Table 35.4: Physical characteristics of subjects.

* = VO. measured using breath-by-breath analysis for a separale mvesugauon conducled
simulaneously, other VO.s were predlcted (Astrand-Ryhming predlcuon)

191

SUBJECT . Age " Years Mass Maximal
(vears) diving (kg) Vo, .
i ’ (Lmin ')
1 27 13 707 4.70*
2 24 2 81.5 4.75°
3 26 10 719 4.94*
4 { 2 1 71.7 4.80°
3 23 1 §4.1 4.00
6 33 13 77.5 4.75*
7 27 1 82.0 441*
K 28 3 70.0 3.60°
9 26 5 75.4 3.90
10 26 =5 89.3 3.70
X 26.3 5.3 774 436
SEM 0.9 1.5 2.1 0.16
VO, = oxvgen consumpuon. .
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Figure 5.4: Assessment of respiratory comfort rating for four regulator depths, with subjects
resting and cycling at 279.6:218 Watts, [Data represent means and standard errors.]

e

192



5.0 - B
Legend ‘

7
u}:. O Mouth: 1 ATA
o 1@ Centrofd: 1 ATA -
— _— ) .
0 4.090 Mouth: 8 ATA -
o Centroid: 6 ATA
o pmf
e
ot ]
& g.0-
e

,,——.4-8, —_— e
g
O 504
3 2.0‘
o
b 4
ord
g 4
kY 1.0
= -
ﬂ 4

Y
0.0 Y | AR SAREL AL RN NN JA B L R

- —
0.0 1.0 2.0 3.0 4.0 50 6.0 7.0 B0 9.0 10.0
Time (minutes)

= e e e

Figure~5.5: Assessment of respiratory comfort durinf exercise at 1 and 6ATA, with air
delivered at mouth and lung centroid pressures . [Data represent means and standard errors]
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provision l;) be more comfortable (p<0.05). This latter trend was appéréh{aﬂﬁ?hg trials at both absolute

pressures.

T e L
ot ho

Post-experimental_guestionnaires (Section 5.1.4) were designed to evaluate‘pfe;':ﬁ:e‘iiyg:d differences
between inspiratory and expiratory effort. Subjects reported inspiration to be a limiting factor when
receiving air at mouth pressure. Six subjects reported inspiration as limiting at both 1 and 6 ATA, while

only 1 felt compromised when breathing air at Pz at 1 and 6 ATA.

No subjects ceased exercising specifically because of dyspnea or perceived respiratory fatigue.
Subject six failed to complete 10 minutes at 1 ATA using mouth press;ue delivery. At 6 ATA five thals

were terminated due to narcosis; two at mouth pressure and three at Py air delivery.

When questioned after completing both deep dives, 7 subjects reported feeling better when
breathing air at Py . They reported being less narcotic, more aware of the physical work and passage
A of ume, and had better recall of events upon completion of the trial. At mouth pressure air provisibn,
two subjects had to be helped off the cycle, four reported impending loss of copscibusness. and ﬁvé
reporied visual, audizo}:\' and mental aberrations. All symptoms disappeared immediately the helmet was
removed. One of these sﬁbjects regained sensual acuity within one minute bf trial termination, as
" evidenced by the capacity to locate and refit a helmet locking nut (10mm diameter) which had dislodged

and fallen 1o the bottom of the chamber. Only one subject percéived narcosis to be greater when

breathing air at Py c.
5.2.3 Minute ventilation. -

Minute ventilation (V}) was significanly reduced at 6 ATA when compared across workloads
(p<0.05), in accord with previously reporied observations (Lanphier 1963, Wood 1963, Bradley er al.
1971, Morrison ef al. 1976, Thalmann ef al. 1979. Hesser e al. 1981, Morrison aﬁd Wood 1986) (Fg%;;\\
5.6). '

Subjects achieved significantly greater exercise V| when air was supplied at Py ¢, when compared
across workloads (p<0.05). This tend was primarily attributed to diﬁérences'obsefveq;at 6 ATA, where
V1-for Py air supply exceeded that with mouth pressure air provision, at all points of measurement.

These differences were significant for all points of measurement beyond minute three. Similar

» Regulator' positioning was- performed covertly, but most subjects were able to judge
regulator position from inspiratory effort
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Figure 5.6: Minute ventilation during exercise at 1 and 6 ATA using air delivered at mouth
pressure and lmg centroid pressure. [Data represent means and standard errors.)
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differences were not apparent at I ATA.

5.24 End udal carbon dwxzde tension.

‘1.1’

During 1 ATA Lnals PETCO, followed an inverted-U relation with work increments, as reported
in the literature (Wood and Bryan 1971, Fagraeus and Linnarsson 1973, Linnarsson and Fagraeus 1976,
Thalmann et al 1979, orrison and Wood 1986) (Figure 5.7). Resting PETCO,; at 1ATA avéraged 38.43
and 38.49 mmHg for mouth pressure and P; ¢ respectively, representing expectéd normal observau'bns
(Cotes 1979) and confirming technical validity. Exercise PETCO, similarly matched reported
observations, despne the added respiratory dead space (Jarrett 1966, Jones et al. 1979, Macdonald and
Pilmanis 1981)

L 4
At 6 ATA PgTCO; continued to rise throughout the course of the experiments. All subjects,

except subject nine, generally experienced a progressive PETCO, elevation at each level of exercise,
supporting observau'onrs from previous investigations (Wood and Bryan 1971, Fagraeus and Linnarsson
1973, Linnarsson and Fagraeus 1976, Thalmann et al. 1979, Morrison and Wood 1986). Subjects
completed exercise with an average PETCO, of 62.7 and 62.6 mmHg for mouth and Py ¢ air delivery
respectively. Differences between PETCO, at 1 and 6 ATA were rignificant (p<0.05), as were the
differences between the two air supply pressures, when paired data was analysed collectvely (p<0.03)..
The latter observation was created by greater CO, retenuon during exercise at 1 ATA when air was
prowd& at Py¢. This trend was opposite 1o that observed at 6 ATA, where greater CO; retention was

associated with mouth pressure air delivery.

5.2.5 Heart rate.

Bradvcardia is normall) observed under conditions of raised ambmgssur&(smllmgﬂ al. 1936,
Hesser et al. 1968, Bradley et al. 1971 Macdonald and Pilmanis 1 1981). In the current investigation a
significant bradycardia was glﬁmeﬂ at 6 ATA (p<0.05), when paired data obtained with mouth and Py

air delivery were analysed collecuvely (Figure 5.8).

In general, heart rates with mouth pressure air provision were greater than vajues observed when
breathing air at P7 . When analysed collectively over workload and absolute V@s’sTx‘fE,’ﬁe mean

difference was Sb.min }, and was significant at the 0.05 level.
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Figure 5.7. End tidal dioxide tension during exercise at 1 and 6 ATA, using mouth
pressure and hmg roid pressure air delivery. [Carbon dioxide tension was obtained as an
average of the valuéy recorded for the middle 30 seconds of each minute of exercise. Data
represent means and standard errors)
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Figure 5.8: Heart rate during exercise at 1 and 6‘MATA, using mouth and lung centroid air
delivery pressure. [Data represent ‘means and standard errors.]
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5.2.6 Airway pressure.

Airway pressure was monitored to provide aigauge of inspiratory effort required to overcome the
external resistance of the breathing apparatus. Observations at 1 and 6 ATA revealed a progressive
dirway pressure increase with workload (Figure 5.9). This trend reflected increments in ventilation, as

the workload was elevated.

At 6 ATA, the airway pressure was significantly greater than that observed at 1 ATA when

compared across workloads (p<0.05).
5.2.7 Differences at equivalent ventilations.

‘Since the major interest in this study was the investigation of ventilation and respiratory effort,

perceii;ed breathing comfort, heart rate, end-tidal CO, tension and airway pressure were confare:
between conditions using minute ventilation as the independent variable. Because V| was uncontrolled, it
was only possible to analyse unpaired data (using MANOV A} where minute ventilations were
approximately .eq)ui\7ale”m. Ten sites of equivalem' ventilation were obtained for subjects at 1 ATA, and
seven locations were similarly achieved at 6 ATA. All subjects provided data at these points, except for

the final ventilatory level at 1 ATA, and the final point at 6 ATA when breathing air at Py ¢.

From MANOVA analysis of all variables at equivalent minute veil;t.ilationsuérlh}i(TA’,’ it
that differences at each air supply pressure were non-significant, whe_h analysed collectively and at each
ventilatory level'® (p>0.05; ¢=0.52). At 6 ATA, comparisons between data measured at mouth and Py ¢
air delivery,.produced a significant divefgence for perceived breathing comfort and heart r;ne, both when

analysed collectively and at different levels of ventilation!” (p<0.05).

Q- B

15 Overall MANOVA F
only. -

9859.73 (4,86), p<0.05. This indicates a significant time interaction o

" Overall MANOVA F = 3772.83 (4,55), p<0.05.
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Figure 5.9: Airway pressure during exercise at 1 and 6 ATA, using mouth and lung centroid
air delivery pressures. [Pressures were obtained from the difference between the average pcak\_/
and trough pressures, obpined over the middle 30 seconds of each minute of exercise. Data
represent means and standard errors)] ‘



Perceived respiratory comjfort.

A1 6 ATA respiration was perceived to be significantly more comfortable at P LC When data
analysed across equrvalem ventilations, were compared with those at mouth pressure air supply (6 ATA
p<0.05). Incremental differences were significant at minute venulauons of 42.5, 47. 9 57.4 and 61.9
l.min-} (p<0 05, Figure 5. 10), when breathing air at Py . The last two ventilatory levels at mouth
pressure produced comfort ratings above three, indicating Lhal respiration was "hard but acceplable
equrvalent venulauons when subjects tﬁathed air at Py ¢, resplrauon was rated as requiring "very lmle

effort, and easy to breathe”, and at the "limit of comfort” respecuveh for the final two measuremem

points.

Since ventilations were only equivalent between air delivery pressures, ;n points up to 61.9 L.min *,
assessments of-respirétory comfort béyond thol ventilation are not provided in Figure 5.10. These data
: are illustrated in Figure 5.11, and provide information up to ventilations of 72.4 l.min !, thereby
permitting compan'sonrvith the observations of Morrison er al. (1986, Figure 3.3) obtained from the
demand regulator used in the current investigation. It is noted that a plateau of comfort was apparent for
both air supply pressures, at the higher vemiiatory levels. This may simply reflect subject_,amirion at the
higher workloads, rather than-the attainment of a stable level of breathing comfort. Though veniilations
beyond 60.9 L. min"! were not attained using mouth pressure air supply, it appears that differenoes
between comfort ratings at the two air delivery pressures, are maintained even at high ventilatory levels.

——

Heart Rate.

When heart rate data at 6 ATA were analysed across levels of equivalent ventilation, the resulls
obtained when subjects breathed air at P ¢ were significantly lower than with mouth pressure air
provision (p<0.05, MANOVA). Incremental_differences between heart rates recorded at equi'valem
ventilations, when using the two air supply pressures, were significant for ventilations in excess of 40

l.min! (Figure 5.12).
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Figure 5.10: Assessment of ;espir:tory comfort for matched minute ventilations, using air
delivered at mouth and lung centroid pressures at 6 ATA. [Data represent mean values only.
Standard errors- are not indicated as each was previously reported in Figures 5.5 and 5.6]
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Figure 5.11: Assessment of respiratory comfort at all sinute ventilations, using air provided at
mouth and ling centroid pressures at 6 ATA. [Data represent mean values only. Standard
errors are not indicated as each was previously reporied in Figures 5.5 and 5.6)
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5.2.8 Perceived respiratory comfort at equivalent airway pressures.

Al ) and 6 ATA, subjects tended 1o rate similm‘airway (mouth) pressures as equalty comfortable at
the lower work rates'® regardless of air supply pressure (Figure 5.13). At higher work rates, equivalent
airway pressures were perceived to be less comfortable when air was provided at mouth pressure. At 6
ATA there appeared 10 be a shift in the position of Lhe' comfon—ain\;'ay pressure relaﬁonship,ltowards a
lower (more comfortable) rating for any given airway pfessixre. This observation supports the comfort

rating index reproducibility, with dnd without the influence of narcosis (Figure 5.13).

" Work rate is not recorded on either the abcissa or the ordinate, however, moving to the
right, each point represents a sequential increment in work rate, and serial points are joined
by a straight line.
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Figure 5.13: Perceived respiratory comfort with increments in airway pressure at 1 and 6 \
ATA, during upright, immersed exercise. [Data represent mean values only] Standard errors
are not indicated as each was previously reported in Figures 5.5 and 59]
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5.3.1 Physical work capacity.

Normobaric physical work capacity is usually limited by mrdio&ascular meehanisms (Asmussen
%1964, Holmgren 1967, Saltin and Astrand 1967, Saltin 1973, Astrand 1976, Holloszy and Booth 1976,
Saltin and Rowell 1980). However, many subjects, unless highly motivated, do not reach workloads
where the cardiovascular system becomes a limitation. Subjects stop due to local fatigue, general
unpleasantness, perceived maximal effort and so on., Subjects vary considerably on threshold levels for
stopping, possibly as a function of previous experience. 1t is possible that immersed exercise at 50m may
magnify the importance of these sensations, causing subjects to terminate exercise prior to.reaching levels

where physiological limits restrict physical power.

Dyspnea, defined as the feeling of breathlessness, is associated with respiratory perturbations
occurring durin_g,of Qrior 10 exercise, which cause é mismatch between the demanded and obtainable
“ventilation (Derenne ef al. 1978, Jones er al. 1984). Fagraeus (1981) emphasised that subjectS may
perceive varied d)'spnea at identical workloads (relative and/or absolute), with perception being related to
previous experience. It is recognised that commercial divers are a highly experienced population,
however, novice divers find exercise-induced hyperventilauon at depth to induce a variety of novel
physiological and proprioceptive sensations. Thus one cannot ignore the potental of respiratory

d‘iscomfon to lirnit both work capacity and physical power.

#

The subjects in this study reported alfr delivery at P ¢ and P ¢ minus 0.98kPa. to be significantly
more comfortable than air provision at mouth or Py ¢ plus 0.98kPa, during rest and heavy steady-state
exercise at 1 ATA (Figure 5.4). During incremental exercise :;l 1 and 6 ATA, P; ¢ air delivery was

\pereeived 10 be more comfortable than air delivery at mouth pressure (Figure 5.5). When TOMIGn was
analysed at matched minute venu‘latjon;afG ATA (Figure 5.10), air delive;y at Py ¢ was significanty

more comfortable at four levels of véntilation up to 61.9 L.Lmin BTPS. These results would indicate that

T

/ Y - . . .
. _—="air provision at Py is preferable. since it reduces dyspneic sensations during exercisc.

Thalmann er al. (1979) investigated underwater work in the prone posiuon using positive and
negative stauc breathing loads (relative 10 the centre of thorax). Theyv reported a tendency towards

greater dyspnea at negative stalic loads'’. Direct comparison between studies is not possible because

" Negative static loads are analogous to regulator positions above lung centroid .
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Thalmann et al. (1979) used only three subjects, without statistical analyses, and used a twopoint-~
dyspneic scale. However, current results are in accord with those of Thalmann et a/. (1979).

. ___Thalmann e al. (1979) reported that only one subject could perform maximal work when }
bfeathing at a static load of 0.98kPa at 6.76 ATA. Subjects in the present study, when breathing air at
mouth pressure, were exposed to a hydrostatic respiratory imbalance of about ~2.4kPa*. At 1 and 6 ATA
all but two were able to complete the exercise protocol. The combined work against the cycle and water
drag, aver;ged 330W for the final minute of exercise in the current study. Subjects in the Thalmann \
study averaged 246W for five rnim;é;, however, work against the water was not reported. It is possible
that the lartter subjects were exercising at greater levels, but giveh that the mean maximal aerobic power
of the two greups was about equal®!, and that both groups were per;or;rﬁng power tests, this conclusion
may not be appropriate. It is postulated that the greater tolerance of the breathing pressure imbalance in

the current investigation may be due to differences in pressure across the oropharangeal regions. o

Thompson and McCall;";( 1967) investigated differences between-airway pressure and external
surface pressure, and its influence upon subject comfort. Subjects consistently found an intrapuimonary
I essure slightly in excess of facial surface pressure to be more comfortable than négau‘ve
transpharyngeal pressures. It may be possii:le that in the prone position, a negative transpharyngeal
pressure is less tolerable. 1n the upright posture, when breathing air at mouth pressure, negative pressure i
gradients are primarily centered in the thorax. The transpharyngeal pressure gradient is minimal, as both
internal and external surfaces are at the same pressure. Thompson and McCally (1967) found their -

subjects were more comfortable with negative transthoracic than with negative transpharyngeal pressures.

A ceruin degree of scepticism surrounds the concept of perceived exertion and the reliability of \
such measurements (Borg 1973). It is also possible that extraneous influences may invalidate breathiné '
comfort perception. The present subjects were given practice at rating breathing comfort during -
preliminary trials to minimize such influences. Furthermore, regulator pressures were varied covertly in
an attempt to reduce subject bias. Both procedurés were designed to increase the reliability of the
comfort measurements. o

Al 6 ATA, the curves for respiratory comfort as a function of airway pressure, moved positively

{Figure 5‘.13). Thus, when the mean comfort rating was two, airway pressure was about 1.5 times greater

** Taken from average dimer_xsions of subjects used in Chapters 3 and 4.

VO, = 436 Lmin' (current subjects) and 3.86 l.min!.
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measurement at 6 ATA was much smaller. This indicates that narcosis may have reduced the perception
of ﬁdiscomfort. Differences between levels of narcosis at the two air delivery pressurés, may have a

s;rmlar 'tendenéy to reduce discomfort; whether or not this occurred is unknown. When breathing air at

‘mouth pressure subjects consistently reporied being more narcotic. If such an influence was present, the

observed differences between comfort rating at 6 ATA (Figure 5.5) would underestimate differences that

may have existed, if subjects were breathing an equally dense, but non~narcotic gas mixture.

From Figures 5.5 and 3.6 it is observed that preathing becomes less comfortable when ventilation
is reduced by the combination of increased gas density and hydrostatic imbalance between breathing
pressuré and external thoracic pressure. One may conclude that tor diver comfort, underwater breathing

apparatus should undergo modification to enable air delivery at Py for upright postures.

Morrison anq Reimers (1982) prescribed physiological specifications for underwater breathing
apparatus, and provided recommended limits of comfort and tolerance for the work of breathing
performed on such apparatus. The current study used a Conshelf 30’(U.S. Divers) open circuit demand
regulator. Tesung of this regulator at ventilations up to 70 l.min"* at 6 ATA, has shown that it
conformed to these specifications (Figure 5.3). By comparing the respiratory comfort data in Figure 5.11

with Figure 5.3, two observations may be made which are relevant 1o demand regulator selection.

First, when diyers breathed air at Py, the mean respiratory comfbn rating did not exceed 2.3.
This corresponded with subjects reaching their limit of breathing comfort (Table 5.3). In this situation
the combined internal and external respiraior_v work did not impose undue discomfort on the divers for

ventilations up to 72 L.min"*. - ' “'\

Second, when the divers v;'ere provided with air at mouth pressure, respiratory comfort exceeded ’
2.9 when ventilation was above 35 Lmin ‘. This rating indicated that divers perceived respiration as
heavy_but acceptable. The difference between comfort rating at the two air supply pressures, reflects
changes in the internal contribution to total respiratory work. With the Conshelf 30 regulator, the total
work was within the limits of olerance. However, with a demand regulator that requires a greater-
external respiratory work, the total work may become intolerable. In this situation external respiratory
work may combine with increased pulmonary flow-resistance Van‘d elastic work to further impair
ventilation. This may indicate, for divers working upright and using mouth-held demand regulators, that

the specifications of Morrison and Reimers (1982) are not stringent enough.
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/\"Differences between the ventilatory response to exercise under Tiormobaric and hyperbaric states
have been attributed to increased inspired O, tensions (Bannister and Cunningham 1954, Lambertson

et al. 1963, Lanphier 1963, Miller et al. 1974), reduced anaerobiosis (Taunton et a/. 1970, Lanphier and
Camporesi 1982), and increased R,y (Fagraeus 1974, Van Liew 1982, 1983-Aqthonisen 1984). Current
comparisons between Vi at different absolute pressure and the same ﬁrm pressure, revealed two
important observations. First, VI decreased at depth, as reported in the literature '(Lanprhrier’ 1963, Wood
1963, Bradley et al. 1971, Morrison et l. 1976, Thalmann et al. 1979, Hesser et al. 1981, Morrison and
Wood 1986). Second, at 6‘ ATA when breathing air at mouth pressure, VI diminished to a greater extent .

than at Py, as observed by Thalmann et al. (1979) for prone subjects.

The observation tﬁat at 6 ATA, the hydrostatic imbalance created a further VI reduction (figu;e
5.6) implies an additional ventilatory impedence. One may as;sume that at this depth, subjects were
receiving equivalent neuro-humoral respiratory drive?’. However, this drive did not producé equivalent

vgntilations.

*

Doell et al. (1979) demonstrated that equivalent hypercapnic respirayory drive results in

\‘vaJem minute ventilation, only when respiratory mechanics remain constant. They found that gas
denﬁt&: elevation reduced ventilatory response to CO, by increasing airWay resistance. Thus equivalent
drive p;&ig\ced a smaller output. This observationJmay be applied to the current density~dependent
ventilatory féduction, observed when the absolute pressure was elevated. However, at 6 ATA a second
ventilatory reduction was seen, when’subjects breathed air at mouth pressure (Figure 5.6). The
magnitude of the latter change was approximately equivalent to the reduction attributable to réised gas
density, for all but the final two minutes of exercise. It is concluded that differences in pulmonary
resistance, between the two delivery pressures, caused a further mccﬁénical lowering of the ventilation

that a given respiratory drive could produce. This conclusion is supporti

v significant increases in
pulmonary resistance observed during immersion when air was breathed #f mouth pressure (Figure 4.7).
It is believed that dynamic airway compression accompanying active and/or passive increments in airway

resistance may be responsible for the additional ventilatory reduction.

The mechanical perturbations associated with breathing air supplied at mouth pressure at depth,
may reach the levels found in patients with respiratory disorders (e.g. chronic obstructive lung disease).

If this occurs, divers may experience a respiratory limitation of physical power, not unlike that observed

** Subjects were performing an identical exercise protocol, at equivalent absolute pressures,
using the same breathing apparatus. '
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in these patients (Stubbing ez al. 1980b). - e

A restriction to physical power attending air supply pressure change, was not observed iﬁ the -
«current study. This may have resulted from the increased respiratory effort producing a reduced minute
ventilation at the higher workloads, which had the effect of compensating for the external wdrk. At b
ATA subjgcts may also have experienced an elevation in aerobicﬁcy:?z‘z due 1o increased inspired O,
tension. However, even without modifications to the physical power, alYered air supply pressures were

able to significantly change respiratory comfort, minute ventilation and the level of narcosis.

<

Perhaps of greater pertinence to diver safety than the ventilatory limitation per se is the '
accumulation of CO, in the blood. Carbon dioxide has been shown to potentiate narcosis (Case and
Haldane 1941, Lanphier 1963, Ji@;ﬁ 1966, Hesser et dI. 1971). Conditions reducing V| or elevating CO,
production (VCO,), predispose to CO, accumulation.

//’
Exercise at depth,was accompanied bv a progressive CO, retention as previously reporled
(Lanphler 1963, Wood and Bryan 1971, Linnarsson and Fagraeus 1976, Thalmann et al. 1979, Momson

and Wood 1988\-Studies at 1 ATAmhown CO; retention to accompam respiratory

flow-resistiveeand elastic loading (Axen et al. 1983, D’Urzo ef al. 1985). ,

Elevated PETCO, at depth is atributed to hypoventilation (Jarrett 1966, Wood and Bryan 1971).
While PETCO, is not strictly a function of Vy, but rather 31V€01a1;@ﬁ]aﬁ0n;i'PETCO; accurnulation may
be ascribed to ventilatory reductions accompanying ﬂ%e pressure related elevation in gas density. Subjects
in the current study ended exercise at 6 ATA with a mgan PETCO, of 62.7 and 62.6mmHg for mouth
and Py ¢ air delivery respectively. These levels are‘i:l}iy«éss of those normally rgpgied n(Lﬂnarsson and
Fagraeus 1976, Morrison and Wood 1986), though la‘npéxler (1963) reported/d;a exceeding 7(\)51;117}3@’&\

The present high values are attributed to the addluonal respiratory dead space that existed, due to the.

use of a movable demand rezulator {see Section 5.1.2).

The éonsequences of progressive CO, retention are potentially leLhal. CO, acts as a narcotic
(Severinghaus 1974, Hesser er al. 1978), and at depth it potenuates nitrogen narcosis. In the present
work, 70% of-the subjects felt less narcotic with Pz air delivery, however, lower PETCO,, in response 10
the change in nlidute ventilation, was not observed. SdbjecLs reported being more alert, more aware of
physical work and time, and better able to recall events. At mouth pressure, four felt they would soon

iose consciousness and five reporied visual, auditory and mental aberrations. Only one subject felt more

LY | ‘
,
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" narcotic at depth when breathing air ai Py, These subjective observations do not agree with the
measurements of PETCO, (Figure 5.7), which show an approximately equivglent PETCOZfor éach'air
supply pressure at 6 ATA. Three explanations may be possible. ;I‘heg may have beeﬁ measurément
errors. Subjects may have felt mdré comfortable with Py air provision, and this méy have falsely )

changed their perception of narcosis. Alternatively, the P];[CO, may have failed 10 be | 2 valid measure -

of arterial and cerebral CO, tension. ' .-

Itis coqch@ that the use of a mquth—held regulator at 6 ATA, wit.hout'breathing p‘ressﬁe
compensagion, impairs exercise ventilation and ingreases respiratory discomfort. Both of these changes
are attributed to increased pulmonary flow-resistance accompanying uncompensated immersion. It is

"Lherefbre suggested that underwater breathing apparatus be modified to enable air pfovision at a positive

pressure of 1.33kPa (relative to the mouth), when divers adopt an upright working posture.
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CHAPTER 6
CONCLUDING STATEMENTS

6.1 CONCLUSIONS
. 6.1

Analysxs of pressu:e—volume relaxation curves revealed a positive and approximately parallel
dlsplacement from control status, when subjects were 1mmersed upright’in thermoneutral water. Asa
direct result of this shift, the total respxratory relaxation volume decreased (p<0.05) while the total

- respiratory elastic work increased (p<0.05).

The use of facial counter-pressure to facﬂnate relaxation was found to produce superior

pressure—volume relaxation curves, and its implementation is recommended for future mvesugauons

Lung centroid locus was positioned an average of 13.6¢m below the sternal notch while upright,
and 7.0cm above the sternal plane while prone, represenﬁng mean hydrostatic pressures of 1.33 and’
—-0.69%Pa, relative to Lhese respecuve anatomscal points. These data do not support the accepted uprnght

lung centroid locus of 19cm inferior to the sternal notch (Jarrett 1965).

- 6.1.2

Although upright immersion caused a positive displacement of the total pressure-volume
relaxation curve, it did not invoke significant changes in the static compliatice of the total respiratory

system, lung tissue or chest wall, when compared with control data obtained at equivalent lung volumes.

6.1.3 ]

. ‘2;\

Upright immersion perturbed lung volume compartments and subdivisions. The application of
progressively greater breathing compensation pressures, sequentiallv returned subdivisions towards

control status.

The use of breathing pressure compensation also reduced the inspiratory muscle work performed
against elastic tissues during upright immersicn, At lung centroid pressure air delivery, inspiratory

muscle work was equivalent 1o work obtained in air.
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6.1.4 S ' ~
7
Uncompensated upright immersion significantly elevated inspiratory, expiratory and @l
flow-resistive pulmonary work, as well as inspiratory and éxpiratory pulmonary resistance measured at a

constant airflow rate (p<0.05).

Air delivery at lung centroid pressure reduced all pulmonary work and resistance variables, to
levels not significantly greater than obtained under control conditions. It is suggested that pulmonary
work was lowered following expiratory reserve volume increments, which accompanied relaxation volume

increases, vascular disgorgement, and possibly, the removal of vagally mediated airway constriction.

Expiratory pulmonary flow resistance was grea&dﬂan_jnspiratory resistance at all breathing

pressures during immersion. Inspiratory resistance ow-resistive work appeared less sensitive to

[

changes in air supply pressures.

6.1.5

During incremental exercise at six atmospheres absolute, a greater exercise minute ventilation was
achieved when air was provided at centroid pressure. These higher levels of ventilation were found to be
a&aaled with greater respiratory comfort at this air supply pressure. Differences in’ ventilation were not
apparent during surface experiments, however, respiratory comfort was significantly greater at centroid f

pressure. Since physical power was not shown to be limited when breathing air without pressure

compensation, hypothesis four may not be fully accepted.
6.1.6

A greater narcosis was experienced during trials at 6 ATA with the uncompenéated air delivery
pn:sat{e. This was attributed to augmentation of nitrogen narcosis subsequent to hypoventilation and the

retention of carbon dioxide.

214



. 6.2 PHYSIO ICAL MODEL MARISIN NCLUSION

The results and conclusions from this series of investigations have been summarised and combined
into a physiological mode! (Figure 6.1), illustrating the mechanisms through which exercise intolerance
may accompany respiratory mechanical pérturbations observed during upright immersion. The model
contains pri observations from the presém dissertation (symbolised: T ) and secondary observations
fromothcrnXJch reports (symbolised: ). The proposed sites through which air delivery at lung

centroid pressure may ameliorate these modifications are also indicated (®).

The model is centered around the L}'xree components df respiratory work: elastic, flow-resistive and
inertial work. Immersion and raised absolute pressure produce physical changes which maﬁz be associated
Wwith physiological perturbations. The latter either directly or ind}iréct]yv, via secondary physiological

’changes, influence one orbmore of the'respiratory work components, and thus elevate the total work of S

breathing.

|
Increased respiratory work may adversely affect exercise tolerance by one or more of three

channels: hypoventilation (and ultimately narcosis), dyspnea and inspiratory fatigue.

4

6.3 RECOMMENDATIONS

The following recommendations represent possible directions of future research in this field. They
include projects designed 1o solve questions unanswered by this dissertation, and questions raised from

the results.
SN———
6.3.1

It is recommended that air delivery mechanisms of underwater breathing apparatus be modified, 1o
enable air provision at lung centroid pressure to working divers, when adopting upright postures. The
most immediate pr_oblems are those of the man/machine interface. Clearly, the incorporation of an
airway extension, 10 link the diver to the demand regulator positioned at the lung centroid , is both
cumbersome and physioloéically inferior, as it involves cérbon dioxide rebreathing which potentiates
depth-related narcosis. The hetmet mounted regulator, adapted 1o ;upply air at ambient pressure plus
1.33kPa, represents a more appealing solution. Such a mechanism would require re-designing the

demand diaphragm. It is possible that a manual or automatically adjusted mechanism may be suitable.
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Figure 6.1: Physiological model illustrating mechanisms through which upright immersion m33
~ induce ventilatory exercise intolerance.
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With pressure transducers mounted on the body, the lanér system could alter delivery pressure 10 matwch .

diver orientation. For development of such a system a three dimensional analysis of lung centroid would -
be required. ' ' | o

6.3.2

~ Current works have looked only at the thermoneutral diver, unimpeded by his environment or
equipment. Future investigations may be directed towards respiratory mechanical modifications attending

™

changes in water temperature, airdensity and therase of 'diving wet and dry suits.

6.3.3 7

The dynamic contributions to flow-resistive respiratory work provided by the chest wall were not
studied due to technical difficulties, and debate surrounding the validity of the available lechniqués. Its
role dunw has been approximated at about 25% of the total flow-resistive respiratory work

(Goldman er al. 1976), however, chest wall dvnamics have not been analysed during immersion. Work is

“

needed in this area.
6.3.4

Residual, volumes were not measured. Without knowledge of residual volumef. tdw\rlg and
functional residual capacities remain unknown. It is possible that airway closure wimmimmcrsié;l, may
invalidate gas diljl;r.ion_techniques, as such methods measure only the accessible residi\‘la] volumé. To
overcome this, immersion plethysmography may be required. Plethysmography would also‘énable the

.measurement of airway resistance, not obtainable using current pulmonary Tesistance methods.

*

6.3.5

To facilitate rapid validation of respiratory relaxation during static pressure—volume manocuvres, 1t
is suggested a computerised system be developed, for monitoring inspiratory muscle electromyograms.
Pressure readings could then be taken when integrated EMG signals were oelow a predetermined

threshold. _ ’ : R
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" APPENDIX ONE: |
UNITS OF MEASUREMENT —

Units used in this thesis are those recommended by the Eleventh General Conference on Weight and

Measures (1960), the Systeme Interaationale &'U nites ( ST units).

1
_ Units of Measurement.
MEASUREMENT ABBREVIATION UNITS
Arca A ~square metre (m’)
‘omplisnce C “ litre.kilopascal ! (LkPa ')
&?‘t\\» . F Newtons (N)
Fregoency S o= heriz (Hz)
Loagth ! metre {m)
Mas m kilogram (kg)
Power W Watt (W)
Pressure P pascal (Pa)
Revistance R kilopascal.litre ' second
i (kPal‘s)
Specific compliance - sC kilopascal (kPa)
Time 1 second (s)
Volume . A cubic metre (m’)
Work W Joule (1)

The S7 unit of volume is used with reference to lung volumes, instead the litre (1) is used

{Jieidm =10 'm’). Rcspszaxmy afji-rdiac frequencies are) expressed as breaths or beats per minute.

Carbon dronide tension s recorded in millimeues of mercury {mm Hg).
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APPENDIX TWO:
MAHNG H\'TRAOESOPHAGEAL PRESSURE PROBES.

3
/ J—

i
v

Indirect measurement of topical pleural surface pressure via the oesophagus may. be traced o
Luciani (1878) but it was Buytenduk (1949) who introduced the use of oesophageal balloons Early
balloons were made in research laboratonps (so-called "hand-dipped” balloons) by dipping sunably

-shaped glass rods 4into a latex bath, then curing the latex in an oven (Mead et al. 1955). Once dry tlrc

balloons were removed and attached to catheters. Today one may purchase balloons and even balloon

- mtheters systems. Intraoesophageal probes used in this thesis congsisted of manufactured balloons (A &E

Medical Corporation, New@ﬁé\ ‘U.S.A.) fitted to catheters ir the laboratory

————

Adult oesophageal balloons (latex rubber, 15cm long, internal diameter 1.825cm, wall thickness
8.47 x 10 *mm) were cut to 10cm in length. ‘ldeally balloons should be tapered at both ends, this was not
possible with the current balloon length. Catheters (teflon, inlernal diarneter 1.35mm, wall' thickness
O.3rn'rn) were cut to one of two lengths. Trials in air used 1 metre catheters, immersion trials used 50cnr
catheters. A 17 gauge hypodermic needle was machinod srrrooth and firmly sealed into one end of each

catheter 1(epox,\@). The other end was pierced laterally with a small hypodermic needle to provide a

spiral sequence of holes betwge tip and a point 9cm above the tip. Rough edges were carefully

removed (Figure A4.1).

Balloons were securtd and sealed to catheters using epoxy® resin. The tip of the pierced end was
plugged and a fine layer of epoxy spread around the outer surface. This provided a means of securing
the balloon tip permanenty to the catheter. Balloons were gently placed over the catheter. Inner
surfaces of thé balloon mouth were also sealed with epoxy as was the outer catheter surface below this
point Balloons were then secured to the catheter with redundant folds also being coated with an epoxy
film. rBoth ends were immediately secured with dark cotion thread. A final coat of epoxy covered the
conon and balloon edges 10 ensure sealage arrd smooth surfaces to avoid discomfort during insertion.
After curing. the balloons were pressure tested underwater, dusted with talcum powder and stored in a

refrigerator. - —
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Figure A4.l: Stages in making intracesophageal pressure probes.
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APPENDIX THREE:

SUMMARY TABLES FOR MANOVA AND POST HOC MULTIPLE COMPARISON TESTS.

Tide: Chapter 3: MANOVA summary table. FElastic work.

3.

Source mean square F df p
total 8878 407.88 4/36 - 0:001*
lung 1.753 151.75 4/36 0.001*
chest 2.960 100.92 4/36 0.001°*
muscle 1.206 47.23 4/36 0.001*
* = significant at the 0.05 level.
Tite: Chapter 3: MANOVA summary table. Lung volumes.
Source mean square F df p

- VC 0.726 §.55 4/32 0.001° L
IC 3.355 19.95 4/32 0.001*
VT 0.144 1.08 4/32 0.383
ERV 6£.598 29.55 4/32 0.001*
RV 3.263 12.61 4/32 0.001*

%= significant at the 0.05 level.

221



Title: CHAPTER 3: Total respiratory elastic work.

S

Air Mouth Prc-98 Prc Pyc+.98
Air C— 9.24% 7.77% 0.45 8.78*
Mouth — 8.62* 15.90* 25.14*
P98 —_ 7.29% 16.52*
PrC —_— 9.23%
Tukey’s critical range = 1.90.
* = significant.difference. .
Statistical power of MANOVA >0.99.
Tie: CHAPTER 3 : Lung tissue elastic work.

Air Mouth P98 Pic Prc+98
Air p— 4.25% 2.52% 70 _ 6.73*
Mouth — 1.73% 495 10.98*
Prc-98 ) —_ 3.20¢ 9.25%
B o _ 6.03*
P;c+.98 -

Tukev’s critical rénge = 1.38.
® = significant difference.
Suatistical power of MANOVA >0.99.
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Title: CHAPTER 3: Chest wall elastic work.

Air ' Mouth Prc-.98 Pic Prc+98
Air _ 11.88* 5.19* 108 1.74
Mouth —_ 6.69* 10.80* 13.62*
Prc-98 — 4.11* 6.93*
Pic —_— 2.82¢
Prc+98 -
Tukey’s critical range = 2.20.
# = significant difference.
Statistical power of MANOVA >0.99.
Tide: CHAPTER 3: Inspiratory muscle work.

Air Mouth Prc—.98 Pre Prc+98
Alr — 7.47* - 2.10* 43 1.02
Mouth — 5579 7.92¢ 8.49%
Prc98 —— 253" 312
Prc g/ T ,759‘
Prc+.98 —

Tukey’s critical range = 2.06.
* = significant difference.
Statistical power of MANOVA >{.99.
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Tide: CHAPTER 3: Vital capacity.

Vol Mouth PLE98 137 Prc+98
Air L — 2.55 063 1.76 341
Mouth — 38 - 431+ 5960
Prc-98 — 113 165
Prc e 2.78
Prc+.98 : 7 h —

Tukey’s critical range = 3.56.
® = significant difference. ,
Statistical power of MANOVA:>0.99.

k

oA , ek

z

Tide: CHAPTER 3: Inspiratory capacity.

Air Mouth Prc-98 Prc Prct98
Air — 8.60° 6.28% 2.11 5.44*
Mouth —_— 2.38 6.50* 14.04*
Prc-98 ? 418 7.54%
Prc — 11.72*
Prc+98 , —

-

Tukey’s critical range = 5.03.
* = significant difference.
-, Statstical power of MANOVA >0.99,
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Title: CHAPTER 3: Expiratory reserve volume.

Air Mouth Prc-98 " Prc Prc+.98
Air _ 10.78* 5.57 0.22 9.90* .
Mouth —— 5.21 J1.00* 20.68*
Prc-98 — 5.79* 9.68*
Pic _— 15.47*
- Ppc+.98 —
Tukey’s critical range = 5.79.
® = significant difference.
Statistical power of MANOVA >{0.99.
Tide: CHAPTER 3: Inspiratory reserve volume.
Air Mouth P98 1379 Prc+.98
. :i,:, |
Alr e 573 5.58 0.81 - 7.55*
Mouth —_ 0.15 4.92 ©13.28*
P98 — 477 8.36*
Pic —_ 13.13*
Prct98 -
—Hk
Tukey’s critical range = 6.24.
* =wstgnificant difference.
Statistical power of MANOVA >0.99.
&
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Title: Chptﬂ 4: MANOVA summary table. Flow-resistive work.

Source .mean square F df P

total 0.383 7.87 4/32 0.001*
inspired o 0052 10.86 4/32 0.001*
expired 0.169 4.52 - 4/32 0.005*

® = significant at the 0.05 level.

T .
Title: Chapter 4 MANOVA summary table. Flow-resistance (0.51s}). o

Source mean square F df p

" total 0.047 ' 6.48 3/24 0.002*
inspired -~ 70029 441 3724 : 0.013*
expired 0.078 414 3724 - 0.017*

* = significant at the 0.05 level.

Tite: Chapter 4: MANOVA summary table. Respiratory timing.

Source mean square F df o)
V/T] 0.196 . 2.56 4/32 0.058
T/TTOT | 0.004 286 4/20 0.051

**= significant at the .05 level.

3
2
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" Title: CHAPTER 4: Total flow-resistive work.".

Air Mouth Prc-98

Prc Prc+.98

Air — 49¢ 2810 1.98 113
Mouth -— 211 2.94* 3.79¢
Prc-98 { — 83 1.68
‘Prc — 98
Prc+.98 _
Tukey’s critical range = 2.71.
* = significant difference.
Statistical power of MANOVA >0.99.

"~ Title: CHAPTER 4: Inspiratory flow-resistive work.

1Y
Air Mouth . Prc-9% PiC Prc+98

Air — 1.93¢ .84 .89* .83
Mouth — 1.06* 1.04* 1.10*
Prc—98 - — .05 0l
Prec - , —_— 06

" Prct.98 2 —
Tukev's critical range = 0.83.
* = significant difference.”
Staustical power of MANOVA >0.99.

i B

227



Title: CHAPTER 4: Expiratory flow-resistive work.

Air Mouth Prc-98 Prc Prct+.98
Air — 3.02¢ 20 14 34
- Mouth . —_ 1.2 . 1.88 2.68*
Prc-98 ' —_ .86 1.66
Pic i -_ 8
Prct98 - -
' )
T =
Tukey’s critical range = 2.82.
* = significant difference.
Statistical power of MANOVA >0.99.
Tite: CHAPTER 4: Total pulmonary resistance (0.5 Ls™* flow rate)
- /% s
Air Mouth Prc-98 PiC PrC+98
: ,/
' ’ &
Alr —_ 2.29°¢ 1.34* 1.1s* - -.30 .
Mouth ‘ — 95 1.0 1.99*
Prc-.98 —_— 19 1.04*
Pic < .85
Prc+.9¢ —_—

Tukey’s critical range = 1.03.
* = significant difference.
Statistical power of MANOVA >0.99.
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Title: CHAPTER 4: Inspiratory pulmonary resistance (0.5 Ls™).

Air Mouth P98 Pic Prc+98
Air S 1.42* 1.12¢ 98¢ 47
Mouth — 30 44 95¢
P98 , T— 14 .65
Prc ‘ — Sl
Prct.98 —_—
Tukey’s critical range = 0.84.
® = significant difference.
Statistical power of MANOVA >0.99.
?\‘
&
Title: CHAPTER 4: Expiratory pulmonary resistance (0.5 Ls ).
Air " Mouth P98 PrC " Prct98
gr
Air —— 3.16* 1.90* 1.15 42
Mouth i 1.26 201* 274+
P98 - 75 1.48*
Prc | — 73

Tukey’s critical range = 1.45.
**= significant difference.
Statistical power of MANOVA = (.97

\
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4: Tidal volume / inspiratory duration. ’

Tide: CI

T

\ ’ ,

B Mouth Prc-98 Prc Prc+98

Air - — 335 187 . 1.24 2.86
Mouth e 1.48 211 49
Prc-98 — 63 99
Pic —_ 1.62
P;c+.98 —

Tukey’s critical range = 3.38. ,
*® = significant difference. -
Statistical power of MANOVA = 0.47

Titde: CHAPTER 4: Inspiratory duration / total cykcle duration.

Air 7 Mouth Prc-98 P LC Prc+98
.
Air —_ 17 15 ) 12 17
Mouth T — .02 .29 34
Prc-9% e 27 32
Pic -—_ .05
3 L N _
Prc*.98 | ‘ . T —

* Tukey’s critical range = 0.47.
*= significant difference.
Statistical power of MANOVA = 0.70.



Tite: Chapter S: MANOVA summary table. Physical power.

Source . mean square F o df o | p
. [ )

Comfort 0306 0.68 31 0.889
Heartrate = 63761 1.07 217237 0.376

V] 239,445 . 831 21/237 0.000°
PETCO; 110.173 654 217237 0.000°
Airway pressure  2076.420 380 217237 0.000° \

~ ™= significant at the 0.05 level. : §‘>

The following tables are summaries of the Hotelling’s T analysis for correlated samples. The
numbers within each table represent T values for the corresponding comparisons. The critical value is
the level of T required for significance at the 0.05 level. -

N

Tite: Chapter 5: Simmary of Hotellings analysis for comparisons of paired data. Two comparisons arc

. presented: -

(1) Comparison of means at 1 and 6 ATA, with data summed across lime and air supply pressure.
(2) Comparison of means at mouth and Py ¢ air supply pressures, with data summed across time and

absolute pressure. '

Variable 1 ATA versus 6 ATA Mouth pressurc versus Py
Comfort - 3.73¢ ' ' 6.93*

Heart rate 7.45% 3.48*

PETCO; 13.22* , 2.22¢

%) 9.14% 5.15%

Airway pressure 15.20* ‘ | 7.18*

Critical value = 2.00.
*e= significant difference at the 0.05 level.
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Tmc:amikqi;nrym:lﬁ

Mouth Pro-98 - Pre P8
Mouth — 239¢ 239 89
) P LC-—'% 0'0 . N 1:43
P e — 143
Prc+ 98 ’ ) » -—_

Criucal value = 2,365
* = ggmificant difTerence.

Titde: CHAPT ER 5: Respiratory comlort exercising at 279.6 W.

Mouth PrC 95 Pic P98
Mouth -_— 374° 186° 1.53
P 98 : s ¥ 5.
P — 1.67
P98 ' —

Critca! value = 2365,
* = significant difference.

Tide: CHAPTER S: Respiratory comlort: exercise versus rest.

Mouth P98 Pic Prc+.98

3.5 2.40° 3.86° ‘ 2.55¢

Cntical value = 2.365.
* = significant difverence. . ; .
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Title: Chapter 5: Respiratory comfort at 1 ATA.

Time 1 23 4 5 6 7 8 9 10
Mouth ’

ot P T
diff. ~ 3.00* 163 163 131 0.69/ 131 0. 2.25¢ 2.33¢ 200 |, °

Cﬁu’ca] value = 2.20.

. ’
® = significant difference.
Tide: Chapter 5: Respiratory comfort at 6 ATA.
Time 1 2 3 4 5 6 7 8 9 10
Mouth
PLC

diff:  0.56 0.69 224 134 1.63 3.21° 2.33* 2.97"‘ 2.00 1.37

Critical value = 2.20.
* = significant difTerence’

Tide: Chapter 5: Minute ventilation: 1 ATA.

10

)
(¥
e
w
=
~2
o
Nej

Time 1
“Mouth
Prc . ,
diff.  223* 08 042 122 159 067 040 084 034 0%s

Criucal vaiue = 2.20. -
*e= significant difTerence.

o™



3

Title: Chapter 5: Minute ventilation: 6 ATA.

Time 1 2 3 4 5 6 7 8 9 .10
Mouth
Prc R
diff. 0.22 0.80 2.14 2.31* 327 2.57* 4.86%  4.05* 367 2.99*
Critical value = 2.20.
*® = significant difference.
Tide:aa;t’er 5: End-tidal carbon dioxide tension: 1 ATA.
Timd_ 1 2 3 4 5 6 7 8 9 10
Mouth
Prc
diff. .06 1.1 2.03 1.73 3.95* 3.61* 2.78* 2.63* 2.94% | 2.48*
Critical value =2.262.
* = significant difference.
Tide: Chapter 5: End-tidal carbon dioxide tension: 6 ATA.
Time 1 2 3 4 5 6 7 8 9T 10
Mouth 5 _ _
Pic

Cdiff. 81 31 43 22 91 0 06 - .05 14 .02

Critical value = 2.262.
*= significant difference.



Tide: Cimpter 5: Heart rate: 1 ATA.

Time 1 2 3 4 5 6 7 8 9
Mouth .

PiC

difft. 111 1.75 1.51 1.52 202, 1.14 66 29 26
Critical value = 2.262. -

® = significant difference.

Title: Chapter 5: Heart rate: 6 ATA.
\ .

'lgme 1 2 3 4 5 6 7 8 9
Mouth '

Pic
diff. .71 49 1.65 57 173 1.05 9% 6%

Critical value = 2.262.
* = significant difference.

Tite: Chapter §: Airway pressure: 1 ATA.

A
Time 1
Mouth
PLC ,
diff.  5.48*  50° 2.60* 290 2.54%  267%  415* 287 99

ro
[99)
>
wn
N
-~
oo
O

Critical value = 2.262.
* = significant difference.

i
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‘ Tide: Chapter 5: Airway pressure: 6 ATA.

Time 1 2 3 4
Mouth
Prc
diff. 232* 165 1510 186

1.18

6 7
e
110 126

8 9 10

o
7

1.10 335 17

Critical value = 2.262. B
* = significant difference.

Tide: Chapter S: MANOVA summary table. Physical power.
Variables analysed at equivalent minute ventilations at 6 ATA.

4 R
Source mean square F df P
Comfon 1.027 2.22 6/58 0.054
Heart rate 95.457 2.13 6/58 0.063
PETCO: 9.954 0.35 . 6/58 -0.910
Airway pressure  745.486 0.64° 6/58 0.697

*= significant at the 0.05 level.
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Eﬂe: Chapter 5: Respiratory comfort for equivalent vehtilations at 6 ATA.

Level 1 2 3 4 s 6
Mouth '

Prc- ‘

diff. 1 2 10* 9 8 1%

ge

Tukey’s critical range = 8.95 and 7.49 beyond level 6.
® = significant difference. :
Statistical power of MANOVA = 0.60.

——

Title: Chapter 3: Heart rate for equivalent ventilations at 6 ATA.

(8%}
(VS )
LS
wh
(@)

Time 1
Mouth

Prc ‘
diff. 17 17 } 91" 69 100* 97%

90‘

Tukey’s critical range = 55.7.
~® = significant difference.
Statistical power of MANOVA = (.40. §
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