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It was hypothesis$$ upright, wholebody immersion, *thout hydrostatic pressure compensatibn, 

would dispiace the respiratory compliance curve, reduce functional residual capacitg" (FRC), and increase 

respiratory work. Lung centrdd presswe (PLc) was defined as the pressure necessary to renun 

immersed static respiratory mechanical attributes to levels observed in air. It was hypothesised that 

breathing air supplied at PLC would restore normal lung volume subdivisions, return elastic and , 

flow-resistive work towards normal, and permit?kreater workload tolerance with les;respiratory distress. 

I Lung cqurdd pressure was d e t e r m i n e ~ ~ f r ~ ~  changes in lung relaxatipn volume accompanying 
: .. 

immersion (N=17). Upright inmersion caused a mean displacemeq~of the respiratory compliance curve 

of +1.33kPa (SEM=0.106), relative to the hydrostatic pressure at the s t e w  notch. Prone immersion 

produced a mean 'splacement 0 ~ 4 . 6 9 ~ ~ ;  (~&%4) (N=13). Lung cenrrdd was deemed to be k* 
13.6crn inferior, anT3.0cm posterior to the sternal notch. 

Static respiratory mechanics were investigated in air (control) and water (N=lC). Upright 

immersion produced no significant changes'in lung, chest or total respiratory compliance. measured at 

conuol relaxation volume. Immersed subjects were provided with air supplied at four hydrostatic 

pressures: mouth pressure, (PK -0.98)kPa. P x .  and (PLC +0.98)kPa. Immersion with air supplied at 

mouth pressure reduced expiratory reserve volume by 47% (p4.05) and increased inspiratory muscle 

work threefold (p4.05). At the other three supply pressures, inspiratory work and lufig volume 

compartments were returned towards control status (p4.05). 

Dynamic pulmonan. mechanics were investigated under identical conditions. When immersed. 

: inspiraton. a d  expiratory pulmonary work. and pulmonary resistance inneased significantly (p4.05). 

with air supplied at mouth pressure. Air provision at greater pressures returned variables towards conuol - 

status sequentiall; with pressure increments. 
I 

)  en subjects performed graded. immersed exercise at ambient pressures of 1 and 6 ATA. breathing - 
air supplied at mouth and lung centrdd hydrostatic pressures. Minute ventilation, end-tidal CO,, - 

oro-nasal pressure. heart rate and perceived respiratory comfort were recorded. At 6 ATA subjects a 

experienced significant bradycardia and hypoventilation (~4.05). When breathing air at PLC subjects 

found rqiration to k more comfortable (p4.05), while achieving a significantly greater minute 

ventilarion @dM)SL Subjects also reported being less affected by narcosis. 
- 
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The respiratory system has been described as a reciprocating bellows pump (Mead and Milic-Emili 

1964) consisting of two c ~ ~ i u i c  walls, with the outer wall housing the respiratory muscles. which power 

the pump. The work done. and h e  degree of elficiency'of this pump are of prime importance. In man, 

respiratory work d a r  not n o d y  impede physical power (Asmusen andbkilseri 1960. Stubbing et d. 

1980). dlmonary patients have shown that power may be impaired by ventilatory inadequacy (Roussos 

and Macklem 1938, Bye et d. 1983). It has been suggested that under extremes. respiratory work may 

consume enough oxygen to limit that available for useful external work in normal subjects (Shephard 

-- 
Respiratory woik (WrH1) is carried out to overcome intrapulmonary forces (Fbure 1.1). which 

include elastic recoil of the lungs and rib cage. Lungs recoil towards zero.vo1ume so that inspiratory 

effort must exceed recoil pressure LO cause inflation. The rib cage recoils towards a volume approaching 
. . 

6Wb of the vital capacity (VC) (Agostoni and Mead 1964). Inspiration to volumes LO%VC requires work 

ag ins i  rib cage recoil pressure, however. at volumes ~o '%vc.  recoil is in the inspiratory direction. aiding 

inspiration. 

A second categon. of respiratory forces encounte d ar the flow-resistive forces created by 

friction during respiration: airway resistance (Raw), lung tissue resistance (Rh), and chest wall resistance 

(Rw). 

Finally there are inertial foxes. Though minor under normal ambient conditions, both gas and 

tissue inertia may become significant under conditions of raised gas density ancelevated thoracic mass. 

Factors which reduce lung or rib cape compliance. or increase respiratory resistance (Rpul). or inertial 

forces will increase the internal work of respiration (W,,). 

Standing in air, man is exposed to pressure from the environment This pressure acts on all 
4 

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

wirh dtiulde renders detection of a vertical air pressure gradient over an upright man, a!most 

i m p e ~ ~ t i b l e . %  this mse all txxiy surfam 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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F v  1.1: R-espintory work ad the forces from which it a r k .  



Water density is about 770 tines Beater than that of air at level. Descent to a depth of only 

10 metres will double ambient pressure. Under these circumstances an immersed, upright man will% 

exposed to an appreciable preffme gradient f m  head to toe. A man 1.7m t a l  experiences a total body 

pressure p d i e n t  of 16.67kPa (170anH20)2. 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 produce respiratory perturbafions resulting in altered ventilatory .. 

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

et uf. 1979). 
*, 

Man adopts a variety of postures during recreational and commercial diving. 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 When receiving air at a pressure head equal 

to that of water at mouth level, there exists a hydrostatic pressure imbalance between the external 

thoracic pressure and mouth pressure. equivalent to about 2.45-2.94 kPa (25-35 crnH20), depending upon 

stature. This is physically similar to negative pressure breathing, which has been shown to reduce lung 

volumes and elevate airway resistance (Raw) (Ting et al. 1960a. Agostoni er d. 1966. and Bjurstedt er d. 

1980). 

* 
It has been consistently demonstrated dufing immersion. that the imposition of a vertical 

hydrostatic pressure gradient produces a translocation of peripheral blood to the thorax (Arborelius et el. 

1972, Farhi and L i ~ a r s s o n  1977, LOllgen er 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 (~rborel ius  et al. 1972a, Begin et d.1976. bllgen et d. 1980, and Hajduczok er al. 1984). 

The effect of this translocation, and mechanical compression of the thoracoabdominal region. is to reduce 

lung relaxation volumes and total respiratory compliance (Agostoni er d. 1966, Hong et al. 1969, 

McKema et d. 1973, Flym et d .  1975, and Craig and Dvorak 1975). These changes elevate elastic 

respiratory work. 

Upright immersion also produces volume-dependent increments in airway and pulmonary 

resisrance (Agostoni er d. 1966, Sterk 1970, 1973, Dahlb%Ck et d. 1979, b!lgen el uf. 1980). Such 

changes increase flow-resistive ventilatory work. 

' The Syst'eme Internationale 
One). 

- 
d'Unitts (SI units) are used throughout. this thesis (Appendix 



Commercial divers respire gas at mouth pressure whilst working upright, and thus will be required - - 

L - - - - - - 

to generate this additional elastic and flow-resistive work. At the very least, such increased effort wilP -- 
redumespiratory comfort and relative respiratory work efficiency (JJ1) ,  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 Statemenl ofthe problem. 

The general lack of experimental evidence concerning levels of respiratory work divers can 

tolerate, has resulted in the ventilatory requirements of underwater breathing apparatus remaining largely 

unspecified. Implications 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 required to return static respiratory 

mechanics to normal. Lung centroid (or thoracic centre of pressure) may be considered a spatial location - 

within the lungs, representing rhe mean hydrostatic pressure acting on the outside of the thorax. It is 

postulated that gas delivery at pressures approximating lung centrsid pressure will return respiratory 

work towards levels 

1.1 HYPOTHESES 

1.1.1 

whGh prevail in air. 

Upright, whole- body immersibn without compensation of air 
- -- 

supply pressure, produces a positive pressure shift of the total 
' 

respiratoq compliance curve, contributing to a reduced lung 

relaxation volume, and increased elastic work of breathing. 

- 
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 levek which exist in air, thereby reducing 



\ 
i inspiratory muscle work required to overcome respiratory 

-- 

elasticity. It is fk&er postulated thh  tbese work levels will be 
. - -  

equivalent to the inspiratory muscular work in air. 

Uncompmated upright immersion will elevate the pulmonary 

how-resistive work of breathing. The provision of air supplied at . 

lung centraid pressure, during upright immersion, will reduce 

pulmonary flow-resistive work of breathing during immersion, /' 
returning it towards values obtained in air. 

Increased internal elastic and flow-resistive pulmonary work, 

accompanying uncomphsated, upright immersion will cause 

respiratory discomfort during severe exercise and will limit 

physical power. It is hypothesised that provision of air at lung 

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

effort, (b) improve respiratory 

tolerate greater workloads. 

- - 

comfort, and (c) permit divers to 

@ 



The defitions and symbols used within this thesis were abstracted from the recommendations of 

Pappenheimer (1950). the International Union of Physidogical Scientists (Bartels et al. 1973). and the 

Am'erican College of Chest Physicians and the American Thoracic Society (1975Y. 

The lungs may be divided into four non-overlapping. primary companments. Summation provides total 
- - 

- lung capacity (Boren et a f .  1966). When volume is expressed per unit time, it becomes a measure of gas 

flow (v). 
1. Expiratory reserve volume (ERV): The volume of air which may be expired from the point of end 

tidal expiration to maximal expiration ('reserve air', Hutchinson 1846). 
-7 Z 

2. Inspinto-e volume (IRV): The volume of air which may be inspired from the point of end 

tidal inspiration to m a x i d  inspiration (Boren et a f .  1966). 

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

expiration (Day 1m. -a 

4. Tidal volume (vT):?he volume of gas expired or inspired during the respiratory 

air', Hutchinson 1846). 

1.2.2 Lrtng capacities. 
- - - - 

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

smdard lung capacities (Boren et al. 1966). 

1. Functional residual capacity (FRC): The volume of air rernairling within the lungs at the end of a 

normal expiration (Lundsgaard and Schierbeck 1923). lk = ERV + RV. 

2 .  lnspiratory capacity (IC): The voIume of air inspired from the point of end tidal expiration to - 
maximal inspiration ('complemental air'. Hutchinson 1846). IC = VT + IRV. 

3. Total ltmg capacity (TLC): The total volume of gas within the lungs at the end of a maximal 
sd 

inspiration. It  is composed of all four lung volumes (Boren et al. 1%6). 

4. Y h t  capacity (VC): ffie volume o&r expelled from the lungs during expiration, from the point 

of maximal inspiration to the p i n t  of maximal expiration (Hutchinson 1846). VC = ERV + IC. 

Reference atations have, where possible, been traced to primary sources. 

6 



1 J.3 Ventilatay variables. 
- -- 

? .- 
Ic 

1. Breathing frequency Cfb): The number of breaths per unit time (usually b.min- l )  (PaPpenheimer- ' 

2. Forced expired vol- (FEV): The volume of gas expired in a given time during the forced vital 

capacity manoeuvre (e.g. FEVLo) (Boren et al. 1966). 
2 

3. Forced vital capacity (FVC): The volume of gas expired during performance of thi vital capacity : 

'manoeuvIe using maximal expiratory effort (Boren et d. 1966). - 

4. a Maximal voluntary ventilation (M W): The maximal volume of air (per -ki t  time) that is . . 

- 4  b 
voluntarily breathed withoit extrinsic control of tidal volume or frequency of breathing. The xnn 

-. 

maximal breathing capacity is reserved for copqxmding values driven invoiunprily (e.g. exercise, 

or carbon dioxide driven) (Boren et 2. 1966). . 

1.1.4 Respiratory work. 

1. Work of brepthing(Wr&: Classidly physicists define work as a scalar product of the vectors force 

(Q and displacement (s). When a force applied to a body causes it to move in the direction of the 

force application, then work is performed on that body.  Thus: 

W =/Fads 

The product of Force (newons) and displacement (metres) has the meuic units of work: N.m (1J = 

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 c ros s - sec t ioWd (a;. 

Displacement may be substittlted by lung volume change (V) divided by the alveolar duct 
- -- 

cross-sectional area (a): 

- Substitution of the last two expressions into the first (and simplifying) provides a means for 

deriving the flow-resistive work of the respiratory pump: 

W,, = /PdV [units=N.m.:.m3 = N.m = Joule] 

ClassicaIly lung pressure is taken as dynamic transpulmonary pressure (pressure at the airway 

opening [moutu minus pleural pressure) and oesophageal pressure is used as an approximation of 

average pleural surface pressure. Ous 1964. Volume is obtained from respired gas measured at the 

mouth. This technique fails to account for flow-resistive ~ork~performed on h e  'tissues of the 

thorax and aTdomec which may a m u n t  for.about 25% of respiratory work during exercise (Opie 
'I 



% 

et d. 1959, Otis 1%4, Goldman et d. 1976), and the work of antagonist muscles opposing each 
- -- - 

other during breaWg (~ilic-~mili-et uf. 1981). Wres , derived using spontaneous 

pressme-volume relationships, is defined as work performed to o v e m ~ ~  airway and lmg tissue 

resistance. Under these'drcumstances Wres should more precisely be named pulmonary work 

(Wpd). This nomendamre has been adopted. 
- 

- 
Speific q irntory  work 9 power: Both work and power mag be expressed in absolute units, or 

\in terms alative to the volume of gas moved This later expression permi5 n o y s a t i o n  of data 

to account for intersubjecf intra-subject and inter-trial variations jn tidal volume. 
d 

Power (Wr& : A time derivative of the scalar quantity work, power is work performed per m t  

f .2J Respiratory pressures: & 

G 

All pressures are expressed relative to an anatomical or physical location by use of subscript 

abbreviations. Anatomical subscripts hclude: airway (aw). airway opening or mouth (ao), alveolar (ah). 

oesophagus (oes). gastric (ga), pleural (pl), lung (I), lung tissue (It), diaphragm (di), rib cage (rc), body 

surface (bs), total respiratory system (rs), chest wall (w) (which is a composite of the rib cage and 

abdomen (ab)) (Agostoni and Mead lW), uansthoracic (tth), and transpulmonary (tp) (Goldman et al. 

1976). These subscripts have also been used to describe thcxcgnponent3 of the work of breathing (e.g. 

W,,) and flow-resistance (e.g. Rid. Physical subscripts include: ambient pressure (A). 
- -- 

Pressures are measured statically (zero gas flow), quasi-statimlly or dynamically and have the 

respective subscripts 'd. 'q-s' and 'dyn'. Location subscripts follow measurement subscripts where both 

are present, and in such cases the former appears in parentheses (e.g 1 ) .  The following expressions 

define and display pressure inter-relationships. 

Pst.(w) = Pst(rc) = + Ptdi 

(Ifthc 2 b  cagc md abdomerr diaphrtigm operate in parallel while the diaphragm and abdomen operate 

in series ) 



Lung compliance (C) measures lung tissue capacity to be distended during inflation (tfwrtce = 1/C) : 

zft- 
(Radford 1964). Compliance may be measurcd&n s'btic (zero flow and zero volume a r c t l e r n t i ~ ,  

% 

quasistatic (slow flow or transient occlusion) and dynamic (flow and/or volume accel~raticm not qua1  to 

),he entire respiratory system (including lungsand chest wall e.g. CSL(&* Compliam m a y  bc dcnved a! 

any point along the pressure-volume curve; and is given by the curve slope: 

Dynamic compliance is the ratio of tidal volume to the pressure change between the rwo poinb of rcro 
' 

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

d 

1.2.7 Resistance. 

A h a y  resistance (Raw): The opposition Lo air rnovernenr created b$ friction. and rcsqting In the . 

loss of mechanical energy as heat To compensate for resistance. respiratory muscles perform more 

work to 'move a given gas volurne '. 
Pulmonary resistance (Rpul): Frictional resistance is also imposed 

itself (RlS. Pulmonary' resistance is the summation of airway and 

R p d  = Raw + Rlr 

by lung tissue moving a c r m  

lung tisstte restsmm. .o 

Respiratory resistance (R$: Frictional resistance is also imposed by the wall movcmcnt 

( R d .  Respiratory resistance is the sum of all resisuve forces expcnenced during breathing. 

Compliance measurements arc sensitjve to two variables: (a) lung v d w c  excu~surn 
immediately prior to measurement, and (b) ttle time taken to produce the volume change (i-c. 
static versus dynamic measurement). 

s L 

j Airway resistanoe will vary with lung volume and flow rate. 
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C H A m  2 - ---- 
D L T E R ! A T I O N  OF THE THORACIC CENTRE OF PRESSURE 

- Hiuorians accredit BecLer developing the" first helmet-hose diving apparatus in 1715 (Davis 1962). 

Augwu~s Sick initiated 'hard-hat' diving in 1837 with the ' c k d '  suit and vented helmet (Davis 1962): 

.&ding U, Haldanc (1907). the Siebe apparatus was till used by the Royal Navy in i907. A vent 4 
valve located on the helmet permjned divers to regulate the volume (and hence pressure) of air inside 

the suit With the valve fully  ope^ pressure a on a given body part equalled atmospheric pressure. 

plus Ifia~ of a water column equal to the diffe in depth between the M y  part and valve. Regions 

'below &e helmet were ar greater pressure. with the exception 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 apparatus, Haldane (1907) reported the first expekiments on the respiratory 

consequences anending &sparitis between air deliven pressure and external pressures. Attachment of a 

60rm tube at the.venr valve permined divers to regulate helmet pressure by positioning the tube end at 

various depths. With the valve I-lOcm above the helmet'ventilation became almost impossible. due to 

an mspiratory limitation. increasing vaive depth progressively reduced respirator). effort RespiraAon 
> 

was easiest with the valve a; shwldefievel (deeper depths resulted in excecs helmet lift and loss of 

Head-out. or whole%ody. upright immersion results in an elevation of external thoracic pressure 

relative to alveolar pressure. Thus alveolar pressure (PA,) becomes negative relative to the hydrostatic 

rorces acting on the t h o r a ~  abdomen and legs Furthermore, the r~ultan~uansrespiratory prcssurc 

( P d  is not equally disuibuted over the thorax, as in air (Figure 2.1). Resting thoracic volumcs. which 

determine respiratory mechanics. are regulated by lung and chest wall elasticity, transrespiratory pressure 
b' 

gradicnrs. gravity, intrathoracic blood volume and pressure differences between parietal and visceral 

pleural arculamn (Rahn el d. 1946, Fenn 1951. Agostoni and Mead 1964. hiead and Agostoni 1564. Otis 

1961. Aportoni 1972. Miserocchi ef d. 1981. Denison 1983). ~ ~ r i ~ z i m m e r s i o n  has been shown to 

a d w s e l y  ailei respira to~ mechanics (Paton and Sand 1947. Hong &. 1960. Janett 1965. Agostoni 

er al. 1966. Hong et al. 1969,Craig and Dvorak 1975. Flynn et d. 1975, Dahlbck 1975. 1978, Prefaut 

' er d. 1979. Minh el d. 1979, Lijllgen et a/. 1980). Such mechanical perturbations explain the breathing 

difficulty experienced by the divers in Haldane's 11907) study. 



Figure 21: H p t k t M  LydradPtic lad trusrerphtory pressmes dming wholebody, upright 
immesh If a man L74m all is immersed uprighg he will experience a ,vertical hydrostatic 
p m m c  gradient fmm head to tot, of approximately 17kPa. Over the thorax there will exist 
a negative wsmphmy prcsurc, which bccumes-more negative with increased depth, 



r ,- . 

-- - - 

Paton and Sand (1947) introduced the terms eupnaeic and centraid pressure to describe the ideal 

gas delivery pressure. They defined ekpnoeic pressure as the air supply pressure producing greatest - 

respiratory comfort d equated it with the pressure evenly diffused in the lungs. which matched the Y 
mean of the external hydrostatic pressure gradient The difference between air supply pressure and 

. - 

eupmic  and/or lung centroid pr&el r e f E 6  the hydrostatic imbalance between Palv and me& 
h P 

thoracic surface pressure (Figure 2.1). = ;- 
-- 

J e n  (1965) extended the concept of thoracic cenne of pressure. or lung centraid pressure. by 

recognising that it is moved by the phase of respiration and by the posture adopted Because lungs lack 

radial symmetry, and bemuse they behave as flaccid balloons within a semi-rigid conraiper. the thorax 

onnot possess cenuosymmeuy (a fixed centraid toms), and thus, the centroid is applicible'only to the ' ' - 

posture and respiratory phase from which it was derived. 
i. 

During upright immersion, the negative transrespiratory pressure dmuntered means that divers 

are faced with a breathing pressure imbalance. The prehure acting on the thorax is greater than Palv. If 

the magnitude of this imbalance is known, underwater breathing apparatus may be modified to enable 

provision of air at slightly 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 the second stage regulator, which is usually hitioned at mouth depth. Hydrostatic 

imbalance between centraid pressure and the pressure at mouth level, iyurred -- by this apparatus, may be 

J minirnised by supply of air at positive pressure, relative to mouth press re. 

In upright immersion, Paton and Sand (1947) reported subject preference for delivery pressures 

more positive than eupnwic pressure rather than more negative. Subsequent investigators reported 

restoration of normal lung mechanics during immersion by use of poiitive mouth pressures (Beckman 

er al. 1961, Flgn et al. 1975, Thalmann et al. 1979). In accordance with these observations, and the 

works of Paton and Sand (1947). and Jaw& (1965). lung centraid pressure ( P L ~ )  is defined. in this 

thesis, as the-pressure required to rerum the immersed thoracic relaxation volumc to levels which exist in 

air. When immersed,uprighr delivep of air at PLC represents a positive pressure at the mouth, - with a 

Centroid is a term used in physics a,nd mathematics to describe the cenue o i  an area, 
' 

volume, inertia or mass. 

: Chapter One 



-- 
progressive decline qf pressm padient moving upstream 10 the aheoli Apical a L ~ e o l i w i l _ b e a n d e r ~ ~ ~  

very slight positive txamespiratory pressure ( P d ,  if the is located above PLC depth. , 

while alveoli will experience a slightly negative Pm 
- 

- 

Three methods have previously ban employed - to derive PK : (1) subjective pressure selectibn by - 

immersed divers (i.e. eupnoeic pressure), (2) immersion with airway occludedat the relaxation volume 

obtained in air, to measure the change in Pdv (non-steady state measyement), and (3) analysis of static 

respiratory pressurevolume relaxation curves for air and immersed states, to measure pressure change at 
3 

the respiratory relaxation volume (VR). 

Using the psychophysical method of limits, Paton and Sand (1947) asked subjects to determine 

eupnwic pressures at various depths and orientations. ). One would expect eupnoeic a?d PK to be 

equivalent since greatest mmfon should minGde with greatest respiratory mechanical eefciency. 

However, the authors reported mean vertical, supine and prone eupnwic pressures of 8.73kl.lcm below 
i 

the auditory meatus (abve the thorax), about 1 b  and 10i3.5cm dorsal to the sternal notch4 . 
respectively. . 

7 

Paton and Sand (1947) suggestehoral sensarion dictated pressure selection to some degree. that 

immersion elevated the lung's cenue Of volume, and that thoracic compression rnay elevate chest recoil 
-- and pleural pressure (Ppfi. If the resting thoracic volume is dete LI ned by the algebraic sum of chest 

wall and lung recoils. then the relaxarion pressure (PR) of the respiratory system may be expressed as the 
bb 

difference between internal and external expansive and compressive forces. Paton and Sand (1947) 
9 

suggested that an increase in chest recoil and Ppl ( i.e. Ppl becomes less negative) with immersion, will 

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 plane was subsequently verified (Hong et ol. 19&, Jarrett 

1%5, Craig and Dvorak 1975). however. it appears implausible that the upright lung centrdd would be 

lccated a b v e  the thorax. Jarrett (l%5) proposed that this rnay have been created by additional muscular 

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

! Eupnneic pnsswe was measured in the units: cmH,O (IcmH,O = 0.09803kPa). Su 
measurements equal the hydrostatic pressure at a given water depth (in centirneucs $" thus it 
is mvenient to express boib W L K ~  and PLC as a water depth, relative to the ambient 
pressure at an anatomicat reference point which has a well defined relation to the chest 

' Also known as: supra-sternal rtbrcb, sternal angle, jugular notch or interdavicular notch. 



and ~ & y  (1967) suggested that large transpharyngeal pressures would produce local discomfort before 

PL- was reached, and subjects would &nsequently select pressum below PK. 

. Thompson and McCally (1967) subsequently used facial and pharangeal counter-pressure in a - - 

replication of the Paton aad Sand (1947) study, tb further investigate the problem They found eupnoeic 

pressure was '&m H,O (0.78 kPa) greater with, than without pharangeal counter-pressure. With facial 

counter-pressure, mean eupmic pressure was stilI only 4.Ok8.6cm below the sternal notch. though 

subject variability was high (range = -5 to + 2 h ) .  It is concluded by the current author that eupnoeic 

techniques are inadequate to provide an accurate appreciation of the upright PLC. possibly because the 

poor kinesthetic sensation of the lung tissue makes it dificult to detect changes in Palv 

Hong et uf. (1960, 1969) implemented non-steady state determinations of PC. L1t was postulated 
\ \ ' 

that Pdv. during airway occlusion at a known thoracic relaxation volume, would be elevded as the body 

was lowered into the water. The elevation magnitude would be proportional to the mean external 

thoracic pressure gradient ( i.e. PK ). They reported an average Palv rise of 0.84kPa (8.6cm H,O). 

relative to atmospheric pressure (PA). This was half rhe pressure chhge observed following several 

minutes at the same"immersion depth. The disaepency was anributed to involuntary maintenance of 

inspiratory muscle tone by.the subjects. It is also possible that transient glottal closure prevented the true 

Palv from being recorded. - - 

Minh et al. (1977) determined FRC (N, washout technique) in upright anaesthetised dogs in air. 

The airway was occl~ided and the dogs were immediately immersed upright to the midneck level while. 

Palv was monitored (relative to PA). PK was 3.18 f 0.12 kPa (32.4f1.2 crnH,O)'. These data. showing a 

much greater increase in Palv during immr.mir?n when inspiratory muscles are anaesthetised, support the 

inadequaG of the non-steady state technique for derivatibn of PLC in non-anaesthetised subjeca. The 

relevance of this PK to human studies is unknown. It must be noted that centroid depm is not able LO 

be expressed relative to the sternal notch. Because PC was determined relative to PA . cenrruid depth 

can onlv be expressed relative to the water surface ( i.e. at some mid-neck point). Lung centroid in-these 
-- 

d ~ g s  must have been locared about 32cm below mid-neck level. 

Janen (1,965) attempted PK measurement from respiratory pressure-volume relaxation curves, 

otrtained in air and tmderwater. S n t j m  (N = 3) Performed static inspiratmy manoeuvres dtrring 

The investigations of Hong et al. (1960, 1969). Craig and Dvorak (1975) and Minh ef d. 
(1977) did not specifically address the issue of PC measurement Howeyer, they did obtain 
data from which PK could be obtained 



h e a b u t ,  upright and kpine postures Lung relaxation volumes were derived from upright control 
- ---- 

&es obtained in air. PE was obtained by computing regression equations for a l v e ~ ~ p r e s s u r e  as a 

function of lung volume for head-out immersed subjects, and calculating the air pressure required to 

reproduce the upright control relaxation volumes-(VR). Thus Jarrett (1965) obtained a pressure shift of 

the control VR along the pressure axisb (Figure 2.2). 

Classical description of the respiratory compliance curves was first provided by Rahn et uf. (1946). 

The total respiratory curves r e p p n t  a combination of lung tissue and chest wall p r ~ v o l u m e  

characteristics. Static pressure exerted by the total respiratory system equals the sum of lung and chest 

wall static recoil pressures ( i.e. Pst(rs) = Pst(l) + P The mechanical zero of the system (which 

corresponds with the respiratory VR) falls between the relaxation volumes of the lung and chest. &e ~ 

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 chest wall stiffness. The @per asymptote is due to attainment of near lung expansion. 

Conventionally such curves are reported with pressure on the abcissa, 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 increments8. Elastance is the inverse of compliance and describes 

resistance to distention. 

From analysis of total respiratory compliance curves. Jarren (1965) found PLC to be 19cm inferior 

and 7cm dorsal to the sternal notch. These r e &  have been used for a variety of applications by 

numerous investigators (Thompson and McCally 1966,1967,'Sterk 1970 973, Craig and Dvorak 1975. 
b 

Minh et d. 1977.1979. Sawka et aI. 1978. Milne and Momson 1979, C e l m  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 P x  measurement. 

Several investigators (Table 2.1) have produced data permitting the calculation of PK. 

Inconsistencies between protocols render some of the data contradictory to an upright P x  of 19cm . 

below the sternal notch. as reported by Jarren (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. 



Figure 2.2: DkpLcement of mpintoq relaxation voiame along prrollre pxb during head-out, 
- 

iprigbt htme&m [Redrawn from Jarrett 1965. Curvs represent mean values for three 
subjects]. 

I 



- -  
'5 

supportive of Jarrett's observations. The major inconsistency is the use of different-anatomid 
- 

-- 

references. Lung centraid may only be referenced to an anatomical swcture if~anspulmonary pressures _ 
are expressed relative to the ambient presswe at that point' Most studies subsequent to Jarrett (1965) 

report isovolume, compliance curve shifts relative to PA. Since various immersion depths have been 

investigated, lung centraid pressure may be referenced only to the water surface, and hence the 

anatomical site at that level. This point has been overlooked by most authors. In order to allow cross 
j' 

study comparisons, 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). 

Reanalysis of the adjusted data from Table 2.1 permits computation of a weighted average lung 

centroid (according to subject numbers) relative to the sternal notch. Centroids averaged 12.7cm and 

7.8m for upright and horizontal positions respectively (eupmeic data 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 reevaluate lung centroid position in the erect (seated) and 

prone postures using the isovolume, compliance curve technique used by Jarren (1965). The latter 

posmre was chosen since it represents swimming posture, while the fonnet (within constraints of the 

diving chamber) best represents the posture of a working commercial diver. A sample size of 20 was 
f 

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

possible benefits of gas delivery at pressures approximating PLC. 
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Twenty male nowsmokers (including 13 divers), screened by quptionnaire for normal lung , 
function history, participated in this investigation. All received subject information packages and signed 

informed consent releases. 
1 

Subjects were reqMred to perform a series of static pressure-volume relaxation &oeuv~es over 

the volume range From residual volume (RV) to total lung capacity (TLC): Commencing with a 

relaxation at RV, subjects slowly inspired a variable volume of air, as determined by the experimenter. 
L 

then relaxed for four to six seconds with the glottis open, against an occluded airway. Trials were 

performed upright and horizontal in air (control), and while totally immersed. Subjects unable to provide 

reproducible static pressure-volume curves in air were excluded and replaced. Twenty-nine subjects a 

were tested before twenty suitable subjects were identified. 

2. I .2 Apparatus 

Lung volumes were measured using a pneumotachograph (Fleisch #4) coupled with a differential 

pressure transducer (Validyne DP103 + 0.25kPa ). Alveolar pressure was measured at the mouth, with 

the airway occluded and glottis open, using a differential pressure transducer (S.E 1150 f 6.2kPa ). 
-- - 

Output from both transducers was amplified (S.E 423/1E amplifier demodulator), flow signals 

were low pass filtered at 5Hz (Rockland model 432 dual highllow filter), andboth signals passed to an 

IBM(PC), via an analog/digital convener (Tecmar Labpac), for storage. Data were sampled at 50%. 

* McCall et al. (1957) demonstrated the peak frequency content of tidal volume and vital capacity 
m 

manoeuvres to be 3.5 and 4Hz respectively. According to sampfing theorem (Berson 19 0). 5OHz f- 
sampling results in minimal signal distonion and information loss. 

- \ 
System iinearity was evaluated ' using a U-tube water manometer in parallel with the mouth - 

pressure uansducer. A step series of knom pressure% (H.02kPa) was applied to the system over the 

Since it was crucial to know the system response "(i.e. from uansducer to computer), and 
since system components act in series (causing system amplitude response to be the product 
of mponent responses - Fry lw), it was decided to evaluate the complete system, rather 
than linearity of separate amponents. 



- 
range - 5.9kPa to +4.9kPa This range was deemed to include moulh pressures antidpatedduria&st&c 

pressure-volume relaxation manoeuvres. The system was linear (r >0.999), and re-ed-so throughout 
% * 

the investigation. 

Accuracy of volume and pressure m-ement was confirmed by repeated application of known 

volumes and pressures to each system. The standard error for dry volumes was 0.007 litres (usin 

litre syringe injector as a standard). and for immersed volumes it was 0.016 1- (using 5.921 litre syringe 

standard). Five pressure standards were used (-1.96. -0.98. 0. +0.98. +1.96kPa (-20. -10.0. +lo. 

+20cmH,O)). Pressures standards were _ahlied with an accuracy of i0.02kPa (f0.2cmH20). Standard 

errors for the five pressure standards were 0.006. 0.008,0.005.0.~5, ~ . O O S L P ~  respecivelp. 

Volumes were calculated by integration of flow signals with respect to time. System validation 

included all components between the pneurnotachograph and integration routines. Integrated vojumes 

displayed a non-systernatitqnance with flow rate (i = 1.004+0.042 litres), when a one live standard was 

passed through the pneumotachograph at flow rates between 2 0 4  1.min ' 

Immersion trials were performed in the wet chamber of a hypo-hyperbaric chamber complex able 

to simulate depths to 3Mhn with temperature and humidity control. Water temperature was regulated to 

34.6k0.4OC by a thermostatically conrrolled heat exchanger. This necessitated the use of long pressure 
v 

probes to connect the pneumotachograph to its differential pressure transducer. evaluate the effects ( 
of probe length q o n  volume measurement, trials were performed using known volume standards (0.961 

liues) and different probe lengths (0.415. 1.600 and 3.350 meveslO). Increasing probe length resulted in a 
_/- 

systematic but non-significant increment in the integrated volume measurement (0.966r0.034. 

0.971f0.004, and 0.978f0.007 liues respectively). representing 0.52% 1.04% and 1.77% above syringe 

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

During the immersion nials the pneumotachograph was kept above water. Preliminary trials 

r&ealed leakage around the mouth, causing wlusion of the H e m h  tubes when the latter were below 

mouth level. Since both subjects and the air supply were immersed (the latter to the depth of the sternal 

notch), lengths of low resistance tubing were used to link same to h e  pneumotachograph (Figure 2.3). -- 

At either end of this tubing were Mares (MR 12 111) regdators connected to compressed air storage 

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

l o  Probe lengths corresponded with: the shortest possible 'probe length, the probe lehgth for 
dry trials, and the probe length for immersion uials, respectively. 



p m t  compensator 

regulator 2 regulator 1 

Figure 2 3  Scbematir of rppurtm for static pmsnremhrme m e  mewarm& during 
fmmerstan 



permitted the elperimenter to mnt?ol airflow through the pnewnotacKognpli. jiiiiffmwlikh rcguht~~ . 
- 

- - the subject breathed Subjects were instructed on how to operate the taps to obtain air on demand if 
- 

required. y / 

Regulator 1 was positioned at sternal notch depth (upright trials). or in the sternal plane (prone 

trials), and provided air at that hydrostatic pressure. This ppvented excessive negative pressure 

breathing during immersion- This regulator was used only during pressurevolume manoeuvres, because 

of the large dead space between it and the subject (approximately 2 liues). and to avoid condcnsauon in 

the uniReated pneurnotachograph, created by rebreathing. Tap 1 remained closed except during trials. 
- 

The second regulator served three purposes: 

(1) it provided an easily accessibli emergency air supply to subjects. r 

(2) it permitted subjects to breathe comfonably below the water between trials, increasing heir ability to 

reproduce relaxation pressures, and 

(3) it obviated rebreathing through the pneumotachograph. 

For control experiments in air, a small length of - low resistance tubing (volume = 0.365 Iiues) 

connected subjects directly to the pneumothchograph. All other tubing was disconnected. bur up 1 

remained. In each set-up there e-d a volume of air between the subjeirgnd tap 1 (1.591 liue and 
a 

0.950 iitres - immersion and conuol respectively). Lung volumes were corrected for gas expansion 

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

Nme subjects took part in p r e l i m i w  immersion vials using this apparatus: Subjects wort Q 

- - 

swimming goggler, a ti$tly fining neoprene diving hood-(n, compress b e  cheeks) 2nd a nose clip. 
r + 

Hands were used ro support cheeks in both control and immersion trials. Data revealed marked 

divergence from the results obtained by Jarren (1965). yet pressure-volume curves were highl! 

w 
~ - reproducible. Janen 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 pressurr 

compensated diving hood. 
0 

From this point all 20 subjects performed immersion vials using a Kirby-Morgan band mask , 

(U.S. Divers) (Figure 2.4). A small pressure line connected .regulator 2 directly witb the atr spce inside 

rhe hodd and presswised the latte~ to the pressure at the depth of rhe regulator. Both regulatok were 

maintained in the same hofizontal plane at the level of the sternal notch (or sternum). pressurising cheeks 





to reduce bulging at high relaxation vdumes Sinte the pressure fine by-+ tap 2; mask pressure was- 

corwaatly maintained The howl provided strong rubber strappings to maintain its position during 

immersim These faciliated mouthpiece stability. as it was impossible to physically eject the mouthpiye 
- 

C 

when mapped in position. Subjects wore a noseclip inside the hood to prevent air losses. - 

During all trials a U-tube water manometer was c o ~ e c t e d  in p a d e l  with the mouth presswe 

mmiucer. enabling the experimenter to determine when a stable relaxation pressure was attainedH. 

Preliminary immersion trials prduced relaxation pressures beyorid tlre differential pressure 

mnsducer capacity. To bring p r m u r a  back*into range a pressure compensator (Figure 2.3f.which - 

a+lied a pressure of about O.lSkPa, was amnected 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 : 
1 

to a defined anatomical point, relaxation pressures were expressed relarye to the hydrosdtic pressure at 

the superior border of the rnanubrium (sternal notch). Prone relaxation pressures were expressed relaiivc 

to pressure at the sternal plane (a horizontal line through the anterior sternal border). G 

2.1.3 Calibration 

(- Calibration was performed daily, or more frequently if the apparatus was shut down between 

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

performed at zero and +4.9kPa (+SDcmH,O) using a water manometer (M.02Pa (+0.2cmH,O)). utilising 

previously confirmed system linearity. 
#' 

Flow calibration was camed out with apparatus in sifu preceding trials.'' For control 

of six syringe volumes of O.%1 liues were passed through the pneumotachograph at various flow rates. 

Integrated flow was averaged and matched against volume standards. Immersion trial calibration could - 
i 

not be performed in this manner. With regulator2 submerged, it was found that calibration by pumping 

syringe volumes at regularor pressGre produced erroneous volumes. Finucane et al. (1972) demonstrated 

that geometry change of tubing upstream from the pneumotachograph had a marked affect upon the 

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

" Relaxation .upas defined as the absence of inspiratory muscle tone. Since diaphragmatic 
andlor intercostal e l e c n o m ~ ~  were not taken, relaxation became a subjectively derived 
state. The experimenter could determine relaxation stability from-manometer movement 



fully assembled, by employing a single iuspiritory calibration stroke with a large -- -- syringe - P- (5.921 litres)12. 

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

regdam depth on calibmb data. and calibration data obtained witfi the appktus immepxi was now 
5 .  

equivalent to control calibrations 

- 
Subjects performed static respiratory pressurevolume manoeuvres ,between RV and TLC. ~ o l u m d  

increments were inspiratory, and random in size. At each volume, subjects relaxed totally. with the donis 

open, against an occluded ainvay. Relaxation pauses lasted f w  to six seconds. Pressures and volumes 

were r-ded for each volume increment Trials were performed in air (control) and during immersion, 

wing erect (seated) and horizontal postures. 

Static pressure-volume manoeuvres were performed in the inspiratory direction to: (a) reproduce 

protocols of earlier researchers (Jarrett 1965. McKenna et d. 1973). (b) to avoid condensation within the 

pneurnotachograph, and (c) to facilitate use of a regulator to redudthe effect of negative pressure 

breathing during immersion 

Integration of respirator)- flow was adopted rather than the inspiration of a known volume from a 

spirometer, as used by Jarren (1%5) and McKenna et id. (1973). This provided the capacity for subjects 

to inspire different volumes on successive uials, 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 

reproducibility till trials were completed, however, it pos several advantages over the former T 
technique: 

(1) pressure-volume reproducibility was verified by total curve consistency. with random volume i 
/ 

variations along the curve providing a more acute apprsciation of its m e  shape; 

(2) the experimenter could regulate inspired volumes to provide data argven points - this was 
I 

- particularly important in-determining pressures around the relaxation volume (VR); 

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

Constmi inspired volumes may have inducrdlhe reproduction of a previously learned relaxation / 
pressure, which may, or ma1 not, be the true refaxation pressure; / 

l :  The calibration pumping error resulted in overestimation of lung volumes during Ws due 
to an underatimation of flow during ca!ihtion 



(4) the procedure was technically easier to perform; and 
- - -- -- 

(5) the exprimenter uias unable to bias subject perfo-ct. since he had no knovlfedee of results. 
.* - . - 

Subject mining c-s* of four phases:(l) verbal dscription of the task and methods of - - 
obtaining glottal con& and &Itidpaled curve shape; (2) pranice at volume (RV) 

and total lung capaaty (TLC) relaxation pressures using visual 
.- L 

- pranice at performing h i r a t i o n s  and relarations with visual feej)back: and (4) practice performing 

small inspirations and a lua t ions  without visual feedback. ho&cssion through the stages was controlled 
i - 

by ~the!subjcct's capacity to consistently reproduce RV and TLC relaxation pressures, and t i  consistently 
i 

provide step increments in relaxation pressure without backward pressure movements. Subjects passed all 

stages prior to*romrnencing the trials in air: PrW&ion varied between subjects (25-90min). and some 

preferred not to use visual feedback ". The four phases were repeated preceding immersion uials. but 

only a few subjects required pr;?ctice at phase two. 

Agostoni and Mead (1964) stated one in three people were g a d  relaxers duhne the static ' 

pressure-volume manoeuvre. In the presenr study 29 were initially tested to provide 20 successful 

subjects. Present success was attributed to non-random subject selection designed lo provide a high 

number of divers. Many current subjects had previously panicipated in other experiments, were 

comfonable in experimental situations and found i t  easy to relax. Subjects were rejected for failure in 

any of the four preliminary phases. 

Trials were preceded by 3-5 rapid breaths. at slightly larger than normal tidal volumes, to lower 

blood tension and. reduce respirator) drive. m r e e  normal tidal volume breaths followed this 

rachypne. to remove volume history influences on compliance (Ferris and Pollard 1960). Expiration to 

R V  followed. During immersion. -sition LO R V  was determined by rapid air expulsion from regulator 

2, and RV attainment by cessation of bubbles from this regulator. At R V  subjects were isolated from 

atmospheric air by dosing tap 1 (conuol trials) or from regulator 2 by closing tap 2 (immersion). On 

verbal command (head laps during immersion) subjecrs gently inspired when tap 1 was opened and 

relaxed when it closed. To prevent large inspirations subjects were uainedm resist inflow at low - 

reiaxationvolumes. Inspiration was continued until subjects=felt the tap c l w .  ai which point they 

relaxed To prevenr accidental gas loss, tap 1 was not opened till the experimenrer observed 

commencement of inspirator). effort (change in manometer pressure). Using this sequence. subjects were f 
l 3  11 was found that s u b j m  with excellent gloual conml were those with- previously , 

I 

developed moror skills (e.g. singing and wind instrument playing). - 
a 



able to provide 5-10 pressure-vdume fidds between RV and T E .  Trials were repeared3=Ttimestcr 

, provide adequate data. Unsatisfactory trials were peated. An electronic trigger was activiated .at each 

relaxation p i n t  and recorded on a separate corrputer channel to identify points of re1a"xation. 

Subjects performed trials in two posnlr. s (seated upright and horizontal) in air and immersed. 

Seated trials took place on the same -th - the back held vertical and hips flexed at '90'. Horizontal 

control trials in air were performed supine to avoid thoracic compression effects upon mhpliance. 

Horizontal immersion trials were completed with the subjects prone, and with the regulator in the s t e d  

plane. This produced a situation where subjects were e x p d  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 

pressurevolume curves were generally not as reproducible as prone data. 

To reduce buoyancy. sibjects placed a weight belt over the thighs while sitting, and buttocks while 

prone. The experimenter held their head position constant during mals. This reduced, but did not 

prevent the chest from rising at high lung volumes. Attempts to secure the chest were deemed unethical 

and not conducive'to measurement of respiratory compliance. 
L - - -- 

At the co-ent of immersion mals, submersion depths of the stemil notch (upright) and 
I 

sternal plane (prone) were carefully checked and recorded. Regulators were then positioned at that 

depth. 

2. f J CdcuCalions 

Pressure measuremenis represented differential pressures between alveolar (measured at the 

mouth) and atmospheric (control). or atmospheric plus compensator pressure (immersion trials). During 

air n i a l s  the entire body was at atmospheric pressure, but during immersion a vertical pressure gradient 

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

Computer programmes were 

relaxation markers, the programme 

written to perform calculations. Using the electronic trigger points as 

integrated flow between consecutive markers, and determined 
I 



pp 

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: 

Prneasured = Pmouth - Pcomp 

where: 

Pmouth = mouth pressure. - 
Pcomp = compensator pressure. 

Both pressures are measured relative to atmospheric pressure (PA). 

Equation 1 

pressure required = Pmouth - Psternal : Equation 2 

where: 

Psternal = pressure at sternal notch depth. 
/- 

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

Prnouth - Psternal = (Prnouth - 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 

-effects using the Boyle-Mariotte La!!.. - 

P,Vi  = constant C Equation 5 

If V: represem integrated volume, and V2 represents the actual lung volume at alveolar pressure. 



where: *.* + 

P, =atmospheric + regulator pressure; 

P, = atmospheric + 'Prnouth. 

Alveolar air is d' mpressed and decompressed by changes in ambient and alveolar pressure. 

Apparatus dead space (VD) stores compressed gas and returns gas to the lungs during decompression, 

thus VD 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: 

(PA + Pmouth) 
Equation 7 

Integrated volumes were then corrected to BTPS (equation 8). Pressure corrections included 

allowance for absolute pressure at anatomical reference sites, 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 inspired flow 

integration. 

(PA + Pmouth + Psternal - PH,o) V, . 310 
V, BTPS = 

f i  (PA + Prnouth - 47.1) (273 + TA) . 
k'w 

Equation 8 

Q Q 

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

to the following criteria: (a) false positivehegative 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 compliance curve shape ( e.g. pressure fluctuations z0.49kPa (ScmH20) 

from mean curve), and (c) points of poor relaxation (as determined by curve anaiy'sis). Care was taken to 

avoid unnecewry exclusion of pressure-volume data point since Henry (1949) showed measufement - 



- pppp 

- 
error to be inversdy proportional to the square root of the measusement numbers used to derive a score. 

Data averaged from many observations possesses smaller error. Random error dictates that points will 

disperse about the tnce value. Influsion of this dispersion algebraically reduces measurement error while 

providing a more acute appreciation of the tme value, which always possesses some uncertainty (Beers - - 
1957). 

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

general form: 

Equation 9 

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

convention dictatesthat independent variables appear on the abcissa. Static pressuKe is dependent upon 

lung volume, thus analysis was performed with volume as the independent. and pressure as the 

dependent variable. 

Curves from upright and prone postures during control and immersion trials were separately 
a 

/ 

- 

analysed using orthogonal polynomials to derive the least squares curve fit of independent to'dependent 

variables. Coefficients of each regression equation were entered into three analysis programmes written 

for this investigation. The first enabIed numeric solution of the regression equation to derive lung 

volume at zero pressure14 ( i.e. VR). The second differentiated the equation to provide respiratory 

elastance15, compliance, and static volume and pressure at increments of 1% of vital capacity (VC), over 

the volume range from residual volume (RV) to total lung capacity (TLC). The third programme 

integrated pressure with respect to volume, thus providing respiratory elastic workI6 over a given volume 

range. 

l4 Transcendental equations cannot be resolved analytically since x cannot be isolated. A value 
of x (volume) may only be attained numerically. Solution accuracy was set at +lmI. which 
was beyond the capacity of the measurement system, but was deemed appropriate (Kuo 1972). 

l5  Differentiation provides a measure of curve slope (i.e. dy/dx or &/A') which is 
respiratory elastance. When drawn according to physiological convention (pressure on abcissa). 
curve slope equals respiratory compliance. 

l 6  Area below the pressurevolume curve has the dimension of work (Chapter One). 



Llmg c e n t r d  pressure was determined from isovolume (VR) pressurevdume curve - -- 

displacements, measured between control and immersed curves, along the pressure axis Pressure data 

were differential p r h e s  between Palv and locaj pressure at the sternal notch. If pressure is expressed 

in imperial units (anH1O), one may represent lung centraid as a vertical displacement below the sternal 

notch (upright immersion), or above the sternal plane (prone immersion), since these distanps equate 

with the pressure 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 been4txated on the lower bend of the curve, at which a 

point curve shifts may not have been parallel. Use of mid-curve isovolumes ensued 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 PLC that was relevant to a greater range of lung'volumes. Expressing PK 

relative to the upright control VR provides a measure of the pressure required from the breathing 

apparatus to return respiratpry mechanics to operating dimensions and pressures experienced under 

normal ambient conditions at sea level. 
- 

No previous work has investigated the prone lung centrdd pressure. To facilitate comparability 

with the literature, prone Palv was also expressed relative to the spinous process depth opposite a 

mid-sternal point This was accomplished post hoc using anterior-postericr chest dimensions. These 
- 

- data were taken as approximating the supine observations of others (Paton and Sand 1947, Hong et al. 

1960. Jarrett 1965, Craig and Dvorak 1975). 
- - ~  - L  

~- - 

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 priwi levels -. 
of significance set at a probability of 0.05. Where significant changes were not observed, computations of 

statistical power were performed Statistical power (0) is defined as the probability of correctly accepting 
_j 

an experimental hypothesis (Keppel 1973, Gehring i978). 



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 , 

satisfactory pr&ure-~olurne data during immersion, in either the upright or prone postures. These 

subjects have been excluded from all data reported. l7 
\ 

2.2.2 Pressure- vdume curves obtiu'ned in air. . 

Pressure-volume curves in air were constructed from an average of 28 (f 8) data points. 'over the*. 

volume range from residual volurne (RV) to total lung capacity (TLC). Typical curves are illusuated in 

Figure 2.5 ll. Data points on these curves refleca relaxation pressure-volupe curve reproducibility. 

Total respiratory compliance for each subject, iri upright and supine postures (when measured 

relative to upright relaxation volume) were within expected normal rangesx9 (Table 2.3). Adopting a 

su?ine posture tqnslocated compliance curves rightward along the pressure axis (Table 2.3), producing a 

mean pressure increase of 0.67kPa (SEM=0.08kPa20) at a volume equal to the upright relaxation 

vo"lume2' (Figure 2.6). 

When computed over one litre above the upright VR, compliance systematically increased from 

f.84 1.kPa-I (SEM=0.17) in the upright position, to 2.12 1.kPa-I (SEM=0.18) while supine (Table 2.3. 

p4.05). Such an increment serves to verify technique validity, since Agostoni and Mead (1964) have 

shown supine postures to reduce graviatiod effects upon the chest wall, facilitating easier expansion. I t  
1 

was coocluded that upright and control data were reproducible and valid measures of total respirator& 

compliance. A 

'* Subject numbers allocated in Table 2.2 remain consistent throughout this chapter. 
- 

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

I' Normal total - respiratory compliances fall in the range 0.9 - 4.0 1.kPa-' (Cotes 1979). 

= mean, SEA4 = standard enor of the mean. 

? '  This volume corresponds to FRC, and is defined as the volume achieved' during total 
rela~sltloIl with ttte glottis and airway open 
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Figure 25: Represent?tive total respiratory o p r ~ e - v o h m r e  c p e s  obtained 
supine m air. .a 

while 



Table 2.3: Total respiratory compliance for subjects upright and supine in air. 

SUBJE€T Upright Supine L Supine Curve 
C 

compliance compliance B compliance A shift 
* 

- 
x 1.84 0.93 2.12 0.67 
SEM 0.17 . 0.12 0.18 0.08 

Comphance units = {W-'. 
Upright and supine compliance A (column 4) were obtained throughout a range of 1 liue 
from @right 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 &Pa) 
represent positive, isovdume displacement of the supjne curve relative to the upright curve 

c dong p r c s w  axis (meawed at upright control relaauon vdume) due to posnual change- - - -  - 



-4.0 - 3 .  -2.0 -1.0 0.0 1.0 2i0 3;0 , 4:0 

Pressure kPa 



TLC Campltupct curves proved highl) reproducible (Figure 2.7). indiatiag subjectively consistent . - - . . 
ttlsuurm. Rspirator). aoniptiana (crwnputeb over one liuc from antrol. upright VR) systematically 

t 
t m d  whik uprigh~ and krwsed while prone (Table 2.4). Ehxenm were non-significanr 

(upright: 1.98 LkPa ' (SEM = 0.261 in air versus 2.1 2 1.kPa- (SEM = 0.24) immersed; and h zontal: T 
2-15 LkPa '/SW = 0.33) In air versus 1.83 1-kPa ' (SEM .t 0.28) immersed; p>O.OS. 0 = 0.56 and 0.55 

iespcuvrlf2$). Fipurs 28 show imeased upright ampliarye. which m y  be due m inspintory muscle 

mc, prcwnting aruknnrnt of an apppiirrre positive relaxation pressure in the upright posture. Prone 

relaration pressures wouid m d  to &came more negative underwater (relative to sternal plane). thus 

cxjnramry m d e  fsntrs may haw prevcntcd toul mwcle-relaxarion at RV. These observations support 

Jama's (19653 mm{nts amrming use of facial munur-ppssure to aid relaxation leg.  the use of an 

Lung ccnrrad . dtlcrrnined fron~ grwp mean iwvolume compliance curve displacements (conuol 

upnght VfEj during im-iSk. was fwad ro be 9.5an (SEN = 1.59) below the sternal notch for upright' 

w'b~~zs  and 8.7dn (SFM = 1.83) dornl to the sternal phne in pmne subjects. ,Thew represent a PLC of 

0.9> a d  -0.85kPa rcspeixivtly. It is suggested that poor relaxatian spuriously elevated the experimental 

. t ' ~ .  and depressed positive ~e&%i%km pressures while upri-ekr (Figure 28). 

@ 

ixperirnental hypothesis (i.e. 1-8) 



Pressure kPa . 

Pressure kPar 
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F v  27: Pressme-volume a i m s  obta'med during 'rmmersion, without facial counter-pressure. 



Table 2.4: T o t .  respiratory compliance for subject. immersed upright 9nd prone witbout facial 
counter- pressure. 

SUBJECT Uprigb t . Curve Prone Curve 
compliance compliance shift -(-- 

Qr - 
X- 2.12 9.54 
SEM 0.24 1.59 

t 
Compliance units = 1.Q-'. 
Upright and prone ampiiances were computed throughout a range ~f 1 litre from upright 
conmi relaxation volumes Cuye  shifxs represent positive and negative isovolume pressure 
displacements (cm). relative to the conuol upright relaxation volurn@, referenced to the sternal 
m&, and expressed in &:O. A- 



t 
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Omsubject ( e n )  was tested without minter-pressure in EWO upri&t-positions(head-outd-owithL- 

water level at sternal notch, and head under) to gain perspective in comparability of current procedures 

to those of earlier researchers. who invariably used headTout immersions. Upright lung centrds  were 

almost identical: 5.60an and 5.21an r w v e l y .  Compliance from the former aial was marginally 
I 

greater (3.89 versus 3.53 LkPa- I). The tubject, upon trial completion, reported difficulty retaining the 

mouthpiece. 

One expects lung centrdd . on the basis of anatomical and previous data (Table 2.1, corrected to a 

sternal notch reference). to occur deeper. Thus incomplete relaxation was suspected To test this, a 

diving mask. capable of providing fadal counter-pressure and firmly holding the mouthpiece in position. 

was adapted, and the experiments w e e  repeated (Figure 2.4). 
1 

2.2.4 Centraid determination with facihl canter- pressure. 

Twenty subjects took pan in immersion trials using facial counter-pressure. Only 17 provided 

satisfac&ory upright data and only 13 could prduce suitable prone data. In the upright cases, rejected 

subjects provided Iw reproducible conuol data Two were non-divers, and apprehension and task 

novelty possibly confounded relaxation Prone rejections were attributed to sensation reversal. Previous 

* upright immersion displaced relaxation pressure positively. Prone immersion produced B negative shift 

resulting in negative mouth pressures until relatively high lung volumes. It is postulated that 

oropkangeal pressures. disproportionate with inspired volume created fdse impressions of relaxation 

failure, or inadequate glonal opening, even though subjects were informed about the new sensations prior 

to the trials. Trial failure took one of two patterns: (1) identimf relaxation pressure with lung volume 

increments. as reported by Jarren (1965). and (23 relaxatiop pfessure hunting . possibly due to subjects 

mine to produce preceptibly appropriate pressures (Figure 2.9). 

- 
To subjectively evaluate the band mask seven subjects, who took part in trials with and wjthout 

.% 

facial munter-pressure. were asked to ra,te the mask. Five found facial counter-pressure mire , 

cornionable than without counter-prerrure, two reported &<reverse: four believed facial 

counter-pressure aided relaxation (two undecided; one negative); and one said additional noise (due to 

p r m r e  leaks around seals) hindered concentration (six were unaffected). 

v 

Pressure-volume curves were c o n s m d  from an average of 37 (SD =11) data points from RV to 

TLC (Figure 2-10). Total respiratory compliance (computed over one line volume range from control, 
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Figure 2.9: Example of trial fkiture pattents daring immersed presmrevolmw measurement 
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u$right VR) was not significantly altered by immersion (uprightcontrol 4 8 4  I.kPa=1(SEM-=Q;k7);-- 

immersed = 1.87 LkPa-I (SEM = 0.17); p 9.05, d = 0.55). though prone immersion produced a reduced 

compliance (supine control = 2.12 LkPa-I (SEM = 0.18); prone immersed = 1.87 1.kPa-I (SEM = 0.17); p 

- >0.05,0 = 0.56), however &is was created by changes in only 46% of subjects (Tabie 2.5). Upright and 
C 

prone compliances were not significantly different during immersion (p A.05. t l  = 0.55). 

Lung centroid , determined from isovolume compliance curve displacements during immersion, 

was found to be 1 3 . 6 ~ ~ 1  (SEM = 1.09) inferior to the sternal notch for upright subjects, and 7cm (SEM = 

1.27) dorsal to the sternal plane in prone subjects. These represent a PK of +1.33 and -0.69Va - 
respectively. 

Lung centroid determinations obtained with and without facial counter-pressure, on nine subjects 

who took pan in both experiments were compared. It was found that counter-pressure produced a 

e a t e r  PLC in upright subjects (1.33 versus 0.94kPa; p>0.05<0.1,0 = 0.74 ), and in prone subjects (-0.69 

versus -0.85kPa; p>0.05,0 = 0.55). 

2.2.5 Elhrtic work increments and compliance curve displacement. 

Rahn et al. (1946) approximated elastic work, on the basis of geometric shape alone, for uaright 

subjects in air to be '0.18J. Reanalysing their original data using current curve fitting and analysis . 

programmes provided a value of 0.1185 for 0.5 lines 23. In the current study upright control elastic work 

averaged 0.1035 (SEM = 0.01) wer  0.5 lines, which is in close agreement with Rahn's data3'. Present 

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

0.67kPa (SEM4.0.08). The change in VR moved ti&l volume (VT) excursions down the compliance 

curve (Rahn et 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 adopting a supine posture (from 0.62k~a.l 

(SEM = 0.06) when upright, to 1.38 ( ~ h 4  = 0.17) when supine; p4.05). t 

Upright immersion, with facial counter-pressure, displaced relaxation curves +1.33kPa. producing a 

significant (46.8%) reduction in VR (Figure 2.11, p4.05). Subjects now respired over a region where 

2 3  Differences may be anrjbuted to precisiox and inaccuracy of the 'straight line' assumption 
inherent in fitting a triangle to a physiological curve. 

' 

Elastic woik was calculated over' 500ml from VR in each condition. A half liue was 
chosen since this value is commonly allocated to tidal volume. 



Table 2.5: Total respiratory compliance, and cune shifts, for subjects immersed upright ande 
prone with facial counter-pressure. 

SUBJECT Upright Curve Prone Curve 
compliance shift compliance shift 

- 
x 
SEM 

Compliance units = 1.kPa-l. f 
Upright and prone compliances were computed throughout a range of 1 litre from upright 
mu01 relaxation volumes. Curve shifts represent positive and negative iwvolume pressure 
drisplacements (an), relative to controI upright relaxation volume, referenced to sternal notch, 
and e x p d  in cmHIO. Subjects 18-20 q e  not included due to failure to provi 
repmiucible immersion data (see: Figure 2.9). - 9 

r 



CONDITION 

w 
Figure 211: Bebxatim rotumes during postdl  change and immersion with frcipl 
imz&er-preswc fW immersion t&s, subjects were provided with air at the same 
hy-tic prtssure as the sternal notch. Data represent means and standard errors.] 



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 

SEM - 
- - 

Efastance units = kPa.1-l. F 

Elastance (l/cornpliance) was computed over 0.5 litres for updght control and over 5% of VC 
..for .other conditions. Calculations commenced at relaxation volume for each condition. . 

4 hastance measures respiratory stiffness. 
5 



- -- --- 

elastance was three times greater than the upright control (1.87. SEM = 0.15; ~ 4 . 0 5 ;  Table 2.6)". 
- 

resulting in a -wo-fold elastic work incrementz6 (Figure 2.12, p<0.05). 

Prone immersion tripled the VR when compared with supine control (Figure 2.11, p4.05). 
-- - . - 

Upright control elastance was returned during prone immersion (0.61. SEM=0.07; pM.OS.8 = 0.55; Table 

2.6). and elastic work similarly'returned to control status (Figure 2.12, pM.OS.0 = 0.55). 

2 5  Elastaxes cited in Table 2.6 (except upright control data) were computed over only 5% of 
VC. Normal VT may range between 10-30%0 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. 

2 6  The apparent disaepenq 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. 



Figure 2.12 Ehrtlc work d h g  postmnl change lad immersion with facial counter-pressure. 
[Data represent means and standard errors-] 

-- 

CONDITION 
'B 



2.3.1 Determination of the thwou'c centre of p r e w e .  

The major purpose of was the measurement of the thoracic centre of pressure. 

for which Patonand Sand term lwg c e ~ r d d  pressure. During immersion PLC; - 

relative to tQe conml VR, was located at 1 3 . h  inferior to the sternal notch (seated upright). and at 

7.0an dorsal to the s r e d  plane (prone), as illustrated in Figure 2.13. 

The similarity of mu01 and immersed compliances rehected an anucipatrd paallel curve shift 

during immersion, and has been previously used as an index of relaxation reproducibility (Jarrett 1965. 

Furthermofe, it reflected the effectiveness of facial counter-pressure in enhancing 

were better able to attain gxpected relaxation pressures at both the high and low 

> 

~ & l h n g s  extend from 3-4cm above the first rib to the sixth costal cartilage (midclavicular 
- 

line), eight ~b (midaxillary line) and tenth rib (at the lateral border of erector spinal) (Gray 1977. .. 

McM~M and Hutchings 1977). Using these data one may approximate lung lengk to be -3G. however. 

the right lung is shorter by -2.5an due to a higher diaphragm positioning offthis side to ammodate the 

liver (Gray 1997). Anterior-posterior dimensions vary with the plane of measurement At the 

mid-sternal position, using mean antefi:lcrposterior chest dimensions (I = 20.822.0cm) and thoracic 

vertebrae thickness of about 6cm ( skeletal measurements. as spinous process to ventral surface plus 
. 0 

lcrn for tissue) one may approximate lung and stemal t h i c k n ~ t o  be about 14an. though the lungs are 
3 

conical in shape. Assuming uniform density and symmerry2' , one might expect to find the centre of 

mass abmt 15cm inferior to the sternal notch and about 8cm dorsal to the sternal plane. 
r Q  

Prone centraid measurements are in direct agreement with the data of Jarrett (1965). and are 

simh to the adjusted results of Hong er d. (1960). and Craig and Dvorak (1975) (Table 2.1); and the 

anatomical calculations. However, all previous reports of horizontal compliance curve shifts with 
'4 

immersion, dealt with supine subjects. Expressing Palv rerative to 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. 

% - 
" Neither humption would be accurate, however, they are used here simply to derive an 
approximation of the cebue of m a s  - 





R-fdae for the upright lung c e n p d  pressure agree with the va.bes obtained when the-results--- 

of Agostoni et d (1966). Hong el d ' (1%9) and Flynn et d. (1975) wge corrected to a common 

anatamid reference site (Table 2.1). Present data also rtpproximated the' centre of mass deiived from - 
I - 

calculations based upon averagp anatomical dimensions However, the rkults failed to suppgrt 

obsefiationr by ~m&t (1%5). who placed PLC at 19cm inferior to-the ste V u r i n g  upright 

 immersion^ . 
, 

Jarren (1%5) obtained total respir@ory pressure-volume curves using fivc standard lung volumes 

(up to 1.5 litres) above RV. Qkdratic equations were fitted to the data2.. Compliance curve 
I 

displacemenrs were derived during immersion to the sternal notch, and e$ressed relative to the control 

VR. Fundamental to Jarrett's calculation was the determination of the control VR. Two points are noted 

concerning its measurement First. upright respiratory relaxation produced somewhat low values for the 

conuol VR (5 = 1.10 litres). Present observations produced a mean VR of 1.72 liues (SW = 0.12). in 

agreement w !  the yterature (Table 2.7). Individual values measured from Jarrettts graphs gave VRS of - 

1.183. 1.142 and 0.980 liues. Residual volumes were normal (5. = 1.25 litres). While ir is not rare to find - 
such's l o w i R  in normal subjects ( h l b c k  (199) observed i; in 1 out of 6; Bondi er d. (1976) found 

ir  in 1 in 10; and in the current study it found in 3 out of 17 subjects), one would npt anticipate a 
f 

low VR for all subjects 'r. I t  is suggested that the low relaxation volumes observed by Jarratt (1945), may 

@ due to poor relaxation or glonal closure; both of which give income& re1axa:ion pressures. Volume 
-- - 

ranges used by Jarreu may have been too smdl for subjects to differentiate between pressure and volume 

change. Graphic data presented for two of Jarren's subjects showed a considerable pressure overlap for 

-7 each lung volume and for each volume increment, indicating difficulty in reproducing relaxation 

pressutes with consistency (PR). Some of the current subjects expressed uncertainty in judging tbtal 

relaxation and glottal opening at volumes around VR, It might be speculated that Jarrett's subjects had 

similar indecision. prcducing possibly a dubious VR. It isbelieved that muitiple and variable volume 

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

I' Florio (Admiralty R m r c h  Establishment. Physiological Laboratories. U.K.) reported inability 
to repiicate Jarretr's higher PK data in three subjects (unpublished observdons). - 

I' The dam poinb presented are perhaps bener described tal. a linear function (&.99), a 

however a quadratic function bener replicam, physiological status at this point on the curve 
. *  g' 

'' Assuming aq 18% dism'buuon of subjects with low VR (based on the above observauonsj. 
the probability of choosing all three with a low VR would be '0.005. 



Table 2.7:,-Respiratory relaxation volumes in air and during immersion (data from previous 
investigators). 

- 

~arrea 1%5 seated 
Beckman et al, -- 

1%1 
Agwoni et ul. seared 
1%6 
Dahlbck standing 
1975 
BonGi et al. 

--- 

heated 
,1976 

- 

DahlUck et al. standing 
1975 
P m e n t  study seated 



The fah that measurements of lung VR may be questioned ~ s t ~ d a u b t  onJanen's C 1 % 5 p e - -  

de tenn ina t i~  since tb'e lamr was=calculated from immersed compliance curve shifts relative to the lung 

L - 

VR. One may raise the same questions regarding pressure-volume r epduc i  ity during the immersion 

trials 

Second, the VR of J a n e ~ ' ~  upright immersed subjects does not appear to be at zero pressure. 

Jarrea's lowest measurement point was 0.5 litres above RV, which yielded a mean relaxation pressure of 
- 

'1.23kPa C12.5anHIO). Subsequent investigations have found the mean imme 'on VR to be above 0.5 - r 
litres (Table 2.7. Figure 2.11). Low VRS during immersion have been reponed elsewhere (Dahlback , 

> 

(1 975) found it in 1 out of 6 subjects; Bondi et ai. (1976) found 1 in 10; Dahlbck er d.  (1978) 2 in 5; 

and in the current study it was observe$in 3 out of 17 subjects), but its frequency is again low enoukfi to 

further justif! questioning its appearance in all three subjects". It may havg been that Jarren's subjects + 

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

discrepency between Jarrett and the current upright PLC, and for an apparent failure of those subjects to 

anajn the relaxation volume of the respiratory sy'yem. 
A 

Table 2.5 shows that five of the present 17 subjects (29%) suppon Jarrett's 19cm locus". Table 2.5 

also shows a large subject variability, in agreement with observations of Paton and Sand (1947). and 

Thompson and McCally (1967). If one accepts Jarrett's data. (for which no individual or dispersion 

values were reported) and acccPpts the existence of intersubject variability, then one must expect a study 

with a larger sample size to reveal this data variability. resulting in a qualitatively similar. but possibly a 

quantitatively different centrdd locus. The present investigation has shown this. indicating the possibility 

h a t  Jarren's data falls at the upper h i t  of a lung centraid spectrum. 

\ 

In respiraton. pressure-volume diagrams, the abcissa represents a differential pressure. Pressure i<  

classically measured as Palv relative to body surface pressure (Rahn et 41. gostoni and Mead 

1964). In air the latter equals PA: during immersion. surface pressure with depth d 
(Fi-rmre 2.1). Since one does nor know the mean surface pressure at the thorax, hydrostatic pressure is 

masured at a suirable anarcmid location Stfidies attempting verification of Jarrett's -19cm centrdd, 

mmr express Pal, relative to ttte armtomicd reference - point used.by Jarrett l i e .  sternai notch). Howcvcr. 

j1 If low control V R ~  we're con& one would expect low experimental vR? 
'' Usin3 present cqmence  frequencies, the probability of selecting all three subjects with 'a 
Iarge PK is '0.018. 



such data is inappropriate Lmless a constant immersion depth is used. Data referenced to PA, is 
- - / 

r e f e r ~ & l y t a t h e ~ d t e a t l h e v a t e r ~ c e .  Dataca+ksUkdtealterrhe~feregce 

pressure (and hence the anatomical Gfermc) providing its depth-is known In this manner a family of 

mmpliancc curves may k obrained from dac set bf data, simply by changing the anatomical reference 

point Five research groups (Table 21) supported Jarrett's up;right ,Pu data. However, since they lack a 

mrmftm anatomical reference, they have only produced members of this Ramily of curves, with curve 
, 

shifts representing different r e f ~ m c e  pressures . (kgure~2.14~). . b m p & i n  of these curves with q 

Jarrett's dara is'not valid. ' .  
- - 

Data from prnious studies were reanalysed id order to reference Pdv to pressure at the s t e d  

notch3' , m d  to normalise curve displacetdent to f i e  control VR, as'used in this spdy and by Jarrett 

(1%5). Agostoni et d. (1%6) calculated curve displacement using the irnmersed,V~, calculating- its shift - -  
from the same irolume on the control curve. Since curves are not parahel at this level, due to immersion - 0 

eff& bn lung, chest and total compliance curves, calculations are not comparable. Using upright mnuol 

VR. which coincides with parallel curve sections. displacement was recalculated for'all previousd 

investigations. Results of this analysis provided mean values of lung centroid between 11 aqd 17.8cm 

(Table 2.1). A weighted average of the 13 subjects contained in these five reports provided a.lung 

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

Some degree of caution must be exercised concerning data obtained without facial 
* ~ , - 

counter-pressure, or some means of preventing voluntary effort being required to retain the&thpim 
t - - 

- - during imm-ersion. None of the studies cited (Figure 2.14B. Table 2.1); except Janett (1965). &mrted 

using such mechanisms. Present results show differences in PLC with and without counter-pressure. It 

is not possible to evaluate the significance of this observation to previous research, since indices of 

reproducibility were not reported. 

Horizontal lung cenrroid agrees well with Jarrett's data, both when expressed relative to the 

stemurn and the m i d s t e d  spinws process (7cm. and 7.0?4.6cm respectively). '4 Work by Hong et d , 

- 'W&t io r t s  were performed on mean data sinee individual and deviation values were 
absent in aI1 reports. Anatomical distances were considered constant:-'shoulder' to sternal notch 

< 

= 5cIs; '(2' tc3 & I 7 . 2 m  ( f f ~ ~ f  Craig a ~ d  Dvorrtl;, 1975). 4 

l4 The current study referenced Palv to the sten@ plane, while farrett (1965) used the 
sternal notch reference. These are essentially at equivalent immersion depths, unless the chest 
rises enxsiuely. However. this w d d  u d y  ocarr at high lung volumes, which were 

4 7 



pressure kPa . 

4: Referencing static dveolar pressare to ambient pressme (A) and to a common 
pew @). fGmes dragm From amplhce nrrves of seated, immersed subjects. 

. Immersiojn data are .expressed relative to a common amtrol relaxation volume. See text for 
disclrssim] 

, @-( 



(1960) and Craig and Dvorak (1975) provided similar values, though both reported curve shifts relative to 
- - ppppp - - 

the supine VR. Corresponding experimental VR data play fall along the lower bend of the compliance 

curve. Dispiaiements a: such vdumes may not be parallel, rendering Pm peitinent to that volume -- only. 

It is concluded that seated and pmne PK displays intersubject variability abbut respective means 

of 1 3 . h  (1.33kPa) inferior to, and 7 . h  (-0.69kPa) dorsal to the sternal notch. However it remains 

unclear as to d e  cause of this intersubject variability. Clearly the thorax lacks uniform distensibility. as .J 

apical dveoli have been shown to be expanded more than basal alveoli in control states (Glazier et d. 

1967, Hogg and Nepszy 1969). Thus basal alveoli operate over more compliant portions of their 

pressure-volume curves (Rahn et d. 1946. Agostoni and Mead 1964). experiencing greater volume -A 

change during control tidal breathing (West 1965, Milic-Emili et d. 1966). Arborelius et d! (1972a) 
3 

demonstrated that during immersion apical ventilation is further increased while basal alveoli-experience 
- 

varying degres of closure (Dah1b;ick and Lundgren 1972. DahlMck 1975. Bondi et d. 1976. Prefaut 

A. 
7 During immersion thoram-abdominal hydrostatic compression is uneven, causing elevation of the 

diaphragm (Agostoni et d. 1966, Hong et d. 1969) and widening of the rib cage base (Mnh 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 d. 1972a). However, it is unlikely that intersubject differences in lung distension or thoracic 

compiedon may fully account for the observed lung centroid d a n c e .  

When one considers anthropometric variability in combination with respiratory changes d u n g  

immersion, one cannot readily explain the observed intersubject variability. No correlations existed 

between lung centroid and anthropomemc dimensions, and control or experimental lung relaxation 

volumes or respirzton compliznces It is hypothesised that lung centroid was regulated by some, as yet 

unresolved, combination of respiratory mechanics and perceived relaxation. Subjects were well trained, 

--i providing highly 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 PLC spectrum. The role of perceived relaxation could be evaluated using respiratory 

? rnlrscle eiectromyograph c analysis during pressurevolume manoeuvres 35. It may be possible that 
t'- e- 

"(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 quasistatic manoeuvres is being developed at Chalmers 



relaxation levels are pertinent to toe centrdd locus High reproducibili~m~indicate-main~nenceof- 

constant respiratory tonus d w g  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 throughout the entire 

respiratory cycle. 

Minh et h. (1977,1979) observed greater inspiratory pressures during isovolum respiratory 

occlusion, a&nding diaphragmatic stimulation in immersed dogs. Changes were attributed to an 

elevation of the abdomen, and suetching of the diaphragmatic fibres (Agostoni et al. 1966. Minh et a!. 

1977, 1979. Banzett et uf. 1985, Reid et al. 1985), thus shifung the diaphragm towards a more favourable . 

length-tension relationship (Evans and Hill' 1914). Reid et uf. (1985) and Banzett et al. (1985) recorded 

reduced intercostal and diephrapmatic electrical activity attending respiration dhring immersion. The 

latter reported substantial intra- and intersubject variance. Both studies concluded that reflex central. 

inspiratory compensation for diaphragm length increments, reduced innervation to maintain a constant 

tidal volume. 

It is possible, that in well trained, relaxed subjects, variabili~ in inspiratory/expiratory muscle tone 

may partially account for intersu%ct variance in the lung centrdd locus. 

2.3.2 Physidogicd mechanisms producing compliance curve shijts. 

Transposition of pressure-volume curves occurs when environmental or physiological perturbations 
c"- 

produce changes in Pdv 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 respiratorj excursions- 
-? 

occur at constant compliance. A positive curve shift lowers the VR and may lower compliance. Tidal 

volumes may now occur over a region of elevated elasta~ce (Table 2.6). , 

Elastic work is performed to expand lung tissue and the chest wall j6 . and is represented by the 

j5(amt'd) University of Technology, Sweden; Warkander and Dahlbck (personal 
communication). 

j 6  The chest wall includes the rib cage and abdomen, which act in parallel (Agostoni and 



, area between the presuue axis Ad the mnaplbce m e  over the VT range-(Figure 2 r l - ~ ~ ~ - p o s i t i v e -  

curve shift, for a amstant V J '  elastic work due to elevated respiratory elastance. Since elastic - 
work is returned during is e~sentially braked or passive at rest, 

represent heightened 3 A 

. . 
In the present study, when breathing air supplied dt thehydrostatic pressure of the sternal notch, . P "= 

positive curve shifts (Table 2.5) halved 'the VR (Figure 2.11). and caused a two-fold rise in elastic work 

to 0.241 (Figure 2.12). During immegon to the neck (C7), flynn et d. (1975) found elastic work rose 

to 0.271 (VT = 0.5 lirre. n = l), while Hong el d. (1969). r rted m b  elastic work at 0.79J (range = TP" 
0.69 to 0.88J) during immersion to shoulders (VT = 

A w  
* .. 

P - - 

Elastic work is mainly depenclent upon two factors: elastance and VT (Figure 2.'15B). Since neither 

Hong et d. ' (1969) nor Flynn et d. (1975) reported elaslance, direct comp@sons are not possible. 

Given that Flynn et d. (1975) expressed Palv relative to a point above the sternal notch, which would 

pioduce a greater c w e  shift and elevate elastance more than in the current study. their elastic worr is 

very similar to the present data. Hone et uf. (1969) used a 1.0 line mean VT. Doubling VT requires 

about four times (Figure 2.15B) the elastic work. Allowing for this difference their 4q also agiee'with - , 

present observations. 

b p t i n g  that curve shifts result from hydrostatic pressure gradients acting on the body surfaces, 

me may suggest three factors that are responsible for this curve displacement: (1) thoracic compression, 
B 

< 0 

J (2) abdominal compression, restdting ip cranial movement of the diaphragm. and (3) elevated thoracic 

. ? I d  volume due to a greater hydrostatic pressure acting on the legs. 

Hartshorne (1847) reported that immersion elevated thoracic blood volume; though its 

quantification is relatively recent Sugler (1911) reported right side cardiac dilation during immersion. . ,  
This was verified directly by Echt et d. (1974). Lange et d. (1974) and R i r h  2 d. (1978a. 1978b). 

Cardiac ourput inc~ements generally attend dilation. ~roe ' tz  and Wachter (1933J ~rborelius et 01. 
w 

(1972b), Ullgen et uf. (1980). Hajduaok et uf. (1984) and Krasney et al. (1984). tliough some have . 

reported no rise or even a decline {Haxl el al. 1968, Rennie et uf. 1971). Hajduczok et d. (1984) 

reported cardiac output to rise immediately upon immersion to four times the steady state immersion 

value. 

"(cont'd) Mead 1965). 



Pressure kPa 
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Figure 21S: Fhrtic work of bmtkbg in air and during immersion. [2.15A: Elastic work 
changes &ted with a positive shift of the total respiratory mmplignce curve. 2.15B: (1) a 
four-fdd increase in elastic wmk would be produced by doubling the tidal volume; (2) 
alte~ed elastic work anending r-d ujmpliance.] 

- 



-- Agostoni et al. (1966) postulated that hydrostatic cumprecm and-& shift-ofperipheral-blood-to-: 

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

curves and the current immersion to the xyphoid displaced the chest wall 

curve OAlkPa (4.2QnHZO). to the neck/thorax j ~c t ion  produced a further * 
1.OlkPa (10,3cmH,O) shift The first immersion would increase thoracic blood volume and elevate the 

diaphragm, while the second may increase blood voluhe further, but would primarily provide thoracic ,< 
compressiod Hong et d. (1969) observed similar changes in the transrespiratory curve following 

identical immersions. 

Dahlb&k (1978), studied thorax only and head-out k e r s i o n ,  using a modified body 

plethysmograph, and found thorax imm~rsiori produced a significantly greater reduction in expiratory 

reserve volume. Thou total respiratory compliance was not reported, one might speculate, since I 
compliance curve shifts determine resting ERV, that hydrostatic compression was mainly responsible for 

the .present compliance curve displacements j7. 

1t is concluded that rightktrd movement of the compliance curve (relative to sternal notch 

pressure) observed in this project, is attributable prima& to compressive forces on the rhorax. 

Partitioning the curve shift between compression (thbracic or abdominal) and blood .volume changes is 

not possibfe from the current techniques or firom thedata available in the literature. P .* 

'' Thorax immersion alone would not be associated with pulmonary vascular engorgement. 
. , 



CHARACTEREATION OF STATIC PULMONARY MECHANICAL A 

WHOLE-BODY, UPRIGHT IMMERSION BREATHING AIR AT 

RESPIRATORY LOADS. - 

3.1 RESPIRATORY ELASTICITY. 

- 

James Carson (1820) reported the earlikst recorded investigations of lung elasticity. He described 

the elastic recoil of the lung measured using a water manometer connected to the airways of dead 
- 

animals. Pneumothorax caused a positive airway pressure, which was used as an index of lung recoil. 

Hutchinson (1849-1852) repeated these measurements on fresh cadavers. observing a linear 
L- 

pressure-volume (compliance) relationship. Donders (1853) subsequently poswated that there was an - 
inherent tendency of the lung to recoil towards zero volume. 

7 Although Rahn and his co-workers are recognised as producing the first respiratory 

pressure-volume diagram (Rahn et d. 1946), similar curves were previously. and independently recorded 

by Rornanoff (1910-1911) and Rohrer (1916) from passive. statiflaxation against an occluded airway. 

Jaquet (1908). Bernoulli (1911) and Cloetta (1913) also derived similar curves from lung volume changes 

accompanying altered breathing gas pressures. 

These methods recorded lung elastic recoil under static conditions. Buytendijk (1949) developed 
0 - 

the quasi-static technique, where measurements were taken as subjects breathed slowly between total 

lung capacity (TLC) and residual volume (RV). A third technique permitted an approximate measure of 

lung elasticity from end-udal compliance m e a s u r e m e n t ~ n g  spontaneous breathing (Neergaard and 

.Win 1.927. Bayliss et al. 1939. Mead and Whittenberger 1953): the so cal!ed functional or dynamic 

compliance. 

Components contributing to thoracic elasticiiy include the parallel elasticity of the r ibage  and 

abdomen-diaphragm and the series elasticity of chest wall'and lung tissue (Agos~oni and Rahn 1960, 

Agostoni and Mead 1964). The classical sigmoidal pressure-volume (compliance) brve  of the total 

- respiratmy apparatus (Rornanoff 1910-1911, R o h r e ~  1916, Rahn et al. 1946) results from summation of 
4 

the chest wall and lung tissue curves (Figure 3.1). 
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Lung tissue elasticity is agessed from transpulmonary pressure change (PG = Palv - PPl) Pleural 
- 

Eresure (Ppl) was fim meapred by Ludwig (1847) using a ballwn-tipped intrapleural canula. Luciani - 
(1878) approairrdted Ppl using an -hageal catheter ( P A .  a a l e c h n i q u e  w h i a  t h m w  c&elopmerU 

1 by Buytendijk (1949). has bemms the criten n experimental measure of Ppl- ' 
* \ - 

Chest wall elastidry is evaluated from transthoracic pressure change (Pth = Ppl - P d .  Since lung 

tissue and the chest wall act in series, it can be shown that tpsrespiratory pressure ( P d  is obtainable 

fmm ?& difference between Pal,, and body surface pressure (Pbs): 
hr;' 

1 - 

Then: 
-9- 

PUS = (Palv - Ppl) + (Ppl - Pbs) 

Thus: 

Equation 1 

Equatiop 2 

Equation 3 
I 

t 
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 1855, Rohrer 1916, Rahn et al. 1946). Hutchinson described transrespiratory pressure to be a 

linear function o volume, thou'@ subsequent studies haveshown the relation to be sigmoidal 

(Romanoff 1910-1911. Rohrer 1916. Rahn et d. 1946. Lawton and King 1949). In 191F~loet@ f&nd 

pressure-volume linearity over physiolqgical volume ranges. 

Curve shapes are anributable to mechanical &ang8es associated with volume change. King and ' 

Lawson (1950) proposed these changes to be analogous t8those displayed by other extensible materials. 

when suetched. However. physiological mechanisms must also play a role. 

AL Low lung volumes alveoli undergo serial collapse (~elasq& ane Farhi 1964. iabadie and V a n  

Eenige I%?), which along with th; chest wall stiffnek. produces the lpder curvature of the t o i  

respiratory curve. A similar bend has k e n  observed in the lung tissue compliance curve (Ptp) at volumes 





Maroin 1960). however. if hgs bqn hypothesistd rhat air mpping h d y  produce such a curve inflectik. 

Jsapping wad4 produce zones where local Ppl exceeds Pdv measured at the mouth, during lung cdlapse 

(&tier and Smith 1957. Ghiste~ cr a(. 1973: lngnm el d 1974. ~ede&er d. 1984). ~ i b s o n  ;nd Rid6 
5 / 

(1976). MilirEmili (1984) and Pederscn er d. (1984) maintain Pfp &I only reflat lung elasticity P free 

mmmunicatioo is mt beta'en alveoli and the mouth. This would invalidate the use of negative Ptp 

At mid-lqg vdumt range of rhe PP Pm. Pa curves approximate linearity. However, sincc the 

overall curve shape i s  m-linear, clastancc ' is uniquely related to lung volume. At any pain! along 

these cimes, c~~ is the mean m c d m i d  status of the series and parallel tissue elenitin& (Labadic - 

9 and Van Eenigc 1%9). each at a volume point on its own unique cornpiiance curve. AS lung volumc 

apprdaches TLC more elemedts achieve heir piarimal expansion. produhne the upper aymptotes of the 
> 

~gtaf,respirabry and lung &sue curves (Figure 3.1). 
' 

R a i l  pr6jxnjes of lungs are primaxif! governed by surfacrant surface tensron (Necrgasd 1929, 
' 

I 

Radford 1%4). while rib cage and abdomirulVripidi~y repllfaie chest wall elanucit). Other conuibu~np 

factor: are d m i b c d  in Table 3.1". 
\ 

h t  P, provides an index of Ppl ' (fry el dl. 1952, Stead er el. 1952, Cherniack qt d. 195S;'Attitrp@ 

rt el. 19- hiler er d. 1957. Ehmer 1960. Milic-.mfi 1984). howcver. Pees is mare positive. and iu: 

Pees vc u h d  only iFSb faithfull) reffyts pleural surface pressure. 

T h e  oesoptlapus s a  flaccid mu&iomembranm t u k  (3cm long. 2cm dlamctcr), connected to the 

medidsum b'? = e a r  t isue and musde, and posstssing superior and infenor sphincters (Gra) 1977) 

: Therr W Pfl: pleunl rvrlrc  pressarc and pleural liquid preaurC T h e  hwf ir more 
" 1#e i r i~  whik the ~CXZXMX afFcds mechmd satus of thomas suucwtl. P,, approximates 

-1 SaJ* ptcsufc- b 



Table Factbrs contributing tissue 

r? 

CLASSIFICATION COMPONENTS CONTRIBUTION - 
# 

Tissue network Tissue cells (epithelium: Minor' in adults 
fibroblasts. h ystocytes) 
Smooth musrle "tonus - Minor unless extensi"e 
(bronchial. parenchyma. 
interlobular septa) 
Tissue fibres (elastic, collagen, Significant 
rcticulin) + 

Visceral pleura Major in disease 

S W e  iension Surfactant Maj6r 

b 

Pulmonary blood Acute engorgement Unresolved 
Chronic engorgement Sign~ficant 

Lung volume Interaction of above Major 
componenls with chest wall - 

Z 

fable ~ m m e d  from Radford (1963) 4.437-445. and Coca (1979) 4.69-71. 



distinction between 

(i.e. reactive error). 

P, of different origins, and that P, is not alteredby m~bmement~iiter~enti~&-~~ 

When the body is upright in air at normal m b i e n r  pressures, elastance has been shown to range 

between 0.25-l.llkPal-1 (total system), 0.26-1.0(lkPa.l-1 (lung tissue) and 0.28-l.OOkPa.l- (chest wall) ' 
(Christie and McIntosh'l934. Stead et d. 1952. Butler et al. 1957. Marshall -1957, Donleben 1959. Ehrner 

1960, LeRoy and G u e m t  1965. Agostoni a d. 1 x 6 .  Turner er af. 1968. Jonson 1970. Cotes 1979). . 

During upright immersion Jarren (.1%5) observed rightward. but parallel movement of the total . 
c -  

respiratory compliance curve, producing greatb elastance at the immersed relaxation volume (VR). buri 

not at the upright control VR. Subsequent investigations have revealed a qualitatively similar shifting of 
._r , I  I 

a 

the total respiratory compliance curve with immersion (Horig et d. 1969. McKenna er'al. 1973. Flynn 

et d. 1975.%inh et d. 1979. Chapter Two) 

Bondurant er al. (1957) reported .reduced luni tissue. dynamic compliance4 following g-suit 

inflation, and immersion. They auributed the= changes tc pulmonary vascular eneorg;men~ 

Subsequent replication of this study revealed the compliance change was mediated by mechanical'. ., - 
compression of the oesophagus. ratfrer than altered pi;:iii~nary mechanics (Bonduranf er al. 1960b). 

\ B w h  (1837) first rneajwed the e f f e c ~  of pulmo~ary congestion on lung mechanics, demonstrating a 
I 

- reduced VT during fixed pressure ventilation. and an elevated end-expiraton. volumc. 5ubsequcnll1. 

Frank (1959). Caro er al. (1960). Gianelli er af. (1967). Wood er el. 0971) and Prefaut er al. (19767 

supported this apparent stiffen&. however, they reported p u l m o ~ r y  campliance to be 4 

volumtdependen~ At low lung v o l ~ l u n g  recoil was diminished. while at high volumes recoil wa, 
6 

.- increased Frank (1959) found no change in compliance with engorgement when lung volumes 9 .  

1 

approximated control FRC '. Refaufer af. (1976) obstrved tha[ changes in static PIP durtng immersion 
1 

were dependent upon the lung volume at which the mtbsuremenls were takcn. At high lung volumes, 

immeeon increased uanspdmonary recoil pressure, while the opposite was observed at low lungs 

volumes. 

Z p. 

2 

: These range vdues reprwnr  a compi!ation from several ,sourcw. The normal 
interrelationship of rhe three elasmces is not apparent. since the, sources cited each reported 
the ekance of only one or two mponenrs, 'and not ail threca; 

- .  
~levatcd elastance., 

Frank (1959) 
vdurnes b l o w  

recalculated data of (1887): finding ,that his obsepations were made at 
FRC See atso B o ~ t  CI d. (1957). 1 L- ' 

b. 

69 . - 



- 
Sterk (1970) found immersion . - of fuUy equipped d i v a  i~~ed'dynami'c-e~~mp.liance. 

-- - 

,From plculations by the current author, on the single compliance m e  provided, it 6 found.&at I i ? - 
- compliance decreased 13%. .The dynamic appliance may have been ;educed due to the meChanical 

r 

- characteristis of the breathing appaatu$$ In 197- - rep0rted.a 23% reducti~n m quasi4tatic ' - *  

wnipliance during similar immersiok ( i.e. reduced compliance), though individual and statistikl data 
, 

were not reported One canhot totally amibute t h w  changes to immersion alone, since restrictive diving 

equipment would alter pulmorkiry mechanics by restricting lung vol excursion '(Caro et d. 1%0. k ? 

Manco and Hyau 1975). 
. . 

Burki'(1976) found was not sipnificqtly altered ihmersion. Sukquent  bids were 

performed witfi -venous occlusion cuffs around the thighs to pfevent large increments in pulmonary 
L 

yet subjects still experienced reduced pulmonary compliaqce (p>0.05). If pulmonary 

mediated complhce chknges. one would anticipate a return towakis conti& and not 
0 .  

similar reductions. . - 

Dahlback et d. (1978) ~ p b n e d  immersion to decrease mid-iung volume, pulmonary qufh-static 
. --\ - 

compliance 30% in fie subjects. However. some resdrvations are held by the pr&nt author. First, 

mnml  dad were based ori 18 observations. of which 3% were outside the upper limit for normal lung 
2 

compliance', which may imply poor reproducibility. Second, compiiance was obtained from visually 

fitted a g e n t s .  drawn along the pressure-vdume curves. This iRtroduces error*. Third. the magnitude of 

compliance change is primarily attributable to a 273% rise in one subjecf whose control data exceeded 

norrna/limirr on every uial. ~ecalculat in~ from tabulaud dab, and excluding abnorkal controls and ' 

, rnatded expcrimenlal da~a. produced a 9% mpl iance  fall ~lfimmersion, as bpposed to the original 

30% ~ p n e d  (p4.05. t .tet for correlated samples). Finally, aqce was computed using slope . , 

ponions which contained Ptp dara on either side of the iero inurcqt8. at leas1 in the example ', 

: One might 'speculate age related eldstance changes produced abnormal data (Mitunan et al. 
. 

1%5). as subjects are readily identified, Hawever, abnqnnal dataL occur inconsistently in 911 . 
bur one sub jm 

For exam& .asuunc a Pip at c01lllol~ YR af'0.4k~a. and at V R .  plus 01 l i m  of 1.1kPa.' 
Camp& = 'LO l a - l .  If the experimenter judged the l a m  p r e p r e  lo- be, 1.2W the . 
compliance would be reduced to 1.67 L k P a - * I ,  representing a 16.5% errbr. 

WhW& rmpioycd quasi-static manoeuvres in&& P was usually, wnega,rivt. e h p t  below 
32% VC. This is diflerenr from mtic Pv technique: whig usually prodtlccstlCCS poritivc Pip 



? . .  . 
' J  0 

provided'. Positive P& was interpreted as an iddex of air &tpping. Such points occur when P, turns 
i 

positive and exceeds mouth pressure (Pao) (since the quasi-static manoeuyre is expiratorq.. and Pa, is . - 

always positive); and have been considered artifactual (Knowles et d. 1960, Agostoni and Mead 1964, . 
MilicEmip et d. 1964a. Sutherland et d. 1968. Green et 01.' 1974). br indices of air trapping (Butler and 

Smith 1957. Glaister et d. 1973, Ingram et d. 1974, Dahlbkk 1978. Milic-Emili 1984. Pedersen et al. 

1984. Bakelo). WL alveolar closure, a greater change in Ptp is needed to produce a given volume 

. change (i.i. compliance is reduced) (MilicEmili 1984). Macklemll suggested that air trapping: if present., 

- will be accompanied by elevated Ppl and local Palv. as lung volume decreases. Local Pdv will exceed 

Pao due to absence of free communication, producing ~ofitive Pfp (negative with static manoeuvre). if 

P,, faithfully ~efle& Ppl However, it remains unknown whether changes reflect me Ptp30r 

measurement artifacr~particularly during immersion. The extent to which one can rely on Pees 
O measurement at luni volumes below 20% VC is still debatable (Milic-Emilill). In either case data cannot 

be .used to study intrinsic lung recoil, since recoil analysis assumes free communication between the 

mouth ind alveoli. 

Onl? * .  one group has investigiited chest wall elasticity during immersion (Agostoni et d. 
A: 

authors reported only mean curves (no dispersion indves) without elastance values. P t b y a s  referenced 

ro PA. Submersion to the neck moved the chist wall compliance curve positively and increased its slope 

(reduced elastance)", possibly indicating a removal of &ouldcr girdle weight from the thorax. No . 

studies have bzeh located within the literature in which all three elastic components were studied. 
> 

.,9' - . 
& . 4  

* .  

This subject experienced a 273% compliance decrease from control data, wh~ch themseivcs 
were outside normal upper compliance limits. . - 
'Versonal communications Depament of Clinical Physiology, Facult) of Medicine. Un~verstty 
of Gtteborg. Sweden. 

> 

" Perronal communication: P r o f m i  .of Medicine. MeakinrChristie Laboratories. Il(cGill 
University. Mont~eal. B 

' l 2  PemruCfommunication: Rofemr  pf ~ h d n s - c h r i s t i e  L+boratori,es. MfiiII 
University. Montreal. . 

> 

Slope change by &gtis i~  &hi; dm. 
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3.2 &UNG VOLUMES 

Borelli (1680) w& the fir& to quantify inspired gas volmes, drawing attention b air which. even . 

with the most forceful expiration. could not be expelled Davy (1800) named this the ' res idk volume'. 

~lrtchinson (1846) subsequently named and quantified other vo!ume subdivisions and capacities on over 

2U00 subjects of varying stature and health. , 

Lung volumes are determined by the interaction of several forces: (1) inspiratory/expiratory 

muscle tonus. (?) transrespiratory pressure (Pd, = Palv - Pbs). (3) elasticity of chest-wall and lung tissue, 

and'(4) external forces (e.g. gravity, thoracic compression &used by body surface pressure increments). . 
. \ 

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

' 3.2). 
E, 

3.2.1 P u r p e  of the chapter. 

The objective of this kwestigation was to examine static respirator$mechanical properties during 

upright. whble-body immersion 9 f  parricular'interest was the evaluation of respiratory compliance and 

its components of ue and chest wall compliance. and the evaluation of the elastic work of 

breathing during with, and without hydrostatic compensation4 breathing gas 

hypothesised that breaihing gas pressu;e would alter lung volume 

the relaxation volume (VR), and change the elastic portion of respiratory'work attributab to tissue 
0 4 

expansion. 





Ten male non-smokers (including 8 divers), screened by questionnaire for n o d  lung function 

history, participated as paid subjects. Medical questionnaires were screened by a physician prior to 

experimentation. AH received information packages age! signed informed consent releases. At least two 

investigators were in the laboratory, and a physician on call, with emergency resuscitation equipment 

(within three minutes), throughout all experiments. To avoid age related compliance changes, subjects 

trials were all less than 40 years of age (Mitunan et al. 1965). / 

series of respiratory, static pressure-volume relaxation manoeuvres -over the 

lung volume range from residual volume (RV) toetotal lung capacity (TLC). Manoeuvres were 

inspiratory commencing at RV; Using oesophageal balloons, uansrespiratory, uapqmlmonary and 

uansthoracic pressures were measured at each relaxation pause. Trials were pe;formed upright in 2, 
d 

and during total immersion using positivwe facial counter-pressure. To facilitate reproducibility of static 

pressurevolume hata, subjects were chosen from the bestsubjects used in the determination of the lung 

centroid. . - \ ~  

Subjects also performed 'spiromeuic qunoeuvres to enable measurement of vial &ipacity, 

inspiratory and expiratory reserve volumes, and inspiratory capacity. - 

3.3.2 Apparatus 
b 7 

Lung volumes were measured using a pneurnotachograph (Fleisch #4) coupled with a differential 

pressure uansducer (Validyne DP103k 0.25kPa (+Z.SanH,O)). Alveolar pressure was'measured at the 

mouth, with the airway occluded and glottis open, using a differential pressure transducer (S.E 1150f6.2). 

Oesophageal pressure was measured using an wsophageal balloon (1Ocm long, wall thic9ess 11.45 x - 
10 'mm) and catheter !' (tenon: intenlal diameter 1.35rnm. wall thickness 0.3mm) connected to a 

differential pressure transducer (Validyne MP45 23.92kPa). Oesophageal pressure was deterhined using 
t 

PA as reference. while aaospulmonan. pressure vfp) was obtained from the difference between mouth 

I 

l 4  Appendix Two d e d s  procedures for W g  oedphageal -probes. 



- - - - - -- - -- - 

According to m E m i l i  et d. (1%) oesophageal balloon volumes should be minimal to ' 

. adequately gauge pleural pressure. To determine this vohme, the pressure-volume dwacteris&s ef 
t .  

individual balloon/catheter systems were analysed. Catheters were attached to TygonQ tubing (internal 

diameter 3.18mm, wall thickness 1.59gun). which. in turn, was connected to the differential pressure 

transducer. Trials during?immersion rquired longer tubing mnnectiqns than control trials (2.30 and 3.78 

metres respectively), due to the greater distance-betbeen the transducer and the subject in the former. 

- Characteistia of both systems'required evaluation. 
' 

Balloonicatheter systems were evacuated in air to a pressure of -2.94kPa (-30rmHIO). Air was 
a 

then added in 0.21111 increments, with system pressure being monitored at each step. Data plots identified 

catheter ~blumes at which an extended pressurevolum\ plateau was located. At these volumes the 

ballmnjcathecer compliance would not confowd oesophageal pressure measurement (Figure 3.3). To the 

minimal volume was' added an additional O.fml to prevent high positive pressures from compressing 

n volume, driving volume down to the steep pan of the corn iance curve. In this mannerqtheter $ * 

volumes were kept minimal to avoid pressurising h e  oesophagus (Milic-Gili 1964). System volumes in 

air were 0.95+0.3ml, and for immersion stu~iirs were 2.W.2ml. The former values were slightly greater 

th:n recommended volumes (Gibson and Pride 1976. MilicEmili 1984) of O.5ml. and were atuibutgd to 

larger probe volumes in the present study. Volum;s were much larger than 0.21111 suggested by 

MilicErnili efd.  (1964). . this is attributed to7wall thickness differences between 'hand-dipped' and 

manufactured bailoons (Lemen et al. 1974, Milic-Ernili 1984). Volumes for prebes used during 

im.:lersion matched those of Sterk (1973). who also-studied immersed subjectsIJ. 
#- *+ s 

Output from mouth and oesophageal transducers was amplified (S.E. 423/1E amplifier 
. , 

demodulat~r). Flow signals wae. amplified (Daytronic LVDT, model 9i30) and low pass filtered at 5Hz 

(Rockland model 431 dual high/low 'filter). All output passed .Via an analog/di@$l converter (Tecmar 

Labpac) to an IBM(PC) for 50Hz s a r n p i i ~  and storage. 
a .  

System linearity was evalua~ecI"~'using a U-tube water manometer in parallel with each transducer. 
'9 

A step series of known pressures,(9.2kPa) was applied to each system over the range -5.9kPa to 

P '' MilicErnili et d .  (1964) have shown that larger balloon volumes displace the Ptp curve, 
without altering its slope. Thus lung compliance is not influenced by balloon voluflc. 

l 6  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 mmp6nents. 

* 
/ 

75 





+4.9& This r a g e  was deemed to W u d e  mbuth pressures anticipated during s ~ t i c ~ r e s s u r ~ = o 1 u m e e D ~ ~ ~ -  

relaxation manoeuvm Both p e u r e  syste&3ei linear (r >0.999). and remained so through& the 

, . I 
Volumes were calculated by integration of fh& signals with respect to time. System validation 

included all components between the pneumotachograph and integration routine Integrated volumei 
. 

i '  - r 

. displayed a ~oirsgstematic variance wiih flow,rate fi = 1.004 +I).MZ litres) when a one live standard 

was passed through the pneumotacho~ph.at flow rates between 20-q1.rnin- l. 
-h , 

, ,  

Accuracy of volume and pressurei measurement was confirnled by repeatedly applying known 
* ,  

- volumes and pressures to each system fhe  standard error for dry volumes was 0 . ~ 1 i t r e s  (osing 0.961 
, - 

litre injecter as a,standard), and'for irnrhersed volumes it.was 0.016 litres (using 5.921 litre syringe 
1 - 

standard),'- Five pressure standards were used (-L96. -0.98.0, +0.98, +1.96kPa (-20, -10.0, +lo. 

+20cmH20)). Pressures were appried with an accuracy of fO.02kPa (fO.2cmH,O). Stan&rd error for 

measuring the' five pressure standards using the mouth and oesophageal systems were 0.009 and 0.018kPa 

respectively. 

. - 
Immersion mals were perfoimed in the wet chamber of a h ~ h y p e j b a r i c  chamber complex able ' 

' , 

to-simulate dipths of 3M)m witk~ernberature and humidity conuoi. Water temperature was regulatgd to 
9 

3 4 . 8 ~ : 5 ~  C. This necessitated theOuse of Tang ptessure piobes to connect the pneumotachograph: to its * .  

diiferential pressure transducer. .TQ evaluate length effects on' voli~me measurement, trials wee - -  -. , 
? 

perfoim'ed using known syringe vsl&e standafdi (0.961 lirres) and different probe lengths (0.415. 1.600 
,- " % 

and 3.350 meuesl'). Increasing probe length resulted in a systematic but nonsignificant increment in ' 
. 

c .  

. , . volume mearurement (0.97iXl.03. 0.97iXl.01. and 0.989.01 litres respectively). representing 0.52%. 1.04% . , . 
s .* 

, '' and 1.77% above syringe volume, which i ~ l f  had been d&epnined -by repeated wirer filling. 
* 

. c J 

3 ' / During imm'ersion tn& the pneumotachoeraph was kept pbove ,the water. since both subjects and * , - 
2 

ail supply were immersed. le$g.hs of low resistance tubing kere used to link each with he o - 
-. r = 

. pneumotachogaph (Figure 2.3). At eithef end of this tubing a Mares (MR 12 111) regulator' - - ' ,  
" - 

3 

&&ded  cdrnpr&se% & m a h e  tanks. Both regulated were k e p ~  in the same horizonul plane. , ' 

8 sub@$- were positioned in &is circuk close lo the secoqd r&l& ~ w o . ~ ~ w & u r a ~  . % &s permitted the * " 

0 .  

. J . erperimeng;+to control airflow through the pneum~rafho&ph; and from wHich re&lator the subject r , 

2 ' .  a 
' ,- 



The p n m o " t a € h ~ P h  was heated to prevent candebtion in the resistor tubes 
a P a 

manoeuwes. Laboraprytri& using m p p e r ~ m n s ~  thermocouples (0.125mm . ,  c 

3 9 . 3 O e ( ~ ~ ~  = 0.002) and gxp~hate tempratwes of 39.7O c (SEM = 0.35) It .  This difference war 

negligib& in any BTPS volume conversion. and was-ignored d k m p e & r e s  were deemed tq be .* . -- 

During elastic work trials regulator 1 was positioned at the sterdanotch depth. Due m its large 
f 

--- dead space. this airway .was used only during trials. 

The second regulator served three purposes: a a 

' .  'k, 

(1) it provided an easily accessible emergency air supply to subjects, 
a 

5 

(2) it permitted subjects to breathe comfortably below the water betweeh trials, inaeadng their ability to 
1, - 

reproduce relaxation pressures. and 
2 (3) i t  reduced apparatus dead space. 

Trials performed in ai; I;& a&.&! !Cngth of low resistance tubing (volume = 0.365 lines) to - a '  

% 
comect subjxts directly to tht pneumotachograph. AII other tubing was disconnected butrap 1:.- 

remained in each set-u@ there existed a volume of air between the s u b j e  and ta:, 1 (L59 litre and 0:953 
I 

litres - immersion respanively). Lung volumes were corrected for gaseqmsion during - 8 > .  

C 

negative pressure compression during positive pressure holds. 
d 

,.<? - 4 7 - 
I I 

( 

lmmedon spiroaeuy and elawic wor" trials were performed with pxitive! Faaal counter-pressure.' . . Q C  ~. 
using a'modified Kirby-Morgan band mask (U.S. Divers - Figure 2.4). + A  d l  p!essure' line m n e q e d  I ' 

a. 

regul;tor 2 directly with the air space inside the hood and pressu&d the laper to a pr&uro equal to tbe, 
& r 

depth of the regulator. Since the pressure line b y - ~ d  t a p 2  conslarit &sk pressure'&, mainrained ' + 

i 

during pressure-volume manoeuvres. The hood provided strong m b k r  &&ngs to maintain its 

poriuon during immersion These straps facilitated mouthpieceost&iil@. as it was .imposi6le t q  
$ - 

phyr;cally eject the mouihpiecc when smpped in psition subjet% &ore Mse clips dirring all *Is i 
& 0 

, . '. 

prevent air losses. . . - .  
= I _  -; 

, o  . . *  



transducer, enabling she experimenter to determine when i & b l f i e h t i &  pressure was ' 

n 

. b. - J , - < 

preliminary immekion bials p r o d u ~ d  filaration mouth pressures byon; h e  mndupq capacity. = 

To bring @ r & w  into iange a prkmre-+nipemtor was connected to the &ucef referehce side 

(which had been op&n to air during 1 trials). The compemtor consisted of a perspex $inder, and . 
p&we probe. immersed to"kri0wn depths, and &N;ectedin parallel with both the 

. - 

and oanrducer. The mpnsa tor  'cc&se&entlv applied a' positive re firence pressors to 
' c  , 

enibling measurement o f p a t e r  relaxation pressur& - . ' 2  

. <  
I .  , 

3.3.3 ~dibratibn 
. 1 

% * 

\ ,.p 
f 

4 
- . , . (  * X; 

Calibration was&rformed daily, oy more fiquentl; if chc ;ppar~rus wa(lhutsddws &tween Le 
a .  7 * .  

previously confitmed system inyaity. 
Q - 1 , '  ,,-% &*  . , ! s'7 = ." .1 .' 

a .: . 
a. * , ;. *'A " ...; . ' . a' 

' 6  0 r L r  L .  

. a  - ,\ + *.,, , 8 : . ; . , C e 
- , V V "  

E w  calibrabmi was carrigd out $tki$paraltis In uru, pre@ding a X $ & ~ w t t h  -tl-k& 
9 . ,< 

..','a . , , 9 . . . 9 -  

~ n e w n o t a k h q r a ~ h ~ ~ f k  off.   or +hvk trials r *;es df $?:~Edr~e.volurfieS~1~:.94~lbes) were paned 
91 4 1 

). b e  '"j - "C 

through the ineudthchogaph - . at various flow "rates lnagrate'd 4ioG.Car +I. %$heed id &ed.dga&sr: 
4' a .  . . 4' A r.- 

d e  voium;rtandad Irrimenion trial calibration,&ld-no1 Ikpeko&ed in $is manner: . wb.rcgu!at& , ,;;k.o, , 



provide reproducible &aJ9. One subject was new and undertook idential training to that descrieScribed in 
r 

Chapter two. I h h g  immMsion aids lm& rqgfatofs were positi-at the depth of dre sterrmt notch. - - 

Trials were preceded by 4 5  rapid breaths a1 slightly larger than normal tidal volumes. to lower 

blood CO, d o n  and reduce respiratory drive. Three normal tidal volume breaths followed this 

tachypnea'm remove volume history influences on compliance (Ferris and Pollard 1960). ~ x ~ i r a b o n  to -- - 
RV fdlowcd During immersion. &don+to RV was determined by rapid air expulsion from regulator 

2, and R V  auainment by cessation of bubbles from this regulator. At RV subjects were isoked from 

suncspheric air by doring lap 1 (mnrmljor from regulator 2 by closing u p  2'(imm rsion). On verbal- % - 

v 

command (head laps during immersion) subjeas, gently inspired when u p  1 was opened, and relaxed 
C, 

when ii closed To prevent large unconudled inspirations subjecs were trained to resist inflow at low - 
rela.ution volumes. Inspiration was continued unul subjects sensed u p  1 close. at which point bey again 

7 4 

relaxed. To prevent am-dental gas. loss, tap 1 was not opened till the experimenter observed 
3 

commencement af inspintor) effon (change in mandrneter pressare): Using &chis sequence subjects sere 

able ro provide 5-kddifferent points at which the pressure-volume relation between K\. and TLC could 

be evaluated. Trials were repeared 5-7 times. Unsarisfactor) uials were repeated. An elecuonic uigger 

was activiated i t  each relaxarion point and recorded on a separate computer channel ta identify points of 
i f l  

relaxation. 

Sub* performed uials seated uprighl wirh hei r  back venical and hips flexed a1 '90'. To k 
reduce buoyancy during the immersion uials. s u b j t i ~  placed a weight belt over h e  thighs. and thc '-7 

experimenter held the head position constant 
\ 

b . 
, Oesophageal balloons were i w n e d  by thc experimenter in the prmncc of a physician andfor a . 

- 

member of the supervisory committee uained in placemen[ of oesophageal catheters. Nasal and 

pharyngeal mucosa were localty anaestheused (xylomine endouacheal ae rw~:" ) .  Insertion procedure\ 

were demorsmreQ to rhe subjem and fu& explained while thc topi&l anaesrhetic took effect Subjccb 

were sealed in a padded chair with arm and back suppon Balloons were smeared with a slerilc. 

waur-solublc lubricant (K-k' ~clly'. Johnson 6: Johnson). T h e  more patent airway was dctcrmincd by 

'' Five w b j m  had previous13 taken pan in s i x  group of static pressure-volume uia$ Iwo 
wcrt inwlvcd in five g roup  of trials, and two look pan In four groups of uials. 

l b  ~ u b j k  were quesuoned regarding allerg) LO local anaeslhetic prlor to use. All s u b j e c ~ ~  
rtspDnded negatively. 

- 

E(O 



examination and the bafbms were the narg &th the subject's head fidlpextended-?'he--- 
- 

probe tip was located in the uvula using a tongue depressp and flash light At this 

point the b a l l m  was wiihdrawn 'lcm, for sub t comfort, and the subjecssat erect-and, commenced"- 

* strong drinking and swallowing of a s  water through "i. straw. Further 3 catheter insertion was timed to 
-- - 

coincide with swallowing 

1 - Preliminary "catheter insertions were used to identify balloon positioning in the oesophagus 

6 Balloons were 1 ted below the gastro-oesophageal junction (indicated by positive pressure with 
- 

inspiration). then withdrawn slow1 y to identify the cardiac sphincter (psi tive pressure turning negative on 
9 

inspiration). It  was intended to locate ba@ons 'IOcrn above the gasuo-oeqhageal junction, however. 
a preliminary work revealed cons~derable inIrasubject variability in depth betkeen repeated positionings. 

Ehrner (1960) similarly reported large variability (f5crn) for repeat placements. It was decided to 

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

40rm from the nares to the balloon tip. 

Air within oesophageal balloons collects at the point of least pressure ( i.e. the upper junction of 

balloon and catheter). thus oesophageal pressure (Pws) was measured approximately 30cm from the 

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

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

found micl-oesophageal psitioning superior. Furthermore. the influence of basal alveoli collapse, during 

immersion (Pedersen er d. 1984), upon lower third Po= was unknown. 

During preliri?!mr)' testing. Pv was monitored during spontaneous breathing to evaluate 

cardiogenic i n w n c e r  Christie and Mclntosh (1934) reported Ppl fluctuations of 0.83kPa (8.5cmHIO). - ' 

lrmen er d. (1974) obseneh a 0.49kPa variance. and ~ i b r o n a n d  ~ f i d e  (1976) found -0.89kPa change in 

Pip. each due teardiac m p h g e d  compression. Maximum peak to minimum uough Ptp differences 

in the current prelipinary work were 0.145kPa (SEM = 0.033=l, sampled at %Hz). Flucruations did not 

show recognisable cardiqenic patterns. and were interpreted as being caused by oesophageal conuaction 
'7 

or movemenr artifact The pressure difference magnitude did not warrant recording at P wave onset to 

npal PIP measurement times (Trop et I 1970). since Ptp measures were to be averaged over 50 data 

. poinls ( i.e. one second collection) which would include at least one full cardZcycle. 

L. .- 
; I  E = m. SEM = standard error of the mean. 



, -- 

It was amduded that foes &odd k measured in the lower portion of the middle third of the 

oesophagus ( i.e. 3Ocm from nares). In thispsition end' tidal P,, averaged -Q.42kPa (SEM = a04) 

before oommencing experiments, and -0.4lkPa (SEM =.0.05), before We =catheter was removed at the end 
b 

- of the experiment These day in agreement with m&wements of k m e r  and Nisell (1959). provided 

confidence that 'P, measurement was valid, and that probes had not moved significantly during the 

experiments. 

- 
After the oesophageal catheters were positioned, subjects performed a valsalva manoeuvre to 

evacuate air from tfie balloons. Each balloon was injected with 5ml of air to ensure even filling. A 

volume was thin removed, to leave the predeterimined balloon/catheter volumes. Repeat valsalva 
,' 

manoeuvres &bled balloon volume confirmation between mals. " 

/ 

Trials did not commence until 2C-30 minutes-afcer the catheter was positioned, to ensure 
" 

subsidence of peristaltic contraction. Ballcmns and gtheters were washed. sterilised (c id i i6  activated 2%- J', 
=-c\ 

glutaraldehyde solution), and refrigerated between trials, after dusting with talcum. 

- 3.3.5 Procedures: static Iung vdume measurement. 

Spirornetric 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 uials 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 coven regulator depths: mouth level, 13.5cm below sternal notch (mean lung 

centroid position2'), and lOcm aboveand below lung cenrrdd . Before commencing each trial subjecls 

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

Tidal volumes (VT) 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 elevate VT. Tachypnea was followed by several normal breaths. Subjects were 

asked to select and maintain a normal VT and breathing frequency Cfb). Redirection of inspiratory 
1 . - 

VitaI capacity, inspiratory and expiratory reserve volumes, inspiratory capacity and tidal i 

volume. 

As determined From Chapter two. 
- 



J - 
airflow through the pneumtachograph was done mvertly. 

Vital capacities (VC) and inspiratmy capacities (IC) were measured as averages fIom repeated . / 

trials rather than from peak values (Beers 1957). Both the VC and IC measurements were reobrded from- - 
+ G  

inspiratory vollwes, the latter being perfo.med following a normal VT expiration. Inspiratory and 

expiratory reserve volumes (IRV, ERV) were determined by subtraction. 
/ t "  

4 
- 

3 . W d d a t i o n s .  
/ 

/ 

/ ' 
' / -- 

1' &tic wwk study. 

Pressure measurements represented differential pressures between Pdv  and sternal notch pressure 
i 

*(tr~nsrespiratory dreaure*l4), and between Pal, and?, (trampulmonary pressure). Transrespiratory 

pressures (Pm) were obtained using Equation 5: 

PreSsure relative to sternum = Prneasured + (Pcomp - Psternal) Equation 5 
I where: 

-- Psternal = pressure at stemal notch. 

Transpulmonary pressures (Ptp) were derived by subtraction at the pressure msducer .  Transthoracic 

pressures (Ptth) were calculated from isovolurne subtraction ( i.e. PYso - Ptp = Pt&) during computer 

analysis. - -- -- - -- - 

Analysis'programmes were written to perform calculations. Using electronic trigger points as 

relaxation pause markers, the programme integrated flow between cohecutive markers, and determined 

uansrespiratory, 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, p s u r e  at the 

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

effects using the Ebyle-Mariotte Law. 

PIVl = constant 

- 
-" Transrespigtory pressure is generally computed at Palv minus mean body surface pressure. 
The laner. a t  this p i n t  was unknown. This correction was made subsequent to measuring 
Ptc- 



* 
4 .  

ppp-p--- 

If V, represents integrated volume. m d  V, represents actual volume inspired. 

Equation 7 

- where: -- 
9 

P, =atmospheric + regulator pressure, 
I 

' P, = atmospheric + 'F'mour.h.- 

* . \ 

Alvedi? air is compressed p d  decompressed by changes in ambient and alveolar pressure. 

Apparatus dead space (VD) stores compressed gas and returns gas to lungs during decompression. thus 

VR must be considered a component of V?. RV is also a VR component Substitution of terms into 

equation 7 produces: 

Integrated volumes were then corrected to BTPS (equation 9). P k s u r e  corrections included 

allowance for absolute pressure at the anatomical reference site, and dveolar 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. 

(PA +=outh + Psternal - PH,o) V2 -310 - ~ -  

Vj BTPS = Equation 9 
A 

(PA + Pmouth - PH,o) (272 + TA) 

to the foUowiq 

volumes geate1 

recorded by the 

Before an2lysis of compIiance curves was undertaken, data points were rejected as errors according . 
criteria: 

than the 

(a) fake @tive/~ega€ive pressures (e.g. negative pressttre achieved at I % I ~  I 
VR). (b) points when glottal closure or swallowing occurred during uids, as 

e 

experimenter or detected from the compliance curve shape ( e.g. pressure flunuations 



- ppppp - -- 

, >0.49kPa ( S d , O )  from mean w e ] ,  and (c) points of poor relaxation (as determined by c w e  I 

analysis). Care was taken to avoid the unriea%aq exclusion of pressurevolume data points (Henry - 

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

general form: 

Y = p o  + 3,x + 8,x2 + ...... + bjJ + e Equation 10 
9 

1 
ConventionalIy. stafic pressurevolume curves are plotted with presiure on the abcissa. Statistid 

convention dictares independent variables appeu on the abcissa. Static pressure is dependent upon lung 

volume. thus analysis was performed with volume as the independent and pressure as the dependent 
\ 

variable. 

Curves for the total respiramryZ lung tissue and chest wall were separately analysed using 
" 

orthogonal polynomials to derive the least squares curve fit of independent to dependent variables. 

Control and immersion data were analysed independhtly. Coefficients of each equation were'entered 

into three analysis programmes written for this investigation. The first -bled numeric solutianof the 
d 

regression equauons to derive lung volume at zero Pm press~re'~ ( i.e. VR). The second differentiated 

the quarions producing refpirzttwy, lmg tissue and chest wall e1astand6, compliance. and static volurne 

and pressure at increments of 1% of the vital mpaaty (VC), over the volume range residual volume (RV) - 
to total lung capacity (TLC). The third programme integrated pressure with respect to volume, providing 

respitatdry, lung tissue and chest wall elastic work2' over a given volume. 

Lung centraid was determined from positive pressure, isovolurne (VR) displacement of the total 
-- 

respiratory presswe-volume curve. Pressure data were differential pressures between P& and pressure 

at the sternal notch. If pressure is expressed in imperial units (cmH,O), one may reprgent lung centroid 

:' Transcendental equations cannot be resolved analytically since x cannot be isolated. A value 
of x (volume) ma) onlj tx anained numerically. $lution accuracy was set at +I@, which 
w.as beyond the capadtl of the measurement system, but was deemed appropriate (Kuo 1972). 

'' Differentiation provides a measure of curve slope ( i.e. &/dx or dP/dV) ~ h i c h  is 
respiratory lastance. When drawn amrding to physiological convention (pressure on abcissa), 
w e  Ilup(equrh respiratory mmpiilnir. CompIiance = l/elastana. 

?' Area below the prwure-volume curve has the dimension of work (Chapter One). 



- 
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a a venial disphcement Mow the sternat notch, since distances qytz un-d the preiiiim head - 
/ 

* produced by an equivalent column of water. in accordance with Jarren (1%5), curve shifts were 
- 

e x p r d  relative to the uprig& mtpl VR. Use of rnid-curve iwvolums ensured curve shift analysis - 
over an approximately bear put of the curve. Curve shifts over this m g e  were expected a be parallel. 

and therefore to provide a PK relevant to a greater variety of lung volumes 
\ 

Using the PK for eachbject &tely. the ad respiratory compliance curves from irpnenion 

trials were rrioved lefnvards (nega~vely) so that the VR matched the VR measured in air. Using these 

pressurevolume coordinates, the Pm and Ptth static pressure-volume data were reanalysed Palv g ~ d  

Foes were now expressed relative to the body surface pressure at the external =point in the same 

horizontal plane as the individual lung centrdds . Pressurevolume characteristics were deemed to 

represent mechanical changes accompanying irnrne ith gas delivery at PLC. 

Pm, Ptth and PW cttrves enabled cumputation of elasdc work componen&T~igures 3.4A.R.C): 

3) total respiratory elastic work, 

(2) lung tissue elastic work, 

(3) chest wall elastic work, % 

(4) hydrostatic work performed by the regulator during immersion", and 

(5) work performed by the respiratory muscles. 

A n a l y s i s s  performed over a 1 liue V ~ d i n c e  control sponraneous breathing produced a VT of 1.12 

hues (SEM = 0.10, n = 10). Amlyses started at the conuol VR. Additional analysis commenced ~t 

volumes corresponding with the regulator delivery pressures equivalent to the pressure at mouth depth, 

and at depths 1Ocm above A d  below Lye lung cenrroid laus .  Since the results from the previous chapter 

had shown thar immersion mused parallel shifts of the respiratory compliance curve, this method of 

malysis was appropriate. 

Of prime concern in this investigation was the work performed by&e~nspiratory muscles to 

inflare the elastic respiraton 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 diving regulator (with -- 
its positive or negative pressure bias relative to PK). During respiratov volume inflation, inspiratory - 

muscle work is given by the following general relationship: - 

I' This work p r k  is provided by the potential energy difference between the regulator 
pressu~e and P x .  -. - - 



lnspixatby muscle wmk = (mud respirato~y elasfic work) - (regulator work)- Equation-l 1- 

,%I1 work subdivisions were measured relative to the pressure at the control respiratory VR. 
- 

In air, and during immersion with air delivery at Pfi'the regulator performs no respiratory work 

and inspiratory muscle work equals total respiratory elastic work, the latter being obtained by integration - -- 
of the-area tinder the Pm curve ( i.e. area V,SVz, Figure 3.4AZ9). 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 pressures 9 than PLC ( e.g. mouth pressure+and 

pressure at the depth 10 cm above lung centroid ), total respiratory work carresponds with the area 

V,TSV, (Figure 3.4B). Hydrostatic work done on the respiratory system by the regulator has a negative 

sign, and equals area V,TQV,'O. Inspiratory muscle work was obtained by subtractioXof the regulator 

work from the total respiratory elastic work (area TSQ). €hest wal: and lung tissue elastic work were 

obtained from areas below the respective curves (V,RCV, and V,LUVJ. 
9 .  

Delivery at gas pressures geater than P x  ( e.g. at deplh lOcm below lung centraid ) produces 

positive work by the regulator on the respiratory system (area V,TQV,). Inspiratory muscle work equals 

area TSQ (Figure 3 . 4 3 .  Total respiratory, chest wall . a d  lung tissue elastic work were again derived by 

integration (areas V,TSV,, V,RCV, and V,LUV, respectively). 

Static vdume measurement. 

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

poinrs of zero flow. Volumes were convened to BTPS units (equation 9). 

3.3.7 Analysis. - 

h i ~ s i s  was based on a repeated meaiures experimental design, with five levels of one 

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

I' Zero vdume corresponds with RV. 

' O  The respiratory system must perform positive work to overcome the hydrostatic pressure 
difference between PK and regulator pressure, 

87 
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Pressure kPa 

Figure 3.4A: PPRitioqiDg ekStic work of the respiratoq system in air, and during immersion. 
b r e a t h g a i r a t b n g c e ~ d ~ '  &- 



Pressure kPa 

F i t  3.4B Putitimting elastic wrk of the respiratory system in air, and during immersion, 
breathing air at pressurn b&w lung cenzrcid pressure. - -/ 
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Figure 3.C: Pa&hbg elastic work of tbe mpintory system in air, a d  during hmersicm., 
breathing air at p m  greater than lung centraid pressme 



was set at the 0.05 lweL Statisti4 analyses tml; the form of: (19 mrrelated €-tests: t2>Hotellmg's ---- 

T-squared analysis for rimultaneous comparisons between univariak factors for several variables; and (3) 

multivariate anaIysis of variance for Zepeated m w v e  analysi_c over several levels of the ueatment 
' 

effsr  ~oll&ng significmt F = G a i a  past hoc multiple cornpad- (Tukey's.HSD1) were used to - - v- 
isolate sources of si@ficant variance (Keppel 1973. Hu& et d 1971). Where si&ficant d q g a  were 

not obsg!rved, computationssf statistical power were performed statistid power ($) is defined as the 

probability of correctly aocepting an experimental hypothesis (Keppel 1973. Gehring 1978). 
i . .  

" Sutmw+bbla are omtahed within Appendix Three. 



3.4 RESULTS 

3.4.1 Characteristics of srrb&cts. -- 

Physical chapacteristics of subjects are derailed in TrYe 3.3. Subjects took part in both elastic . d 

- /a 
work L d  lung volume experiments j2. 

3.4.2 m i c  wwk partitions in air. . -  
% 

Pressur~volurne curves were consmcted from an average of 45 (26, tout1 respiratory 

(29, lung tissue) and 37 data points (f 8, chest wall). over the volur.le range from RV to TU3. ~ ~ ~ i c a f  

curves are illustrated in Figure 3.5, with data points illurnling ~ p r o d u ~ b i l i t ~ .  CMI& cmplia- 

were within expected normal limits (Table 3.4). with respectivk means at t 5 3  (SEM = 0.1P). 3.24 (SEM 

= 0.21) and 3.32 1.kPa-' (SEM = 0.51). It was concluded that conuol data were reproducible and valid 

assessments of respiratory, lung tissue and chest wall compliance and elastic propenier 

Elastic workJ4 of the $pl respiratory system averaged 0.36kPa ( E M  = 0.05) (Table 3.5). in 
\ agreemeer'with Chapter Two and Rahn et d. (1946)''. Energy lo perform this work was provided by the 

inspiratory muscles. Lung tissue elastic'work averaged 0.MkPa (SEM = 0.04). That lung tissor exceeded 

- total respiratory elastic work is explained by the outward chest recoRwork = -0.29kPa. SEM = 0.06). 

aiding lung expansion due to its tendency tohove tnwards its relanauon volume at '61% of VC (SEM = 

5.75). [ F a 1 9 5 1 )  and Agostoni and Mead (1964) reported chest wall-relaxation a[ ' 5 5 %  VC.] 

32Subject numbers allocated in Table 3.3 remain consistent rhroughout t h e  
from those in Table -2.2. 

chapter, but differ 

(probability of' 
- 

33 F = mean, SEM = standard enor of the mean. 0 = s~atistical power 
correctly accepng experimental hypotheses (Keppel 1973. Gehring 1978)). 

Elastic work data are reported over VT of 1 litre. producing work per litrc. Unirs arc 
3 . 1 - I ,  which is equivalent to - kPa. 
Proof: Work = force - dispiacement; work per liue = force - displacemenUvolurne = J.1 '. 
Cancellatkm produces: face/a~ea. W pressure = force/arei, therefore correct for eiasuc 
work over 1 litre VT are pressure units. or kPa. 

'' Both sniQies expressed elastic work for a 0.5 liue VT; d o u b l i n d T  elevates elastic work 
about fourfold (Figure 214). - 

(1 
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Table 3.4: Respintw, lung tisw and chest wall compliPnces for subjects upright in air. 

SUBJECT 
- 

Total Lung Chest 
respiratory tissue wall 
eomplimce compliance compliance 

1 1.47 2.00- 5.26 
7 - O  - 1.49 3.70 2.50 
_t 1-61 > 3-23 3.23 
4 1.92 3.23 4.35 ' 

5 0.95 3.70 1.28 
5 3.22 3.70 5.56 
7 1.54 4.00 2.50 
8 1.00 3.13 1.47 
9 t/' 1.10 2.22 - 2.08 
10 2.04 3.45 5.00 

L - - r - 

1 1.53 5.24 3.32 
SEM 0.14 0.21 0.51 

Compliance units = 1.kPa '.- 
Carnpl~ances computed over 1 line commencing a t  the total respiratory relaxation volume. 

- 



Table 3.5: work partitiom of the thorax for subjects upright in air. 
, 

S U p C T  Total Lung Chest Work of -- 
respiratory tissue wall respiratory 

muscles 

- 
x 0.357 0.638 -0.290 0.357 
sEM ' 0.052 0.035 0.057 0.052 

Elastic work units = kPa (or J.1- I ) .  /' 
The summation of lung tissue and chest wall elastic work should be equivalenr to %la1 f res$iram=y elastic cork. This is not precise11 achieved since the three compliance curies were 
individually curve fitted, producing minor\ differences in the integrated areas. 
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The total respiratory ampliance curves were first anaiysed for isovolume pressure &splacements 
. 0 

of the upright mod VR (as per Chapter Two). Curves were consmcted from an average of 40 (s = 

data poina between RV and TLC, expressed a! pressures relative to sternal notch'pressure. Upright l& 

cenrrthi was found to be l22an  (SEM = 1.6) below the sternal notch, thus PLC was 1.19kPa. This point 

is in close agreement - witb the weighted average derived from data adjusted to a common anatomical 

refere- (Table 2.1, 12.7cm). and the observations of Chapter Two (13.6an). Differences were 

nonsignificant for paired (nine current subjeck participated in Chapter Two) and independent t analyses 

(0 = 0.66) (Table 3.6). 

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 reproduability, 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 thqracic cbmpliances are provided in Table 3.7. 

Immersion elevated chest wall compliance ( i.e. reduced its elastance) to 4.84 1.kPa-I (SEM = 0.89) 

from 3.32 1.kPa-I (SEM = 0.51) in the cirj'connols, possibly via removal of gravitational pull on the 

 shoulder^ girdle (Craig 1960. Agostoni et al. 1966) (pN.054.1.0 = 0.57). The chest, during immersion, 

recoiled towards a larger relaxation volume: 73%VC (SEM = 6.67). Total respiratory compliance (1.92 

1.kPa I .  SEM = 0.18) and lung tissue compliance (3.52 1.kPa- !, SEM = 0.22) were not significantly altered 

(0 = 0.56). This latter observation opposes lung compliance reductions found by Sterk (1970. 1973) and 

Dahlback et uf. (1979). using dynamic and quasistatic manoeuvres. -- - - 

Elastic work panitions are sumrnarised in Figures 3.7A.B and 3.8. With pressurevolume curves 

expressed relative to PLC. elastic work calcuhtions were performed over a 1 liue volume, commencing 

from the total respiratory relaxation volume. Subsequent calculatih were pgrformed at three lung 

volumes, each representing the volume point along the total respiratory pressure-volume curve which - 

coincided with the hydrmtatic pressure (relative to PLC) at mouth depth, and at depths of lOcm above , 

and below each subject's lung centroid loci. In all instances, elastic work changed sequentially with 
* ,  

preaure change3". Air supply at PLC during immersion, most closely reproduced elastic work ' 
8 

su@visions and inspiraton. muscle work that existed in air. With gas delivery at 0.98kPa greater than 

'' Overall MANOVA 

PLC, the re&atormaided inspiration the greatest arnounf producing the least inspiratory muscular work. - 



  able 3.6: Upright isovolume compliance curve 
counter- pressure. 

displacements during immersion with facial 

SUBJECT - ISOVOLUME CURVE DISPLACEMENT(cm) 

Z 

, SEM 



Pressure kPa 

-- 

-- 

Pressure kPa 

Figure 3.6: Repmsesutive prcmxe-volume curves for lung tissue, chest wall and the total 
rrrpintoiy systm obtained d m h g  immersion with facial counter-pressure 

F 



Table 3.7i Total respiratory, lung tissue and chest w 4 l  compliances for subjects immersed . - 
upright 4th  facial counter-pressure. 

I 

SUBJECT, ' Total Lung Chest 
respiratory tissue wall 

\ compliance compliance compliance -- 

- 
x 1.92 3.52 4.84 
SEM 0.18 0.22 0.89 

Compliance uniD' T k P a  ;. 
Compliances computed over 1 liue- commencing at the control total respiratory relaxation 
volume. -- - - 

- - 
i* 



.7A: Lurtg tiaw and chest wall eiastic work computed from p r e s s ~ v o l a ~ g  curves 
to unlraid pressure, using data obtained in air a d  during immersion at four 
pressures. [Work was calculated in J.1-I and-is expressed in kPa units. Data 
means and _standard errors. *=significantly different from control status (p<0.05).] 



Figure 3.7B: Total respiratory elastic work, md hydrostatic work performed by the demand 
regulator, computed from pressure-volume curves adjusted to lung centroid pressure, wing data 
obtained in air ?ad during immersion at four breathing pressures. [Work was calculated in 
J.l-I and is expressed in kPa units. Data represent means and standard errors. o'%ignificantly 
diffemt from control status (p<O.OS)J 



CONDITION 

F v  3.8: Work performed by tbe insphtoq muscles, computed from pressurevolume curves , ad@as&d to centraid pressure, using data obtained fn air a d  during immersion at four 
Ismthing pmmms. [Work was calculated in J.1-I and is expressed in kPa units. Data 

- - represent means and standard ems %ignificantly different from mnml status (p<O.OS).] P 
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however, work was not dgnificant.~ less than that recorded in air or during immersion at Px air 

& 

/ 
in elastic work between conuol and PLC air deli@ during immersion, were 

Q air supply total respiratory and lung tissue elastic Work levels were significantly closer rp mntrol- 

values (pO.05) than that produced by eachif  the other breathing pressures. Chest wall elastic work at 

P x  and P u  plus 0.98kPa. difke@sign.ificant(y from levels measured at the other air pressures. but 

were not significantly diveigent from control status (p>O.O5..@ M.99). 

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

from values at mntrol and the other three air supply pressures (Figures 3.7A.B, p4.05). 

PLC plus 0.98kPa air supply prodlited. significant changes from control and PK air deliver). for 
1 

total and lung tissue ( ~ 4 . 0 5 ) .  but not for chest wall elastic work (Figures 3.7A.B. ;>0.05.0 9.99). With 
* 

air provision at PK minus 0.98kPa. all elastic work components differeg significantly from levels 
I 

obtained under each of the other experimental and control states. [~umhar ies  of posr h a  comparisons 

are contained in. Appendix Three]. 

' Inspiratory muscle work quantified total elastic and hydrostatic work over a one litre inspiration. 

With mouth pressure air delivery, muscle work averaged l.lOkPa, and significantly exceeded conuol and 

all other experimental values (Figure 3.8. p4.05). Application of positive compensatory pressures 

sequentially lowered inspiratory muscle work. At PK and PLC plus 0.98kPa. average muscle work was 

no longer significantly different from mntrol status (0.31 and O.25kPa respectively; Figure 3.8; p9.05.0 

N.99). but was significantly lower than than that produced with air delivery at P,IC minu; 0.98kPa. 

Altering the breathing pressure changed the total respiratory relaxation volume (vR), moving the 

one litre VT up and down the compliant curve (Figure 3.9). and producing concommitant total elastance 
-- !& 0 

alterations. The 'VR increased systematically with breathing pressure. producing a s d a t e d  decrements in 

inspiratory muscle work. 



CONDITION 

b 

Figure 3.9: TotaL r e s p h t ~  system relaxation r o b  accompbging breathing pressure 
ch;rages. [The equiMLarcc of control and centmid pressure data during immersion, resulted 
from the isovdurne repositioning of the immerscd total respiratory compliance curve so that 
rtlaxation vdumts of the two states were equivalent for each subject Data represent means 
and standard e m  asigaifIcaDtly different from contrd status (pd).05).] 
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3.4.4 Lung vblumes. . , 

- 

Spirometridly de t edned  lung volumes were measured m airhd during immerrim The air 
4 

delivery pressure was varied randoqly and covertly between niak. 1 lung volumes apreed with 

levels previgusly reported (Table 3.21, except for VT, which was ge 
- - 

Immersion w i t h p  delivery at mouth pressure reduced VC from 5.86 to 5.571 BTPS:lhough vital 

capacities'did not differ signipcantly from CO~EOIS (p*.05.0 20.99) in any of b e  immened mndiuonr. 

However, with air provided at PLC and PLC plus 0. the VC' was siknificanrly larger than ar % moth 
B pressure (p<0.0Y7). ERV was reduced from 2.06 to with uncompe~sated immersion. 

producing reciprocal increments in inspiratory cap C, 24.58) and inspiratop reserve volume (iH\'. 

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

P 

During iqnersion ERV was sequentially elevated with thing pressure increments (Figure 

3.11). with the mean values at mouth pressure diverging signifie&Igbom Aore oblai id  under all fit 

- - other conditions, except for air supply at Px minus 0 . 9 8 ~  (p<O.OS). ~ e a n  W V  at cenrrad and PK - 
minus 0.98kPa were not significantly different ( ~ 3 . 0 5 :  0 >n.!?9). !RV s~rnllarh vaned with dcl~veq~ 
-i" 

pressure. 
4 

Increments in air delivery p r e s u e  systematicafly reduced IC. At PLC phr  0.9KkPa a~ i sapph.  the 
\ 

IC was significantly lower than at each of the other conditions (Figure 3.10. ~ ~ 0 . 0 5 ) .  DitTcrcm 
Or 

between mouth and centroid pressure air deliveries were also significant (p4.05).  

Tidal volume changes did not follow the changes in breathing pressure. All variances were 

non-significant (p9.05.0 9.99). VT at PK air delivery was however. closest to control volumes. 

u t h  the exception of VC, air supplied at PK during immersion was bnt able ro reurn lung 

volumes to control stat&. These data conform with the working definition of lung ccntrad pressure. a. 

being ,the air pressure required to return immersed thoracic relaxation volume towards valucs which" 

i 
- 

'' Overall M NOVA F = 391.73 (5.4), p4.05. 
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Fig13~ 330: W k p h t o q  e q d f b  hp air. m d  tsrwrsh 
P B I I C ~ Y D # ~ ~ ~ ,  [Dm represent meam and standard ~~ 

, -m@m ==' (W)3 - 
* 

- - 



CONT~TION I 
Egtm 3.11: Eqiitoq rcserw vottmes, iuqimw reserve votrmKs md tidal volmnes* obtained 
in air, and daring iumesh witb Pad rrittrout breathing pressure cornpermtion. [Data represent 
mmns and standard cmxs %gnifimtly different from control s~ (pd).OS).] 



The present study positioned lung centraid 12.2cm inferior to the sternal notch (Table 3.6). 

confirming observations from Chapter Two. During immersion, withkr provided at the group me& 

lung centrdd pressure, the mean expiratory reserve volume was retumed to within SOmls of the control 

value ( F i e  3.11). Furthermore elastic and inspiratmy muscle work were retumed to ajnkrol 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 

3.5.2 Vdidity of oempfruged bdlwn techniques. 

Measurement of chest wall and lung tissue elasticity is dependent upon the fidelity with which Ppl 

can be approximated by P,. Ppl varies along the sagittal (Mead 1961, MilieEmili et d. l964b. 1966, 

D'Angelo et d. 1970. Agostoni et d. 1970) and transverse planes (Agostoni and D'Angelo 1969. 

Miserocchi et al. 1981). Pees cannot be considered a measure of mean pleural surface pressure, but . 

rather as an index of local average PPl; which varies with the site measurement 

 has been mnsislently shown to track Ppl (Fry et d. 1952. Stead et d. 1952. Chemiack el d. 
I 

1955. Attinger er d. 1956a. Butler et d. 1957, Ehrner 1960). while remaining siightly more positive and 

marginally failing to replicate peak-twtrough dimensions during cyclic changes. Cherniack-et d. (1955) 

suggested that P, provided-a better appreciation of non-elastic than elastic components, though 
C 

subsequent technical advances largely negate their observation (Milic-Emili et d. 1964a 1964b). 

P, is susceptible to pressure artifact of intrinsic 2nd extrinsic origin ( e.g. cardiogenic pulses, 

peristaltic co'nuactions, movement artifact) of which most are removed via technical or measulement 

allowances. Some anifacts are dificult to detect and remove. At volume extremes, non-peristaltic 

contractions and/or oesophageal compression have been reported (Fry et d. 1952. Ehrner 1960, Knowles 

er al. 1960, Permutt and Martin 1960. Milic-Emili et d. 1964a, 1964b. Gibson and Pride 1976, Clarysse 

and Demedts 1985). The latter are atuibuted to mediastinal compression due to posterio-lateral 

movement of the hean as the diaphragm moves up at low volumes (Knowies et d. 1960). Bondurant 

a m'. (l%Ob) and W& ei d. (1971) suggested rnediastinal expansion ma); aiso muse compression 

artifacts hnlcben (1959) found oesophageal compliance changes adversely affected P,, measurements, 

while Echt et d. (1974) and Johnson et d. (1975) reported that the P,, gradient changed with 



Given the above limitauons, and w e n t  procedures, it is believed that present techniques provided 
- 

valid approximations of l a a l  Ppl changes. This view is supported by pre- and post-trial P-. which 

averaged -0.41kPa (-4.60cmH20) and -0.4lkPa (-4.16cmH20) respectively. and by the nqrmality of 

control p u l m o d  compliances. 

35.3 Elastic wwk during immersion. 

- 
Since immersion is physically analogous to negative pressure breathing. one would anti~ipate~that 

elastic'and inspiratory muscle work would be increased. Hong et d. (1969). Flynn et al. (1975) and 

Chapter Two reported such increments in total respiratory elastic work, due to compliance curve pressure 

shifts. However, by definition, transrespiratory pressure (Pm) is referenced to body surface pressure 

(Rahn et d. 1946, Agostoni and Mead 1964). The salient point concerns the selection of the appropriate 

P b .  In the present chapter, Pt, was chosen as the hydrostatic pressure in the same horizontal plane as - 

individual lung centroid Itxi, rather than PA, or at the sternal notch. Using this reference, the 

Pus at the respiratory relaxation volume was equivalent to that obtained in conuol uials. 

With data referenced to PLC. subjects breathed up and down stationary compliance curves. 

Altering breathing pressures by moving the demand regulator vertically between the mouth and a point 

lOcm below lung centroid. caused subjects to change relaxation volume without altering the zero 

pressure intercept (Figure 3.9). Thus total respiratorq elastic work, with negative pressure at the 

relaxation volume (i.e. regulator at mouth or lOcm above lung centroid ), was negative. while inspiratory 

muscle work was itive ( i.e. inspiratory muscle work = (total respiratory elastic work) - (work provided 4 
by regulator): Figur ). Conversely, a positive at the relaxation volume (1.e. regulator ar 

1 h  below lung required a positive total respiratory elastic work. which was provided partiall j 

by the air delivery pressure, and partly by inspiratory muscle work (Figure 3.7). Control and cenrrovd + 

d?%vations followed the same convention. 

In all instances elastic work changed sequentially with breathing pressure (Figures 3.7A.R. 3.8). 

The demand regulator provided negative work when positioned above lung centroid depth. and was 

analogous to negative pressure breatJling, aiding only expiration. Chest wall recoil aided inspiration as 

the chest attempted to expand to about 73% of VC. . 



- - 

~t positive pressure air provision (:elative to cenzrdd), inspiratory muscular work was minimal, as 

observed by Rahn el d. (1946) and Flym et PC. (1975). Chest wall elastic work was r n a q d l y  

negati've. aiding inspiration Lung tissue work was maximal, as'vT excursions were now over re@ons of 

peatest elastance, and the Ptp m e  was funher from the zero pressure axis. Positive regulator work 

t (relative to PLC) aided inspiration while impeding expiration 

u Rahn er d (1946) found a 'U-shaped' relation between total respiratory elastic work'in air and 
- - 

breathing pressure (Figure 3.12). When breathink pressures were expressed relative to PK, &nt data 

revealed a similar relationship between the respiratory muscle work and breathing pressiue, over the 

range from -2.43 to 0.98kPa (Figure 3.13). To reduce energy used to expand elastic tissues, the use of 

breathing pressures close to PK appears desirable during immersion. A delivery pressure 

produced a further, but nonsignificant muscle work reduction Such may produce 
J 

pharjr~lgeal disfornfon. unfess approprisely mmtered with externally appliehcial  and throat pressures 

(Thompson and McCally 1966, 1%7). It is concluded that during upright immersion, gas delivery at PLC 

provides more favourable total respiratov, chest wall and lung tissue elastic rmchanical status, since it 

besr replicates upright status in air. 
0 

In 1947 Paton and Sand postulated hydrostatic ampression during immersion would render the 

thorax more compliant Agostoni and Rahn (196Ob) observed chest wall compliance elevation in subjects 

immersed to the xyphoid process. In subsequent immersions to the neck (Agostoni et al. 1966), chest - -- 

wall compliance curves similarly revealed an increased compliance (Figure 3.14). though individual and 

mean compliances were nor reported. Cunent data confirmed these observations, with 8% of the' 

present subjects experiencing chest wall compliance increases (Tables 3.4, 3.7) accompanying immersion. 

producing an elevation in the chest wall VR from 61% to 73% of V n 
I t  is hypothesised that chest wall compliance elevations d by buoyancy effects. Craig 

(1960) found shoulder girdle weight to influence both the and the ERV. 

During immersion the arms will become moderately buoyant, 'nimising the weight on the shoulder F 
p d l e  and also lessening thoracic weight Under such s less pressure is required to produce an 

equivalent volume expansion and, by definition (i.e. chest wall compliance increases. 

The observation that static pulmonary compliance remained unaltered during immersion. requires 

further ansideration. Given that immersion elevates thoracic blood volume (Arborelius et d. 1972b. 

Mi_pen et d. 1980). pufmonar)r compliance changes accompanying immersion have been ascribed to 



Breathing Pressure kPa 

Figure 3.12: Total respinton elastic work and breath& pressure. [Modified from Rahn el d. ' 

(1946). Originally the negative slope represented inspiratory work, while the positive slope * 

represented expiratory.werk. However, these were combined as total elastic work over regions 
w h n e  the two curves overlapped] 



-3.0 -2.0 -1.0 0.0 1.0 
Breathing Pressure Relative to  Plc kPa 

Figure 3.13: hsphtorg rntts.de work as a function of breathing pressure (relative to centroid 
4- qw+gkt b m e z s h f .  [Data points represent current experimental observations. 

while the curw &scribes the exponential nature of the relation between air pressure delivery 
and kpiratory musde wort] 
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Pressure 

control ERV '-i 
immersed ERV 

Figure 3.14: Pressurevolume curves of the relaxed chest wall, in air, and during immersion to 
the neck. [Modified from &ommi et aL (1%). The immersion curve was originally 
referenced to PA. but here it is referenced to Pm to illustrate complian~ change. This 
data adjustment was performed using the current isovdurne method] 



pulmonary engorgement (Dahlbck tpQ978,1979). 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 nori-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 univer$lly supported Pulmonary compliance during immersiq has been measured 

using dynamic ( B o n d m t  et d. 1957, Bondurant et d. 1960b, Sterk 1970, Dahlbck et d. 1979), and 

quasi-sratic (Sterk 1973. Burki 1976, Dahlbkk et d. 1978) pressure-vollme techniques. Compliance 

reductions have not been unequivocally demonstrated (see: Section 3.1). 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 compliance in the present investigation. It is suggested that non-static 

techniques, used by other research groups, may have produced data which is not directly comparable with 

results obtained in the current study using a 'c manoeuvres. 0 
All Prp measurements assume Pao equals Pd,, but only during truly static conditions can this 

assumption always be correct In quasi-static techniques the airway is normally transiently occluded ( 

1-2 seconds) while hcsubject continues to slowly exhale from TLC. without relaxing (Burki 1976). , - 

Sterk (1973) arid Dahl'back et d. (1978), however, used quasi-static manoeuvres without occlusion using 

t??e slowest possible flow rates (after Buytendijk 1949). The assumption that Palv equals Pao during these 

- manoeuvres may be questioned. Gibson and Prider1976) and Bake38 have suggested quasi-static Ptp 

includes a resistive pressure drop at high lung volumes, due to laryngeal braking, and at low volume due 

to increased airway resistance. Furthermore, at h ighhng 'volumes, tissue stress-relaxation, acting to 

stretch lung tissue and to lower Ptp. is not compl a t h e  transience, or lack of a $use at each lung 

volume. Such technical limitations may well me q-s(l) and measure different mechanical 

amibutes. P 

Similarly, the Cdyn(]) method assumes airflow has ceased at both the alveoli and mouth, and the 

observed Prp 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 constanrs for CdW(l) to be used as an index of lung elasticity ( i.e. product of unit 

. . 
" Personal communication. 
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Table 3.8: Pulmonary compliance during pulmonary vascular engorgement la au. 

- 

REF'ERENCE Method Subjects Compliance Observation -- 
, 

-- 
Bondurant et ai. g-suit H (4) * C d ~ ( l )  45% reduction. - - 
1957 

Cook et al. 1959 occlusion D (12) 

Bondurant et uf. g-suit H (7) 
1960b 

Ting et uf. 1960b negative pressure H ( 3 )  

Daly et al. 1963 g-suit H (8) 

Levine et al. saline 
1965 

flow; fell 
as left atrial 
pressure increased. 

Cdyn(l) fell 
L 20-30%. 

Cd~n(l)  18% reduction. * 

Cdyn(1) 40% reduction. 
26% when FRC 
controlled. 

%I) no change. 

Cd~n(l)  2% reduction. 
41% reduction. 

Giutini et al. dextran H ( 5 )  ,%t(l) & Cdyn(1) Cdyn(l): 2% 
1966 reduction. %,(I) . . 

non-signi fican t 
Gimel l i  et al. mechanical D (9) Cd~n(l )  non-significant 
1567 elevation. 
Wood et al. H (23) 

* ' 

mind Ezenosis %t(l) reduced. 
1971 
Go:dberg et al. negauve pressure H (5) Cdyn(l) g; CdYn(].): 25% 
1975 c.q-s(l) reduction. Cq-q): 

39.4% reduction 
- at -4kPa. 

Jones et d. I978 occlusion D (10) Cdyn(l) LQ Cdyn(l) reduced 

Cq-s(l) ' .cq-$1). 
Gaurier et al. altitude H (9) %l) & Cdyn(1) no change. 
1982 

Method = method of obtaining engorpemem g-suit inflation, mechaniml pumping. occlusion of 
systemic circulation negative pressure breathing, saline and dexuan infusions, patients with 

altitude. Subjects: H = humans. b = dogs; subjec: number in parenthesis. 
Compliance: = sratic. Cdyn(l) = dynamic; Cq-s(l) = quasi-static. 



\- 
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compliance and re~istan&~). Otis et a/. (1956) have demonstrated lung unit equivalence in normal 

subjects, however, disease states alter unit amstants causing v&tion distribution to vary with 

respiration frequency (Radford 1964, Gibson and Pride 1976, Co ). Changes in parallel unit time 
\ 

constants during immersion are unknown. Under certain respiratory disease states (e.g. obstructive lung 

di-) Cdyn(l) becomes an index of airway resistance, and Gibson and Pride (1976) have reported that 
- - 

minor airway dysfunctions may mediate Cdyn(l) abnormalities. Distribution a - of ventilation (Daly et d. 

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 anormal lung0. Since immersion has been shown to elkvate 

lung closing volumes and induce thoraac vascular congestion (see: Section 3.1) it is suggested that 

Cdyn(l) during irnrnersiownay not adequately distinguish between elastic and dynamic mechanical 

amibutes and should be viewed with some reservatiori. 

In summary, it is believed that differences between immersion lung compliances observed in the 
- - 

current investigation ( q ~ l ) ) .  and thoSe of previous studies (Cdyn(]) and Cq-s(l)). are attributable to 

inherent technical differences. If uncompensated immersion elevates airway resistance, then Cdyn(l) 

1 techniques may simply provide a reflection of this change, and may no longer represent a measure of 

pulmonary elastic characteristics. It is postulated that during immersion, q t ( l )  techniques may be 

superior to non-static methods, and that the cment observation of unaltered lung tissue compliance is a 

valid reflection of lung tissue elastic starus during upright immersion. 

3.5.4 Lung vdumes during immersion. 

- Upright, head-out immersion reduces -- VC (Table 3.2). Qualitatively similar results were observed 

the present investigation. and were atmbuted to hydrostatic compression countering inspiratory 

effectiveness, to the central translocation of peripheral blood (Agostoni el al. 1966. Hong et al. 1969. 

DahlUck 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 e x p w  to a larger relaxation volume during immersion. This observation has 

not been previously reported 
m 

1 - 
'' Unit time constants reflect time required for that unit to attain equilibrium following - constant pressure perturbation. 

/ 

/ 
" Consequently, use of Cdyr(l) *to assess pulmonary elastic properties has been abandoned 
(Gibson and Ride 1976). 
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In air resting man breathes dong the total respiratory compliance curve. The re&ti&i%%%pp 

(VR) of the latter normally e q d s  the expiratory reserve volume. In the current project ERV and VR 
/ 

equivalence was observed during c p d o l  trials and dwing i y e d o n  rrials with air provided at the mean 
- A 

PLC (Figures 3.9. 3.11). Howeyer, when air was not supplied-at PK during immersion. ERV deviated 

from the total respiratory VR, in accordance with the hanges in air delivery pressure. Similar work by 
0 

Thalrnann el ,al.' (1979) and Lundgren (1984) has shown this same pattern, when the static breathing 

pressure for prone subjects was altered. . . 

When air pressures were less than PLG subjects appeared ro defend end-expiratory lung volumes 

at abcmt500-600ml above the VR, possibly by increasing inspiratory muscle tone. since by definition the 

system is not relaxed With air delivery in excess of Pm, subjects defended an ERV less than the VR. 

In this case increased expiratory muscle tone would have been employed to counter the tendency of 

positive air pressure to hgerinflate s. Thus, while the ERV increased with sequential breathing 

pressure increments (Figure 3.11). were not passive. 
1 

A 

The interrelationship of these volumes is illustrated bf. 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 increase in expiratory tone. V e s e  - 

relationships in air were &st investigated and reported by Rairn et d. (1946). osing breathing pressure 

manipulations on upright subjects in air. The original data points o f w h n  et d. (1946) (normalised to 

the c ent control VC) are shown in Figure 3.15. The current observations are in close agreement with "6 Rahn's ressure breathing data, which simjlarly demonstrated a tendency for subjects to defend an ERV 

that differed from the respiratory VR during pressure breathing. H y m  et d. (1975) reported 

observations when breathing pressure changes were implemented during head-out immersion. 

data in the latter study w only collectzd for one subject. 

The active defenc the ERV by intrinsic compensatory mechanisms possibly incorporates the 

rapid and/or slow adapting p n l m o n a ~  stretch receptors during posithe pressure ventilation (Cherniack 
# 

and Atose 1981). D ring negative pressure air provision (relative to PLC) the diaphragm adopts a more L k 

favourable length tension relationship. This may enable the development of greater inspiratory force for f 
a given level of,deural activation (Agostoni et d. 1966. Minh et d. 1977. 1979. Bamett et d. 19115. Reid 

/ - 

et al. 1985). Mead (1979) reported that expiratory duration was also prolonged, possibly due to 

inspiratmy effort braking expiration Bishop (1963),found comhuous negative pressure breathing to 
* 
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produce elevated$phagmatic electrical activity. This change was even at the &tim ola : ' 

end-expriation, where the diaphragm is normall% inactive. The maintenance of a c o - t i d m r y  

tone could have been created by muscle spindle reflexes, as suggested by Cherniack and Aitose (1981). 

In both breathing pressure exnemes, afferent feedback would probably have reached the level of b e  

sensorimotor cone ta s  subjects invariably feported having to r,esist bth positive and negative pressure 
1 - -  

effects. 

These active compensatory efforts to rnain9n ERV will alter muscular work during respiration. 

The current measures of inspiratow muscle work. against the respiratory apparatus also fail to account for . 
I 

this work. Consequently, the respiratory muscle work during immersion (Figure 3.8) ukdercstimates [be 

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

r" 
During uncompensated immersion VC and ERV fell to 97% and 43% (respectively) of control 

values, whiIe IC and IRV increased respectively to 124% and 114% of control levels. These data 

qualitatively support values reported in the literaturg (Table 3.2). Each of the rnvesugations d c d  

employed different depths of immersion. Since immersion depth determinesthe magnitude of &oracic 

compression, it will also detkrmine lung volume subdivisiops.' The current project used total ~mmenron 

with air piessure equivalent to the hydrostatic pressure head ar the sternal notch. thus providing a 

minimal degree of pressure compensation. .It is not surprising thin that VC and ERV reductions were 

marginally less than the values cited in Table 3.2. . . 

Static respiratory mechanics are ultimately dependent upon lung volume. due to the alincar naurre 

o d e  three compliance curves. The current changes observed in lung volumes with altered breathing 

pressure during immersion, highlight the need to employ hydrostatic pressure compensation durlnp 

y~rlght immersion. 

With air provi%d a t , P ~  during immersion, lung volume subdivisions and capacities rertirned 

towards control 3.11). Beckrnan er al. (1961). and subsequen~l\- Thalmann er d. 

(1979). similarly observed positive pressure air supply (relative to hydrostauc pressure at h e  mouth) to 

return lung volumes to conuol values". Current data, showing progressive incremenu In VC and F.UY 
-\- 

with elevated breathing presspe, qualitatively support the observations of Thalmann er a/. (1979). I t  rs 

postula&d that lung volumes are restored because hydrosratic pessure compensation returns l e  normal 

transrespiratory pressure gradient to the lungs. Pulmonary blood will also be d~splaccd back to the 
- -- 

'I Thalrnann et al. (1979) used three subjects during prone cycle exerase ar 141 W a t ~ .  
i' * '4 

120 
0 



11 G r x w p d d  Wf Irtng volumtr, and W U ~ Y  static respirator). W u ,  during immersion \ 

ue !-I& rctwntd fo nwrrui levels wtrm air wppl~ prcaurc is modified to quatc with a PK of 133kPa. I 

* 
7?w prercent o k w ~ u a m  therrrfm wppon thc a m p r a m  of hjpohtsis number two, and consequmtly . 

i n B t a t ~  that tdawater  bmthinp a w i ?  should bc modified to e ~ b l e  diver air supply at this 



0 
F AIR AT DIFFERE!! STATIC RESPIRATORY LOADS. - 

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

and Milic-Emili 1964) driven by muscular contractions, transmitting forces via passive tissue elements to 

' move air. Amrding to Newton's third law of motion. such contractions will meet opposing intenpi 
r 

foices, the magnitudes of which depend upon instantaneous "position. velocity and acceleration of the 

respiratory apparatus and breathing pas. 

-- Rohrer (1915, 1925) reported the first compreh ive analysis of respiratory. dynamics. He 
9 -, , 

identified elastic. flow-resistive and inertial forces during respiration. Morphomeuic analysis of - 
autopsied airways enabled theoretical calculation of airway resistance from Poiseuille's Law I ,  permitting 

separation of forces related to volume change (elasocity), and the rate of volume change (frictional 

resistance). 
1 4 - 

Rohrer's pupil. Win (1923). perfomed the first simultaneobs measurements of pleural pressure 

(pneurnothorax method) and airflow. Plotting pressure against volume at equivalent hmes provided a 

closed loop, as predicted by Rohrer (1925). the area of pressure changes necessary to 
- - 

eovercome nonrelastic (flow-resistive) respiratop during spontaneous 

ventilation (Neergaard and Wirz 1927. Buytnedijk Mead and Whittenberger 1953. McIlroy et uf. 

1944, Margaria et al. 1960, Ballantine ef uf. 1970. and Olsson 1971, Field et al. 1984). artificial 

ventilation (Otis et a(. 1950. Opie et al. 1959. Sharp el al. 1964b. Hedenstiema and McCarthy 1975. 

mi et d. 19&1), and spontaneous ventilation with-gases of varied densities and kinematic viscosities 

(Bayliss and Robenson 1939, F p  et d. 1954, McIlroy et al. 1955) have substantiated*Rohrer's 

observations. and have provided a basis for analysing respiratory dynamin. . 
/ 

Mechanical work of ventilation may be partitioned three ways: 

(1) elastic work, 

(2) flowresistive work. 

(3) inenial wark  (Figure 4.1). 

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

'L Pressure = [ 8.I.uv ]/Pi+ 
where: I = tube length, u = mfficient of viscosity, V = flow, r = tube radius. 
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total respiratory work .i 

f low-resistive -1 elastic I work 
inertial 1 work 

\ .  resistance 
lung 

elastic tissue 
inertia , I airway 

recoil 

rib &age 
elast3c 
recoil 

l u g  
tissue 

resistance 

chest wall resistance 

F ~ u r e  4.1: Mechanical work of v&tion nnd the forces from whicb it Prises. 
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chest wall, increases as an approximate square function of VT (Fenn 1951. Mcilroy et al. 1959, Otis 

1964). Flow-resistive wark is expended against frictional forces in the airways and within lung and chest 

wall tissues - Leg. tissue deformation). Inenial work is performed against air and body tissues. including 

the lungs. rib cage, diaphragm, and the abdomen, to initiate or change velocity. One may describe 

respiratory work as a function of lung volume (V) and irs first (v) and second time derivatives (P): 

Work = f (V,(r,V) - 

Measurement of respiratory elastic work may be uaced to Carson's (1820) initial analyv of lung 

elas&Ay, but is generally anributed to the independent works of Rornanoff (1910-1911). Rohrer (1916) 

and Rahn et ul. (1946). Opie et uf. (1959) first attempted the division of flow-resistive work. Rohrer 

(1925) approximated inenance theoretically (though he neglected gas inertia (Mead 1956)). while D u b i s  

(1953) and Mead (1956) subsequently provided its initial quantification. Table 4.1 illusuates the relative 

conuibutions to total respiratory work of the various sub-componenrs. During resting ventilation abour " 

60-7096 of the total respiratory work is due to elastic forces. while flow-resistive forces account for tfie 

remaining work. Inenial forces represent neghgible contributions (Rohrer 1925. DuBois 1953. Mead 

1956. Sharp er al. 1964% Dosman er uf. 1975). 

A consensus of available evidence indicates airway resistance (Raw) is responsible for abour 

6046% of flow-resistive work. However. the data of Opie er al. (1959) show the opposite uend (Table . 

4.1). Frictional lossp due to lung tissue resistance (Rlt) reveal considerable variability. Only three 

studies could be located which employed techniques facilitating chest wall resistance (Kwt) measurement. 

of which only Fems cr a,. (1k) partitioned work into three components. Thus. the relallve WI, and 

Rwt conuibutions remain incomplete. 

Factors known to influence elastic work have been included in Table 3.1. Since Raw accounts for 

W86% of flow-resistive work. i t  is apparenr that the dynamic respiratory work is prim rilj regulated b) f 
the variables of flow mechanics. Since airways are shon. elastic, curved. branched. of irregular 

floss-sectional geometry and possess uneven surfam, they do nor fuIfii the requiremenls of ideal tubei. 

Flow panerns-will v a n  with location and diameter. During qwet respiration. airflow in the trachea ~s 

Vimus  rmistance 
is the only variable 

has been d d  to describe rhese forces, but this falrel) implies vi-lty 
involved 



/ 

Table 4.1: Percentage coom'bution of elastic and flow-resistive work components to total 
- respiratory work as reported by previous investigators. 

1 

SOURCE ELASTIC WORK RESISTIVE WORK INERTIAL WORK 

TOTAL TOTAL Waw Wit Ww TOTAL. gas tissue 

Otis er d. 1950 
Mcllroy et af. 1954 
Mcllroy et d. 1955 
Marshall & DuBois 
1956 
Atlinger 8; Segal 
1%9 
Opie et al. 1959 
Fems er d. 1964 
Sharp er d. 1964a 
Gautier et al. 1982 

$ = combined lung tissue and chest wall resistance. 
t = totai inertance = 0.000918kPal '.s.s I .  

Data under total columns show percentage of total r&piratory work for each subcomponent 
Other columns show the percentage conrribution of each component to each of the subtotals. 



and W i b x  1961. Fenis et d. f W, Macklem and Mead 1967, H m  et d. 1968. Olsen et if. 1970). ' 

From the fourth ro twelfth generation, flow is laminar, while beyond flow gradually becomes 

diffusive (Bouhuys 197). due to the parallel arrangement gf 

arrangement of flow pattern has two implications: (1) it is not possible to assign a single number to 

resistance in a complex system of branching elastic airways; and (2) modifications to Raw (e.g. during @ 

- 
immersion) occur primarily in the larger airways, with contributions of the smaller airways becoming 

important with large lung dimensional changes. 

~esistGG will rise with higher flow rates (when turbulent flow is present). reduced airway 

diameter and lengthened airways. Briscoe and DuBois (1958) demonstrated an inverse relation between 

h i g  volume and Raw However, while lung volume increments widen, they also lengthen the airdays. 

These changes have a~ opposke e f f m  upon Raw, the net result of which is a reduction in Raw. 

Flow-resistive work and power iricreases curvilinearly with minute ventilation (vl. Figure 4.2). ?' 
however, variability between different studies is extensive. particularly as ventilation 

Otis et d. (1950) and Holmgren et d. (1973) indicate that flow-resistive work is 

Q power function of minute ventilation (r = 0.97 and 0.99 respecuvely). Mcllroy >t d. (h54)  found a 
- 

iinear relation (r = 0.99). and Fritts et d. (1959) an exponential function (r = 0.99). 
f 

Upright immersion i m p w s  a hydrostatic pressure imbalance on the lungs (relative to external 

thoracic pressure). which is physically analogous to negative pressure breathing. Hong et d. (1969) first 

studied respiratory work (NL 4) under these conditions using head-out immersion. Comparisons 

between 'xiphoid' and 'neck' irnrneisiuns revealed a 107.28 rise in flow-resistive inspiratory work, and a 

57.4% elevation in total elastic work; producing a reponed 64.6% increment in total inspiratory work ' 

Reynolds number is around 1500 (Cotes 1979). 
> 

' Weibel (1963) found cross-sectional area to decrease from 2.54cm2 to 2.00crn2 ar the third 
generation, then to increase by a factor of about 1.4 per generation to 180rm2 at the 
sixteenth generation At this point there were about 65000 airways. 

Methodol@cal description in these experiments lacks detail penaining to dynamic 
pressurevolume measurements. Oesophageal balloons 'were used to measure static gastric 
p f w u i s  One has to assume dynamic work was derived using ~ansputrnonar) pressure (PV) 
m-mts 



Ventilation (1.min-') 

Figw~ 4.2: Row-resistive power of breathing with hcfeased minute ventilruon [w obtained 
Iran: Otk ef d (19S0). b f d m y  n d (1954). Frim ef uf. (1959). Holmgrrn et d. (1973). 
Notc: only data fm Otir ef uf. (1950) includes chest wdl resistance]. 
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~ i o s t o n i  et d (1966) found 'neck' immersion increased Raw technique), which 

the authors amibuted to a redudon in f~nctiz)nd residual capacity 60, mediated by a positive - 

dsplacement of the static pressure-volume w e .  Subsequent work by other groups has produced 

resistance increases during immersion of varying magnitudes (Table 4.2). Prefaut et d. (1976) observed 

no change in upstream Raw6 during upright immersion, which was interpreted as implying that airways 

upstream of the equal pressure point7 were unaffected by iiiEiersion induced physiological changes. 

Resistance elevations during immersion (Table 4.2) must have been associated &th downstream airway 

changes, possibly accompanying changes in lung volume'. 
- 

Sterk (1970, 1973) analysed dynamic Ptp and airflow of divers wearing wet suits and semi-closed 
s 

SCUBA Flow-resistive work increased by 37090 and 321% respectively, while elas~ic work showed - 
respective increments of 115% and 131%. Sterk derived elastic work using only the lung tissue 

'1 

compliance curve. Since only Ptp 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 J 
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 (haortison and 

Reimers 1982), confounding data interpretation with respect to immersfon effects 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 constriction 

imposed by the diving equipment Vital capacity (VC) in the latter study approximated 75% of dry 

controls, indicating restriction beyond that associated with immersion aloneq. 

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 

e! a/. 1969). No material is presently available on dynamic changes associated with hydrostatic pressure 

compensation during immersion. 

"psueam airway resistance = static recoil pressure / maximal expiratory flow. 
- -  

^ 

The point of dynamic airway compression. 

' The measurement of upstream Raw is only an approximation of Raw. 

Immersion normally reduces VC 510% (Table 3.2). 



Table 4.2: Changes in respiratory flow-resistance induced by upright immersion. Evidence from 
the literature. 

SOURCE METHOD Raw Rpul Rf(pul) Total 

Agostoni et d. 1966 interrupter 57.7% 
Sterk 1970 dynamic Ptp 243.5% 

Sterk 1973 dynamic PW 185.4% 

Dahlkck 1978 dynamic Pees 31% 

Dahlback el d. 1979 dynamic Pa 42.5% 

Ullgen et al. 1980 oscillation 57.4% 

All percentages represent incremexts. 
P, = oesophageal pressure. Ptp = mouth pressure minus P,,. = airway resistance, 
Rpul = pulmonary resistance (Raw plus lung tissue), R Q , ~ ~ )  = methods averaging inspiratory 
and expiratory R p d  Total = Raw + Rpd + chest wall resistance. 



q.0.S Purpose of the chapter. 

The work perforin-&in this chapter was directed towards analysis of pulmonary dynamics during 

. upright, wholebody immersion with. and without hydrostatic pressure compensation. Of panicular 

interest was the evaluation of the ability of breathing pressure compensation to return dynamic variables 

to levels which exist in air. 
-- - 



Ten male aon-smokers (including eight divers), screened by ,questionnaire for normal lung 

function history panicipat&as subjects. AH 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. -- 

* 

The apparatus used in this investigation was iderdcal to that used in the previous chapter. Details 

of instrument calibration and testing are also described above (see: Sections 3 . f i G d  3.3.3). 
I 

The phase shift between the flow and transpulmonary pressure signals was minirnised by adjusting 

the lengths of pressure probes to the pneumotachograph and transpulmonary pressure transducers. Data 

calculations incorporated a further phase shift allowance, to account for incomplete removal of phase 

distortion. The magnitude of the latter was evaluated using simultaneous appliation of an approximately 

sinu idal air flow impulse to both the pneurnotachograph and the oesophageal catheter. t 1' 

4.1.3 Procedures 

Subjects we12 required to perform spontaneous respiration using self-determined tidal volumes 

and timing patterns. All mals were completed with subjects seated upright and the hips fJegd at 90•‹. 

Control experiments were performed in the laboratory using the apparatus mo4fications described above 

(Section 3.3.2). 

Transpulmonary pressure (PQ) was measured as the difference between oesophageal pressure 

(P, i and pressure at the mouth (Pa,), using an oesophageal balloon. Oesophageal balloons for each 1 
subject were positioned 4Ocm 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 

-0.4lkPa (SEM = 0.05), immediately before catheter removal. From these observations it was deemed 
. - 

that Mloo~ls bad not moved significantty during trials. - 



I L 
iC 

During submerged trials subjects wore a pressure compensafed diving-hoob (FigureZQ)r-Twc---- 

demand regulators provided air (Figure 2.3). Reaulators were mvertly and randomly positioned at each 

of four depths: mouth level, 13.5cm below the sternal notch (mean lung cPntrd position, as determined 

in Chapter Two), and loan above and below the mean lung cehraid locus. Between uials subjects 

breathed from regulator 2, to avoid CO, accumulation while submersed The, airway to regulator .l was 

flushed with fresh air after each manoeuvre. Before commencing immersion trials at different delivery 

ressures, subjects breathed for about one minute, at the new air delivery pressure, to ensure respiratory 

mechanical adjustments were complete (Fems and Pollard 1960). 

4. I .4 Calculations 

Ar analysis programme was written to calculate: respiratory timing, tidal volumes (V-r), dynamic 

lung tissue compliance (Cdyn(l)), pulmonary fiow-resistive work (Wpul). pulmonary resistance (Rpul). 

and functional pulmonary resismce (Rqpul)) Calculations were p ~ f o r m e d  on each breath with dara for 
. . 

trials averaged over multiple respiratory cycles. 

Respiratwy timing. 

Algorithms defined end inspiratory and end expiratory flow poinEeand permitted data sectioning 

into regions containing complete respiratory cycles. Inspiration and expiration onset and tenination 

a were identified by detection of a voltag change at the pressure transducer channel measuring resp~ratory 
- 

flaw rate through the pnehotachograph. Unpaired inspirations or expirations, incomplete phases and 

- false V - p  l o  were not analysed. Identification of these points permitted computation of inspirarory (TI). 

Integrated volumes were corrected to BTPS, by adjusting for regulator p r F u r e  variations. and 

expiratory (TE) and total cycle durations (TToT). and also the identification of marker 

subsequent computations. 

Tidal vdumes. 

Inspired volumes were derived frornxhe integration of flow win  respect to time. 

VI = /V dt 
I ,  

h- 

Equation 1 

l o  Tidal volumes less than 2 h l .  



temperature and sawaxion differences between the inspirate and expirate. - - -- - 

P 

- VI = VI(PA + regpressure) 7 (PA) Equation 2 

Equation 4 

Equation 5 

Dynamic lung tissue ctnnp/iance. 
- 

Dynarmc pulmonary (lung tissue) compliance (Cdyn(l)) was obtained from the ratio of lung 
'r * 

volume change to transpulmonary pressure (Pp) change, between points of zero gas flow at the end of 

expiration and inspiration, after the technique developed by Neergaard and Win. (19m, Bayliss et d. 

(1939). and Mead and Whinenberger (1953). Assumptions inherent within the technique include: 

cessation of gas flow at mouth and alveoli; observed Pv represents forces applied to overmme elastic 

propenies only; and compliance between points of zero flow is linear. 

P u f m m y  wwk. . 

Work expended to overcome airway and lung tissue resistance (Wpul) was derived by integration 

of Pt i  4 t h  respect to volume. 
\ 

Equation 6 

Four possible work ~Wividom exisf (1) positive irtspiratory; (2) positive expiratory: (3) negative 

inspintory; and (4) negative expiratory wort Figure 4.3 illustrates that flowresistive Wpul (represented 

by the area within the ure-volye loop) h y  be derived from the integration of flow-resistive and 

133 



elastic work over a complete respiratob qdel l .  hpiratory and expinwry e W c  wort duringthircydc-- 

are of opposite si@ and of equal I&SS at the yan sod end of a breathing 

cyde are unequal. B 

Thus referring to Figure 4.3: 

Wpd = (WIP - WEN) + (WEP - WIN) Eqwtion 8 

where: 
r 

WIP = positive inspiramry work (area HGDC). , 

- WEN = negative expiratory work (area DCI). 

WEP = positive work (area IFEG), 
.+ 

WIN = negative work (area*EAH). . 

Y 

. 
Flow-resistive inspiratory and expiratory work (Wpul(insp) and Wpul(erp) respectively) were 

calculated. When end expirator). Ptp was zero or greater. inspirator) work (Wpul(inq3JcqwllCd pos~tive 

inspiratory work minus elastic work 12. When subje& breathed at deliveq pressures equal to the 

hydrostatic pressure at the mourn, end expiratory Ptp was negative. producing the situation In Figure '4.3. 

Here Wpul(insp) again equals I'nspiratory work minus elastic work. Thus, inspiratory work eqwls area 

HGDC (positive inspiratory work) minus area BCD. plus area AEB ninus area EAH (negative ' 

inspiratory work). Expiratory work was equal to area BCD minus aiea XI. plus area IF& mlnus arca 

AEB. Total work was then obtained by addition op the inspiratory and expiratory areas. 

Since tidal volumes were not of equal magnitude. flow-resis~ive work was divided b> VT to obmn - 
work in J.1-I or kPa. 

Zero volume respresent the RV. 
F 

" %na? Cdyn(l) is assumed &to be linear. elastic wort .equals the area o h  oiangle. or 
trapezium, created between the zero PIP axis and the mpliancc cord - - , . 





Pulmonary resistance. 
- 

Mechanical rsistance to lung tissue movement and airflow was computed at 20msec intervals, after 

h e  sub tndve  technique initiated by Mead and Whinenberger (1953). Instantaneous Ptp may be 

amibuted lo elastic (volume relaledj. resistive (flow related) and inertial (accelea 'on relatidl & 
Q. 

F' 
Equation 9 

4 - 

Inertial forces are negligible and ignored at normal g i s  densities. nonnal thoracic mass. at breathing 
. . 

frequencies iess than 6Ob.rnin-'. and durirq normobaric immersion (Mead and Whinenberper 1953. 

DuBois er uf. 1956. Mead 1956, McKenna er d. 1973. Dosman et d. 1975). If Ptp attributable to lung 

volume (i.e. elastance) is Mown (i.e. P = f (V)). then the components of instantaneous Ptp responsible ' 

for overcoming pulmonaq flow-resistive forces may be solved (i.e. P = f (V) = Pfr): 
1 a - 

." f pfr = ptp(dyn) - PC - (fir/cdYn(l)) Equation 10 
where: 

?- 

Plp(dyn) = dynamic Ptp during breathing. 

dV = lung volume minus end-expiratory volume. 

Cdvn(l) = dynamic pulmonar). compliance. 

Po = end-expiratory Ptp. and 

Pfr = flUw-resistive pressure. 

I r  was assumed that Cdyn(l) was linear over the VT srudied. Since instanraneous data exist for volume, 

Ptp(dvn) and flow. 9 5 compute instantaneous pulmonap resistance (Rpul): 

v .,, 
I ,  Rpul = Pfr/f  Iquation I I 

pulmonaq rcnstances were measured over rates between 0.4 to 0.6 !.s I .  These data were separately 9 
avcmged and expressed as inspiramp, expiratory and total breath Rpul. Second. Rpul was averaged over 

T 

111 ilow n& m yield mean inspinux), expiratory and total breath Rpui. Units df measurement: 



F u n c r i d  pufrnonrvy resistance. 

known. 

I 

* 

 he' mncept of functional pulmonary resistance (Rod)) was developed by Ahlsmm and Jonron 

- (1974). and Jansson and Jonson (1975) based upon the assumptions that the lung may be modelled from 

sinusoidal flow (Jaeger and Oris 1964)-with constant airway and lung tissue resistance. Using these 

assumptions pulmonary flow-resistive power could be obtained 'f minute ventilation and R Q ~ )  were \ 

Wpd = Rqpul).~12-Pi2.k/2 - Equation 12 

where: 
i Opul = pulmonary power for a given breath (Watts), 

R ~ ~ u l )  = functional pulmonary resismce (~rnH~O.1- Is), 
-- t'f = (VI- f b)2 (1.min- I), 

Pi2 = 9.8696. and 

k = common units conversion constant 

Since Rf(pul) was an unknown, it could be obtained if Wpul was measured. [Equation 12 was taken from 

that developed by AhlsuOm and Jonson (1974) and Jansson and Jonson (1975)l. Thus: 

Rqpul) mlculations using this equation were incorporated to permit comparison wirh the work of 

4.1.5 Technique delirnir~ions 

Measuremenr of Ptp using wsophageal balloons depends upon the fidelity with which pleural 

presnye fPp]) can k approximared b) Pm% Ppl gradients occur along both the sapinal (Mead 1961, 

Milic-Emili et d. 1964b, 1966, elo et A- 1974 Agostmi el ol, 1970) and transverse axes (Agosmni 

and D'Angelo 1969, hliserocfhi 1981). thus Pees is considered to reflect mean pleural surface 

prmure rather than to be an in&x of iocal Ppl. Transpulmonary pressure change amibutable to random 
- 

>- 



cardiogenic compression). 
fessi - 

4 

Measurements of W p d  and Rpul do not include flowresistive forces attributable to chest wall 

diswrtjon (Opie er d. 1959. Otis 1%. Agostoni 1970. Goldman and Mead 1973. Coldman et d. 1976). 

which. during exercise may wnuibute dip to 25% of total respiratory work (Goldman ef d. 1976). 

Contributions of chest wall dynamics remain unknown in the curreht investigation. 

Measurement of Wpul is subject to underestimation in cases where subjects do not inspire and 

expire identical vdurnes of air. Since integration procedures were triggered from flow changes measured 
-- - 

at the pneurnotachograph pressure transducer. a mid-inspiratory or expiratory pause or airflow reduction 

could result in termination of the integration process. This would occur if airflow fell below a 

predetermined basal limit A recornmencement ofinspiration or expiration would then not be included , 

in the integration. and flow-resistive work underestimation would resulr ~nsknces of this occurrence on 

expiration were observed when subjects breathed air at PK plus 0.98kPa.- 

Similarly. transient flow reductions to basal levels would confound Rpul measured from resistance 

averaging over all flow ram.  In h i s  case flow would be almost absent while Ptp would be at some 

negative or positive value close lo zero. Division of the resultanr flow-rnisuve Ptp by flow. could 

produce very large values, which may have the opposite sign for the pan of the breaths for which they 

were to be added. Such data points may also be prebnt at the start and end of each respirator): phase. 

Inclusion of such resistance values would falsely alter the mean Kpul. 

4.1.6 Analysis 

Analysis was based upon a repeated heasures experimental design. wilh five levels of one within 

subjegts factor ( i.e. air deliven. pressure). Subjects rook part ia all phases of the investigation. A priwi 

probability signif!cance was set at the 0.05 level. Three statistical analyses were performed: (l)_paired or 

correlated I-tests for comparisons between group means on single variables; ( 2 )  Hotelling's T-squared 
D 

analysis for simultaneous comparisons between univariate factors for several variables; and (3) 

multivariate analysis of variance for analysis over several levels of the treahenr effect Post hm 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 

" Summary tables are conlained within Appendix Three. 



- - -  -- 

performed. Statistical power (0) is defined as the probability of correctly accepting an experimental 

hypothesis (Keppel 1973. Gehring 1978). 



'r I -- 
4.2 RESULT3 , 

- . - -  4.2.1 Characteristies of wets 
- 

Physical characteristics of subjects are detailed in Table 3.3. Subjects in this study took pan in the 

above investigations of static k%anical attributes (Chapter Three) 14. 

4.2.2 Pulmonary work of brecuhing. 

Under control states, spontaneous breathing demanded a mean pulmonary power (Wpul) to . 
/ - 

overcome flow-resistive forces, of 0.060 k 0.026W. Ventilator). increments produceddan exponential 

elevation in Wpul (r = 0.9939) as shown in Figure 4.4. During control trials. relative pulmonary 

flow-resistive work of spontaneous breathing (Wpul) l5 averaged 0.219kPa (SEM4.019, Table 4.3 16). , 

How-resistive pulmonary work (Wpul), in excess of that provided by passive recoil of the lungs 11: 

averaged 0.078kPa (SEM4.015). In all subjects, control pulmonary elastic work (WQ~,~)),  during 

spontaneous ventilation, exceeded expiratory flow-resistive work (Table 4.3) indicating ventilatory 

panems were normal (Agostoni er d. 1970). and expiration was essentially aCpassive acL or expiration 

was braked by maintenance of a degree of inspiratory tone during expiration. 

In all subjects control expiratory flow-resistive work (Wpul(exp)) exceeded inspiratory work 

(Wpul(insp)). The mean, conuol inspiratoq:expiratory work ratio during sponrancous ventilation was- 

0538 l s  demonstrating greater expiratory flow-resistance. 

Spontaneous breathing during total immersion. breathing air at mouth pressure1", elevated total. 

flow-resistive Wpul by a factor of 3.8 (Figure 4.5. ~ 4 . 0 5 ~ ' )  to 0.75kPa. 
3 

" Subject numbers used in Tables 3.3 and rhis chapter are identical, and remain consistent 
throughout the chapter. 

l 5  Relative Wpul represents work per live of gas inspired. Units = J.1 '. which are equivalenr 
to units of pressure: thus. the kPa is used for relative Wp,l. 

l 6  Standard enor of the mean. 

!' Integration of the pressure-volume loop falling ourside the' zone of lung elastic recoil (see: 
- - Figure 4.3: areas BCD and BAE). 

" hlspirator).:expiratory ratio = Wpu~(insp)/Wpul(exp) (dimensionless). 

l 9  The demand regulator was positioned in the same 

la  Overall MANOVA F = 26.5 (3.6). p4.007. 

horizontal- plane as the mouth. 
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Ventilation (1.min-') 

4.4: Abroh* )ulmoarrl power as a fuaction of mtilation. [A comparison of current 
DbSrvntions on subjects resting m air, with data fm the literature. Subjects were studied 
dmq SpontnaeaD mtihticm md during lria?s where tidal volume was kept ConstanL but 
f q u m c y  m iDRUCd by following experimenter-generated timing patterns.] 



Table 4.3: Flow-resistive and pulmonary elastic work suMivisions during spontaneous ventilation 
in air. - 

SUBJECT FLOW-RESISTIVE WORK PULMONARY. 
ELASTIC - 

WORK 

- I 

All units = H a .  (Work was calculated as J.1-I and expressed in kPa units). - 
Insp. = inspiraton: flow-resistive work, Expir, = expiratory flow-resistive work. 
Control data for subject nine was rejected due to artifactual error in pulmonary resistance 
d m  obrained at an airf2ow of 0.5 1 s ' .  



CONDITION 

Fiw 45: TOW !lo.-resistive pnlmoq work during spontaneous b m t h i i  under control and 
immersioa states, breathing air at fwr hydrostatic pressure loads. [Work was calculated in J.1-' 
and b cxprmed in 'LR unia W e  repment means and standard errors. *=significantly 

,?different fIom muol status (pd3.05).] 



- 

The effect of altered hydrostatic breathing presstm upon Wpul during inmemi-t kenn 

reported~previously. The present study reveais, in support of hypothesis three, that increasing air 

delivery pressure (relative to the mouth) returns total flow-resistive Wpd towards control levels (Figure 

4.5). The use of hydrostatic pressure compensation, in the form of breathing pressure increments. 

sequentially reduced total flow-resistive Wpul. When air was delivered at Pm and above, total 

flow-resistive respiratory work was significantly less than observed in the uncompensated state (pd.05). 

but remained greater than mntrol levels (p9.05.0 9.99). [Appendix Three contains past hoc statistical 

summary.1 , 

Analyses of inspiratory (Wpd(insp)) and expiratory (Wpul(exp)) flow-resistive work revealed 

imersion increased both components at all air delivery pressures (Figure 4.6). Flow-resistive work - 
increasedofrom 0.07 and 0.13kPa during conuol trials, to 0.29.ana 0.46kPa during uncompensated 

immersion, for Wpul(iq) and Wpd(exp) respectively. Differences were significant (p<0.05). in both 

instances. 

Expiratory flow-resistive work was reduced to 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 Wpd(insp), from values obtained during uncompensated immersion 

tio of inspiratory to expiratory respiratory work was disturbed during immersion. 

in air delivery pressure produced inspiratory:expiratory ratios of 0.62, 0.47, (Xg7--- 

and 0.99 respec ely. The results from the flow-resistive pulmonary work analysis are sumrnarised in tiv 
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 af. 1969, Sterk 1970, 1973). It appears that no single air delivery pressure 

provided the means to return all mechanical attribu€eslo~contro1 status. - 

(1) PK plus 0.98kPa retul~ed minimal total and expiratory flow-resistive work; / 
.P 

/ 

(2) PK, P x  minus 0.98kPa and PLC plus 0.98kPa rninimised inspiratory flow-resistive 

work; and 

(3) PK minus 0.98kPa best returned inspiratory:expiratory flow-resistive work ratio to ~ 

control status. 
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Table 4.4: Summary of flow-resistive pulmo&y work partitions during. control and experimental 
9 

conditions at four air delivery pressures. 

/' 

CONDITION FLOW-RESISTIVE WORK 

imp. expir. total 

conuol 

mouth 

P ~ 0 . 9 8  

cenuoii! 

P f l . 9 8  

A11 units = kPa. (Work was calculated as J.1-I and expressed in kPa units). 
Means with standard error in parenthesis. . p 

Conditions: conuol = upright in air; all others represent upright immersion breathing air at 
mouth pressure and at three pressures relative to lung centrdd pressure P x .  
lnsp. = inspiratory flow-resistive work, expir. = expiratory flow-resistive work. 

v 



Pdmcmary and airway resistances are normally averaged from inspiraWry data itt a flow mte of 0.5 

1.s- l. Spontaneous ventilation, under +- states. yielded a constant flow. inspiratmy pulmonary - 

* resistance of 0.125kPal-1.s (SEM = 0.022, Table 4.5). ~xpirabry Rpul exceeded mean inspiratory Rpd in 
L / six s u b j q .  

d" Spontaneous breathing during total immersion, breathing air at mouth pressure, elevated 

inspiratory, expiratory and total Rpd (at 0.5 1.s-l) by a factor p a t e ;  than two, to produce respective 

resistances of 0.28. 0.56 a&8.44kF'a.l- l.s (Figures 4.7.4.8. p<0.0S2' ). Elevated air delivery pressures 

syste-mtically returned resistances towards mu01 status (Figures 4.7. 4.8). Air delivery at PK plus 

0.98kPa best replicated control total. expiratory and inspiratory Rpd. Differences between values 
- 

obtained at PK and PLC plus 0.98kPa were non-significant (pS.05.0 S.99). for mch of the resistance 
- - 

measurements. [Appendix Three contains post huc analysis summary.] 
. 

When analysed collectively across air delivery presskre during immersion, the expiratory Rpul. at a 
- flow rate of 0.5 1.s-I, was significantly greater than inspiratory Rpul (p4.05). This trend is also reflected 

in the Wpd partitions in Figure 4.6. Expiratory Rpd and Wpd appeared more sensitive to changes in 

breathing pressure, when subjects were immersed. 7 
I 

Pulmonary resistance was also computed by averaging i n ~ ~ i  expiratory and total breath 
k 

resistances over all flow rates. Mean inspiratory Rpul was lower in the control trials. Immersion, without 

hydrostatic breathing pressure compensation, increased mean inspiratory Rpd a b u t  3.2 times to . 

0.29kPa.l- l.s (Figure 4.9). compared with the 2.3-fold elevation recorded at a f h v  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 consk t  fisw (3.2 versus 2.6 respectively. Figure 4.8), when 

uncompensated immersion was studied. Breathing pressure compensation lowered the mean expiratory 

Rpul to be non-significantly different from the control value (p>OM, 04.30). A sequential Rpul 

B reduction with the breathing pressure increment was not as obvious for either inspiration or expiration. as 

that obtained at a constant flow (Figure 4.8). 

The mean Rpd, 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 = 26.08 (7.2) p = 0.037. 



Table 4.5: Inspiratory, expiratory and' mean total pulmonary resistance during spontaneous 
ventilation iq air, calculated at a mean f l o ~ ,  rate of 0.5 Is l.  r 

J 

SUBJECT INSPIRATORY EXPIRATORY MEAN TOTAL 

All units = kpal- '.s. 
Mean total is a weighted average of inspiratory and expiratory resistances. 

I ConuoI -data for subject nine was rejected due to anifactual error. 

. 



CONDITION 

Y 

F i p  4.7: Mam t a d  WtLfnp' & - ~ a ~ ~ ~ ~ * u b r $ h . ~ ~ c p m m r e b k [ R a i m n a ~ r w ~ g e d a t  
r f8;ru nu, of 05 Lrl. Data m t  Mb ctnndord enors. %ignif#.aatlyr diffemt 
fm m satus @dx(Kk] 



and qimtary pulnjomry ~ e ~ i S f l m  during spoata.mnts -breathing under 
rttta, h a t h g  air at fom bydmWic presstne ba& fftcsistances were 
taLm at a flow rare ,of '0.5 Esec-I. Dgta represent means and standard 

diffemt fm control sratus (pd).05).] 
9 

b 

i 
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CONDITION 
Figure 4.9: Mean irspintorg, expiratory and total breath pulmonary resistance, computed from 
rsktmcs obtrieed over rll hvr rates during the respintoy cycle. [[Data represent means and 
standard crrofiJ 



-- -- . 
delivery matched those recorded using the total Rpul at a constant flow rate (Figure 4.7). Resistance 

increased from 0.22kPa.l-'.s in control W s .  to 0.52kPa.l- l.s during unwmpermted imme&on. - 

Functional pulmonary resistances ( R o d ) )  were computed to permit comparison with the - 
immerson data of Dahlteck et a(. (1979). Results are shown in Figure 4.10. The control Rqpul) of 

0.15kPal-*.s were less than (p0.05) total Rpd computed at either a constant flow rate (Figure 4.7). or 

when total R p d  was averaged over the full breathing cycle. 
Kl 

During total immersion, using mouth pr&ure air delivery. increased to 0.33kPa.l '.s. This 

change was about the same order of magnitude as seen when R p d  was averaged over the total - 

respiratory cycle. Breathing presswe compensation did not significantly reduce Rf(pul) accompanying 

immersion until air was breathed at P x  plus 0.98kPa The measurement technique appeared to lack the 

sensitivity necessary detect differences between resistance at each of the compensation pressures. - 8" - .. - 

-- 
Means were significantly greater than control values ( ~ 4 . 0 5 ) .  except during air breathing at 0.98kPa 

above P x .  
- - 

4.2.4 Dynamic compliance. 

Conuol static (qt(l))  and dynamic puImonary compliance (Cdyn(l)) values were not significantly 

,. different (3.24 and 2.91 l.kPa-I respectively) (p>0.05,0 = 0.54. Table 3.7. Figure 4.11). Values Tor Cdyn(l) 

during immersion, when breathing at air pressures greater than mouth pressure. were not significantly 
J 

different from controls (p>0.05.0 = 0.55). in agreement with okrvations made during static manoeuvres 

(Chapter Three). Furthermore, and Cdyn(l), determined at P u  were not significantly different 

(p>O.OS,O = 0.54). These observations appear to validate Cdydl) techniques dhring immersion when 

using these breathing pressures. 

With air delivered at mouth pressure, Cdyn(l) was reduced 43.8% to 1.63 1.kPa ' (p4.05). Every 

subject displayed this trend, which disagrees with the observations of no change in C&) made in 

Chapter Three. - 

> 

4.2.5 Respiratory timing patterns. 

Respiratory phase durations-were mmputed to permit analysis of Wpul and Rpul. Since liming 
d 

data was available, it was used to analyse variables commonly used as indices of respiratory conuol. 



Figure 4.10: Functional pulmonnry resistance during spontaneous breathing under control and 
immersion states, b r e n t h g 4 r  at four hydrostatic pressure loads. [Data represent means and 
standard errors] 



[Current Data 1 

CONDITION 

., 
Figure 4.11: Comp?rlson of dynamic and quasi-static lung compliances measured upright in air 

during ietsaersiea [Data from current Irwestigation, Sterk (1970, dynamic; 1973. 
quasistatic) Dahlbclr er al. (1978. dynamic; 1979, quasistatic). Data represent means a d  
standard errors,] 



The ratio VT~TI (mean inspiratory flow - Is- I)  has been used as an index of central inspiratory 

drive (MiiieEmili and Cajani 1957, Milic-ErniIi et al. 1975, Dereme et af. 1976, Milic-Emili et 4. 

1981). Uacompensated immersion increased V T ~ I .  Differences failed to achieve significance at the 

0.05 level. Differences between experimental amditions, while showing a reduction at PLC. were 

similarly no1 significant (pM.05, @ =  0.47, Table 4.6). The lack of significance between breathing 

pressures may be ascribed to impingement of experimental apparalus upon breathing patterns For 

respiratory drive to be reliably assessed by VfI -1 ,  subjects should not become coxyiously aware of their 

breathing patterns. This state was not achieved in the present experiments. 

The ratio T1lT~o-r is used as an index of respiratory timing or 'duty cycle' (Milic-Emili and 

Cajani 1955. Milic-Emir, er d. 1975. Dereme el ui. 1976, Milic-Ernili el a(. 1981). Differences between 

control and experimental means were similarly non-significant @M.05.6=0.70). 
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4.3  DISCUSS^ 
- - 

4.3.1 Characterisation of the contrd flow- resistive mechanics in the w e n t  subjxts. 

Under control stater spontaneous breathing demanded a mean pulmonary power (WPul) to 

overcome flow-resistive forces, of 0.060 f 0.026W. Evidence from the literature indicates that normal 

Wpul l i e  beween 0.031 to 0.098W (Mcllroy et d. 1954, Jaeger and Otis 1964, Agostoni et al. 1970. 

Ballantine et- a,. 1970. Holmgren et al. 1973). thus validating the current techniques and control values. 

and conf~nning respiratory normality of the subjects. 

In all subjects, control expiratory flow-resistive work (Wpul(exp)) exceeded inspiratory work 

(Wpul(insp)). The mean, control inspirat0ry:expiratory work ratio durink spontaneous ventilation was 

0.538 demonstrating greater expiratory flow-resistance. Expiratory Rpd (0.5 1.s-I) exceeded mean 

inspiratory Rpul in six subjects. Few studies report such a comparison,-however. Otis et uf. (1950) and 

Mead and Whinenberger (1953) found approximately equivalent flow-resistances, while Uhl et al. 

. (1972) reported a ratio of 0.68. 
64 

Spontaneous ventilation, under control states, yielded an inspiratory pulmonary resistance of . 

0.125kPa.l-'.s (m = 0.022). when measured at a flow rate of 0.51.s-I. Normal pulmonary resistances 

(Rpul) range from 0.08 to 0.745kPa.l-'.s (Marshall and DuBois 1956, DuBois 1964, Cotes 1979). These 

observations further validate the current techniques, and the normality of the flow-resistive status of the 

current subjects under control condit;ons (Table 4.5). 

4.3.2 Respiratory flow- resistive work. 

Hong et d. (1969) observed a LWO-fold increment .in total flow-resistive respiratofy work, moving 

from 'xiphoq to '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 h a m s  worn by the subjects2'. In a subsequent report, Sterk (1973) observed a 3.5-fold 

'' 1nspiratory:expirato~ ratio = Wpul(inrp)/Wpul(exp) (dimensionless). 

2 3  This is evidenced by larger than normal reductions in vital capacity, which approximated 
75% of control values. Immersion normally reduces VC 5-10% (Table 3.2). 



pulmonary flow-resistive work elevationa4. With allowance for immersion depth differences and thoracic 

restriction, the present data, showing an elevation of flow-resistive pulmonary work attending upright . 

immersion of 3.8 times the control level, confirm these earlier observations. No previous investigators 

have studied the ability of breathing presswe manipulations to modulate Wpul during upright immersion, 
- 

though several have hypothesised its irnplsmention would be beneficial (Jarrett 1965. Craig and Dvorak 

1975, Flynn et al. 1975). Such hypotheses are supported by the significant inspiratory, expirator!r and 

total flow-resistive work reductions observed in the present investigation, which were mediated by air 
-- - 

delivery at PLC and P u  plus 0.98kPa (Figures 4.5. 4.6). 

Flow-resistive work is performed against friction in the airways, lung tissue and chest wall (#?&re 

4.1). Inherent limits of the current techniques meant only Wpul could be meamred. without C -  
differentiation between airway and tissue componentsz5. Airway friction is affected by changes in gas 

flow, density. viscosity and by airway dimensions. As downstream airways a c d o h  for approximately 80% 

of frictional work (Hyan and Wilcox 1961, Fems et al. 1964, Macklem and Mead 1967, Hogg et al. 1968. 

Olsen et al. 1970). modifications during immersion mighrkexpected to occur primarily in these larger 

airways. Work of Prefaut et al. (1976) has revealed no change in Raw of the upstream airways during 

i rnrner~ion~~,  thus indirectly supporting the primary role played by the downstream airways. -- 

The siL@ficant elevation of ~ ~ , ~ : ' d u r i n g  uncompensated immersion, is ascribed primarily to 

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. 
-- 

~ h i s  volume-dependence of Raw was identified by Mead and Whittenbefger (1953) and Briscoe 

and DuBois (1958). ERV decrements may be ascribed to a positive shift of tJe total respiratory 

compliance curve. chest compression, (Figure 3.11). and acute pulmonary vascular engorgement (Echt ' 

et al. 1974, Lange et d. 1974, Risch et d. 1978a. 1978h, bllgen et d. 1980, Chouk~oun el d. 1983). The 

latter augments ERV changes, replacing air with blood (DahlbAck 1975: DahlbAck et uf. 1978). and 

possibly elevating lung tissue frictional losses. Recent work by Jones et d. (1978) and Ishi et d. (1985) 

Sterk (1973) reported several values at different time intervals, the data above represents: a - 

weighted mean of these points. 

I S  Raw is assumed to represent 60-86% of Wpul (Table 4.1). 

26Measured using the upstream Raw technique. 



has also implicated vagal panidpation in the airway narrowing that acmmpanies pulmonary bloodp- 

volume elevation. Vagotomy was shown  ease the effect of engorgemettt-on airway diameter 

change (Ishi et d. 1%5). Some interaction between these mechanical and neural mechanisms possibly 

occurs dhlring immersion, the net result of which is an elevation in pulmonary resistance. 

- h The importance of airway diameter changes to increments in Wpul is supported by the present 

observation of a significant elevation of constant flow Rpul attending uncompensated immersion (Figures 

t 4.7. 4.8). and by previous investigators who found greater inspiratory Raw (Agostoni et uf. 1966, 

interrupter technique). Rf(pu~) (Dahlhck 1978. DahlMck et d. 1979). mean Rpul (Sterk 1970. 1973). and 

total thoracic resistance (LalIgen et d. 1980) accompanying immersion. 

The fact that the current change in Rpul (computed at a flow rate of 0.5 1 s ' )  accompanying 

uncompensated immersion exceeded observations of Agostoni et d. (1966). Dahlbck (1978). and 

Dahlkck et d. (1979). may be atuibuted to differences in measurement technique (see: Section 4.3.3). 

to the depth of subject immersion1' 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 et al. (1979) reported only the rncm &nute ventilation, averaged over 
- 

control and experimental trials. It can be seen 'ln the preseni 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. itmay account for the discrepency between the two investigattons. 

The current constant flow increments in inspiratory R I do agree with Raw changes reported by 4P 
Agostmi er uf. (1966). using negative pressure breathing. a state which is at least physically analogous to 

the current uncompeqsated immersions 

Evidence supporting the lung volume-dependency of flow-resistive work is obtained from a 

comparison of the mV and expiratory Rpul at a flow rate of 0.5 1.s-' (Figures 3.11. 4.8). For simplicity 

data has been reproduced in Fi~ure 4.12. Expiratory Rpul altered inversely with ERI . The imperfect 

nature of the relationship may indicate involvement of other causal factors (e.g. vagally mediated ailway 

narrowing) and/or the inability of ERV to reflect altered functional residual capacity (FRC). It is 

recognised that FRC is a better volume index with which to compare Rpul. however, it remained 

tmkmwn in the current study, since residual vohnne (RV) was not measured The addition of a constant 

RV to the ERV would alter the data shown in Figure 4.12. With air provided at mouth and PK minis 

'' No previous reports, except Sterk (1970. 1973). have employed total immersion. 



Figme 4.12: Inter-relationship betrseen expiratory resene volume and the expiratory pulmonary 
resistlace A f m  ah deliveg prermres, daring upright immersiin. [ERV is expressed as a 
decimal relative to control; pulmonary resistance was calculated at a flow rate of 0.5 1 s '  
and is expressed as a reciprocal of its decimal relation to control.] 



O.%kPa, the ERV bars would lengthen, while at PLC p l h  0.98kPa. the ERV bar wouldshorten T h e n e L -  

result wc i: J be a profile similar to that of the expiratory Rpd. However, it is possible that RV also 

varied with delivery pressure. but since no previous works have been located which studied lhis 

relationship, the question is unresolved. 
9 

At low lung volumes during immersion, airway closure o~cws (DahlMck and Lundgren 1972. 

; DahlMck 1975). and is associated with narrowing of thp&@ugrways (Dahlbkk 1978). Glaister et d. 
\ 

(1973) demonstrated that such a closure ma). funher increase Wpul,. since greater Ptp mGst be generated 

in order to open and ventilate occluded alveoli. J" 
1 --. 

Analysis of Wpd(insp) and Wpul(exp) (Figure 4.6) revealed mouth pressure air delivery induced 

significantly greater flow-resistive work. Control inspirat0ry:expiratory Wpul ratio shifted from 0.54 to 

0.62 in this condition due to proportionately greater Wpul(inrp) inc~emenu. Greater inspiratory 

flow-resistive work could induce respiratory discomfort and eventually produce respiratory fatigue. 

It was observed that inspiratory Wpul, 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 Wplll underwent greater changes during all air delivery pressures and always exceeded 

inspiratory W p d  This observation may indicate that expiratory flow-resistance is more sensitive to lung ' 

volume changes. Theoretically. inspiracory resistance should demonsuate a similar sensitivity, but beyond 

the initial lung volurne increments; experienced when air supply pressure was increased from mouth to 

P x  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. 

Duri2g the respiratory cycle, work is performed to overcome elastic and flow-resistive forces 

(Figure 4.1). thus a knowledge of &a1 work is importanl. The summation of total Wpul and the 

inspiratory muscle work obtained from static pressure-volume curve ahalysis (Chapter 3) is inappropriate, 

since pan of the flow-resistive work is performed by elastic recoil. However, in Wth cases, work 

partitions have been shown to increase (Figures 4.5.3.8) when subjects were immersed without breathing 

pressure cwmpensation. It is hypothesised that the combined effect of these elevations may increase 

ventilatory oxygen consumption (PO,) to the pint where, during exercise at 1 ATA, it may impose a 

respiratory limitation on physical power. 



- -- 

In diving, pa.r&icularly at depth, Raw. and consequently ~OW-resistive work, becomes a -or 
7' 

.,- , 
concern due dded resistance of the Gdederwatez breathing apparatus (Morrisan and Reimers 1982 

and density-dependent increments in Raw (Buhlmann 1963. Glauser ,a/. 1%7. ' 

1 
7 ,  .. 

Uhl et al. 1972, Vorosmarti et al. 1975, Van Liew 1982, 1983). It is pptutated that the use of breathing 
/ 

-1. + 

press&@, designed to compensate the hydrostatic p m u r e  imbalance encountered during upright - 
immerkon. would ameliorate the respiratory mechanical disadvantage normally e countered. . 

9 - 
\ ,--__ * _$ . - 

E~erreerreesuppprting . this proposal is illusu2ted in Figures 4 5  to 4.8. In almost every-inslance -- - .- _ 
1. Wpul and Rpul were diminished usihgai~,delivered at P x  and P m . 9 8 k P a .  At these pressures. Wpul 

and Rpul were not -significantly greater than control levels. 

It is suggested that the mechanism reponsiblc for improved respiratory dynamics is 'ated with "i"" - 

ERV increments and vascular disgorgement Positive pressure ventilation forces blood out of the lungs 

(Fwn et al. 1947, K i l b m  and Sieker 1960. o r lob  ei al. 1985). Since compensation of a negative * 

hydrostatic~imbalance is analogous to the application of a positive pressure upon a balanced system. it  is 

assumeh that the use of PK air provi larly uanslocates central blood to the periphery. 

Disgorge'ment may remove the vagally d airway constriction (Jones et al. 1978, lshi et al. 1985), . 
d' Y 

and reduce airway closure at low lung volumes (Dahlback and Lundgren 1972. Dahlb'ack 1975) and irs 

cgncommitant nariowing of the larger airways (Dahlbck 1978). Perhaps of greater signifi ce is the < %  
return of control ERV (Figure 3.11) mediated by PLC 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 to mouth pressure). 

It appears from the preceding &ta that a higher deliver) pressure ma) best replicate the 

F dmonary mechanical status that exists under control conditions. The decision to suggest that YLC bc 
< 

adopted is based upon the following points: 

(1) Differences between r s u l ~  obtained using PLC and PLC plus 0.98kPqair deliver pressure . 

were gon-significant in every instance. 

(2) P x  air provision resulted in a closer approximation of the control inspiratory 10 expiratory 
'r 

flow-resistive Wpul ratio. 

(3) Air supply at PLC plus 0.98kPa had been shown in Chapter Three to increase the expiratory , 



(ql As illustrated in Figure 3.15, s u b j m  when breathing air a: PK plus O.%kPa. agqmmd ro 

defend an upiratoc mewe vdrune 23% below thc thoracic rtkxa* volume. This mainrwana 

fatigut. 
I 

(S),FinaiJy, one must consider that air delivery at prcssutts in exctrs of PK. rcpnsent positive. 
/- .. 

prwre  ventilation. whish has been shown to ndw cardiac output to increase pulmonary 

divn;lmcc irm r c s i s w  mpuled at a flow rate of 0.5 1s :. SMne disparity also exists bctwscn Rpuj 
1 



The cornparim of &ta for inspiratow Rpul obtained at a amstant flow (Figure 4.8) and averaged 

over all flm (figure 4.9). shows the l i W r  to be genetali). smaller. except when subjects were provided - - 
n 

air at mouth pnrswt. If Rpd is bat d-bed by a nowlinear model then one would expat  &ta to be 
I 

influenced by airflow. Current mean flows exceeded 0.5 1.s- ' in all conditions except the control trials. 

In r -linear system this vrwld have produced a resisunce in ex& of that measured at a amstanr 

b flow. Since lower values wire generally observed, the results indicate that while turbulence may have 

bcm p r m r .  flow parterns dwhg spontaneous ventilation appeared to be predominantly laminar. 
t 

Functional resistance dcuiatimq rely upon pulmonary resistance king a ens tan t  regardless of 

flaw (Ahlsuum and Jonson 1974. and Jansson and !onson 1975). Ih the present study. inspiratory Rpul 
L- " 

data dois nor rotally validate this assumption When air was provided at mouth pressure, minute a 

ventiladon averaged 27.3 bin-I. while during conuoi trials the ventilation 'was abou~ 405% lower (16.6 

I,min-'1. Under these conditions mean flow Rput mare ciosely approached Rpul measured at 0.5 1,s '. 
however, inall otber vials m& n o r  Rpul underestimated that measured at a constant flow (Figures 4.8. 

' , 

4.9). Ventilations were also lower than during uncompensa~cd immersion (Table 4.6). If turbulent flow 
, '  

was prercnl. Rpul at hibh flow r a p  should have inneased'to equal or exceeded mnstan: flow R&. 

Since this was observed when delivered ar mouth pressure. i t  wa? concluded that h e  

amount of flow rurbuience elevated minurc vcntilatiori. The significance of &is 

observation for resring s tud i~ i  aappe;)rr minor, however. i t  may become critical during vcntilationa 
I 

encountered during exercise. 
2 ,  

The assumption of sinusoislal breathing patterns used in cornpuung Rf(pul) (Afrlsubm and !onson 
C B 

1973c J a m a n  and Jonsn 1975) was not dirccfky evdmred in rhe present study. Howcvcr, sevcral 

subjects demonsuailrd brearhing parrerns which were not sinrisotdal, parucularl) when brcathrng air at 

pressures in ex= of P a  Any b r w h ~ n p  pattm which is cot s~nuw~dal .  ma) praducc diffcrcnccs 
I 

beween inspinrtoq 

a u w  experimental 

ma). bl: attributed lo di f fezw's in minutc vmtilatim and brtathinp patte'mr ktwccn srudm, and 



- - -- - - -- - 

i )  

Dynamic pul& annplLyKe (Cdp(d was huied during the current series of experim&mto 

answer tsbnical ctiticisms raked within Chapter Three. laadequacy of s o ~ - ~ t a € i c ' c o ~ n ~ ~  techniques 

was suggested since such methods: (a) may violate assumptions of equivalence between Pao and Palv; (b) 

may include pressure vdriance attributable to flow-resistance (Gibpn and Pride 1976); (c) measurements 

are confounded when disease (or environmental) perturbations alter the time constants 29" of parallel lung 
' 

1 

units   adl lord 1964. Gibson and Ride 1976. Cotes 1979); and (d) the results are sensitive to minor 
* ' Y  

airway dysfunctions (Gibson and Pride 1976). 

During immersion with each level of pressure compensation, differences between Cdyn(l) and 

were nowsignificant (Table 3.7. Figure 4.11). At mouth p;essure. Cdyn(l) was significantly 

reduced (43.8%). in agreement with data df Sterk (1970.49.8%). Dahlbck et d. (1979.47.6%) and h e r  

Quasi-static compliance measuremen& have shown smaller reductions with immersion when 

compared with quasi-static control observations (Sterk 1973. 17.4%; Dahltiack et ai. 1978. 30.8%). while 

GI(]) was unchanged in this condition (Tgble $7). These obsemtions are interpreted as indicating that 

the static lung compliance curve was essentially linear over the lung volumes encountered during the 

current investigation. Altered cvrnpliance obtained from the non-static techniques. indicates a non~linear . 

\ pressure-volume relation over this lung volume range. It is app'arent *ar static and non-static 

techniques, while' king designed to quantify a common mechanical variable, appear to be measuring 

different atuibuies. 
b - 

Upright immersions (htad-our and toral) produce increases in Rp,p Such a change may resemble 

ha t  accompanying airway disorders. Supporting this proposition is the significant two to three-fold 

increase in Wpul and. Rptll. 11 is suggested tha~ mechanically and/or neurally mediated airway narrowing 

my be respnsible for rhe apparent C d y ~ l )  reduaion (lung stiffening), since in this s t a ~  Cdjm(l) m a y  

&e meawring fanors other than lung tissue elasticity (Gibson and Pride 19753. 

The occurrence of negative. end-expiratory Ptp in dl subjects during uncompensated immersion. 
* 

provides another possible explanation- Such pressures result from.compr&on anifact andlor air 
? 

uapping If Lhe.former is conecf current Cd!,(l)'O. and possibly rhe data of other researchers. is invalid. 

In the Ltrer a. the pressure-vdme relation describes khaviour of mpamnents with and without 

? *  Time required to equiiibra~ following a prcrmrr change. 

" Cd~n(l) is cornpuled using only md-inspiramp and end-erpiratory Pp 



a 

- ---= P --- -- 

with the mouth.. In this instance the Ptp would reflect-tissue and gas elasticity. 

data may render the interpretation of Cdyn@) doubtful. €le&y there i s  need for - - 

direct communication 

The inclusion of'such 

further research and for caution in the use and interpretation of Cdyn(l) during immersion, when subjects a 

are not provided with air at pressures greater than the hydrostatic pressure at mouth depth. 
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PHYSICAL POWEB OF THE UPRIGHT, IMMERSED DNER WITH A i h  WITHOUT . 

HYDROSTATIC PBESSURE COMPENSATION 

Normobaric physical power1 is generally limited by cardiovascular rather than respiratory , ' 

mechanisms (Asmussen 1%4, Holmgren 1967, Sdtin and kstrand 1967, Saltin 1973, ksuand 1976, 

Holloszy and Booth 1976. Saltin-and Rowell 1980. Stubbing et d. 1980a) '. however. patients with 

respira!ory disorders consistently present with ventilatory mediated. exercise intolerance (Laurence er d. . 
1965, tevisol? & Cherniack 1968. Clark et d. 1969. Leaver and Pride 1971, Potter el al, 1971. Stubbing 

'--I 

el d. 1980b). I t  has been postulated that immersion without hy@ostatic pressure compensation. may 

iaduce respiratory mechanical perturbations capable of reducing physical power (Thalrnann et d. 1979. 

Lundgren 1984). 

Numerous research groups have investigated aerobic power under hypzrbaric conditions with .- 
divergent observations. Several groups have found aerobic powei was not reduced when studied at 

depths to 6 ATA (Fagraeus et al. 1973. Fagmeus 1974, Xnthonisen et d. 1976, Limanson and Fagraeus 

1976). However, these studies investigated exercise with dry compression. Under t h w  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-our cycling? was reduced along with minute ventilation. when compared with dry control data. 

~ e ~ e a l  studies have investigated aerobic power of the immersed diver under hyperbaric slates. 

Momson (lb73) repoked prone subjects to experience respiratory difficulty. No consistent decrement in 

- maximal aerobic pciwer was observed.wirh increased absolute pressure. howeuer. not all subjects were 

, able'm complete the exercise pmmcol. P 

Dwyer el d. (1977) investigated upright immersed divers at an absolute pressure of 44.4 ATA 

using a helium-oxygen breathin~mixture. At this pressure the gas d@ty was spprdnirnately equivalent 
r 1 

to air. density at 6 ATA. Unlike t h e - d ~  experiments at  is gas den& (Fagraeus er id. 1973. Fagraeus 

The capadt). to pe,rform a given amount o f  work in a phod/df time. 

Recent work by Dempsey n d. (1981) has. howevei, d e m o m t d d  arterial hypoxaemia 
elite endurance athietes Such a ventila~ory limitation is not applicable to normal, trained 
subjects 

C 

1157 
h 



1974, Anthonisen et d. 1976, Linnarsson and Fagraeus 1976). Dwyer a Z{1977)-found -malPp 

aerobic power to be reduced The authors concluded that factors other than gas density were responsible 
- 

for the observed power decrement 
- .  

Spaur et d. (1977) reported an inability of subjects to exercise at an to, in excess of 1.92 l.min- 

when immersed upright at 49.5 ~ ~ A , % r e a t h m ~  a helium-oxygen gir mix$re. .The authocr concluded -- 
that reduced power was due to a density dependent increase in airway resistance (Raw). 

It 'las been demonstrated that uncompensated, upright immersion elevates total respiratory and 

chest wall elastic work (Hong et d. 1%9. Flynn er d. 1975. Figures 2p and 3.7). flow-r&istive 

respiratory work (Hong er d. 1969. Sterk 1970. 1973. Figures 4.5 and 4.6). and pulmonary gnd airway 

resistance (Agostoni et ui. 1966, Sterk 1970. i973. DahlMck 1978. DahlMck er d. 1979. Mllgen er d. 

1980. Figures 4.7. 4.8). Previous chapters of this thesis have also illustrated the capacit} of hydrostatic 

breathing pressure compensation tq return respiratory mechanical attributes towards corn01 status - - .  

(Figures 2.12. 3.7. and 4.5 to 4.8). It is of interest to professional divers to' knokwhtrher such 

compensation may improve respiratory mechanics during immersed exercise and in so doing increase 

physical power. 

Thalmann er d. (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' 
I .  

minute ventilation when subjects were exposed to a negative breathmg pressure3. Maximal aerobic power 

inneased with absolute pressure. when breathing at a neutral static bad. However, only one subject 

(N.3) was able to complete maximal exercise trials with a static breathfig load of -0.98kPa at 6 AT*. 

All subjects completed submaximal trials at stadc loads of -1.98 and -0.98kPa. However. dyspneic , 

sensations were greater and often severe. 
i 

t 

I t  appears that static breathing load may influence physical power during immersed exercise with a 

raised absolute pressure. Pulmonary compliance is reported to be unchangee during normobaric cxercisc 
4 

(Granath et d. 1959, Chiang et d. 1965. Olafssdn and Hyatt' 1.969). yet recent work by Stubbing er d. - 

(1980a) illustrated decrements with increased work intensity. Airway resistance (K,,) is also r e G e d  to 

remain unaltered during exercise (Granath er d. 1950. Chiang el al. 1965. Qlafsson and Hyatt 1969. 

Stt&bing er at. 1980a). . Of major cbncern remains rhe ventilat~r) changa associated with altered 

! This would be physically analogous 
.\ to PK. when immersed upright 

to breathing an 'detivered at a negative pressure relative 



barometric pressure (PA). , 

The density of air changes as a function of baromemc pressure (PA) (Glauser et d. 1967). When 

1 air flow contains turbulence, Reynold's number will increase proportionately with gas density (all else , < 
P , . 

- \ remaining constm) '. Thus espiratory airflow becomes more turbulent as PA increases, elevating Raw 

(Buhlmann 1963. Glauser et ul. 1967. tJhl et ul. 1972;Vorosmarti et d. 1975, Peterson and Wright $976, 

~ l a r k e  et'al. 1982, Van Liew 1982, 1983, Dahlktk 1985). PA has almost no influence on gas Liscosity 

, (Hirschfelder et d. 1954). leavi%ng Raw to be primarily a function of gas density and ventilatory rate. . 

At 1 ATA u y d c  airway compression' limits maximal ventilation (Fry et d. 1954. Hyatt et d. 

1958. Fry and Hyatt 1960. Mead i t  d. 1967. .Castile et d. 1980). however. during normobaric exercise, 

airway compression is not generally observed, as peak ventilations, and consequently peak expiratory 

transpulmonary (Ptp) pressures, are not atlained (Olafsson and Hyatt 1969, Leaver and Pride 1971,'Potter - - 

et d. 1971. Hesser er d. 1981). At raised ambient pressure,  odd and Bryan (1971)'measured values of 

expiratory Ptp beyond levels associated with airway compression at 1 ATA. These values occurred at 
, 

lower exercise ventilations as gas density increased supporting earlier observations of density dependent 
' ' expiratory limitations (Schilder er d. 1963). 

2 - 
One might predict Raw increments, and associated dynamic compression. to iimit exercise 

ventilation at depth. Numerous investigations suppon this prediction during chamber (Wood 1963, 
. " 

Taqton et d. 1970, Bradley et d. 1971. Uhl eta!. 1972, F a p e u s  1974, Linnarsson and Fagraeus 1976, 

Thalmann et d. 1979. Hesser and Lind 1981. Morrison and Wood 1986) and open ocean dives . 

% (MacDonald and Pilmanis 1981) to moderate depths. Deep dives beyond 40 ATA revealed conflicting 

obsewationi (Salzano er al. 1981, 1984). but comparison is'confounded due to varied breathing gas 

densities and viscosities. 
9 

Lanphier (1963) postulated venulatory de&ements were due to depressed zespiratory drive as a 

result of heightened 0: partial pressures or narcosis. The la~!er has subsequ&tly been discounted 

(Fagraeus and Hesser 1970. Lambertson et d.' 1973. Gelfand et d. 1980). "while the former was supported 

b'. studies utiiising elevated 0: concentrations (Bannister and Cunningham 1954. Lambertson et d. 1963; 
-- 
' Reynold's number\ = linear velocity-densitytube diameter/viscosity, 

Dynamic airway compression is mused when expiratory effort is raised. in an attempt to 
overcome flowresistance. The i n c r w d  effort produces downsueam points of negative pressure 
across the airway wall (i.e. airyay pressure - pleural pressure), resulting in compression of 
these $ways. 
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ID . . 2 -  -, F&$~!us (1979) described the hyp~rbaric ventilatory suppre&m as being ;ither b?Thepe~de$-- 2 .  
* . <  

I 
8 -  ' O ' P  L 

,a - 
. - ' -(re@ted to OA partial pressures) or non-0,-d&end&t (related aw), kith bath rnedlani&s . ' 

1 "  a * -  

'%. - P. 8 

, F 
-1. L r * 7 ,  $< ; 
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I , .',..' =rd+cji @<point where ventilation is lihiteQ Under these states, ventilation may r e i l u ~ ~ ~ ~ i c a l . $ w " e i .  ' c ~  ' . ' 
* .  . ' - _  * - :.lden,$ficati& dfl&ch ton'ditions is essential if underwater breathing apparatus i s  to be designed which 
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@$not1irnpbs a funher yentilatory hindranc;to the working diver. <. . 
.a * : P, v .  

'L? 

"A* . -. ' .. * .  
* h a  
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a )  

= One ipprwch ti the bvaluatioi of norp0,-dependent variables ha3 invo1;ed the compa%&n c$ 
I ,  I .  

, J . .emciee2&l ~ar imal 'vol~ntary  ventilatons (MVV)'. MVV has been fohnd "16 dec1in-g as a 'fkcti6n"of%=' 
t 9 9 

- .. P ~ .  or density (Figure 5:l;y=197.59.x-0-455 *). The decrement is ptuibutable tg; density-ihduced 
, * 

rise in Raw. accoinpaied.by $namic airway compression. Severe dyspnea accompanying venulations - - 
* - 4  

t - 
, . . . :' app.ioachi5d 93% MZ?~ at depth (Anthonisenp d. 1976). has proqxed speculation that exercise at depth .. 

k S b  , . 0 c 
o s <  . * 

js l i a ted  when the level of ventilation required. coincides with MVV for thai depth ( ~ a n ' ~ i e w ' l 9 8 2 .  ' 9 L 

* 0 ' \ 

1983. kthbqisen 1984). c ; I . I 

8 ,  " 
8 - 

of the M ~ V  gauge ma! be quesioned a[ 1 ATA. si&e ~ ~ v - c a ~ n o t  be \ *. - .  

&ntaiI(ied dch beyond 20 seconds (Vorosmarti et d. 1975. Bye er d. 1983).'and maximal exercise d I '  ' .  
y e n t i l a t i o n s ~ ~ ~ ~ ; )  range between 50-80% MVV(~ocche et dl. 1960. Shephard 1966. 1967. Olafsrod : 

- c 

and.Hyaa.1969. Fagraeus and Linnarsson 1973. Hesser et d 19819. However. with MVV decrhen t  
\ , . 

at depth. becomes possible b a r  Vlmal may approxrrnate MVV. b~agra&s and Linnerrson (1913) and - J 

H s g r  et d: (1981) demonstrzted that vim,, reached a l l y  80% and 81.8% MVV at 3 and 6 ATA . s 

re ectivel!:.' +VLmx was derived. in the latter stud) .'during h e  final 15-30-seconds of maximal exercise , P  
end, would be expected to exceed the susainable vendation. On t.Qe basis of &is dak. one would not. . 

-expea ti,, to reach MVV, at 6 ATA. as the latter manoeuvre is pe r fo r~ed  ai.greater lung volumes 
I .  . i 

( H k r  h; d. 1981). a lowerclay at equivalent gas de@ies. due torirwa) enlargemeni. 
- 5 b 

See Chapter on;:' - a , .  

This equatipn was obtained jb! regression M y s i s  of the da,u presented' in Figure 5.1. 
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a ? .  

- ,&otherapproash toethe analysis of the non-0,-dependefit ventilatory reduction, h i  involved the . a 

d - invfftigation of Ptp W m d  ahd Br~m (1971) investigated maximal Pq, at various lung volumes during 
* - 

, expiration over pressures from 1 to 10 ATA. Expir&ry flow increased with driving pressure. until it 
d = 

v reached a niaximal flow plateau t at the-point where airway compression restricted expiration The pleunl . , 
> v 

- pr&ure at which &way compression was initiate$, was found to decrease with increments in absolute - 
(when measured at !he h e  lung volume), and to decrease when lung volume was lowered. 

1 

, m  

Ebth"obs&vatiofs jn%cite an earlier onset of dynamic airway mmpression, and an effort-independent 
. , , "  3 

.- 
5 1 

expiratory flow limitation. At ~'ATA they observed dynamic airway compression during exercig. and at 

10 ATA it ajnmbuted to an exercise limitation a ,  

" ,  
3 - *> . .L 

, < 

Hesser et d.'.(1981) found that maximal Ptp increased with depth. Closer analysis bf their 

pressure-yohne and-flow-volume diagkims shows the obse'tvation is not contradictory to that of Wood 
? 

.and Bryan (1971). The latter investigated Ptp at a conssmt flow. Data from Hesxr et d. (1981) show . - 
peak Ptp was not associated with greater. but with smaller@eak flow rates at increased depth. Thus these 

"., , . , r&ts only refer to die Ptp change in excks of that ne;<ssary to produce peak flow; Dynamic airway 
I 

C 

compression occurred in the Hesser -el d. (198;) study, and was associated with Vlmax reductions of - - 
i 

. 
357% and 48.1% at 3 and 6 ATA respectively. 

t - 
x ,  

a -3 
i A third approach to analysing the non-&dependenr ventilatofy seduction has centered around 

the concept of'critical ventilation At normobaric rest; respiratory oxygen consumption (VO;) , , a 
e 
- 

approximates 2.5ml.&n- (Milic-Emili and Petit 1960,'otis 1964). Assuming resting total VO, averages 
- 1 .  

250-300ml.4n-1, r&piratory VO, consumes 0.8-1.0% of this toul. It was hypothesired that respiratory 
* 

- , VO, may increase, with ventilation, to reach a point beyond which further increments in ventilation fail 
-L 0 

to  p;ovide more O1. but instead would result in excessive respiratory Vo2 ( ~ a r g a h a  el d. 1960. Otis 
i 

7. , - 1964, Shephard 1966). This ventilatory level-is called the critical ventilation . and has beeg measured 

, and approximated at 120-166 I.min:l. These figures correspoqd with W80% MVV. 

~stjmates of respiratoy q02 at maxiinal exerhse at 1 4TA range from 7% to 20% of maximal VO, 

' , " , (MiliqEmili et d. 1962..~hepfiard 1966, Bradley and Leith 1978, pardy el d. 1984). representing: 

s~bstanthl mnvibuiiom Macldem (1980)'~mMf&ted that in resting S U ~ J ~ C E .  fatiguing inspiratory 

.resisiance could elevate resting total vO, by o"er h l . r n i n -  I. presenting a possible-resgirardry (r9, 
ceiling Diiing exercise such a resistive load would impair work capacity. however, it'is unknown 

whether resistive lmds a&t& with raised atmlute pressure cy add Nflicient respiratory %to 
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ampromise performaw. A 

9 

Ventilatory dkkts lower the respikttoiy VO2 at depth. b'k density-depe 

will founter this reduclioq. ~vidence that permits evaluation offhis pxehange is not available, ~o&ver ,  

Glauser el d. (1%7). using sulphur hexafluoride to simulat&iir densities of 4.5ATA (br heliox at M + 
tr - * 

ATA). found respiratory~O, at moderate hyperventilation (36 l.min-') did not limit 0, available for 
_ .  

other tissues. When breathing air at depth, the 02&d pressure is increased in propbrtion with the . 
- 

change in absolute p;essure. This change may negate tke importarice of the critical ventilution theory 

during hyperbaric states. 

It is apparent that ventilatory l&itations at depth. whether related to h i W ,  maximal Pfp or 

respiratory VO2, are mediated by density-dependent elevations of Raw Such hcrements are associated 

with dynamic airway compression upon expiration. Fagraeus (1981) suggested this causes exercising 

subjects to prolong expiration to ensure adequate tiny! for- air expulsion, and then to shorten inspiration. 
f ?! Thus, while expiration limits entilation,. the extra inspiratory effort required would result in 

work-limiting dyspnea (Fagraeus 1981). In this r e d  numerous research groups have reported subjects 

to feel limited by their inability to inspire an adequate tidal volume, or to4'ca'tch up' on the ventilation 

required at a given exercise level (Dwyer et 1'1977. Spaur er d 1977.'~&r aqd Linnarskm 1977. 

/ 
Previous sections of, this thesis have illupated the capacity *of hydrostatic, pressure compensatiod to 

1 

return respiratory mecWcal atuibut& towards conqol status ( ~ i g k p  2.12, 3.7, and 4.5 to 4.8). One . 
b e  . 

\ -  

must now evaluate the physi 'o~~cal  si&ficance of such observation~.~ Given that uncompensated 
' _  * 

immersion is unfavourable to r&irato& mechanics. one must ne'khether such perturbations yearm- 3 S' . . 
p m s s  rufkient magnitude to either reduce physical pow& or effciency, and in so doing, to present a . t 

I 4 
L .  

threat to diver safety. - . ,  
, . . . 

P * - . I) 

P Air brythieg divers work at depths to 50m'iuhere vka ion i  i n  pressure mediate &ccanmitant' 
/ *  I . - 

changes in gar density. b d  oxygen and n i w n  parual pre+res.c.~uch &fang& interacid with ventiiatoq 

modifications associated with u m m p a a e d  iminersicm, Divers we& lherefore stdied during upright - 

immersed exercise and me and six atmospheres absulute (ATA) '.' . <. .- 
. * b 

1 
J . . 

' 6 ATA = 50x1 simulated seakter. 5. - 
P .+ , L . < 



It was hypothesised that elastic and flowresistive respihtory 
- - -- -- 

work increments attending * .  

uncompensated, immersed exercise will magnify ihe,non-O,-dependent ventilatory limitations 
1 

encomtered at depth. Use of air delivery a; lung centrdd pressure was envisaged as ameliorating this 

restrain< thereby enabling divers to improve physi-cal power and efficiency: ' 



5.1 METHODS 

/ 
Ten male, n o r n o k i n g  sports divers participated as paid subjects AU were screened by 

quostionmire for normal lung function hisbry, and drevious and/or &ent physical disorders which 
f , 

would contraindicate hyperbaic exposure. Responses wqe reviewed by the departmental physician. All 
2 

subjects were examined by a physician, to obtain medical clearance for diving. in accord with the 

Worker's Compensation Board of British Columbia. AU received subject information packages, and 

signed informed consent releases. 

To avoid age related pulmonary mechanical factors, subjects were all less than 35 years of age 

( M i t m  et uf. 1965). To ensure subjects were not sedentary; a selection nit& for aerobic camty was 

set at greater than 40rnl.kg1 nin and determined using the &s&dT~yhming preQiaion (kstrand-and 

Rhyming 1954). Six rubjets tmk part in all of the p6?vio& exp;rirnen& and three took pan in only the * 

current experiments investigating physical power. The tenb sibject panigpated in the determination of. * 

Y 

lung cerrlraid pressure. * r 
I C 

v 

8 .  
3 /-- 3.1.2 Apparatus - - 

I 
L - 

a -  - . - 
All experiments &re pqformed in the wet ch&>berof the bypd-hyperbaric c!umber complex 

r 

, - 3  , described in Chapter Twb. =Water temperature wa<regulated at 28.633.9' C. k . O 

/ a *  

, =  * subject -45cm above the floer. Legs ware ertended. forward and d o 4  to adjkabl; pedal.&tionst . . ' . 

producing a semi-redininglowei body position. The b & k a w  vertical. Feet were protected with diying *. Y _ , . 

bmls and held 1-1; to the pdais  using cyclp toera.&. .$ quick releaq ,belt positid& across the hips : 
+. . . 

> 
- . { 

, i, * -  !' 
secured the s u b j m  to the seat . - . . 

pC I .  . , -n 

(i) Bnachrnent t& a ,'a?able d-d regulau): &able U)respirhoiy pressure variaii- through 

vcri ie~ dspikernrnt oP fie Fq&&; . 
0 

' I 



. '  ,&' * . " ,  . .. 
. e - -  s , c .a 

'C - 
' a  ' " ' c - -  

. .  . 
. L .  , b i '  " iiqe' 

> ,  - & .  . * 
. - .  - - Lb. - ~- k . ~  ~, -- ~--: ,. * -. . rt- 

(2) equilibration of br-thi; gar delivery pn&ke 6nd facial gwfiice wure. i a g g w  - i: . : - - i \  

6- . '  " '  " B .  . . -"a - 
Thompson A d  McCally 09%. 1%7); .. . . .% $. u a e - ,  .. +*, - &. J- 

. ' " - O -  
% x i A .  

* ,  

-* ' &' I ) .  v.*. - 
> - i 

(3)'m&eme& . of a .  airmy . . prkme between the moth and demabd rtgulator; a& ,' 
- . < - ,  

- v .  . -  '6-" -"q - -  . - - . . 

(4) collection of 'end-tidal gag samples (Figure 5.2), ; - . - ..,- % - . 
, . L1 4( 

. . . i , " -  * ' " ,  - "  d '  * 
. . h . , . < . . . , Y  

F 1 

-_---do while a leq& of low~&stqnEt. &rrugatkd tubingmnneae&the pipe &the rnqy&l~regulatgr, L 

a L 

. - 
* < 

1 o w . *  c ,  - . -$ 
br i * 9 

iP 
I ' - I 9' , 

i * . . 
the mask. Vertical displacement of the hovzhle regiamr provide4i;aluq of Pa',sand hklmef 'prmuic . 

-, ' 
, . * 

helow 'lung c&roid, 
.; , .t 

0 s Q 
+ . * -  

-<. 

~*bnrheIf .30 (US Divers) ogen,cirht.de&nd regulmor &aa u&dg:s ihg,movab;e feetilatot for : 
4 - d 1 *  - ,  . > Eb <= . > 

all trials. ~ r i o ;  to us$ the regulaior ,was"serviced chd cleaned u l u a - m n b l i  .' hir>rr&in'de&. '(j986). 
" 

C ' < 6 5 L  

found this m e  regtilator tp fulfil tolerhce and brnfonreq"irerner& at depths to Sd;lf&nul&ed , v , I  
U 3  

searvate'r depthl and ar ventilations to 7Q Lmin (Figure 5.3)- in &cordan& Gith prescgikd perfoAncc 5 
\ 

9 '  , b 

r 0 g B a  v' C I _ )  g 5  
spedli&ti&s pf ~o&ron,and Reimers (1982) and the Department of'knctgj. ~ k $ k  ~ 6 r u c g m i  ; 

te s * I  

9 Y C  I n 

8@ 4 0 .  

Pedal irequerky was regulated tjy th&experi;hen~f, using .frinction generalon (Heulcn &lia"r ..* '. 
9 

t 
"4 , % ; - 

' function generator. 3310A: lnterske E l m o n i a  Inc. ~ O M ~ J  s&ep.func"oagFneralor. F-73) to '& 

0 





- Legend 
0 Surface 

30 metres 
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Tolerance 

Figure 5.3: External respiratory work Psing a Combelf 39 (US.  Divers) open circuit demand 
regolator, at simulated depths ringing from 0 5  to SOm, employing ventilations between 15 to 
70 Lmin-I. [Data reproduced with permission from Morrison et d. 19861. 
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A l m y  p i ~ ~  (Pao).wm measured as differentials. relative to pressure at the regulator depth. 
b 

TygonS tubing wnnected the airway $on to one side of a differentiatpressure rransducer (Yalidrne - 

MP45 G.92 kPa (+4km&O)). The reference side was c o ~ e c t e d  to a 12m rubber balloon mounted on 

the regulator, and containine a small volume of air equilibrated w& chamber pressure. 

Heart rate was recorded directly from exercise elemocardiographs. Electmdes were attached and 
I 

sealed to the right scapula, and to right and left midaxillary ribs. Immersion traces were taken only a'fter 

mains power was disconnected from the recorder (Fukuda Denshi Elecuocardiograph FD-13). . 
,. 

Air supply to ihe subjects was provided from two calibrated gas cylinders. At the end of each 

I minute subjects were switched from one cylinder to the next. with cylinder pressures being recorded al 

the start and end of each minute (Celesco Transducer Production Inc.. Model P-. f 34.530MPa 

(+,5000F'SI)). The cylinder not in use wa3 refilled to a pressure of 13.8MPa (2000PSI) from the reserve 

cylinder bank. Between the calibrated cylinders and the subject was a small surge bottle. toprevent 

nansient pressure drops at the regulator while changing'cylinders. For surface dives 0.566m3 cylinders 
-- 

were used to enhance pressure measurement accuracy. At 50m. ?.265m1 cylinders were necessary to 

supply air requirements during heavy exercise. 

'01 and, Total air supply volumes, including cylinders, pressure hos~ng and h e  surge bottle, wer: lL. - 
3.68 lims for surface and 5&n systems respectively. Ventilation was each minute from 

-- - 

measurements of's!.~tem voturne. and initialand Knal cylinder 

Electrical connections for the helmet earphones. EKG cables and differential pressure transducer 

were made through waterproof, high pressure connectors mounted above the water. Pressure signals - 
were amplified exteinally ( h y u o n i c  LVDT model 9130) and passed to a micro-computer (Digital 

m n t  COP. PDP-~~~O;) ,  via an analog LO digital convertor (Digital Equipment Corp.. IS-11 

I RT-1?5l% storage. Cylinder pressure and CO, signals were similarlj sampled and stored. Sampling 

was at SOH=. McCall et d. (1957) demonslrated peak frequency content of tidal volume and vital A \ capacity manoeuvres to be 3.5 and 4Hz respectively. EKG sig&ls were not stored on computer. A chan 

\ recorder (Hewlen Packard 7403A) provided for on-line visual inspection of dara and computer back-up. 



5.1.3 Calibration. 

-- -- 

Calibration was performed daily, or more fr uently if apparatus was shut down, or when large % analyser calibration was performed at flow 

4 

time gaps occurred between successiv$ experiments. 

rates encountered during testing. 1Mteonditions, except surface mals at mouth pressure, resulted in a 

positive pressure differential between Pao 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. - 

Pao calibration was perfunned at zero and +4.9kPa (+50cmH20) using a water m a n w t e r  

(219.6Pa). Transducer linearity was established by repeat pressure applications over the range -5.88 to 

+4.90kPa using the above manometer. The system remained linear (r >0.999). 

Cylinder pressure calibration was performed with cylinders open to PA, then pressurised to a 

variable, but known pressure, around i3.8MPa (20aOPSI). Step increments over this range provided 

linearity checks (r = 1.0). Cylinder pressures were also measured using a pressure test gauge (Marsh 

Insu., type 200-3) connected in parallel with the transducer. 

Pilot studies revealed ergonomeuic load increments in pressure steps of 1.04MPa (15OPSI) induced 

fatigue at about minute ten in three subjects. To accomplish this, subjects had to p w l  at different 

f&encies, according to their level of cardiovascular fitness. These pedal frequencies were determined 
-- - 

als. To evaluate absolute external work, the cycle was calibrated to measure 

esistive work imposed by the water was also assessed for each subject 

Ergometer calibration was performed over pressure loads from zero to 10.01MPa9. Pedals were 

piaced horizonrally with a spirit level along the pedal arm. At each hydraulic pressure load, calibrated 

Weights (+2g) were positioned directly over the pedal axis until movement against the fluid flow 

commenced. At this point the weight was removed and added to reconfirm the load. Calibration 

-uwpkrs. and ergonometric power at four pedal frequencies are shown in Table 5.1. The relationship 

- between fluid pressure and weight to initi was linear (r = 1.0). 
P- 5 *- 

To evaluate power expended a-gainst water rsistance.'subjects pedalled without load at 

pre-derermined frequencies l P  in chin-depth water. Pedal frequenq was controlled by a metronome. 
- 

* This was the maximal pressure which could be generated within the system. 

l o  The Gequenq found necessar). to produce fatigue at aboar minute ten. 



1 0 

Table 5.1: Cycle ergometer calibration data and ergonometric power at four pedal frequencies 
I i for nine increments in hydraulic prmdre. I 

WEIGHT POWER AND PEDAL b 

(W and r.p.m.) 

I 

*The initial test period was conducted at rest q only nine increments are shown. -- - -  



CO, and 0, concentrations (3eekman CO, medical gas aaalyser Ametik Applied Electrochemistry - - 

0, a d y s e r  S-3A/I) and v o l w n i ~ ~ m e r i c a n  Meter Division, D--325). From unloaded VO2 data, 
:* 

approximations of external resistive power were derived (Table 5.2A). ,The v0, and total power output 

of the final minute of exerase were also approximated using these data (Table 5 . 2 ~ ) .  ;I 

-- 

At each indement of ergonomemc load, power output was obtained from the sum of unloaded d d  
# 

ergonometric powfr. Wheii immersed at 1 ATA (with demand regulator at mouth depth) terminal power 

averaged 333.0224.6W. while terminal vO, averaged 4.25S.29 l.min-I. 

\ 5.1.4 Procedures., 

All procedures were reviewed and approved by Simon Fraser University Ethics Review 

Committee. Subjects were healthy. and physically active divers. 

Each subject took pan in five preliminary and five experimental dives. Preliminaq dives served 

several purposes: 

(i) to act as-training to ensure subjects did not improve endurance as a result of the -- 
experiments; 

(2) to farniliarise subjects with the cycle ergometer, underwater cycling, the diving helmet - 
and other experimental apparatus; 

(3) to uain the subjects to pedal in time with the helmet tone; 

(4) to determine the pedal frequency necessary to fatigue subjects at minute ten; and 

(5) to familiarise and uain subjects in the use of a subjective scale to rate respirator) 

Subjects were asked to rate respiratory mmfon eachminute using a wale from zero to five  a able 
5.3). During the final preliminary ma1 subjects rated comfon when the regulator was randomly and 

covertly positioned at moutQ level, lung c e n t r d  level and at 1 h  above and below lung centroid . 

Rating took place at resc and cycling at a mean total power-output of 279.6222.8W. 

Lung centroid position was taken at 13.5cm below the sternal notch (Sections 2.2, 3.4). Seven 

current subjects took pan in lung centroid determinatio~studies. Mean centraid position for these 

subjects was 1- (SEM=1.08) below sternal notch. - - 



Table 5.2A: Pedal frequency, oxygen consumption and power output during unloaded pedalling. 

, -- 
I 

SUITJECT PEDAL , !lo, POWER- 
FREQUENCY (1.min ( w )  
(r.p.m.) 

SEM 

VO? = oxygen consumption. 
.. Calculation of power from VOl was performed using the assumption of 25% meutabolic 

efficiency. 



Table 5.2B: Oxygen consumption and power output for the final minute of exercise. 

SUBTECT PEDAL m POWER 

- 
X 

SEM 

lfOz = oxygen consumption 
Terminal power was approximated using ergometer calibration data and ~0~ during unloaded 
pedalling. Terminal. VO, was approximated from terminal power using the following 
assumptions: (a) resting V 0 2  = 0.3 lmin-l,  (b) respiratory quotient = 0.82. (c) 25% metabolic 
efficiency. 
V02 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 . 



- - 
Table 5.3: Subjective rating scale for perceived respiratory comfort. 

- 
0 

' ,! 

SCALE VERBAL EQUIVALENT MEANING 

very. very light 
light 

very heavy 

very. very heav). 

just noticeable. 
very little effort, 

? +  

o.ae$sy to breathe. 
at the limit of comfort. 
would prefer no greater. 
hard but acceptable. 
at the limit of tolerani, 

. but could sustain. 
very uncomfortable. 
interferes with hreatmng, 
could sustain for a few seconds. 

Scale is identical to that used by Morrison and Wood (1986). 



r--- - --- 
With d e e p r  regulator positions, t h e ~  was a tendency for the helmet a lift off the head Similar 

problems enrguntertd in prdfli& helmets (Dhenin 1978) were solved by dimhationof the . 0 

airspace on top of the head %eM-lift  had no 2SsOCiated discomf6rt and was not countered, but should 
Ti. 

be amsidered for industrial appiications. 

~xpkrimental dives on submerged subjects were conducted at a surface pressure of 1 A T 4  and at 

a simulated seawater depth of 50m (6 ATA). Subjects breathed air at each of two pressures (mouth 

and lung cenrrd pressure (PK)) at both the surface and 50m dives. Subjects were initially 

y assigned to experimental conditions. However, to equate the number of subjects experiencing 

mouth and PLC air &livery pressures on the first surface and 50rn dive, subjects tested later in the study 
6 

were assigned a specific test sequence. Due to technical and support staff arrangements, no attempt was 

made to balance the diving depth sequence. The fifth dive was performed at 1 ATA with to, being 

Time to compiet 4 all dives (plus repeats due to occasional equipment failure) averaged 1823 days - 
~ -- 

(including week-ends) r nine subjects. Subjects generally rested for 24hr between trials. ~ubj&t  two 

took longer due to injufi, and was required to undertake additional training mals before recommencing 

the experiments. 

During experimental dives one to four. subjects started with a one minute rest, then cycled at the 
i 

- -- 
appropriate and constant pedd frequency uni1 fatigued, or untiI ten minutes had eIapsed Workload was 

incremented at the end of each minute (Table 5.1) from ourside the chamber. A computer generated 

signal to the dive tentier prompted signalling for perceived comfort rating at the end of each minute. 

C02 and Pao signals were sampled continuously. EKG uaces were takeri 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 ~rrninate experiments due to fatigue, respiratory discomfort, narcosis, or anxiety due to any 

cause. - \ 
t 

Immediatelj after each dive subjects were questioned regarding subjective impressions during the 

experiment - -  - 
- - (1) Why did you stop kxercising? (a) 

JI - 

discomfort, (c) respiratory fatigue, (d) 

had elapsed. 

(2) Which did you fmd easier? -(a) inspiration, (b) expiration, (c) neither. 



,, (3) Did you 

+ (4) Did you 

- -- 

fm~inspiration a limiting facmr? (a) yes. (b) no. 

f ~ d  expiration a li&ung factor? (a) yes, (b) 

Subjects were given the questionnaire prior to experimentation, and asked to be aware of each question - 
during the experimerlt 

5.1 -5 ~xperirnentd safety. -A - 

Prior to commencing trials subjects were given information regarding the risk compressed air 'a( 
diving. After 5Op di& subjens received decompression checklists and medical d b r a c e l e r r .  The 

Iawr wereworn ifor 24 hours. -. ,. ' 

During every experiment a cardiovascular crush can was positioned in the laboratory. A physician ! - 
was in attendance during all 59m dives. Following such dives a. mandatory one hour bends watch within 

-- ,- ,.L. 1 

the environmental laboratmy, was enforced for all divers and'chamber operators. The physician was 

always within three minutes of the chamber during this period. 

Two chamber operators controlled the diving facilit!.. "TWQ diver tenders accompanied each 

subject, one in the water and one inside the enuy lock, whcere an emergency harness and pulley block was 

secured. This second tender was generally a subject for a second experiment and was in verbal contact 

w i a  the outside operators, except during the subject changeover. i 

Subjects were familiarised with the hefmer's quick release mechanism in caseof air supply failure 

Two emergency demand regulators were positioned beside the ergometer at all times. ~ & n g  every 

experiment the diver and tender r e c i p r d l y  signalled "all is well" at least once per minute. 

Decompressions took place inside the main ( d p )  chamber. The chamber facility was equipped 

with an external Environmental Control System, which removed expired CO, from the air, and conirbikd 

air temperature and humidity. Divers dried and dressed in fire retardant clothing. All decompressions 

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 brough~ to 30 feet using air, with 

decompression stops at 60, 50 and 40 feet The final decompression stop was at 30 feer Immediately 

upon reaching this p o i n ~  divers fornmenced O2 breathing, which continued until they reached the 

surface. During 0, use divers wore oronasal masks equipped with an overboard dump. Emergency air 

masks were also available. 



t. 

Cafculaticms .were performed by computer programme. Data aquisirion, calibration-and mdysl's - 

progi.ammes were obtained f m  Morrison and Wood (1986). 

Ventilation. -- 

Minute ventilations (vl) were computed as dry volumes at standard pressure (VISp) from changes , 

in air cylinder pressure. Sind) the cylinder volume was known, V$~P was proportional to the change in 

cylinder pressure. Air cylinders were kept in a water bath, at room temperature, to minimise adiabatic 

;emperamre change during discharge and refilling, but pressure data still required correction to provide 

isothermal expansion A series of tests were performed in which the effect of temperature on cylinder 

pressure change, over one minute, was studied (Momson and Wood 1986). The results produced linear -- 

correction coefficients for both cylinder sizes. These coefficients were used within the present 

;' VIBTPs=t 'ISP[760/(~~ + PA-47.1)].[310/(273+T)] 

where: 
2 

PD = (chamber depth + regulator depthXmmHg) 

T = temperature of cylinder bath. 

PA = barometric pressure (mrnHg). 

Equation 1 

End- t i d d  C02 rension. 

-- 
CO: concentrations were computed as three point, moving averages to identify peak (end-tidal) 

and trough (baseline) concentrations during the middle 30 seconds of each recording minute. During this 
1 the first and last peaks were discarded, the remainder were averaged. 

- 
a 



- ' 
P H ~ ~  = water vapour pressure (mrnHg). 

A i n v ~  y pressure. 

Maximum and minimum values for Pa, were derived from three goinr moving averages. Thc 

mean of these values was obtainid over the middle 30wmnds of each minute. Pa, war % en didv& as 

the difference beween mean peak and mean trough pressures for each minute. 
e 

-9 ; 

5.1.7 Analysis. 
__t 

Analysis was based on a r e p a d  measures expenmend design containing two within-rubyct\ 

A - factors (experimental conditions and w d ) .  Perceived respiratop comforl was regarded as 

parametric data since it possessed both interval and ratio charactenstis. A prtcvr probability bignificancc 

was set at the 0.05 level. Multivariate analysis of variance was used to search for significant intcraclions . 
between experimental conditions and workloads. Analysis was also performed using a pamd model. 

4 

following the atrainment of a significant overall F statistic (Hotelling's T-squared correhicd), since 

- variability beween subjects was large, while changes between conditions were consisrentl~ In thc samt 
- - - 

direction. Paired comparisons were made at each work rare. and for the combined data of ail work ratn, 

to search for differences between data obtained at 1 ATA and 6 ATA. and fo; differences when brcahing 
i 

0 

air supplied at PK and mouth pressure. Analysis of vanance lacks the necessary sensitivrr) 10 analyst 

&la with these charaqgistics. Appendix Three contains Lhe summa* rabies for b e  MASOYA anali.sts 

. and the Horelling's T-squared comparisons. 



5.61. 7 

c crrmbined crerriw and resing data showed thai differences in perceived comfon 

9.ptR air deliwry. vrre mhsignificln~ (p*.O5. slOb5). Howcvcr. 

-- 

I h n q  r~rrmmtal c w d s t  W s .  subjects d u e n r l y  perceived respiration to be more 

reqmucm to bc npifanrl! Its ~ f o m b I t  at 6 ATA than at 1 ATA (~4.05).  Subjects rated Phf air ' 
' . 

" 1 -- 
w 

': S u m  n u m b  in Tablc 5.5 stmain comirttnt throughout this chapter. 



Table 5.4: Physical characteristics of subjects. C 

= tt'O: measured using breath-b!-brearh analysis for a separare investigation conducted 
simultanmud~. other V0:s were predjaed ( k s u a n d - ~ ~ h m i n ~  prediction). 

- 



CONDITION 

Figure 5.4: Assessment of respiraton comfort mting for four regulator depths, with subjects 
resting Pnd cycling at 279.62228 Warn  [Data represent means and standard errors.] 



1 , , , 

A w- 

, , , , , , , , , , , , , , , , , , , , , . . , , . . . 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 710 9.0 9.0 11 

Time (minutes) . 

Fipure-5.5: A s e m m t  of respiratory comfort duringexercise at 1 ead 6ATA, with air 
delivered at moat) and lung centrdd pressmes . [Data represent means and standard errors.] 



- - - - ~~~~~ 

provision u, be mare comfortable (p4.05). This latter trend was apparent during trials at both absolute 
" 

pressures 

Pan-ezperirnen~estionnaires ( W o n  5.1.4) were designed to evaluate'*cei-iyd differences 

between inspintory and expiratory effoxt Subjects reponed 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 PLC at 1 and 6 ATA. 

No subjects ceased exercising specifically because of dyspnea or jxrceived respiratory fatigue. 

Subject sir failed to complete 10 minuies at 1 ATA udng mouth delivery. At 6 ATA five W s  

were terminated due to narcosis; two at mouth pressure and three at PLC air delivery. 

When questioned after completing both deep dives. 7 subjects reported feeling better when 

breathing air at P K 1 * -  The! reported being less narcotic, more aware of the physical work and passage 

of time. and had better recall of events upon completion of the trial. At mouth pressure air provision. 

two subjects had to be helped off the cycle, four reported impending loss of consciousness. and fiv t i  

reponed visual, audco*. and mental aberrations. All symptoms disappeared immediately the helmet was 

removed. One of these s"bjects regained sensual acuity within one minute of trial termination. as 

evidenced by the capacity to locate and refit a helmet locking nut (10rnrn diameter) which had dislodged 

and fallen to the bottom of the chamber. Only one subject perceived narcosis to be greater when 

breathing air at PLC. 

5.2.3 Minute ventilation. 

Minute ventilation (t',) was significantly reduced at 6 ATA when compared across workloads 

(p4.05). in accord with previously reported observations (Lanphier 1963, Wood 1963, Bradey et al. 

1971. Momson ef al. 1976. Thalmann el al. 1979. Hesser et al. 1981. Momson and Wood 1986) 

5.5). 

Subjects achieved significantly greater exercise VI when air was supplied at PK. when compared 

across workloads (p4.05). This uend was primarily atmbuted to differences observed at 6 ATA, where 

for PK air supply exceeded thar wijh mouth pressure air provision. at all points of measurement 

These differences were significant for all points of measurement beyond minute three. Similar 

l 5  Regulator' positioning was. pe-rformed covertly, but most subjects were able to judge 
regulator p i t i o n  irom inspiraton. effon, 



Figure 5 6 :  Mhae w.&hhn dttrinp exercise at 1 sod 6 ATA using sir defivered at mouth 
prermre llld hlng centrdd prrsmre [Data represent meam and standard mon.] 
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differences were not apparent at 1 ATA. n - -  

Y 

5.2.4 End tidal carbon dioxide femREIm. 
-F 1 1  
% 9- 

During 1 ATA trials P E - $ O ~  followed an inverted-U relation with work increments, as reported 

in the literature (Woad and Bryan 1971, Fagraeus and Linnarsson 1973, Lhmmon  and Fagraeus 1976, 

Thalrnann et al. 1979, and Wood 1986) (Figure 5.7). Resting PETCO, at lATA averaged 38.43 

and 38.49 mmHg for and PLC respectively, representing expected normal observations 

(Cotes 1979) and confirming technical validity. Exercise P-, similarly matched reported 

observations. despite the added respiratory dead space (Jarrett 1966. Jones et d. 1979. Macdonald and -- 

Pilmanis 1981). 

r) 

At 6 ATA P f 1 0 2  continued to rise throughout the course of the experiments. All su'bjects. 

except subject nine, generally experienced a progressive PETCO~ elevation at each level of exercise, 

supponing observations from previous investigations (Wood and Bryan 1971, Fagraeus and Linnarsson 

1973. Linnarsson and Fagraeus 1976. Thalmann et al. 1979, Momson and Wood 1986). Subjects 

completed exercise with an average P&02 of 62.7 and 62.6 rnrnHg for mouth and PLC air delivery 

respectively. Differences between P@02 at 1 and 6 ATA were rignifimnt (pd.05). as were the 

dfferences between the two air supply pressures. when paired data was analysed collectively (p4.05). 

The latter observation was created by greater CO, retention during exercise at 1 ATA when air was 

provid hi at P x .  This uend was oppasite to that observed at 6 ATA, where greater COI retention was 

asmiated with mouth pressure air deliver).. 

5.25 Hem rote. 

Bradycardia is normally observed under con&tions o f  raised ambient p rqs r t@hi l l inge& d. 1936, 
i /- 

/ 

Hesser el d .  1968. Bradley er 'd .  1971. Macdonald and ~ilrnihis 1981). In the current investigation a 

significant bradycardia was o@ewAI at 6 ATA (p4.05). when paired data obtained with mouth and PLC 
/ 
, 

I 

air deliven were analysed coliectively (Figure 5.8). 

In general, hean rates with mouth pressure air provision were greater than values observed when 

breathing l r  at PK. When &>red mllectively over workload and absolute @e mean 

difference was 5b.rnin-:, and was significant at the 0.05 level. 



Time (minutes) 

Figure 5.7: End dioxide temion durbg exercise at 1 and 6 AT& using mouth 
pressure and kmg air delivery. [Carbon dioxide &don was obtained as an 
average of the val the middle 30 seconds of each minute of exercise. Data 
represent meam and standard errors.] 
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F i p  5.8: Heart rate during exercise at 1 sad 6 ATA, using mouth and lung centroid air 
p- [Data represent .means and standard errors.] - .. 
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5.2.6 Airway preswe. 

Airway pressure was monitored to provide a gauge of inspiratmy effo3 required to overcome the 

external resistance of the breathing apparatus. Observations at 1 and 6 ATA revealed a progressive 

&may pressure increase with workload (Figure 5.9). This trend reflected increments in ventilation. as 

the workload was elevated. 

At 6 AT& the airway pressure was significantly greater than that observed at 1 ATA when 
,. - A 

compared across workloads (p4.05). - 

5.2.7 Differences al equivalent ventilations. 

Since the major interest in this study w8s the investigation of ventilation and respiratory effort. 

perceived breathing comfort, heart rate, end-tidal C02 tension and airway pressure were 

between conditions using minute ventilation 3s the independent variable. Because vI was u~onuolled, i t  

was only possible to analyse unpaired data (using MAN0VP.j where minute ventilations were 
- -  

approximately equivalent Ten sites of equivalent ventilation were obtained for subjects at 1 ATA. and 

seven locations were similarly achieved at 6 ATA. All subjects provided, data atlhese points. except for 

the final ventilatory level at 1 ATA, and the final point at 6 ATA when breathing air at PE. 

-- 

From MANOVA aralysis of all variables arequivalent minute ventilations at 1-ATA- 

that differences at each air supply pressure were non-significant, when analysed collectively and at each 

ventilatory level16 (p>0.05; 84.52). At 6 ATA, comparisons between data measured at mouth and PLC 

air delivery, produced a significant divergence for perceived breathing comfon and heart rate. both when 

analysed collectively and at different levels of ventilation1' ( ~ 4 . 0 5 ) .  

l b  Overall MANOVA F = 9859.73 (4,86), p4.05. This indicates a significant time interaction 
, 

only. - 

I -  Overall MANOVA F = 3772.83 (455). pc0.05. 



Time (minutes) 

Figure 5.9: A h a y  pressure d m h g  exercise at 1 a d  6 ATA, &i& mouth and lung centroid 
tu Wheq p e m m  ffreswes were obtained fnrm the difference herween the average peak 
and m g h  pressws, obEgined over the middle 30 seconds of each minute of exercise. Data 
represent means and standard erxos] 



Perceived respiratwy cmm. 

At 6 ATA respiration was perceived to be significantly more comfortable at PK when dam. 

analysed across equivalent ventilations, were compared with those at mouth pressure air supply (6 ATA. 

p<0.05). Incremental differences were significant at minute ventilations of 42.5. 47.9, 57.4 arid 61.9 

1.min-I (pdl.05, Figure 5.10), when breathing air at PK. The last two ventilatory levels at mouth 

pressure produced comfort ratings a b v e  three, indicating that respiration was "hard but acceptablew. At 
*. 6 

equivalent~ventilations when subjects bpthed air at P'K. respiration was rated as requiring "very little 

effort, and easy to breathew, and at the "limit of comfortw respectively for the final two measurement 

points. 

Since ventilations were only equivalent between air delivery pressures. at points up to 61.9 1.min l .  

assessments of-respiratory comfort beyond that 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 1.min I .  thereby 

permitting comparison with the observations of Momson el al. (1986, Figure 5.3) obtained from the * 
demand regulator used in the current investigation It is noted that a plateau of comfon was apparent for 

both air supply pressures, at the higher ventilatory levels. This ma!: simply reflect subject $tuition at the 
7 

higher workloads, rather thanqthe attainment of a stable level of breathing comfon Though veniilations 

beyond 60.9 1.min-' were not attained using mouth pressure air supply, i t  appears that differences 

between comfort ratings at the two air delivery pressures, are maintained even at high ventilatory levels. 

Heart Rate. 

When heart rate Qata at 6 ATA were analysed across levels of equivalent venulatlon, the resulb 

obtained when subjects breathed air at PLC were significantly lower than wit! mouth prrssure alr 

provision (p4.05. MANOVA). 1nnernentaldiffe'r:nces between hean rates recorded at eqiihalen! 

ventilations, when using the two air supply pressures, were significant for ventilauons in excess of 4r: 

1.min- (Figure 5.12). 



1. . Centroid: 6 AT& I 

Minute Ventilation (1.min-') 

Figure 5.10: A w s g a t  of respiratory comfort for matched minute yeotilatiom, using air 
delivered at m a t h  and hang centmid pressures at 6 ATA. [Data represent mean values only. 
Standard errors- are not indicated as each was previously reported in Figures 5.5 and 5.6.1 



1 Legend 

1. Centroid: 6 ATb 1 

Minute Ventilation (l.min-') 

Figure 5.11: Assessment of respiratory comfort at a11 W u t e  ventilatiom, using air provided at 
mouth md lung centroid presslrres at 6 ATA. [Data represent mean values only. Standard 
errors are not indicated as eacfi was previously reported in Figures 55 and 5.6.1 
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5.2.8 ~erccincd.mspi;at&~ cm@ at equivdent airway pressures. 

~t 1 artd 6 AT& subjeas t e a  to rate similar airway (mouth) premrres as equah comfortabte at 

the lower work rates" r w d l e s s  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 to be a shift in the position of the comfort-airway pressure relationship, towards a 

lower (more mmfonable) rating for any given airway pressure. This observation supports the comfort 

rating index reproducibility, with a d  without the influence of narcosis (Figure 5.13). 

- - - -pp 

l' Work rate is not recorded on eithh the abcissa or the ordinate, however, moving to the 
righL each point represents a sequential increment in work rate, and serial points are joined 
by a straight line. 



0.0 0.5 1.0 1.5 2.0 2.5 3.0 4.0 
Airway Pressure kPa 

Figure 5.13: P i i r e d  respiratory comfort with increments in airway premne at 1 and 6 \ 
ATA, during uprigkt, immersed exercise. [Data represent mean values only.] Standard errors 
are not indicated as each was previously reported in Figures 5.5 and 5.9.1 



Normobaric physical work capacity is usually limited by cardiovascular mechanisms (Asmussen 

1964, Holmpen 1967. Saltin and b t r a n d  1967. Wtin 1973. h a n d  1976 Hol&y and Booth 1970, 

Saltin and Rowell 1980). However, many subjects, unless highly m&vated. do not reach workloads 

where the cardiovascular system becomes a limitation. Subjects stop due to local fatigue, general 

unpleasanmess, perceived maximal effort and so on. S u b j e c ~  vary considerably on threshold levels for 

stopping possibly as a function of previous experience. It is possible that immersed exercise ar 50m ma! 

magnify the importance of these sensations, causing subjects to terminate exercise prior to,reaching levels 
-- 

where physiological limits restrict physkal power. 

Dyspnea. defined as the Feeling of breathlessness, is a s f i a t e d  with respiratory perturbations 

occurring during or prior io eiercise, which muse a mismatch between the demanded and obtainable - 
ventilation (Dereine et al. 1978, Jones er uf. 1984). Fagraeus (1981) emphasised &at subjects may 

perceive varied dyspnea at identical workloads (relative andlor absolute). with perception being relared to 

previous experience. It  is r e w i s e d  that commercial divers arc a highly experienced population. . 

however, novice divers find exercise-induced hyperventilation ar depth to induce a variety of novel 

physiological and proprioceptive sensations. Thus one cannot ignore the potential of respiratory 

d i m f o r t  ro limit both work capacity and physical power, 
I 

f 

The subjects in this study reported air delivery at PLC and P x  minus 0.98kPa. to be significan~ly 

more comfortable than air provision at mouth or PK plus 0.98kPa. during rest and heav) steady-state 

exercise at 1 ATA (Figure 5.4). During incremental exercise at 1 and 6 ATA. PLC air delivery was 

l p e r & i v e d  to be more comfortable than air deliven ar mouth pressure (Figure 5.5). When m E r t  was 
- 

analysed at marched minute ventilations ar 6 ATA (Figure 5.10). air deliver) at P x  was slgnificantlj 

more comfortable ar four levels of venulauon up ro 61.9 1.min %TI%. These results would ~nd~catc  that 
, 

-- ' i ibrovjs ion at PLC IS preferable. since it reduces dyspneic sensauons during exeror .  

Thdmann er uf. (1979) invmtigated underwater work in the prone position using pmiuve and 

negative static breathing loads (relative to the cenue of thorax). They reported a tendencx towards 

greater dyspnea at negative static loadsi9. Direct comparison between studies is not possible because 

'' Negative static loads are analogous to regulator positions above lung centrcnd 
- -- 



W- et d. (1979) used d y  three SUt?iects, without statistical analyses, and used a two point 
f . 

dyspneic scale. However, cunent results are in accord with those of Thalmann et d. (1979). 

-- T_halmann et d. (1979) reported that only one subject could perform maximal work when 

breathing at a static load of 4.98kPa at 6.76 ATA Subjects in the present study, when breathing air at 

mouth pressure. were exposed to a hydrostatic respiratory imbalance of about -2.4kPaZ0. At 1 and 6 ATA 

all but two were able to complete the exercise protocol. The combined work against the cycle and water 

drag. averaged 330W for the final minute of exercise in the current study. Subjects in the Thalmann - - 
study averaged 246W for five minutes, however. work against the water was not reported. It is possible 

that the latter subjecrs were exercising at greater levels. but given that the mean maximal aerobic power 
/ - 

of the two groups was about equal", and that both groups were performing 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. . I 

Thompson and ~ c ~ a l l T ( 1 9 6 7 )  investigated differences between airway pressure and external 

surface pressure. and its influence upon subject comfon. Subjects consistently found an intrapulmonary 
\ - -prSsure slightly in excess of facial surface pressure to be more comfortable than negative 

uanspharyngeal pressures. I t  m a y  be possible that in the prone position, a negative transpharyngeal 

pressure is less tolerable. In the upright posture. when breathing air at mouth pressure, negative pressure -- 

gradients are primarily centered in the thorax. The uilnspharyngeal pressure gra&ent is minimal. as both 

internal and external surfam are at the same pressure. Thompson and McCally (1967) found their 

subjects were more comfortable with negative transthoracic than with negative uamharyngeal pressures. 

A cenain degree of scepticism surrounds the concept of petceived exertion and the reliability of * 

such measurements (Bora 1973). It is also possible that extraneous influences may invalidate breathing 

comfon perception. The present subjects were given practice at rating breathing comfon during 

preliminan. uials to minimize such influences. Furthermore, regulator pressures were varied covertly in 

an attempt to reduce subject bias Both procedures were designed to increase the reliability of the 

comfort measuremenrs. ,-- 
- -  / 

At 6 ATA, the curves for respiraton comfon as a function of airwa! pressure, moved positively ' 
d 

{Figure j l 3 ) .  Thus, wften h mean eomfon rating was two. airway pressure was about 1.5 times greater 

I c  Taken from average dimensions of subjects used in Chapters 3 and 4. 

'' VO, = 4.36 1.min- (current subjects) and 3.86 1.min-I. 



- ----- 

than the pressure recorded at I ATA The mnesponding reduction in minute ventilation at this point of 

measurement at 6 ATA was much smaller. This indicates that narcosis m a y  have redueed the perception 

of discomfort Differences between levels of narcosis at the two air delivery pressures, may have a 

sj& tendency to reduce discomfort; whether or not this occurred is unknown. When breathing air at 

mouth pressure subjects consistently reported being more narcotic. If such an influence was present, the 

obsented differences between comfon 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 5.6 it is observed that breathing becomes less comfortable when ventilation 

is reduced by the combination of increased gas density and hydrostatic imbalance between breathing 

presswe and external thoracic pressure. One may conclude that tiji diver comfort, underwater breathing 

apparatus should undergo modification to enable air delivery at PLC for upright postures. 

Momson and Reimers (1982) prescribed physiological specifications for underwater breathing 

'i appararus, and provided recommended limits of comfort and tolerance for the work of breathing 
P 

\ g performed on such apparatus. The current stud!: used a Conshelf 30 (U.S. Divers) open circuit demand 

regulator. Testing cf this regulator at ventilakns up to 70 1.min- ' at 6 ATA, has shown that it 

conformed to t ! e  speafications (Figure 5.3). By comparing the respiratory comfort data in Figure 5.1 1 

with Figure 5.3, two observations may be-made which are relevant to demand regulator selection. 

First when divers breathed air at PLC, the mean respiratory comfon rating did not exceed 2.3. 
'. 

This corresponded with subjects reaching their limit of breathing comfon (Table 5.3). In this situation 

the combined internal and external respiratory work did not impose undue discomfort on the divers for 

ventilations up to 72 l.min-'. - -I 
* 

Second, when the divers were provided with air at mouth pressure. respiraton. comfon exceeded 

2.4 when ventilation was above 55 !.min- :. This rating indicated that divers perceived respiration as 

h e a p h u t  acceptable. The difference between comfon rating at the two air supply pressures. reflects 

changes in the internal contribution to rota1 respiratory work. With the Conshelf.30 regulator, the total 

work Eas &ithin &e limirs of mlerance. 'However, with a demand regulator that requires a greater 

external respiraton. work, the total N-ork may become intolerable. In this situation external respirator) 
J 

work may combine with increased pulmonaq flow-resistance and elastic work to further impair 

ventilation This may indicate, for divers working upright and using mouth-held demand regulators. that 

the specifications of Momson and Reimers (1982) are not stringent enough. 



L D i f f e r e n c e s  between the ventilatory response to exercise under%ormobaric and hyperbaric s t a t s  

have been attributed to increased inspired tensions (Bannister and C h d g h a m  1954, Lambertson 

et al. 1%3. Lanphier 1963. Miller et d. 1974). reduced anaerobiosis (Taunton et al. 1970, Lanphier and 

Camporesi 1982), and increased Raw (Fagraeus 1974, Van Liew 1982, 1 thonisen 1984). Current 

comparisons between VI at different absolute pressure and the same pressure, revealed two 
-- 

imponant observations. Fir% TI decreased at depth, as reported in the literature (Lanphier 1963, Wood 

1963, Bradley et ai. 1971. Morrison et al. 1976. Thalmann et al. 1979. Hesser et d, 1981. Morrison and 

Wood 1986). Second, at 6 ATA when breathing air at mouth pressure, vI diminished to a greater extent 

than at PLC, as observed by Thalmann et al. (1979) for prone subjects. . 

The observation that at 6 AT& the hydrostatic imbalance created a further vI reduction (pgure 

5.6) implies an additional ventilatory impedence. One may assume that at this depth,subjects were 

receiving equivalent neura-humoral respiratory drivez2. However, this 5rive did not produce equivalent 
. - 

Doell et al. (1979) demonstrated that equivalent hypercapnic respiratory drive results in 

'valent minute ventilation, only when respiratory mechanics remain constant They found that gas 

denshl elevation reduced ventilator) response to CO, by increasing airway resistance. Thus equivalent 
'. d 

drive pr$duced a smaller output This observation may be applied to the current density-dependent 
'\ 

ventilatory ;eduction, 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 raised gas 

densir).. for all but the final two minutes pf exercise. It is concluded that differences in pulmonary 

resistance. beween the two deliver? pressures. caused a further of the ventilation 

that a given respiraton drive could produce. This conclusim is increases in 

pulmonan. resistance observed during i m i o n  when air was 

It is believed that dynamic ainval; compression acm-ipanying active and/or passive increments in airway 

resistance may be responsible for the additional ventilatory reduction. 

The mechanical perturbations m a t e d  with breathing air supplied atmouth pressure at depth. 

mat. reach &e levels found in patients with respiratmy disorders (e.g. ck in ic  obstructive lung disease). 

If this &m, divers may experience a respiratory limitation of physical power, not unlike that observed 

Subjects were perfarming an identical exemse p r o w l ,  at equivalent absolute pressures, 
using the same breathing apparanls 



in these patients (Stubbing et d. 1980b). 
- ' . . 

' A restriction to physical power attending air supply pressure change, was not observed in the 
A 

current study. This may have resulted from the increased respiratory effort producing a reduced rninute 

ventilation a t  the higher workloads, which had the effect of compensating for the external work. At 6 

ATA s u b j p  may also have experienced an elevation in aerobic due to increased inspired 0, 

tension However, even without modifications to the physical red air supply pressures were 
- - 

able to - significantly change respiratory comfort, minute ventilation and the level of narcosis. 
4 

Perhaps of greater pertinence to diver safety than the ventilatory limitation per se is the 

accumulation of C 0 2  in the blood. Carbon dioxide has been shown to potentiate narcosis (Case and - 

Haldane 1941. Lanphier 1963. ~b 1966. Hesser et dl. 1971). Conditions reducing vI or elevaiing CO? 

prqduction (vCO,), predispose to CO, accumulation. 

Exercise at depth .was accompanied by a progressive C 0 2  retention as previously reported 
- 

and Bryan 1971, Linnarsson and Fapraeus 1976. Thalrnann et d. 1979. Momson 
1 - 

hown CO, retention to accomphny respiratory 

flow-resistive-and elastic loading (Axen et d. 1983. D'Urzo et d. 1985). , 

Elevated PETCO, at depth is attributed to hypoventilation (Jarrett 1966, Wood and Bryan 1971). 

While P@O2 is not strictly a function of v], but rather alveolar ventilation, P&O, accumulation may 
I' 

be ascribed to ventilatory reductions accompanying 9 pressure related elevation in pas density. Subjecfs 

in the currefit study ended exercise at 6 ATA with a P&02 of 62.7 and G2.6mmHp for mou@ a 

and PLC air delivery respectively. These levels are in &yss  of . those normally reported (Linnarrron and 
I 

- - -_ - 
Fapra~us 1976. Morrison and Wood 1986). though ~ a n ~ h / e r  (1963) reported data exceeding 70mmHg.- 

The present high valuer are attributed to  he additional respiratory dead space that existed. due to the 

use of a movable demand regulator (see Section 5.1.2). ... 
. . 

The. consequences of progressive CO, retention are potentidly lethal. CO, acts as a narcotic 

(Severinghaus 1974, Hesser et al. 1978), and at depth it potentiates nitrogen narcosis. In the present * - 

work, 70% oMhe subjects felt less narcotic with Pw air delivery, however, lower PETCO,, in respmse 10 

the change in rninute ventilation, was not observed. subject. reported being more a l e n  more aware of 

physical work and time, and better able to recall events. At mouth pressure, four felt they would soon 

im consciousness and five reported visual, auditory and mental aberrations. Only one subject felt more 



1 - 

narcotic at depth when breathing air at PLC. These subjective observations db not agree with the 
- 

measurements of P f l ,  (Figure 5.7). which show an approximately equivalent PE$O~ for each air , 
- 

supply pressure at 6 ATA. Three explanations may be possible. h e E  may have been measurement 

emrs Subjects may have felt more comfortable with PK air provision, and this may Awe falsely 

changed their perception of narcosis. Alternative, the PflO, may have failed to be a valid measure 

of arterial and cerebral C02 tension. - 

It is concl e that the use of a mouth-held regulate; at 6 ATA, without breathing pressure 9 
compensation, impairs exercise ventilation and increases respiratory discomfort. Bath of these changes 

are attributed to increised pulmonary flow-resistance accompanying uncompensated immersion. It is 

therefore suggested that underwater breathing apparatus be modified to enable air provision at a positive 

pressure of 1.33kPa (relative to the mouth), when divers adopt an upright working posture. 
= - 



CONCLUDING STATEMENTS 

-<  
6.1 CONCLUSIONS 

-7 
6.1.1 

Analysis of pressurevo1pe relaxation curves revealed a positive and ay2roxirnately parallel 

displacement from conuol status, when subjects were immersed upright-in thermoneuual water. As a 
- 

direct result of this shift, the total respkatory relaxation volume decreased ( ~ 4 . 0 5 )  while the total 

respiratory elastic work increased (p4.05). 

The use of facial counter-pressure to facilitate relaxation was found to produce superior 

pressurevolume relaxation curves, and its implementation is recommended for future investigauons. 

Lung centroid locus was positioned an average of 13.fjcn-1 below the sternal notch while uprighl. 

and 7.0cm above the sternal plane while prone, representing mean hydrostatic pressures of 1.33  and^ 
d 

-0,69kPa, relative to these respective anatomical points. These data do not support the accepted upright 

lung centroid Imus of 19cm inferior to the sternal notch (Jarrett 1965). 

Although upright immersion caused a positive displacement of the total pressure-volume 

relaxation curve, it did not invoke significant changes in the static cornp'l'i~~ce of the total respiratory 

system, iung tissue or chest wall., when compared with conuol data obtained at equivalent lung volumes. 

'9, .a. 
Upright imrnemon perturbed lung volume compartments and subdivisions. The application of 

progressivel!. grcateg breathing compensation pressures, sequentiall~returned subdivisions towards 

conuol stam. 

The use of breathing pressure compensation also reduced the inspiramrq muscle work performed 

against elastic tissues during upright irnmersicn. At  lung centroid pressure air deliver).. inspirator). 

muscle work was equivalent to work obtained in air. 



Unmmpensated upright immersion sipificant2y elevated inspiratory, expiratory and m a  
flow-resistive pulmonary work, as well as inspiratory and expiratory pulrnanary resistance measured at a 

constint airflow rate ( ~ 4 . 0 5 ) .  

d 
Air delivery at lung centrcid pressure reduced all pulmonary work and resistance variables, to . 

C levels nor significady 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. 

~x~i ra to r ) .  pulmonary flow resistance was g r e a h  $xpiratory resisradce at all breathing 

pressures during immersion Inspiratory resistanc&resistive work =ppeared less sensitive to 

changes in air supply.pressures. 

. 

6.i.5 
t 

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 A ated 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 

pressure. Since physical power was not shown to be limited when breathing air without pressure 

compensation, hypoihesis fox may not be fully accepted. 

A greater narcosis was experienced during trials at 6 ATA with the uncompensated air delivery 

p&. This was attributed to augmentation of nitrogen narcosis subsequent to hypoventilation and the 

retention of carbon dioxide. 



6.2 PHYSIOLOGICAL MODEL SLJkiMARISING CONCLUSIONS 

The results and conclusions from this series of investigations have been surnmarised and combined 

into a physiological model (Figure 6.1). illustrating th; mechanisms thro&h which exercise intolerance 

may accompany respiratory mechanical perturbations observed during upright immersion. The model 

observations from the present dissertation (symbolised: t ) and secondary observations 

fromother r ch reports (symbolised: $). The proposed sites through which air delivery at lung conrains *x 
centrdd pressure may ameliorate these modifications are also indicated (. ). 

i The model is centered around the ree components of respiratory work: elastic. flow-resistive and 

inertial work. Immersion and raised absolute pressure produce physical changes which maj:. be associated 

physiological perturbations. The latter either directly or indirectly, via secondary physiological 

, influence one or more of the\espiratory work components, and thus elevate the total work of 

breathing. - 
\ 

Increased respira?o~ work rnay adversely affect exercise tolerance by one or more of three 

channels: hypoventilation (and ultimately narcosis). dyspnea and inspiratory fatigue. 

6.3 RECOMMENDATIONS 

The following recommendations represent possible directions of future research in this field. They 

include projects designed to solve questions unanswered by this dissertation, and questions raised from ---- 
the results. 
\ 

'Q It is recommended that air delivery mechanisms of underwater breathing apparatus be modified, LO 

enable air provision at lung cenrroid pressure to working divers, when adopting upright postures. The 
, - 

most immediate problems are those of the madmachine interface. Clearly. the incorporation of an 

airway extension, to l ink the diver to the demand regulator positioned at the lung centrad . 15 both 

cumbersome and physiologicall> inferior, as it involves carbon dioxide rebreathing which potemales 

depth-related narcosis. The helmet mounted regulator. adapted to supply air at ambient pressure plus 

1.33kPa, represents a more appealing solution. Such a mechanism would require redesignine the 

demand diaphragm. It is possible that a manual or automatically adjusted mechanism rnay be suitable. 
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EXERCISE TOLERANCE 

Figure 6.1: Physiological model illustrating mechanism through which upright immersion ,,may 
induce ventilatory e x b e  intolerance. , / 



With pressure transducers mounted on the body. the latter system could alter delivery prtssure to mat& 

diver orientation For developme= of such a system a three dimensional analysis of lung c e m d  wa& 

be required. 

Current works have looked only a t  the thennoneutral diver, unimpeded by his environment or 

equipment Future investigations may be directed towards respiratory mechanical 

changes in water temperature, airaensity and t h ~  of diving wet and dry suits. 
1'. 

6.3.3 t 

modifications auendinp 

The dynamic conmblttions to flow-resistive respiratory work provided by the chesl wall were not 

studied due to technical difficulties, and debate surrounding the validity of the available techniques. I& 

role d has been approximated at about 2 5 4  of the total flow-resistive respirarorl; work 

(Goldman et d. 1976). however, chest wall dynamics have not been analysed during immersion. Work IS 
- 

* 

needed in this area. 

Residua1,volumes were not measured. Without knowledge of residual volume. tot&&ung and 
L - 

functional residual capacities remain unknown. It is possible that airwav closure with immersion may 
/ 

invalidate gas dilution techniques, as such methods measure only the accessible residual volume. To 

overcome this, immersion plethysmography may be required. Plethysmography would also enable the 

measurement of airway resistance, not obtainable using c~rreni~ulmonary resistance methods. , 

a 
To facilitate rapid validation 

is sugested a computerised system 

of respiratory relaxation during static pressurevolume manoeuwes, 11 

be developed. for monitoring inspirator). muscle elecuomyograms. 

Pressure readings could then be taken when integrated EMG signals s were oelow a predererm~ned 

threshold. ,. . 
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APPENDIX TWO: 

MAKING IhTRAOESOPHACEAL PRESSURE PROBES. 

- Indirect measurement of topical pleural surface pressure via the oesophagus rnay be traced to 

Luciani (1878). but it was Buytendijk (1949) who introduced the use of oesophageal balloons. Early 

balloons were made in research labdratories (wmlled "hand-dipped" balloons) by dipping suitably 

shaped glass rods into a latex bath, then curing the latex in an oven (Mead et al. 1955). Onc:, dry the 

balloons were removed and attached to catheters. Today one rnay purchase balloons and even balloon 
7 

catheters systems. Intraoesophageal probes used i'n this thesis con isted of manufactured balloons (A &IE C 
Medical Corporation. Ne y. U.S.A,) fitted to catheters in the laboratory. - 

Adult oesophageal balloons (latex rubber, 15cm long. internal diameter 1.825m., wall thickness 

13.47 x 10-3mrn) were cut to lOcm in length. Ideally balloons should be tapered at both ends, this was not 

possible with the cune-nt balloon length. Catheters (teflon. internal diameter 1.35mm. wall thickness 

0 . 3 k )  were cut to one of two lengths. Trials in air used 1 metre catheters, imm'ersion trials used 50cm 

catheters. A 17 gauge h~podermic needle was machined smooth and firmly sealed into one end of each 

catheter (epoxy@). The other end was pierced laterally with a small hypodermic needle to provide a 
i 

spiral sequence of holes betw$ktk-tip and a w r i t  91x1 above the tip. Rough edges were carefully 

( 
removed (Figure A4.1). 

)I / - -  

Balloons were secur d and sealed to catheters using epoxyE resin. The tip of the pierced end was b 
plugged and a fine layer of epoxy spread around the outer surface. This provided a means of securing 

the balloon tip permanently to the catheter. Balloons were gently placed over the catheter. Inner 

surfaces of thi balloon mouth were also s,ealed with epoxy as was the outer catheter surface below this 

point Balloons weie then secured to the catheter with redundant folds also being coated with an epoxy 

film Both ends were immediately secured with dark cotton thread. A final coat of epoxy covered the 

m@n and balloon edges to ensure sealage i d  smooth surfaces to avoid discomfort during insertion. 

After curing, the balloons were pressure testgrd underwater, dusted with ralcum powder and stored in a 

refrigerator. 
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r 

Figure A4.1: Stages in making intraoesophageal pressme probes. 



APPENDIX THREE: 

SUMMARY TABLES FOR MANOVA AND POST H& MULTIPLE COMPARlSON TB',B.  

Tide: Chapter 3: MANOVA summary table. Elastic work. 

Source mean square F d f P 

[oral 8.878 407.88 4/36 O.iMl* 
lung 1.753 151.75 4/36 0.01 
chest 2.950 100.92 4/36 0.01' . 

muscle 1.206 47.23 4/36 0.001 

= significant at the 0.05 level. 

Ti Tide: Chapter 3: MANOVA summag table. Lung volumes. 

Source mean square F d f P 
- 

= significant at the.0.05 level. 



Title: CHAFER 3: Total respiratory elastic work 

Air Mouth P r . 9 8  PLC 

Air 
Mouth 
P ~ . 9 8  - 

P K  
,P@.98 

Tukey's critical range = 1.90. 
= significant.differenci. 

Statistical power of MANOVA N.99. 

Title: CHAPTER 3 : Lung tissue elastic work. 

Air Mouth P r . 9 8  P~ P p . 9 8  

Air 
Mouth 
P r . 9 8  

P L C  

Tikey's criucal range = 1.38. 
= significanr difference. 

Srausucal power of MANOVA N.99. 



Title: CHAPTER 3: Chest wall elastic work. 

Air Mouth P r ! 9 8  P~ P p . 9 8  

- - 

Air - 11.88* 5.19, 1.08 1.74 
Mouth - 6.69* 10.80* + 13.62* 
P c . 9 8  - 4.11* 6.93' 

Tukey's critical range = 2.20. 
= significant difference. 

Statistical power of MANOVA AI.99. 

Title: CHAPTER 3: lnspiraton muscle work. 
3 

.4ir Mouth P r . 9 8  PLC P p . 9 8  

Xlr 

Mouth 
P r . 9 8  

k 

Tukey's critical range = 2.06. 
* = significant dfference. 
Satistical power of MAYOVA ~3.99. 



Tide: CHWlWl3: Vital capacity. 

r M  Mouth ~ & 9 8  PLC P p . 9 8  

Air - 2.55 0.63 1.76 3.41 

Tukey's critical range = 3.56. 
= significant difference. 

Statistical power of MANOVA >0.99. 

i/ 
t d 

Title: CHAPTER 3: 1nspirator-y capacity. 

Air Mouth P ~ . 9 8  PLC P p . 9 8  

.4i r - 
0 8.60* 6.28* 2.11 5.44* 

Mouth - 2.38 6.50* 14-04. ,' 
P ~ r . 9 8  - 4.1% 7.54* 

Tukey's critical range = 5.03. 
- ' = significant difference. 

..S&ristical power of MANOVA N.99. 



Title: CHAETER 3: Expiratory &e volume. 

Air Mouth 

Air 
Mouth 

2 P r . 9 8  

- -- 

Tukey's critical range = 5.79. 
= significant difference. L 

Statistical power of MANOVA 9.99. 

Title: CHAPTER 3: Inspiratory reserve volume. 

Air Mouth 

4 2  ' 

,y .. 
Air 

. - - 
Mouth 
P r . 9 8  

P K  
P p . 9 8  

Tukey's critical range = 6.24. 
* skgnificant difference. 
Statistical power of MANOVA 9.99. 

P 



- - 

Title: Chapter 4: MANOVA summary table. Flow-resistive work. 

4? 

Source .mean square F 

total 0.383 7.87 4/32 0.001~' 
inspired 0.052 - - 10.86 4/32 0.001' 
expired 0.169 4.52 4/32 0.005' 

= significant at the 0.05 level. 

f 

Title: Chapter 4: MAXOVA summary table. Flow-resistance (0.51.~-I). 

Source mean square F d f P 

total 0.047 6.48 3/24 0.002* 
inspired 0.029 4.41 3/24 0.013, 
expired 0.078 4.14 3/24 0.017* 

- - - 
= significant at the 0.05 level. 

Tide: Chapter 4: MANOVA summary tabie. Respiratory timing. . 

Source mean square F d f P 

= significant at the C.05 level. 

5 
t 



- - 
Titte: CHAFTER 4: Totat now-resisthe wort ', 

Air Mouth P x . 9 8  PLC P p . 9 8  

Air 
Mouth 
P c . 9 8  

PLC 
P p . 9 8  

,-* 

Tukey's critical range = 2.71. 
+ = signif cant difference. 
Statistical power of MANOVA N.99. . 

--- Title: CK4PTER 4: Inspiratoy flow-resistive work. 

PLC - - - 
I 

. I  

.06 

- P p . 9 8  i - 

Tukey's critical range = 0.85. 
= significant difference: 

Statistical power of M A N 0 i . A  9.99. 



- - -  

Tide: CHAFI'ER 4: Expiratory now-resistive work 

Air Mouth P r . 9 8  PLC P p . 9 8  

Air - 3.02' 2.0 1.14 - .34 
I Mouth + - 1.02 1.88 2.68' 

P r . 9 8  - .86 1.66 

PLC I 
- .8 

P p . 9 8  - 
7 

P - 
Tukey's critical range = 2.82. 
' = significant difference. 
Statistical pdwer of MANOVA N.99. 

Tide: CHAPTER 4: Total pulmonary resistance (0.5 1.s-' flow rate) 
. c-'. 

/ 

Air Mouth . P r . 9 8  P~ P p . 9 8  

Air - 
Mouth 

i 

Tukey's critical range = 1.03. 
' = significant difference. 
Sraustiml power of MANOVA >0.99- --- 



Title: CHAFI'ER 4: Inspiratory pulmonary resistance (05 Is-'). 

Air Mouth P c . 9 8  PLC P p . 9 8  

7 Air 
Mouth 
P ~ . 9 8  

PLC - .51 

P p . 9 8  - 

Tukey's clritical range = 0.84. 
= significant difference. 

Statistical power of MANOVA M.99. 

Title: CHAPTER 4: Expiratoq pulmonary resistance (0.5 I s ' ) .  

Air Mouth P ~ c . 9 8  , P.LC 

~ i r  
Mouth 
P ~ . 9 8  

PLC 
P p . 9 8  

-- 

Tukey's critiml range = 1.45. 
= significant difference. 

Statistical power of MANOVA = 0.97. 



- 

h 
Title: CI : Ti1 voknoe / inspikatory duratioa 

\ I 
\ 

Air r. Mouth P r . 9 8  P~ P p . 9 8  

Air - , 3.35 1.87 . 1.24 2.86 , 
Mouth \ -  1.48 2.11 .49 
P r . 9 8  - -63 .99 

Tukey's critical range = 3.38. 
= significant difference. 

Statistical power of MANOVA = 0.47 

Title: CHAPTER 4: Inspiratory duration / total cycle duration. 

Air Mouth 

Air 
Mourh 
P 2 . 9 8  

Tukey's criucal range = 0.47. 
= significant difference. 

Statistid g w e r  of MANOVA = 0.70. 



Title: Chapter 5: MANOVA summary table. Physical power. 

Source . mean square F d f P 
< 

Comfort 0.306 0.68 27/237 0.889 
Hem rate 63.761 1 .07 27/237 0.376 

% 239,445 , 8.31 271237 0.000' 

-2 110.173 6.54 27/237 0.000. 
Airway pressure 2076.420 $80 27/237 0.OCIO' a 

= significant at the 0.05 level. 

The following tables are summaries of the Hotelling's T analysis for conelated samples. The 
numbers within each table represent T values for the corresponding comparisons. The cntiml value is 
the level of T required for significance at rhe 0.05 level. 

Titk: Chapter 5: S h a r y  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 dme and air supply pressure. 
(2) Comparison of means ar mouth and P x  air supply pressures, with data summed across Lime and 
absolute pressure. 1 

Variable 1 ATA versus 6 ATA Mouth pressure versus P x  

Comfort 3.73* ' 6.93' 
Heart rate 7.45. 3.48. 
P f l O 1  13.22. 2.29' 

t~ 9.14* 5.15. 

Airway pressure 15.20* 7.18. 
-- - 

Critical value = 200. 
= significant difference at the 0.05 level. 



T i e :  C f W 7 E R  



- -  - -- 

Ztte: Chpm 5: f esphtory comfort at 1 ATA. 

T i e  1 2 3 4 5 6 7 8 9 10 
Mouth 

diff. 3.W 1.63 1.63 1.31 ' 0.69/ 1.31 0 . d  2.25. 2.33. 2.00 , '  

Critical value = 2.20. + 
= significant difference. 

I 

Title: Chapter 5: Respiratoq comfort at 6 ATA. 

Time 1 2 3 4 5 6 7 8 9 1 0 
MouLh 

PLC 
diff: 0.556 0.69 2-24' 1 . 3  1.63 3.21' 2.33' 2.97' , 2.00 1.37 

Critical value = 2.20. 
' = sipnificanr diflerence.' 

Title: Chaptv 5: Minute ventilation: 1 ATA. 

Time 1 3 3 4 5 6 - 7  ,h 9 10 - 

Mouth 

PK 
diff. 2.23' 0.86 0.12 1 .Z2 1.59 0.67 0.49 0.84 0.34 -0.85 - 

- - - -- 

Critical value = 2.20. k 2  
= significanr difference. 



1 

Title: Chapter 5: Minute veatihtion: 6 ATA. 

Time 1 2 3 4 5 6 7 8 9 -10 
Mouth , 

PK - -  

diff. 0.22 0.80 2.14 2.31* 3.27* 2.57. 4.86.. 4.05* 3.67' 2.99. 

Critical value = 2.20. 
= significant difference. 

1 
-_Z j  

Title: Chapter 5: End-Ma1 carbon dioxide tension: 1 ATA. 

~ i r n d ~  1 2 3 4 5 6 7 8 9 10 
Mouth 

PLC 
diff. .06 1.1 2.03 1.73 3.95. 3.61* 2.78* 2.63. 2.94* 2.48* 

-- - 

Cririml value = 2.262. 
* = significant difference. 

Title: Chapter 5: End-tidal carbon dioxide tension: 6 ATA. 
I 

Time 1 2 3 4 5 a 6 7 -9 -' - 3 0  
Mouth - 

PLC 
diff. .81 - 1 

.>J .45 .-A .91 0 .06 .05 .14 .02 -I 7 

-- 

Criucd value = 2.262. 
= significanr difference. 



Title: Cliapter 5: Heart mte: 1 ATA. 

Time 1 2 3 4 5 6 7 8 9 10 
Mouth 

P K  
diff. 1.11 1.75 1-51 1.52 2.02- '1.14 .66 .29 .26 .71 

Critical value = 2.262. 
= significant difference. 

Title: Chapter 5: Heart rate: 6 ATA. 

Mouth 

PLC 
diff. .71 .49 1.65 .57 1.73 1-05 .71 .96 .68 .W 

Critical value = 2.262. 
* = significant difference. 

---. 

Title: Chapter 5: Aimav pressure: 1 AT.4. - 

7 
-. 
lime 1 2 3 4 5 6 7 8 9 10 
Mouth 

P L C  
diff. 5.48' ' 5:0* 2.60' 2.90' 2.54. 2.67. 4.15' 2.87+ .99 .3 

Critiml value = 2.262. . -  
* = significant difference. 



Title: Chapter 5: A m a y  pressure: 6 ATA. 
__-- 

I Time 1 2 3 4 5 6 7 8 9 10 
Mouth r 
PK t 
diff. 2.32. 1.65 1.51 - 1.86 1.18 1.10 1.26 1.10 3.35. _- 1:71 

Critical value = 2.262. 
= significant difference. 

"L - 

Tide: Chapter 5: MAISO\'A summary table. Physical power. 
~ - 

Variables analysed ar equivalent minute ventilations at 5 ATA 

Source mean square F d f P 

Cam fon 1.027 2.22 6/58 0.054 
H e m  rate 95.452 2.13 6/58 0.063 
f N O :  9.954 0.35 6/58 0.910 

Airway pressure 735.486 0.64 ' 6/58 0.697 
L, *,. 

"A = significant at the 0.05 level. 
* -  



Title: Chapter 5: Respiratary comfort for tKpi~alent ventilations at 6 ATA. 
-5 

Level 1 2 3 4 5 6 7 
Mouth 'tr 

PK 
diff. 1 2 10' 9* 8 11' 8* 

Tukey's critical range = 8.95 and 7.49 beyond level 6. 
= significant difference. 

Statistical power of MANOVA = 0.60. 

Title: Chapter 5: Heart rate for equivalent ventilations at 6 ATA. 

Time 1 2 3 I 5 6 7 
Mouth 

PLC 
diff. 17 17 91 b9 loo* 97 90, 

* 

Tukey's critiml range = 55.7. 
= significant difference. 

Statistical power of MANOVA = 0.40. 
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