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ABSTRACT . L

It was hypothesued that upright immersion without breafhrng pressunrcvmpensarﬂsrf ********* —
increases airway resistance and the work of breathing. Secondly that compensatlon |

of breathmg gas pressure to lung centrond pressure (P LC )wull return resp;ratory

mechanics towards normal. Finally, increased ambient pressure causes an increase in

the work of breathing due to the turbulent nature of respiratory airflow.

Five subjects were each mef:h_ahically ventilated under six experimental
conditions: at 1 ATA in dry conditions; immersed at 1 ATA without hydrostatic
pressure compensation of breathing gas; immersed at 1 ATA with breathing gas
supplied‘at P LC and im'me.rsed at 2,4, and 6 ATA, with breathing gas supplied at
P LC The subjects were ventilated by a hydraulically driven breathing simulator
whose frequency was tontrolled by the investigator. Subjects relaxed to their
‘expiratory reserve volume and were then ventilated passively for 20 seconds at a 2
litre tida! volume. Ventilations were controlled at 20, 30, 40, 50, and 60 L.min-! in
separate trials. Pressure and volume data were collected in each condition. From

these measures elastic, and flow-resistive respiratory work, respiratory resistance

and dynamic compliance were calculated,

Elyaistic work remained constant with increas'ing minute ventilation whereas
increasing minute ventiiation produced increases in flow-resistive work (p<0.05) for
all conditions. During uncompensated immersion at 1 ATA elastic and flow~resistive
work wer'e incredsed and dynamic compliance was reduced from comparative trials in
dry conditions. ‘In contrast, immersioﬁ with breathing pressure compensation to P Lc
showed no significani differences from dry conditions. When immersed with ‘
breathing pressure compensation flow-resistive work was increased at 4 and 6 ATA

cdmpared with 1 ATA (p<0.05). In addition, an interaction effect was fou»nd between

gas density and minute ventitation which. |s indicative of aturbutent” fmwwmponent

Expiratory flow-resistive work exceeded mspnratory flow-resistive work at_all_ gas S

densities (p<.05)..

Hi



o Respiratory resistance was shown to be significantly greater at higher gas " .

densities and lower lung volumes. There was also an interaction effect between

airflow rate and gasvdensity. From theoretical modelling of experimental data,
expiratory resistance appeared to be more turbulent in nature than inspi'ratory

resistance which contained a greater laminar flow component:
v ~
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CHAPTER 1 o 7
'INTRODUCTION '

Respiratory mechanics have been the subject of detailed study for well over a
éentury. Mechanical components include inherent stresses and strains, fluid
dynamics and respiratory power. These elements are of particular importance to

respiration during immersion and hyperbaric exposure, and c_ronsequently to the design

of breathing -apparatus for underwater work.

There are four components m the process of respiratio'n: pﬁlmonary
ventilation; the diffusion of oxygen and carbon dioxide between the alveoli and the:
bidod; the transport of oxygen and carbon dioxide in the blood; and the subseguent
diffusion in the tissues. Although only the first component is related to.respiratory
mec‘hanics, the mechanics of respiration affect the equilibrium of all subsequent

components, which in turnaffect the first. -
. . B . ‘/’1

Despite advances in hyperbaric physiology, human performance is still
restricted in the high-pressure underwater environment. Insufficient alveolar
ventilation and .increased respiratory work have been recognized as two physiologicai

limitations (Lanphier and Camporesi,v1982). Morrison (1988) identified underwater -

of thé diver and the associated phys’ioiogical_cosis would assist the desigvn of

e ,- -

improved breathing equipment.— —" o —

7:0. 1 Respiratory Musculature
The mdéjor muscle of iqégiration is the diaphragm contributing to 25% to 75% of the

i tiaafl volume (Agbstq\ni;:196,4: Grimby et a/., 1968;\Wade, 1954; Martin et a/., 1980; Bye
et al.. 1984; Reid ét a/:";985). The lungs are also expanded by thve elevation of the rib -

cage which acts to increase the anteroposterior diameter of the chest cavity. This

action is affected by the movement of the sternocleidmastoid, scaleni, anterior

-

serrati, and exteirg intercostal muscles. At rest these accessory muscles are hot

usually functional® Rather, the diaphragm is solely responsible for inspiration



o

(Agostoni, 1964). Expiration. is principally ‘a passive action caused by the resultant

elastic recoil of the lung and chest wall tissues. At rest, no expiratory muscles are
invblved, but during exercise the internal intercostals and abdominal recti serve to-
depress the rib cage and elevate the diaphragm, thus decreasing the volume of the

chest cavity (Agostoni, 1964). ’

1.1 Respiratory Mechanics

Mechanical work is done by the respiratory muscles in ordef to couhtéract elastic,
flow-resistive, and inertial‘forces},(Fenn,' 1951; Otis,r 1964 Otis et a/., 1950).. Itis a
function of tung volume and its derivatives (f/V, V, VJ), where volume is associated
with elastic forces, flow is{as_socia’ted with resistive force‘s, and acceleration is
associated with inertial forces. Figure 1.1 iHustrates‘the work components,
MathematicaHy: the work of breathing can be represented as rthe integral of pressure

with respect to chaiiges in lung volume:

W= fPSV. | [1.7)
% |
Hence, the work of breathing can be represented gl'\‘~gaphically:via a pressure-volume
diagram. |
1.1.1 Elastic Work — ~ o .

A component of the work of inspiration is stored in the elastic structures of the
system and thus is an available energy source during expiration. Work done against
elastic forces will vary depending on-the tidal volume and the compliance of the

respiratory structures. - _
= §w

W

&




Total Respiratory
Work

Flow-Resistive .

Work

Lung Elastic
Recoil

Rib Cage
Elastic Recoil

Alrway
Resistance-.

Chest Wall
Resistance

Fi’gure 1.1: Mechanical work of respiration

Lung Tissue
Resistance

Gas
Inertia

s _- [

and its. contributing forces.



1.1.2 Flow Resistive Work | .

- S

Airway resistance and tissue resistance, as well as the'rate of change of lung volume

dictates the magnitude of flow resistive work (Fenn, 19510t|s{964: Otis et a/.,
1950). Airway resistance refers to fhe opposit\ior} to air movement created by
friction which resuits in the loss of mechanical energy as heat (Tayl"or, 1987).
Pulmonary resistance includes both airway resistance and frictional resistance to .
movement of the tung tiSsué. Total respiratory resistance is the sum of all resisti\;e‘"
forces 'egperienced‘ rduring breathing, and is éomposed of pulmonary resistance and

chest wall resistance.

Pulmonary air flow is predominantty laminar (Fenn,.1§51) sinc'e“t,urbﬁlence' is
usually only developed in the lung when the}air changes direction rapidly. Such a
change could result from heavy exercise, or y\;hen the diameter of the airway is
abruptly alten:ed. The driving pressure, AP, relating to laminar flow can be calculated
according to Pqiseuiile’s Law which states: S

AP = (8/-v-n) -//987-r‘}'l ‘ (1.2]

where AP is the change in pressure (E:mHzo),/ is the length of the tube (cm), v-is the

velocity of air flow (cm.s 1), nn is the viscosity of the medium, and r is the radius of
the tube (mm). When fluid velocity exceeds a critical value within the system,

defined by Reynold’s number, flow becomes turbulent. Reynold’s number is given as

the p‘roduct of linear velocity, ‘V, gas density, 7', and airway diameter, d, all divided by

the gas viscosity, u:

Reynold’s Number, Re = y-d-v-u ! i (1.3)

At rest, the likelihood of exceeding the critical velocity in the airway is smal due to
low-velocities and small diameters (Fenn, 1951). As Reynoid’s number will rise in 7
proportion with gas dénsit¥respiratory airflow becomes more turbulent as’

barometric pressure rises. The result is an increase in airway resistance (Dahlback,



1975).

During turbulent flow the pressure difference is given by the equation
= [(f1)-(4 w2rs)1] V2 N (1.4)

where f is a friction factor that depends on Reynold’s number and the roughness of
the airway walls, / is the length of the airway, r the radius of the airway, and V the

volume rate of air flow ‘(DuBois, 1964).

1.1.3 Inertial Forces  -—— 7

Inertual forces and the assomated work have been neglected in experimental
measures of respiratory work largely due to their negligible contributions to the costl
of ventilation at norma!l bre_athnng frequencies (Rohrer, 1925; DuBois, 1953; Mead,
1956; and Sharp et a/., 1964). Rohrer (1925) initiated the study of inertance, followed
almost twenty~five years tater by DuBoiS (1953). Inertance was studied in conditions
of increased ambient pressures by M,ead (1956). The results of his experiments on

this topic indicated that inertance increased-approximately in proportion to ambient.

pressure, up to a level of 4 ATA absolute pressure. The author concluded that t,he

inertance measured was predominantly due to the gas stream as opposed to the o

lungs and the thorax.

The‘mecﬁanical efficiency of breathing was calc;ulated at 19% to 25% by ,
Milic-Emili and Petit (1960). Margaria et a/. (1_960) further added-that the mechanical
efficiency of the respiratory muscles is the same‘as that 'of the muscles involved in
performing usefql external work. In general, the work bof breathing is relatively small
in magnitude with a cost of no more than 3% of the total metabotlic rate (Otis and

Cain, 1949; Otis et a/., 1950; Margaria et a/., 1960).




1.2 Respi;atory Resistance

Resistance is the pressure drop across a system per unit rate of change of volume. .

When prgssure is modelied as a combination qf laminar and turbulent flbow;

AP = KWV o+ KV, | (1.5
resistance can be modelied as

B=BPUi=k + kY, | N | (1.6

where the intercept k, represents the viscous resistance in regions of laminar flow

and the slope k, is dependent on system geometry in regions of turbulent flow.

1.3 Abbreviations and Definitions of Terms

" 1.3.1 Lung Volumes
The lungs can be divided into four unique pulmonary volumes, which, when added

together, equal the maximum volume to which the lungs can be expanded.

1. Tidal Volume {V'T J. -The volume of air inspired or-expired with-.

each normal breath. )

2. ~ Inspiratory Reserve Volume {/RV). The amount of air that‘ca'n be
inspired above normal tidal inspiration. ' 7

3. Exp/'ratory Reserve Vo/ume (ERV). The amount of air that can be
forcefully expired below normal tidal éxpiration.

4. Residual Volume (RV). The v’olum‘e of air remaining in the .lungs

following a maximal expiratory effort.

ProaeEN



~abbreviations: airway (aw) a:rway opemng (ao) mouth (m); alveolar (aIv)

and transthoracic (tth). Transpulmonary pressure, P

1.3.2 Lung C.;pac/t/'es , | ‘ ' , T

Lung capacmes are composed of two. or more primary lung volumes.

1. Functional Residual Capacity (FRC). The volume of gas remaining
in the lungs at the end of a normal -expiration.
FRC = ERV + RV, | (1.7)
2, _ Inspiratory Capacity (/1C). The yolume of air that can be inspired
after a normal expiration. . o
] IC =V +IRV. , (1.8
3. ’ Toi;/ Lung Capacity '/TZC}. The volume of air contained in the
| lungs at the end of a maximal inspiration,
TLC=RV+ERV +V o+ RV. - (1.9)
4. . Vital Capacity (VCJ. The greatest volume of air that can be
expelied from the lungs after makimum inspiration.

VC = ERV + V . + IRV, (1.10)

1.3.3 Respiratory Pressures _ )

All pressures and components of respiratory work and flow resistance are expressed-

relative to an anatomical Iocation or dimension by_use of the following subscript

oesophagus (oes); pleural (pl) lung (I) Iung tissue(lt); body surface (bs); total
respiratory system (rs); chest wall (cw); transpulmonary (tp); transrespiratory (trs);
tF; , refers o the pressure- -
difference across the lungs. P bs refer\s to the mean hydrostatic or atmosph"eric
pressure acting on the surface of the thorax. P ao refers to the pressure within the
airway at the m_outh, and is measured within th2 mouth piece>of’ the breathing loop.
P'rﬁ-Fefers to the external pressure (ie. atmospheric pressure) at the mouth. Figure

1.2 is a schematic diagram representing these physiological pressures. -

-

The foHowing expressions define pressu‘re inter~relationships. It should be

noted that for measurement purposes, it is assumed that P = P K
7
-



transthoracic}

transpulmonary

» transabdominal

Figure 1.2: Schematic interrelationships between respiratory pressure i
measurements. ’ -



= + 1. ’
l:,htrs P tp P tth ; , /I,TH,
» ‘ = . - + - ;
P trs P alv \P> pl ) (Prpl P bs ) .
Pirs =P aiv P os
P tp =P aly -P pl (1. 7‘2/\\
' N
Ptth_PpI -P bs (1.13)
7.3.4 Resistance
1. Airway resistance /R aw J. The opposition to éir movement
| creat4ed by friction, and resulting in loss of mechanical energy as

5
heat. Airway resistance will vary with lung volume when airflow

is Jaminar. When airflow is turbulent, airway resistance will also
vary with the fiow rate.

2. Pulmanary Resistance (R pul J. Frictional resistance is imposed”
by movement of lung tissue moving across itself (R’l’t ). T

Pulmonary resistance is the summation. of airway and lung tissue

- resistances.

- (1.14)

. = +
~ R pul R aw R It
3. Respiratory Resistance (R rs J. Frictional resistance is imposed
by the movement of the chest wall, R W Respiratory resistance
is the sum of all resistive forces experienced during breathing.

R =R +R,, +R /7.75}7




7. 3 Work

1. - Elastic Work. The amount of energy requnred to expand “the iungs E

against reswnve forces. - . ——
2. : Tissue Resistance Work. The amount of energy required to _

overcome the \)iscosity of the lungs and chest wall.
3. ‘ | Airway Resistance quk. The amount of energy requirebdy to

overcome the resistance to airflow through the respiratery

passageways.
4, Tota/ Respiratory Work. Thve anﬁount of work required to

ovefcome all respiratory for}ces,includir&g elastic, resistive,-andwr B

inertial forces.

71.3.6 Power

= . Y - . . o
The time rate at which energy is transferred into respiratory work.

1.3.7 Miscellaneous Terms ‘ o 3
1. o Lung Centroid (P (C J. Derived from the phrase ‘center of pressure
of thorax’, and used initially by Paton and Sand (1947). 'Lung

centrond pressure is defmed as the pressure requured to return -

air. The centroad is a spatlal Iocatlon wuthnr; the thorax which
represents the position of the mean hydrostatrc pressure acting
on the outside of the thorax during immersion. ylh air, presstre
at this point would be aimospheri; pressure. During i‘mmer\srion,»
with an occluded airway, it would equal the hydrostatic pressxu'r'e-\
found at some point between the apex and the base of the lungs.
2. Relaxation Pressure (P R{oc) J. Ihtrathorécic‘pressure obtained

during complete respiratory relaxation against an occluded

airway, with glottis open.- - -~

e
3. Re/axation Vo/um?’[\/ R J. Lung volume obtained during complete

respiratory relaxation with glottis and airway opefn. The airway
({ o

AN
\"
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. -
. .

may or may not be open to the atmosphere. In the case of |

immersion, when breathing from self-contained underwater

brevath'ing apparatus, the airway is generally not equilibriated to
atmospheric pressure, but+to the delivery pressure of the
apparatus. When the airway is open to the atmosphere, while

seated in air, the relaxation volume is us'uallly equivalent to the

fffunctional residual capacity.

k4
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CHAPTER 2

" REVIEW OF LITERATURE S

Respirétory work has been the topic of study for several years. As early as 1915,

~ Rohrer developed an explanatory equation relating réspiratory p'.ressu're cﬁarige to rate

of volume change: - S ' - L

4 . N _7/ Z ’ N . h . \\
AP = k. + ko Ve Coe (3.1

Alth'ough this empirical equation is an ove'r-simplificatfon of the problem, it has

served well for rough prediction purposes (Lanphier and Camporesi, 1982). The two

components acting in series are modelled to represent laminar flow and turbulent

flow respectively. The values of k, and k, were determined by Rohrer (1915) both to R

} A\ .
____be 0.8, with AP measured in cm.H,0, and V in L.sec-!,

At one time, it was ‘thought tha’t the first éoefficient depended on viscosity
alone and the second goefficient on density alone. This asfsumptio’n has been shown
to be incorrect, Ma?c?and Farhi (1967) found that changes in-gés"density influenéedr'
AP even at low levels.of flow. Wood and Bryan (1969) noted the importance of

pressure change in proportion to both derj,siﬁt,y,',and,,\f/?. . ' , o [ e -

IAt is possible that a fransition from laminar flow to turbuient flqw exists,
affecting the relative contribution of the two nmiodelled components. DuBois (1964) -
suggested that since Reynold’s number is increased with raiéed gas density énd/or | ‘
flow rate, flow becomes turbulent in some parts of the airways that Were previou‘slry
laminar. The result would be a decreasing covritrib.ﬁtion of the laminar component and

an increasing contribution of the turbulent component.

12



2.1 Measurement of the Mrk _o_f Breath‘ing: o , . s

Measurement of the work of breathi’ng, partitioned into components, has been

investigated extensively under normal eﬁyi'fonmental conditions. The determination'
of the elastic wor-kgof breathing was initi,a.I-ly‘_accredi‘ted;to Romendff (1910—1911»).
Further investigations were conducted by Rohrer (19164) rand Rahn et al. (1946). Raﬁﬁ”
and his assocviﬁat\es were .the first recognized for the brbduefion“ of resp‘iratOry N
-pressure-volume diagram3, The .elastic recoil of the re‘spiratory sysﬁterh Under static

conditions was measured from these diagrams.

The elasticity of therrespira‘tory syétem may be divided into distinct sections
!

(Agostoni and Rahn, 1960; Mead and Milic-Emili, 1964): - ‘

1. - Parallel elasticity of the rib cage and abdomen-diaphrégm Withirj

b
1

the chest wall.

2. Series elasticity of the chest wall and lung tissue.

Lung tissue elasticity is represented by transpulmonary pressure change while chest

- wall elasticity is obtained via transthoracic pressure change. (Refer to Figure 1.2 for -

transpulmonary:'and transthoracic pressures.) Figure 2.1 represents schematically the

components of res'piratory elasticity. The sigmoidal shape of the prﬁssure-volufne

curve of the total respiratory apparatus resylts from the summation of chest wall and

lung tissue curves. Figure 2.2 displays the classical sigmoidal shape.

_ 7~ Otis et a/. (1950) reported the contribution of elastic work, at rest, to‘the total
;@ork of respiration to be 63% with the remaining 37% accredited to flow resistive
work. Attinger and Segal (1959) reported an a|>mosrt identical value oflflow resistive
work at 38% of the total. Mcllroy et al. .(1954) reported elastie work to contribute
70% to the entire work of breathing perfor‘rhedat rest. Sincel the contribution of

inertial forces to reshiratory work are considered negligible, the rémaining 30% to -

40% of total respiratory work may be attributed to work against flow resistive

forces. Mcliroy et a/. (1955) established lung tissue resistance to contribute 35% to —

total resistance. When considering only the work done against ftow resistive forces,

the airway resistance component has been shown to be the major contributor to the
. \

13
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0 otal, in the nétghbourhoodrof 60% to 80% (Otis et a/., 1950; Marshall and .~

Dubois, 1956; Ferris et a/., 1964: Gauthier. et al., 1982). Flow mechanics and ‘its -

_ - -

inherent variables would largely dictate the dynarﬁi¢ work 617‘Ares,piration, where the

flow resistive work increases non-linearly with minute ventilation (Otis et a/., 1950,

Fritts et a/., 1959; Holmgren et a/., 1973). L}t}ile 2.1\summarizes the findings of the

presented studies re<g'ardi'ng"the relative contribution\,\of the components to the work
. ) ] .

of the work of breathing. Table 2.2 summarizes the z/literature regarding the relative

contribution of resistive force compononents to the total.
i

I

[
i

Work of breathing was also calculated at exércise. Mclilroy and his

co-workers observed that the increase ¥n the work of breathing during exercise is
, :

dependent on two factors. First, there is a relative c>ange in the rate and d"epth of

respiration as minute volume is increased. Second”/there is an exercise effect on the
magnitude of the resistances to lung movement. /{5 mean value for work of breathing

g
was not calcylated as steady-state was not at;hiev);‘ed by the subjects.
N s /{/

|
i
k)

S
2.2 The Immersed Environment !
|

The effect of immersion on respiratory and cardioreé}piratory functions has been

studied extensively. Most experimental procedures irivolve meas‘u\r‘er_nentsfmade"w'rth’*"””’”*”*
the subject immersed to the neck in thermally neutra) water (Agostoni et a/.,1966;

Craig and Ware, 1967 Hong et al., 1969; Arboreliusﬁ;”;t al., 1972; Begin'et al., 1976).

> U

Control meas'urements were often taken with water at the level of the xiphoi?i
process (Hong et a/., 1969; Farhi and Linnarsson, 1977). The effects of immersion on
respiration z'a;re numérous. Several common findings were established through the
various experiments.- In general‘; immersion tends to:

1. / Decrease rate of ventilation at a given rate of oxygen exchange

(Arborelius et a/., 1972; Thalmann et a/., 1979; Grismer and

& S e
Goodwin; 1983). .

2. tncrease alveolar ventilation at a given rate of ventilation (Begin

- etal., 1976, Thaimann et a/., 1979).

15
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Table 2.1: Contribution of work components to respiratory work at rest: literature.

SOURCE

RESISTIVE

ELASTIC
WORK WORK
Otis et al.,1950 63% 37%
Mcllroy et a/., 1954 70% L
Attinger & Segal, 1959 ,\/” 38%
Table 2.2: Contribution of airway, lung tissue ana\chest wall resistive forces to .
total flow=-resistive forces: literature. ,
SOURCE AIRWAY - LUNG TISSUE CHEST WALL
‘ RESISTANCE RESISTANCE RESISTANCE _ ...
Otis et af., 1950 77.6% 22.3!
Mcliroy et a/., 1955 35%
Marshall and Dubois, 86% 13.7%
1956 . ' '
Ferris et a/., 1964 60% 1% 39%
Gauthier et a/., 1982 82% 18%

7

'‘Combined chest wall and lung tissue resistance.

16




3. Decrease vital capacity (Agostoni et a/ 1966 Crrarng and Ware,

1967; Hong et a/., 1969; Robertson et a/. 1978).

4, ‘ Increase blood flow to the apucal region of the Iungs and
‘ ﬁ"P‘ decrease blood flow to the basal region of the lungs (ArboreliUs
et al., 1972). \ :
5. . Décrease expiratory reserve volume (Agostoni et al., 1966; Hong
: ‘et al., 1969; Flynn et a/., 71975; Dahiback et a/., 1978:; Robertson et .
al., 1978; Taylor and Morrison, 1989). '_
6. increase airway resistance (Agostoni et a/., 1966) and pulmonary
resistance (Morrison et a/., 1987). |
7. Increase the total work. of 7breath|ng, resulting mostly from an
, increase in elastic work (Hong et a/., 1969; Sterk, 1973; Dahlback
et al., 1978; Taylor and Morrison, 1989),
8. increase 'pulmonary cabivllary bloovd flow (Begin et al., 1976; Earhi '
and Linnarsson, 1977). |
9. Decrease functional residgai capacity (Begin et a/., 1976; Farhi

and Linnarsson, 1977; Robertson et a/., 1978; Grismer and

Goodwin, 1983; Taylor, 1987).

10. . Increase puImOﬁary—alr trapping (Dahiback and Lundgren 1972) ———e
11. Decreased maximum voluntary ventilation (Flynn et a/., 1975). ‘
12. " Increase heart rate (Krasney et a/., 1‘984).
13. - Increase Ac.ardiac output (Farhi and Linharsson, 1977; Krasney et
/., 1984).
14, Shift the relaxation preﬁssure—volume;curve to the right (Jarrett,

1965; Hong et a/., 1969; McKenna et al., 1973; Flynn et a/., 1975;_
Minh et a/., 1979; Taylor, 1987; Morrison and Taylor, 1988).

s -

Full body immersion in water exposes_the subject’s fungs to a change in

hydrostatic p'ressure due to the hydrostatic gradient acting on the body surface. This

hydrostatic gradient imposes an imbalance between the thoracic surface pre;ssure and -

the aifway opening (mouth pressure). Morrison and Reimers (1982) indicated that the

17



division of work between inspiration and expiration waﬂs,a,l;ered”wi,,t,hfj,rnmﬁer,sjgn,,d,ue,,,,,,

to the effect of a hydrostatic pressure imbalance between the pressure of the

breathing gas supplied (usually at the level of the mouth) and the mean hydrostatic
pressure acting on the surface of the thorax. The greater the imbalance, the more the

subject will exhale below the normal end expiratory volume in an attempt to

equilibriate the external pressure acting on the thorax by readjustment of the elastic = .— "

tissues of the lung-chest wall system.

An investigatioh involving the work of breathing when in an immersed \
environment was conducted by Hong et al. (1969). Fo:Jr subjects were immersed in
the seated position art two distinct levels, the xiphoid process and the neck. The
ktotal work of msprratron rose 64.6% with. immersion to the neck largely due to an'
increase in elastic work. cher studres using a varrety of methods but all
incorporating the use of oesophageal ball_oons to collect pressure data, were
performed to determine the changes in flow resistance imposed by upright
immersion. Agostor\i et al. (1966) observed an increase by 57.7% in the airway

resistance with immersion to the xiphoid process. Sterk (1970, 1973), using a

dynamic transpulmonary pressure technique, deduced the pulmonary resistance to rise

between 185% and 243%. Dahlback (1978) and Dahlback et al. (1979) reported very
different increments in pulmonary flow resistance with immersion, at 31% and 42. 5%
respectively. Lollgen et a/. (1980), who employed the oscrilatron method to derive
total resprratory resrstance found resistance to increase by 57.4% with immersion. A
recent investigation by Taylor (1987) observed that when immersed, msprratory,
expiratory, and total pulmonary resistances were elevated to at least doubie those in
dry conditions. Breathrng air supplied at lung centrord position rather than at m’éﬁth
pressure restored normal lung subdivisions, returned elastrc and flow resrstnve work

towards normal, and allowed greater work load tolerance with less respiratory

distress. Table 2.3 summarizes the literature findirgs. e —

18

ke



8

Table 2.3: Effects of immersion on components of respiratory work and
resistance: literature.

SOURCE INSPIRATORY  AIRWAY PULMONARY TOTAL
FLOW RESISTANCE RESISTANCE RESISTANCE
RESISTIVE ‘
WORK

Agostoni et a/., 1966 +57.7% !

Hong et al/., 1969 +64.6%: ) .

Sterk, 1970;1973 - +185-243%

Dahlback, 1978 . : +31%.

Dahlback et af., 1979 - +425% -

Lollgen et a/., 1980 ' ' : +57.4%

Taylor, 1989 +301%" +220%

'fmmersion to the xiphoid process. »

!Increase in work from immersion at the xiphoid process
. . to immersion at the neck.

‘Total body immersion.
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2.3 The Hyperbaric Environment , 7 e

Wood and Bryan (1969) measured maximum expiratory fiow at six lung volumes

between 1 and 10 ATA. At larger lung voIUmes, the maximum eXpiratory flow varied
with density; at lower lung volumes (less than 25% vital capacity), flow tended to be

less density dependent. The authors concluded that the maximum breathing capacity

and peak expiratory flow varied inversely and exponentially with the density of air,

Salzano et a/. (1970) had subjects perform graded e;xercise*tas»ks. on a picycle
ergometer at varying ambient pressures, up to 31.3 ATA in-a dry compressi{?n
chambef. The gas mixture breathéd was composed of 99.1% helium and 0.9% oxygen,
with a resultant density of the mixture of over four times that of air at sea level.
Work at depth was performed with increases in oxygen consumptioh, VO:' and tidal
volume, as well as decreases in heart réte and respiratory rate, when compared to the
sarﬁe work rate at sea level, Increased gas density was thought to be the factor in

most of the altered responses.

“Pulmonary function in divers "living" at 49.5 ATA was monitored by Spaur et
al. (1977). Ventilatory function was reduced, as expected, with a decrease in the
maximum voluntary ventilation by 45% An increase in functional residual capacity,
FRC, and transpuimonary prressurewwésr 6brsrerrv7é\a. 7Durin'g underwatérrw;rk periods,
the subjects wore cloéed circuit breathing apparatus while pedalling a cycle
ergdmeter. The underwater work led to severe dyspnea. Physiological adjustments
made were observed to be simi(ar to those made in asthma sUfferers. For this

reason, the dyspnea resulting at hgh arhbient\pressures was concluded to be

mechanical rather than chemical in nature.

Wood and Bryan (1978) tested two subjects with a graded exercise regime on

a bicycle ergometer at five ambient pressures ranging from 1 to 10-ATA (dry

Maximal testing (900 kg.m.min-!) had to be discontinued at ambient pressures above 4

ATA due to severe dyspnea. The reduced aerobic capacity was related to the

3
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lirnitation of expiratory flow, due to dynamic airway compression, The authors

suggested that the decrease observed in the-maximum exp*iratory*frow"at’*depth'waei"'""j”"

the direct result of the raised resistance caused by an increased gas density.
Analogous to Spaur et a/.” (1977), Wood and Bryan observed a resemblance between -

healthy subjects breathing dense air and patients with obstructive lung disease.

Similar findings were observed by-ThaImann et al. (1979) when three divers
performed submerged exercise in the prone posrtlon at depth. The purpose of the

study was to investigate the effects of static lung ioading and increased gas densrty

on the submerged exercising subject breathing air. Dry control testing was executed

at 1.45 ATA: immersed testing occurred at ambient pressures ranging from 1.45 ATA
to 6.76 ATA. With immersion, the divers were subjected to a hydrostatic gradient
effect and thus increased gas density could not be concluded as the only factor for
increased respiratory resistance. Dyspnea proved to be the limiting factor at
maximum work rate occurring durrng maximal exercise at 6.76 ATA with.some but not

all static lung loads. At a load of +10 cm.H,0, Iess dyspnea resulted and subjects

were able able to perform maximally at this density level for five minutes. The only.

parameterthat correlated directly with the severity of the dyspnea was maximum

oxygen consumption, V5 max.. Thalmann et a/. (1979) noted that work=limiting
: /2

dyspnea was observed at lower _levels_of oxygen consumption in the studies.of _ . ..

Dwyer et a/. (1977) and Spaur et a/. (1977). The two earlier studies were conducted
at greater ambient pressures (43.4 ATA and 49.5 ATA, respectively), which would
induce a seven-fold increase in breathing gas density. Hence, Thaimann and his

co-workers concluded dyspnea to be primarily related to hydrost'atic;j‘,mbalance.

2.4 Mechanical Ventilation as a Research Technigue

T

Otis et a/. (1950) were the first to develop the technique of mechanical ventilation as

a research method, to measure volume changes in the chest in response to changes in

pressures at normal breathing frequencies. The subjects voluntarily relaxed and

allowed a sinusoidal pump to ventilate them. A Drinker Respirator enclosed the
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subjects to the level of their necks while in the supine poéitibn. The pressure within

the tank was subsequently altered, while the 'préss.u're' gradiérnt' between 7trhéir7éspiqct0r
and the mouth of the subjects was recorded. -The elasticity of the tungs-and chest
wall, as well as the resistance to breathing, acted as the focus of analysis of the \ |
pressure~-volume data. Inertia was calculated, but found to be negligible at the

forcing frequencies employed. (Values calculated for work against e_lasfic and

resistive. forces have been given earlier in*‘ithis chapter. Refer to table 2.1.) From the
experimental data, the authors derived equations that give an arpproximate description

of the mechanics of human respiratory apparatus. » ’ .

DuBois and Ross (1951) employed the Drinker Respirator apparatus at higher
frequencies in an attempt to highlight the inertial factor. DuBois continued fesearch
in this area with his co-workers, and in 1956 reported the frequency response
characteristics of the airways, lungs, and chest at oscillations in the range of 2 Hz to
15 Hz.' The rcotion of thechest wall was measured through the creation of an
electromagmetic field while the surface motion of the abdomen was also monitored
under the assumption that if the diaphragm moved distally, the abdomihal wall moved
outward. The authors noted that air vflo‘w of the normal respiratory pattern was not |

necessarily sinusoidal, and hence could effect the data obtained. ‘

.

The total work of breathing in obece men was assessed by Sharp et a/. (1964)
using a method incorporating a tank respiratos, sihilar to the apparatus of Qtis et a/.
(1950).7 Sharp and his co-workers noted that thAe validity of the method depended on
the subject’s ability to relax the respiratory muscles and to allow the tank respirator
to perform the respiratory work., To test for complete subject relaxation throughout
the procedure, they employed independent methods for measuring compliance and
total resistance. Twenty-two subjects participated, fourteen of whom were obese’
and eight of whom were from the normal population. Tidal volumes, flows, and tank
respirator préssures were recorded. Three breathing freqn:renc‘resfwefftrs—edf%fz,f S
and 30 bréaths per minute, and the pressure in the tank was varied between +70

c¢cmH,0 and -70 cmH,0. The resultant values of compliance and resistance were
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\
compared to the values obtained from the independent measures, Table 2.3_

summarizes these values, ) .
B - . S

With respect to é:ompliance, the values obtained by\/ the two n)ethods were
very simiiar, and thus-highly correlated. With respect to resistance, the tank
respirator values were two to three times the values obtained using an independent
oscillation technique (control method #2). The daffeyeTTCG\n volume dlsplacement
employed by the two methods was of the magnltude of tweqty times., Such an
mcrease in the volume change would imply greater passive stxetchmg of the
respiratory tissues with the respirator technique, possibly producmg different tissue .
‘resisténces. Total respiratory work in kg.m.L'1 at a respiratory rate of tWenty
breaths per minute, averaged 0.073 in n- -mal subjects, 0.035 in obese subjects and
0.212 in obese subjects with obesity hypoventrlatlon syndrome. The difference in

values between the normal group and the obese groups were significant (p<0.05).
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Table 2.3: Comparison of data of two measurement technuques for normal (N) and
1964)

obese(0) men. (Sharp et al.,

TOTAL COMPLIANCE

L.cmH,O-!
-

TOTAL INSPIRATORY RESISTANCE
cmH,0.L-Lsec

Tank Respirafor

Control Method

. Tank Respirator Control Method

, #1 #2
N: 0.104 + 0.005  0.109 * 0.009 480 + 050 1.90 + 0.07
0: 0.081 + 0.007 0.072 + 0.010 7.70 + 0.72 3.10 + 0.35
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2.5 Objectives

The objectives of this study were ,

1.

To investigate the technigue of artificial respiration in the

measurement of totalrrespiratory work and respiratory

resistance.
To measure elastic and resistive components of respiratory

work under dry conditions, during immersion with and without

- hydrostatic pressure compensation of breathihg gas, _andv at

2.6 Hypotheses .

It was hypothesized

1.

raised ambient pressure.
To determine the relationship between the energy cost of =
ventilation (J.L-!) and the rate Qf‘ ventilation (L.min-!) in each

condition.

that:

Upright immersion to the neck without hydrostatic pressure

compensation of breathing gas, decreases lung retaxation volume

and expiratory reserve volume, £RV. This effect will decrease
the total respiratory compliance and increase airway resistance,
causing a’n(increase in the elastic and flow resistive work of

breathing.

Provision of hydrostatic pressure compensation of breathing gas"

to lung centroid pressure (equal to the mean external pressure
acting on the thorax) will return total respiratory compliance and
airway resistance towards normal, resulting in reduced . .

respiratory work during immersion.

At.increased ambient pressure, an increase in respired gas

density will cause an increase in the work of breathing due-to

the turbuient nature of airflow in the airways. y
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) "CHAPTER 3 -
METHODS

The most commonly used method for the determination of work of breathing

invvolves'the use of ah oesophageal balloon to estimate intrapleural pressufe. This
technique is invasive, requires careful calibration, and involvgs a certain degreé _of
discomfort to the subject. The va‘iidity of this technique exists on the assumption
that oesphageal,preésure closely approximates mean pléural pressure. It does not
measure the total work of respiration as it omits the flow~resistive and e;a’st'ic

forcés exerted»by the chest w-alll. Hence, the oesophageal fechnique es_ti”rnates only

the pulmonary elastic and pulmonary flow-resistive components of respiratory work.

Mechar.iic(a.l. ventilation has been used infrequently to measure respiratory
work, although widely used for clinical purposes in the medical setting. In the latter
situation, mechanical ventilation provides gas-exchange that adequately supplies the
tiséues with oxygen when a patient’s lungs can no Ionger do so independently |
(Chalikion and Weaver, 1984). Although the mechanical Q/entilation technique
mea.sures the total work of the respiratory system, it relies on the assumption that
the subject can maintain total relaxation of the respiratory muscles during passive
ventifation (Sharb et al., 196,4). Hence, it may be said that both techniques are subject - - ———

to a source of potential error which may. be either random or systematic in nature.

3.1 -Apparatus

. All experimental procedures took place at the Environmental Physiology Unit, in the
School of Kinesiology at Simon Fraser University. The hypo/hyperbaric chamber was
the sbite of mechanical ventilation trials, while the general laboratory area was used

for tung function tests.
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'3.1.1 Hypo/Hyperbaric Chamber , o -

The hypo/hyperbaric chamber consrsts of three locks; the entry lock, the main loek, \

and the wet lock. The wet Iock is sntuated below the entry Iock and may be filled
with water for experimental purposes. Figure 3.1 illustrates the three locks of the
hypo/hyperbaric chamber. Verbal communication ports arewired for'both the entry
and main locks, }A/hile vidual contact withvaII three locks is maint‘ained at the control ‘
consul via television cameras. The chamber operators observe the experimental

procedures on a video monitor connected to the three cameras. Emergency oxygen

is available in the main lock and emergency air is available in all three locks.

3.1.2 Mechanical Respirator

The mechanical respirator consists of three major components in series. An electric
motor, controlled by a radiotrol variable frequency controller, powers a hydraulic
pump. In turn, the hydraulic pump poyvers a hydraulic motor which drives the
respirator at the selected frequency when the system is engaged. The electric motor,
controtler, hydraulic pump and reservoir are situated outside the chamber and |
connected thrbugh the chamber wall via hyoira‘ulic connectors to the respirator within.

Figure 3.2 illustrates the serial components of the resplrator system, whlle Figure 3.3

depicts the breathing machlne alone

Air is pumped with a sinusoidal flow pattern through.a combrnatlon of rigid
and flexible tubing to the mouthpiece and back to the point of orugm C_)ne-way
valves ensure unidirectional airflow to and from the subject. Between periods of
mechanical ventilation, the subject breathed via.)a valve which connected the
breathing circuit to either a demand regulator or the air within ‘the‘wet lock. During
tria!s, the valve would be shut allowing the subject to be ventilated from, the closed

circuit of the respirator. Figure 3.4 depicts the breathing circuit.

. -

The changes in volume of the-respirator were-measured by a rectilinear

potentiometer model HLP190 type FS (Liybrid Technology), and amplifiedbya

Daytronic model 9010 mainframe system with a model 9163 analog input module.
Pressure changes at the mouthpiece, P a0 » Were monitored by a Validyne model

+
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A — ENTRY LOCK

B — MAIN LOCK

C — WET LOCK

D — CONTROL CONSOLE

Figure 3.1: The hypo/hyperbaric chamber: entry lock, main- lock, and wet lock.
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Breathing Machine System '
. Block Diagram Hyperbaric

Chamber

Subject

Hydraulic

Power Unit N\

.J -

¥/

Breathing
Machine
Displacement
J Transducer
[ —
—_—
Data
Coliection ¥
System
Figure 3.2: Serial components of the respirator system. (Redrawn from the
work of G. Morariu, 1983).

Figure 3.3: The breathing machine (Designed by G. Morariu,

1983).
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DP215-52 pressure transducer and amplified by a model 9130 input module on.the

Daytronic mainframe. Both the volume and pressure signals were low pass filtered

at 6 Hz by a Rockland model 432 dual HI/LO filter (Rockland Systems Corporation).
' Once filtered, the signals weré recorded digitally at 50 Hz by a Tecmar A/D convert’e'r

and an |IBM PC microcomputer, controiled by a dafa'collecti‘d‘h program.

3.2 Procedures

The experimentaJ,,p'rocedUres deveioped for the collection of respiratory o

N -

pressure-volume data were approved by the Environmental Physiology Unit and the
University Ethics Committee at Simon Fraser University, prior to commencement of
the study. Informed consent was obtained by all subjects following an information -

session regarding the approved protocol.

32.1 Subject Selection Procedure
_Subjects selected to participate in the research experiment were required to meet
‘certain criterta:
1. Participants of the study were required to be cértified and
experiénced as divers. | |
2. Potential candidates performed respiratory maneuvers to - — -
produce static compliance curves. Repeatable curves indicated ’
that the subjéct was able to relax with an open glottis against én
occluded airway. Respiratory relaxation with an open glottis.
would allow fg)r mechanical ventilation by the breathing machine.
3. Subjects selected to partiéipate were medically examined a'nd
qu'estioned for good health by an attending physician.
identification of acute or chronic puimona;y, cvérdiaﬁrespiratory,

or neurologic conditions or diseases necessitated exclusion from

the study.
Five male subjects were selected. All were experienced in pulmonary function
testing procedures in addition to meeting specified criteria. The subjec{s ranged in
7
¢
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age fr0m29 to 45 ye‘éfs, With a mean age of 3bsears. Table 3.1 pravides

anthropometric information for,’éa’ch subject.

3.2.2 Experimental Protocol | 7 D : _ . : s
The techmque used to mechamcally ventilate the partucnpants was fashioned after the ‘
method developed by OtlS et al. in 1950, The techmque is based on the mtegratuon

‘of respiratory driving pressure with respect to lung volume -change. The subjects

were trained ‘t',o relax and permit a respirator to pas;ively ventilate the fungs. A
sinusoidal pump having a controlied tidal volume and frequency was employed to
measure respirafory work, dynarﬁic compliance and flow resistance using this ;7
technique. Inspirafory and expiratory phases shared equal timing due to.the" |

sinusoidal wave form. The rate of respiration was randomly altered in successive

trials,
10 bpm< f b <30bpm,

to produce ventilatory increments withjn the normal range of
20 L.mini< V E <60 L.min-t,

The stroke volume of the respirator remained at a fixed value of appjroxirr‘\ately 2.0
liters. Carbon dioxide was scrubbed from the system to prevent hypercapnia causin‘g
the initiation of voluntary ventilatory effort. Simultaneous measurement of the lung
volume and pres-sure difference between the driving pressure at the mouth or airway
opening and the system relaxation pressure (ie. breathing. gés'sup'ply pressure)
allowed the construction of the pressure~volume diagram and hence the analIysis of -

respiratory' work.

Measwements were performed in the uprnghi seated position.at 1 ATA under

- -

the following expervmental conditions:

1. . Dry.
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Table 3.1: -Subjegt anthropometric information

1

Subject Age Height - Weight Vital
Number : Capacity
cm kg L (BTPS)
1 46 182.9 775 5.594
29 178.0 73.5 5.459
3 29 185.3 75.1 5.756
4 35 184.4 82.3 6.216 -
5 35 182.1 - 74.3 5.589




———

2. . immersed to the chin breathing-airat mouth pressure-(P .
3. o immersed to ghe chin breathing air supplied at lung centroid

pressure (P LC ).
4. | Immersed to the chin breathing air supllled at lung centrOId
pressure while wearing a wetsuit. }
Trials were also repeated at 2,4, and 6 ATA with ‘fhe subject imrhersed and breathing

air delivered at P LC 7 , o =

3.2.3 Dry Conditions

The trials made at 1 ATA with dry experimental conditions served as both a training"
session and a control for other experiments at similér ambient pressures. A second
dry trial at surface pressuAr'e was conducted following all 6ther experimental
procedures in order to establish the possibility of serial effects on subject

performance.

The subject, seated in the upright position, breathed quietly from‘ther
mouthpiece through the breathing circuit with the valve opened to allow chamber air
to enter and leave the circuit, The nasal airway was occluded by a nose clip. At the .7 »
end of a normal expiration, the subject relaxed and signaled the chamber tender to
start the trial. The valve was immédiatélry ciosed by the tender, who "Siﬁidﬁ*aﬁé*éﬁ‘s'lyw o
signalléd the experimenter outside the chamber to engage ‘the respirator and start the
data collection program. The respirator passively ventilated the subject with full |
respiratory Ioops for twenty seconds while the sut;ject relaxed with an open glottis,
_Following the twenty second data collection period, an audlo signal was sounded At
this point the. tender opened the valve on the breathing circuit, allowing the subject to
ventilate independently. The respirator was disengaged momentarily, then reset to

its starting position at end expiration (lowest lung volume). Breathing frequencies of

10, 15, 20, Z%d 30 breaths per minute were used in conjunction with an approximate

2.0 L tidal volume, resuiting in five consecutive trials. Balanced design determined

the order of the breathing frequencies. - Trials were repeated when requested by the

subject, or when the experimenter was dissatisfied with Lhe. data.
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3.2.4 Immersed Conditions at 1 ATA

When immersed, the hydrostatic forces applied to the'bo'dy'*créatefa'*transrespirat'ory'*’**"*\'”

hydrostatic pressure imbalance between the thoracic surface and the airway opening

-

or mouth (when P o =Pm ). Thevhyd'rost,atic imbalance is countered by elastic
forces generated in response to a changg(decreésé) of lung volume. Lung centroid
pressufe, P LC , has been defined as the hydrostatic breathing pressure required to
return the imr’hersed lung relaxation volume to the lev>el which exists in air (Taylor,
1987). It is theorized that the lung centroid pfessure is equal to the mean hydrostatic
p‘ressu.re acting on the outside of the thorax‘during immersion (ie. P LC =P bs ).
Hénce when the static breathing pressure P ao is raised to P L the hydrostatic
imbalance between thoracic surface pressure P bs and airway opening P ao is
removed. The location 6f the lung centroid was-identified by Taylor (1987) to be
13.6 cms inferior to the sternal notch when in the uprlght position and 7.0 cms

posterior to the sternal notch when supine.

Seated in the upright position, the subject performed the same experimental
procedures as in the dry conditions with two variations of experimental environment.
Firstly, water in the chamber reached the subject’s chin, creating a hydrostatic
pressure imbalance across the thorax. Secondly, the subject performed the trials at
both uncompensated (mouth) and compensated (lung centroid) breathing pressures..
The water temperature ranged from 30° C to 35° C assuring thermal comfort to the

swimming trunk clad subject.

During immersion, the subject breathed from a demand regulator attached to
the breathing circuit when not being ventilated by the respirator. When breathing at

P the demand regulator and a pressure compensator, a device that offsets the

LC
hydrostatic pressure imbalance across the pressure transducer, was lowered to the

predetermined level of the subject’s lung centroid. In addition, the subject was

required to wear a neoprene diving hood in an attempt to compensate for facial .

pressure gradients when breathing at lung centroid pressureé. At high rates of

ventilation the hands were also used to further restrict cheek motion by applying
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direct pressure to the area.

A special case of the immersed = lung centroid trial condition at 1 ATA

involved the use of a wetsuit. Each subject do‘nhed é 3/3"'neoprene wetsuit which
included both a full tength long—john and a jacket. Weights were attached to holdf;she
subject down in the seated position. Breéthin’g gas pressure was supplied a.t"lung
centroid level. It was predicted that the additional compression on the chest wall bAy

the wetsuit would make inspiration noticably more difficult where as expiration

would exhibit no difference than with the control lung centroid trials. The wetsuit -
data is only compared to the immsersed-lung centroid trials in the resuits section

and not t”o the 1 ATA dry and immersed trials without h,y‘drostatic préssure |

compensation due to. their incompatibility of trial factors.

3.2.5 Raised Ambient Pressures

Test procedures were repeated in the immersed state at raised 5mbient preSsurés of
| 2,4,and 6 ATA. At 2 ATA and 4 ATA, data was collected only when breathing at

‘ P LC - At 6 ATA, test procedures were performed with hydrostatic pressure
compensation (P [c ) and with uncompensated air supply (P m ). ‘During
uncorripensated breathing pressure trials, problems were experienced with large
negative dynamic pressures (P ‘a0 ) during the expiratory phase. Presumably, thé
negafiv_,e pressures resulted fr§‘0m ﬁpper airway bohstriction. As a result,‘théseﬂle;rrée -
negative pressure transients caused subject discomfort, and made it difficult to

maintain complete relaxation.

3.2.6 Post-Dive Procedures

Following the testing procedures at depth, decompression commenced according to
the Canadian Armed Forces Di.ving Tables and Procédures (D.C.1.LE.M., February 1986
revision). ‘,__,Both the subject and the tender were required to remain under observation

in the laboratory for a further sixty minutes following decompression as a safety

precaution against the remote possibility of latent bends.

36



P Y

3.3 Compliance and Pulmonary Function' Tests

Vital capacity (VC), maximum inspiratory capacity (IC), expiratory reserve volume

(ERV), and forced expired volume (FEV 1.0 )for each subject were measured in dry
conditions using standard spirometric techniques. Appendix A contains a table.of the
subject data. Robertson et a/. (1978) calculated FRC to be approximately 64% of VC.
FRC could not be measured while the subject was coupled to the mechanical
ventilator. Hence the FR‘C ‘of each subject was calculated to be 64% of VC for
subsequent use in the building of regression coefficients, "As a safety precaution - .
during mechanical ventilation trials, tidal volume was never im'plemented above 78% = \
of IC. FEV 1.0 is measured as the volume of air expired with maximum efforf in 1.0

second following a maximum inspiration. - A standard 9.0 L Collins respirometer

model P-900 (W.E. Collins Inc.) was used to collect the desired data. ’

The static respiratory compliance curve was measured to provide comparison
with the dynamic complrance obtained through artlfncral respiration. The resprratory
compiiance curve was procured by the performance of a series of static
pressure-volume relaxation maneuvers over the volume range from residual volume
to total lung capacity and vice versa. While seated in the upright position, the

subject was trained to open his glottis against an occluded airway. This training. . ... ... . .

procedure initially was performed at maximal inspiratory capacity, and repeated until

consistent values were obtained. The procedure was then repeated at maximal .
expiratory volumes. When the subject felt ready to do the complete test, he inspired
fully followed by expiratory increments of approximately 500 mL to 1000 mL uptil
maximum expiratory cépacity, RV, was reached. At each level of lung volume the
airway was occluded and P 20 recorded when stable before the next expiratory effort
was made. The-procedure was repeated beéinning with a maximum expiration
followed by inspiratory increments of similar volumes. Several recordings were
made by each subject. A third order polynomial was fitted to the data represfeirlring'
the total static compliance curve. All five subjects had produced static compl"rarrce .

curves in the past and thus had previous training.




3.4‘Data Analysis : : _—

3.4.1 Calculations ( - o 7,,,

The data collected for the six environmental conditions was converted into units of
pressure and volume and then smoothed before calculations began. A five poiht
smoothing technique developed by Lancos (1965) according to the equation

(~3x ; 5 +12:x (.‘_7 FI7:x ; H12:% 4y 23X 45 ) - (35)1 | ' C(3.7)
»
was used for this purpose. The work of breathing, respi‘ratory compliance and total '
respiratory resistance were calculated with the aid of computer programs.
SpecificaHy, the work of breathing was calculated fromf the data for inspiratory work,
expira;ory work, elastic work, and flow resistive workv,v as a functibn of the equation

Work = fP8 V. o (3.2)
Total respiratory work is represented by the summation of inspiratory and expiratory
work, which in turn are summations of positive elastic and flow resistive work. Flow

resistive work is derived from the integration of total resistive work over a complete

respiratrory cycle. . Four subdivisions of di(namid respiratory work exist:

o . positive inspiratory (W/PJ
. posritive expir’atory (WEP)

- neg.ative inspiratory (W/N]
negative expiratory (WEN)

2

W = {(WIP - WEN] + (WEP - WIN) (3.3)

Figure 3.5 illustrates the four flow-resistive work divisions by areas on the

pressure-volume diagram.
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Figure 3.5: Flow-resistive work divisions by area on the pressure-volume
diagram. '
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. W/P = BGFE
WEP = DIHA e
WEN=EFD- — - e —

 WIN = AHB.

rResistive work, inspiratory and expiratory, are illustrated in Figures 3.6 and 3.7,
respectively, When end-tidal transrespiratory pressure equals or exceeds relaxation
pressure, inspiratory flow resistive work-equals positive inspiratory waork minuvsr
elastic work (Figure 3.6) and expiratory resistive work .equals elastic work minus

negative expiratory work (Figure 3.7):

= W/P - elastic work - C(3.4)

w res(i) —

W res() = ABCD - ACD

W res(e) = elavstic work - WEN | | [3.5) )
res(e) = ACD - AECD ,

W, =05 (0P -AV) : , [3.6)

w el = ACD.

For situations where the end-expired transrespiratory pressure is less than relaxation
pressure, different areas on the pressure-volume diagram give the correct results,
Inspiratory resistive work equals all inspiratory work minus inspiratory elastic work. -

Similarly, expiratory resistive work equals all expiratory work minus expiratory

elastic work . Figures 3.8 and 3.9 schematically represent these relationships..

w resfi) = total inspiratory work - inspiratory elastic work (3.7)

resi) = [BGFE - AHB) - (CFE - CHA) | e

w = total expiratory work - expiratory elastic work 13.8)

resfel

e
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Figure 3:.6: Inspiratory resistive- work when the end-tidal transrespiratory
pressure equals or exceeds relaxation volume, g

%

Figure 3.7: Expnatory resistive work when the end-tidal transs esplratory
pressure’ equals or exceeds relaxation volume.  «
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Figure 3.8:
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w = (DIHA - DFE; - [CHA - CFE)

res(e)

Positive elastic work for a complete breathing cycle o L

[

w
w

O.51P ppax PV g Vo + O5(PeP i VeV i) (3.9)
CFE + CHA.

el

e/

Values of-respiratory work were normalized to a value of one litre by dividing the
work of a particular cycle by the tidal volume. The resultant work was expressed in

joules per litre (JL 1)

Compl'rahce, the tissues capacity to distend with inflation, was calculated -

using the following equation:

C " (rs) = AV - AP : o (3.710)

dy

Dynamic compliance is the ratio of tidal volume to pressure change between two
points of zero gas flow at either end of the tidal excursion (Mead and Milic-Emili,

1964; TaYIor, 1987). Compliance is reported in units of L-kPa".

Resistance at any point in the breathing cycle is calculated by dividing the
resistive pressure at point / by the corresponding rate of flow. Resistance is then
reported at a specified flow rate, commonliy 0.5 L.sec-!. In addition to 0.5 L.sec"!,
resistance was calculated at rates of flow of 1.0 L.sec! and-2.0 L.sec-l. Resistance

is reported in units of kPa.L '.sec.

/?eS/‘stance =P res V- (3.17)

Resistive pressure at any point / is calculated by subtracting elastic pressure from
transrespiratory pressure at the desired instant. Elastic pressure must be calculated

first in order that resistive pressure be determined.
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o =P mint WV iV i) I8P AV oz

P =P _-P

res rs e/' (3.13)

3.4.2 Statistical Analysis

Repeated measures analyses of variance were performed on the respiratory work and
resistance data to test for thé effects of independent factors on the calculated
results. With respect to respir‘atory work, two factors were considered: rate of C i
ventilation and experimental design (condition at 1 ATA, and density with the trials
performed at different ambient pressurers). Respiratory resistance data was identified
as having three factors: fiow rate, lung volume; and density. Any interaction between
thAe factors would be indicated by the analyses of variance as well. Significant
differences in the effects were subsecsuently treated with Tukey’svHSD' test to show -
the level or levels within the factors where the differences in means occur. A |
significant difference was assumed to exist when a probability of p<0.05 was

achieved. Actual values of probabilty are gquoted in the results.

Complications arise while attemptiné to fit explanatory equations to data
when interactions between factors occur. Interaction is the condition where the -
relationship of interest is different at different levels of 'tr;n‘;_,e_xuanegus variables
(Kieinbaum et al., 1988). Multiple regression analysis is required when interactions

exist in order to design an appropriate predictive model. .Severé(l predictor variables

can be applied, but since physiological knowledgé is available, consftraint’s on the

variables can be made. ]

The problem of developing the best equation to the present data is cohfo'unded
by the repeated measures nature of the data. If one chooses to treat all the data as
independent measures, a model could be developed and testﬁed.wsrurch a mery;{irpﬁlétixi/ew 77777
technique is not entirely sound’statistvicaHy due to the actual dependence of data

p%?'f"’r‘ts with one another, in addition to the wide variance obtained due to the
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differences in subjects. An alternative method is to apply a single~outcome

regression model with variables that relate theoretically to respiratory work and

respiratory resistance. The coefficients for the variables for each subject vary within
a normal distribution for the true population,. That is, although the coefficients are

not expected to be identical for different people, the variance of the coefficients

| Bo, B, and B, are normally distributed.

The best estimate for eagh coefficient i when considering the sample

population, is the mean of the estimates, which is f ; and described by the equation

below:

/n o (3.14).

By=284y ,

Simifarly, the variance of the mean of the estimate, Var(f i ) is calculated to include
the average of the individual coefficient variance for each subject in addition to the
mean’ coefficient variance. This is the method that is used to develop the

coefficients for the predictor models for both work and resistance.

3.4.3 Respiratory Work Mode/
One explanatory equation was developed to describe the trend of the experimental- - —— —
data results. The equation is theoretically based rather than a best fit mathematical 7

refationship which severely limited the number and type of variables chosen to be in

the model:

W=gy+8,:V+3,+ DV o (3.15)

in this equation, W represents work in J.L %, V represents ventilation rate in L.min-!,
and D represent‘s_ the gas density relative to air at one atmosphere (ie. at 1 ATA,
'D=1). 1., the constant coefficient, was included in the theoretical regréiééi’or{iéa&;tiioir;ﬁi
based on the results of the data collected. "A constant coefficient would be required

if respiratory hysteresis exists. The concept of respiratory hysteresis is discussed in.
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Chapter 6. This equation is based on the physiological knowle,dge,that,,r,e,sﬁi,ca,to,r,y,,, ,,,;,,,,,,,,,,,,;7,

flow has both laminar and turbulent components. The former is more prevalent with

normal atmospheric and physiological conrdi jons. Wirtrhrlrarminar flow, respiratory
préssdre varies directly with flow rate. Fﬁ;;vyeyer.when flow becomes turbulent, -
respiratory pressure varies with the square of flow rate. The degree of confidence V
of the equation wés ascertained by the imposition of limits, based on regression

coefficients and the standard error of the estimate.

3.4.4 Respiratory Resistance Mode/

Respiratory resistance has threg physiological f'aciorws that must be accounted for in a
model; gas flow rate, gasldensity, and lung volume. The partly taminar and partly
turbulent nature ofmresbiratory airflow indicates that the value of resistance will
increase as gas flow rate increases. Since turbutent ﬂow has a greater contribution
to the total, resistance will increase at a greater rate with raised gas densify. "The
length and diameter of the airways change with lung volume: at low lung volumes,
airway resistance should be greater and at high lung volumes, airway resistance
should be smaller. DuBois (1964) énd McKenna et a/. (1973) have suggested that
resistance is inversely proportional to fung voAIume. With inspiration, the lungs and
chest cavity. are expanded. As the rsize of the fungs increase, the airwayis “?E'E?,Si
proportionately (DuBois, 1964). Considering Poiseuille’s Law regarding Iamin‘a}’flow
(Eguation 1.2), the resistance term k, is proportional to the inverse of the cube of
dimensic_mb (L3, whgre L represents dimension), or k£, a L} Likewise, volume is
proportional to dimesion cubed, or (V «a L}/. >Hence‘, k,a V1 and is é linear term. The
turbulent component of resistance is not as easily dissected to illustrate its
relationship With fung volume as airway geometry is a prevelent”factor. From the

equation of airway turbulence (Equation 1.4), the term k, is proportional to L or

k.o [réa LA

As volume varies with L2, it might be approximated that k, a V .25 , assuming-the - —————————

effects of volume on radius, r, and airway length, / are proportiorial. In this study,
jung volume has therefore been modelled with equal contribution for both the taminar

and the turbulent components of resistance {(ie. R a V !)since the exact relationship
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is unknown, Briefiy, the regression equation developed to describe-respiratory-—-——

resistance applies the laws of laminar and turbulent flow, and Poiseuille’s Law as

follows:

R=(Bg + B, VD) -V B (3.76)

where D is density (ATA), V is flow (L-sec '), and V is fung volume (L).
- ‘
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'CHAPTER 4
RESULTS: RESPIRATORY WORK

Respiratory work is reported in this chapter under two catego;ies.flh&ﬂps%i&wen%;—f—
at 1 ATA ambient pressure only; the sAeéond is work at ambient piressures of 1, 2, 4,

and 6 ATA. Respiratory work values are reported for five work types: elastic,
inspiratory flow-resistive, éxpiratory flow-resistive, total Vflow—resistive. and total

respiratory work.

4.1 Work at 1 ATA

Three experimental conditions were performed at 1 ATA. FirMects were .

' mechani;ally \)entirlated while seated in a dry environment. This condition will be
referred to as "dry" in the remainder of the ch,'apter. Second, the subjects were
mechanically ventilated while seated in water to the level of the chin. No hydrostratic
pressure compensation was supplied to the subject during this trial. This trial type
will be referred to as "immersed - mouth" throughout the chapter due to the
breathing gas supply pressure being at the level ofr the mouth (P m )T Third, the
‘subjects were mechanically ventilated while seated in water to chin level. Breathing
gas supply pressure was compensated to lung centroid pressure (P Le ) for each

subject. Hence, this trial type will be referred to as "immersed - lung centroid”— — —— ————

The theoretically based regression equation relating work with rate of
ventijlation waé not fitted fo the data at 1 ATA due to the limited number of date;
points, Each subjétt and each condition would be considered separately and thué the" .
equation, with two degrees of freedom, would be fit to a total of five points.

Instead, the mean data and subject error are graphically displayed for each condition
to illustrate the differences in the conditions. Subject error is the standard deviation

of work values between subjects. A best fit curve with positive coefficients is

fitted through the data, but no coefficient of correlation is reported- - - - ———

48



a

4.1.1 Elastic Work

. An analysis of variance perforfned,on the elastic work da'té’§H6’Wé;_d'h’b"Si’g'h'i’fiEaﬁf""* B
difference of elastic work between the. tested rates of ventilation. However,a . -~
significant difference was found with the condition factor (p<.05). The mean vélues |

of elastic work for the three conditions and their associated variances are shown in

Table 4.1, Tukey’s HSD test revealed that a significant difference does exist between

the dry and immersed-mouth trials (p<.05][ and>between immersed-mouth and

immersed-lung centroid trials (p<.05).. No s‘ignificant difference was found t?etWeen “

the dry and immersed-lung centroid conditions. -

4.1.2 /nspiratory Flow-resistive Work '

Analysis of variance revealed a significant difference in flow resistive work between
the different test conditions (p<.01) énd at different rates of ventilation (p<.0055,
Post hoc analysis indicate that with respect to the three env/iﬁgnment'a'l"co'haiitions, a
significant difference does exist Bemggn'Elr’y'éﬁdJi'rfﬁfhréﬁrrsed—mouth trials (p<.05) and
between iAmrriersed_-lung centroid and vimr;wgr;géa:rh’éuthr(pf<.05,) trials, but not between
dry and.imrhersed-lung centroid trials. With respect to changes in ventilation, paired
t-tests indicated that significant differences in work were not found bétween all

adjacent levels of ventilation. However, in general the resistive work was greater

(p<.05) at higher rates of ventilation. Figufe—4.1 illustrates the mean values-and-— -~

Unlike the inspiratory flow-resistive work results, analysis of variance found no

subject error for each ventilation rate.

4.1.3 Expiratory F/ow-resist)’ve Work

significant differences between environmental conditions. The rate of ventilation
factor prod'uced significant differences in work values (p<.05). Post hoc analyses,
indicated that signiﬁfignt differences in Work values did not occur between
consecutive minute ventilations, but on a broader scale. *ghe highest rate of
ventilation, 60 L.min-!, produced expiratory resistive work values significantly . ——
different from all other rates of ventifation (p<.05). Similarly, expiratory

flow-resistive work at 50 L.min-! differed from work at all other rates of ventilation



Table 4.1: Mean elastic work at each experimental condition performed at one
atmosphere pressure. :

CONDITION - ELASTIC WORK (J-L' Y

Dry ‘ 0.724 + 0.177

" Immersed-Mouth 1.218 + 0.576

Immersed-Lung Centroid o E 0.894 + 0.831 ) ) B
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INSPIRATORY RESISTIVE WORK vs. VENTILATION
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Figure 4.1: Relationship of inspiratory flow-resistive work with increasing

minute ventilation at 1 ATA. Dry, immersed-mouth, and immersed-lung centroid

experimental conditions.
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(P<.05). Figure 4.2 illustrates the.mean work and,subject,,e‘rrop';esujts.ﬂ,Note,mat”,,,,,A,,,,,., S

although the mean value of expiratory flow-restive wark at each minute ventilation is
higher for the immersed-mouth trial than for the remaining two conditions, the

variance i@e work values reduces the chance of significance. SN

- 4.1.4 Total Re.;istive Work -

Analysis of variance shpwed a significant difference (p<.05) with regards to the
condition effect. A difference in flow-resistive work values occurred b“etweer] dry
and‘immerrsed—,rnouth trials (p<.05),‘but not- between immersed-mouth and

iMmersed-lung centroid or dry and immersed~lung centroid .trials.

The rate of ventilation effect on total resistive work was'also significant

. (p<0.01). The difference in flow-resistive work due to ipcreasing minute ventglations
was not f<;und consistently between consecutive rates but rather in a broade} fashion
across the entire range of ventilations. VAII tested rates of ventilation produced total

. , =1
resistive work values significantly less than those obtained at 60 L.min ' (p<.05). The

#

differences in the experimental conditons are illustrated in Figure 4.3. .

4.1.5 Total Respiratory Work

Analysis of variancs showed significant”rate' of ventilation and environmental"
condition effects (p<.001). 'No interaction’between the twb factors occurred.
Tukey’s HSD test indicated that a difference does exist between total work v‘alues
obtained during dry and immersed-mouth trials (p<.05). Likewi_se, a differencre in
resp}ratory work does exist betwee‘\n immersed-mouth and immérsed-—lung centroid
trials (p<.05). No difference was found between total work obtained in dry énd
:immersed—.lung centroid ‘envi;ronmental conditions. Figure 4.4 graphs the means of

the total respiratory work values with increasinb minute ventilation.

\
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EXPIRATORY RESISTIVE WORK vs. VENTILATION

(1 ATA)
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Figure 4.2: Relationship of expiratory flow-resistive work with increasing

minute ventilation at .1 ATA. Dry, immersed-mouth, and immersed- lung centroid

experimental condmori
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TOTAL RESISTIVE WORK VS. VENTILATION
(1 ATA) -

3504 Q DRY " o
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VENTILATION (L'min~1)

Figure 4.3: Rerlatlonshnp of total flow-resistive work with |rncreasmg minute
ventilation at 1 ATA. Dry, immersed-mouth, and immersed-lung centroid

experimental conditions.
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TOTAL REJPIRATORY WORK VS. VENTILATION
1 ATA)
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Figure 4.4: Relationship of total respiratory work with increasing minute
ventilation at 1 ATA. Dry, immersed-mouth, and immersed-lung centroid.
expernmental conditions., )

<
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4.1.6 Aha/ys/s of the Five Respiratory Work Componehts
Individual work components for the immersed - Iung centroid condltnon are plotted
against increasing minute ventntattonrrrFrgure 4 5. “The figure serves to- Tﬂustratrrthr
relative magmtude of the respiratory work components Tukey’s HSD test |nd|cated a
.significant difference between inspiratory and expiratory flow=-resistive work in the

immersed-lung centroid condition (p<.05), but not with the other two conditions.

4.1.7 Wetsu/t Versus Control / /nmersed—Lung Centroid Trials

An analysis of variance was performed on immersed-lung centroid data obtained
when subjects wore only a swrmsunt and when wearing a wetsuit, Elastic work did
not differ srgmfucantly havmg mean values of 0.894£0.831 J.L-! and 1.037+0. 221 J Lt

for swimsuit and wetsunt trraIs, respectlvely.

- - - S

Inspiratory resistive work was significantly different with‘wetsuit anci
SWImSUIt condmons (p< 05), wath work higher while wearing the wetsuit. Figure 4.6
1Hustrates the relatlonship for the two conditions at the five tested rates of
ventilation. Analysis of variance displayed no dlf_ferences in expiratory
flow-resistive work between the two conditions (p<.05). - Expiratory flow-resistive

work values are displayed' graphically in Figure 4.7.

Total resistive work for-the two trial conditions.to be signific‘antry”d'i'f'fer"e’nt"* o
(p<.05). The relationship of total resistive work with ventilation rate is illustrated in

Figure 4.8. .

‘

The analysis of variance performed on total respiratory work indicated a
condition effect (p=.05). The relationships relating total respiratory work to

increasing minute yentilation while immersed and wearing a swimsuit and wetsuit are

_ illustrated in Figure 4.9,

o
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RESPIRATORY WORK COMPONENTS'VS. VENTILATION

\”\f‘\\ IMMERSED<LUNG CENTROID; 1 ATA
. 2.50 —
5&25 + O INSPIRATORY RESISTIVE WORK
) @ EXPIRATORY RESISTIVE WORK
2.004 A TOTAL RESISTIVE WORK

A TOTAL RESPIRATORY WORK
[ ELASTIC WORK CONSTANT

WORK (4L~ 1)

0 10 20 30 40 50 60
VENTILATION (L'min™ 1)

Figure 4.5: The retationship of respiratory work with increasing minute
ventilation in the immersed experimental environment with hydrostatic pressure
compensation at 1 ATA. (Elastic, inspiratory flow=resistive, expiratory flow

resistive, total flow-resistive and total respiratory work values)
. v . ]
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INSPIRATORY RESISTIVE WORK vs. VENTILATION
(1 ATA: IMMERSED—LUNG CENTROID) |
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Figure 4.6: The relationship of inspiratory flow-resistive work with increasing

minute ventilation while seated imrhersed and breathing with hydrostatic
pressure compensation: wetsuit vs. swimming trunks. '
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~ EXPIRATORY RESISTIVE WORK vs. VENTILATION
(1 ATA: IMMERSED~LUNG CENTROID)
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Figure 4.7: The reiationship of expiratory flow-resistive work with increasing
minute ventitaticn while seated immersed and breathing with hydrostatic
pressure compensation: wetsuit 'vs., swimming trunks.
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TOTAL RESISTIVE WORK vs. VENTILATION
(1 ATA: IMMERSED—-LUNG CENTROID)
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VENTILATION (L'min~1)

Figure 4.8; The relztionship of total flow=-resistive work with increasing minute
ventifation while sezied immersed and breathing with hydrostatic pressure
compensatiori: wetsuit vs, swimming trunks.
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TOTAL RESPIRATORY WORK vs. VENTILATION
(1 ATA: IMMERSED—LUNG CENTROID)
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Figure 4.9: The refationship of total respiratory work with increasing minute
ventilation while seated immersed and breathing with hydrostatic pressure
compensation: wetsuit vs. swimming trunks.
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- 4.2 Respiratory Work at 1, 2,4, and 6 ATA

. o
One experimental condition, immersion to the chin with hydrostatic pressure

compensation of the breathing gas dellvery pressure to lung centroid level, termed
"immersed- Iung centr0|d , was tested in this particular set of experlmental
procedures. Four pressure envnronments were applied to the testlng condltlon These
ambient pressures were 1 ATA (surface), 2 ATA (10 m.s.w.), 4 ATA (30 m.s. w) and 6
ATA (50 m.s.w.). The calculated data was subjected to analyses of varlance to test
for significant differences among the ventilatory and density factors. -Tukey’s HSD
test further identified the differences within the factors. The theoréticali_y developed’
'regression equations accounting for densityévent_ilat_ion interaction were fitted to fhe
data based onrthe theory of Iami‘nar énd turbulent air flow components in respiration.
Individual regression equations and coefficient va;iance for thé five work types are

presented in Appendix B.

4.2.1 Elastic Work
Repeated measures analysis of variance found no significant differences of elastic
work to exist within either the density or the ventilation factors., Values of mean

elastic work at each atmospheric pressure are shown in Table 4.2.

4.2.2 Inspiratory Flow-Resistive Work

The analysis of variance indicated that inspiratory flow-resistive work differed
significantly with different ambient pressures (p<.05) and at different ratés of
ventilation (p<.001). Furthermore, a density-ventilation interaction (p<.005) was
identified. Tukey’s HSD test applied to the density effect identified significant
differences in inspiratory flow-resistive work between 1 ATA and 4 ATA (p<.05); 1

ATA and 6 ATA (p<.05); and 2 ATA and 4 ATA (p<.05). :

Application of Tukey’s test to the ventirlation effect revealed that differences
in inspiratory flow-resistive work values occurred at all levels of ventilation with the"
highest rate of ventilation, 60 L.min-! (p<.05). A general trend is indicated with higher .

f
rates of ventialtion associated with higher work values (p<.05), although adjacent
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Table 4.2: Mean elastic work at each atmospheric pressure.

PRESSURE (AT A/

A

ELASTIC WORK (JL°1Y)-

0.894

0.686

0.664

0.745

i+ .

-+

-+

0.831

0.429

0.367

0.692
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ventilations did not necessarily result in significant differences.

The theoretical re'grerssidn polynomial fitted to the data produced the

following result:

#
W= 0:186 + 0.0083V + 0.000032-DV? ‘ (4.1)
raz=0.58 (ra=0.76/ .,

.

Figure 4.10 displays the mean inspiratory flow-resistive work for the four densities
at-each rate of ventilation; with the theoretical regression equations superimposed on

the data.

4.2.3 Expiratory Flow-Resistive Work

Analysis of variance showed that expiratory flow-resistive work in common with
inspiratory flow-resistive work is affected by both ventilation (p<.001) and density
(p<.601) factors. An interaction between the two factors was also identified
(p<:001). Tukey’s test indicated real differences in work values at 1 ATA and 4 ATA
(p<.05); 1 ATA and 6 ATA (p<.051); 2 ATA and 4 ATA (p<.05); 2 ATA and 6 ATA

{(p<.0B); and 4 ATA and 6 ATA (p<.05).
The theoretical polynomial regression curve fitted to the data produced-the- - .

following result:

W = 0.394 + 0.0048V + 0.000061-DV? (4.2]
r, =072 (r, =085

Figure 4.11 illustrates the mean expiratory flow-resistive work means for the four

densities at each rate of ventilation The theoretical regression curves are

superimposed on the mean data.
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INSPIRATORY RESISTIVE WORK vs. VENTILATION
VARYING GAS DENSITY; IMMERSED — LC
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Figure 4.10: 1<p|ratory flow-resistive work with increasing mmute ventl[atlon
at 1, 2.4, :d 6 ATA Immersed - lung centroid. |
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EXPIRATORY RESISTIVE WORK VS. VENTILATION
®  VARYING GAS DENSITY IMMERSED - LC
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Figure 4.11: Expiratory flow-resistive work with increasing minute ventilation at
1, 2, 4, and 6 ATA. Immersed - lung centroid.
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4.2.4 Total Flow-Resistive quk

Since total flow-resistive work ié the summation of inspirator‘yrl and exp;iratory
flow-resistive work, the statistical analysis and the graphed aéta'%qu’fﬁérfe’f?)‘r;éf*’”"’
summarize both components. According to the analysis of varii'an(':ve, a sighif'icant
difference is found among resistive work values with respect to both density '

(p<.001) and the ventilation (p<.001) factors. An interaction between the two factors

is also apparent (p<.001). With regards to density, significant differences were |

identified between 1 ATA and 4 ATA (p<.05); 1 ATA and 6 ATA (p<.05); 2 ATA and:4
ATA (p<.01); 2 ATA and 6 ATA (p<.05); and 4 ATA and 6 ATA (p<.05)

The theoretical regression curve fitted to the data gave the following result:

W= 0577+ 00129V + 0.000094-DV* (4.3

4 1= 0.75 3 [r 2= 0.87)

4

Figure 4.12 displays the mean total flow-~resistive work means for the four densities
at each rate of ventilation. The theoretically based regression equations are

superimposed on the data.

4.2.5 Total Respiratory Work o , —
Total respiratory work is a function of both elastic and flow-resistive work
components. Analysis of variance exhibited‘significant differences (p<.0001) within
the density factor ‘and the ventilation factor. Additionally, it is highly probable
(p<.0001) th‘at an interaction between the two factors occurs. Tukey’s HSD test
identified significant differences in total respiratory work between 1 ATA and 4 ATA
(p<.05) 1 ATA and 6 ATA (p<.05), 2 ATA and 4 ATA (p<.05), and 2 ATA and 6 ATA

(p<.05).

RS

The theoretical polynomial regression curve fitted to the data produced the

following result: -

W =00920+ 00127V + 0.000084-D:V* (4.4)
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TOTAL RESISTIVE WORK vs. VENTILATION -
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Figure 4.12: Total flow-resistive work with increasing minute ventitation at 1, = AR

© 2,4, and 6 ATA. Immersed - lung centroid.
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Figure 4.13 illustrates the mean of total respiratory work‘ for the four densities. at

each rate of ventilation with the theoretcal regression curves superimposéd.

4.2.6 Analysis of the Five Respiratory Work Components : ' .
Indiviéual work components for the ambient pressures of 1 ATA and 6 ATA are o
plotted against increasing minute ventilation in Figures 4.14 and'4.15; respectively.

The data‘points represent the theoretical relationship derived for the émpirical data

of the previous figures. The pr;sent figures ser\)e‘to illustra}e the relative magnitude

of the respiratory work components at each gas density. Total resistive work is

clearly marked as the -sﬁmmation of both inspiratory and expiratory resi,stiv,en,wo.rk

values. The addition of the elastic work component to the total resistive work

component is also evident with the total respiratory work values. ,

The only two work componernts for which post hoc analysis is appropriate are
inspiratory and expiratory resistive work values. The results of the analysis
indicates that significant differences do exist between the two work components at

all four air densities (p<.05). Significant differences between inspiratory and

expiratory flow-resistive work also’exist-within the ventilation factor at all rates-of --

ventilation (p<.05).

4,3 Ventilatory Power

Ventilatory power represents respiratory work performed over a unit of time

(second). Power Was calculated from the present ‘results by muitiplying the

corresponding rate of ventilation to each work value (since workbis presented in .

Jbules per Litre). The power was then plotted versus increasing minute ventilations.

Figure 4.16 illustrates the flow-resistive respiratory powers obtained at all four e

tested ambient pressures. r ’ /
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TOTAL RESPIRATORY WORK vs. VENTILATION
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Fiaure 4.13: Total respnratory work with mcreasmg rmnute venmataon at 1, 2, 4
and 6 ATA. Immersed - lung centroid. -
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RESPIRATORY WORK CQMPONENTS VS. VENTILATION |
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Figure 4.14: Respiratory work components with mcreasmg minute ventilation at -
1 ATA: immersed-lung centrond Theoretucal relatlonshlp derived from the
experimental data
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Figure 4.15: Respiratory work components with increasing minute 'vemi‘!ati(;n at -
6 ATA: immersed-ling centroid. Theoretical relationship derived from
experimental data.
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- - RESPIRATORY FLOW—RESISTIVE POWER
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Fraure 4.16: Flow- feQISIIVE power with increasing- minute ventilation at 1, 2, 4,
and 6 ATA,
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 CHAPTER 5 S

RESULTS: RESPIRATORY RESISTANCE AND‘COMPLIANCE :

5.1 Respiratory Resistance

Resistance was calculated from the experimental data and its variance examined with
three variables: gas flow rate, lung volume, and gas density. The data of only four
of the five subjects was used to calculate the results due to the non-physiological

behavior of the resistances provided by one subject.

Respiratory resistance is the result of resistive pressure divided by the rate of

flow. Flow rates of +3.0 ¢ ! are not uncommon with respect to human

respiratory function, at to high levels of work and exercise. Since

resistance values at high flow rates were not observed for all conditions of density

and lung voiume for all subjects, only those values measured at flows of £1.0 L.sec ! .

and +2.0 L.sec! were analyvzed.

5.1.1 Inspiratory Resistance: Density Trials \

Three separate analyses of variance were run on the respiratory resistance data

_ calculated at 1,2,4,and 6 ATA vin the imfnersed—lung centroid condition. Ehe first o
was with re;pect to density itself, the second to lung votume and the third to rate of
flow. With density as the only factor, the analysis of variance indicated that a

difference in resistances did not exist with the different densities at p<.05.

Four fung volumes, 1000 mL, 500 mL, 0 mL, and -500 mL, were used in the
second analysis of variance since these were the only four volumes that had data for
all subjects across all densities and selected flow rates. The results of the analysis

of variance indicate a significant effect of lung volume on values. of resistance

(p<.0005). Post hoc analysis skhowed high levels of lung volume to have significantly

lower resistances than low lung voiumes (p<.05), but no difference was shown
‘between lung volumes of 0 mL and -500mL or 500mL and 1000mL. The volt_Jmé of 0

ml. is the immersed unoccluded relaxation volume and actually represents an absolute
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lung volume of approximately 3700 mL.

The third analysis of variance compared the two rates pf ,,ﬂ?‘,"f and found no -

difference to exist between them, when all densities and lung volumes were

collapsed into a single cell.

A fourth analysis of variance test"ed the effects on resistance of all three
fdctors simuitaneously. A main effect in resistance with lung volume was found
(p<.075). The other tWo factors, flow and density, were non-significant when
conbsidered alone, but showed significance as an interaction (p<.05). An interaction
between all three variables was also identified (p<.10), suggesting that the variables

-

do not effect resistance independently.

The results of the grouped analysis of variance lends support to the
theoretically modelled regression equation which incorporates all lung volumes and-
flow rates for which data was collected. “Individual subject regression co‘efficients
are found in Appendix C. When grouped together, the coefficients for the predictor

variables were calculated as follows:

R =1[0.987 +(0.071V-D]} -V ! (5.7)
ra’=0.79 /fa=0.89/

Figure 5.1 illustrates the theoretically based interactive relationship of inspiratory

resistance with gas density, lung volume, and air flow rate at a selected flow rate of

1.0 L.sec

5.1.2 Expiratory Resistance: Density Trials

The three variables, density, flow rate and fung volume were treated with three
separate analyses of varianf:e in the same manner as the inspiratory resistance data.
Values of resistance were subject to a density effect (b<.v000T). "Post ﬁob/aﬁ"aTy'éis '
indicate that significant differences exist between resistances at 6 ATA and 1 ATA, - —

and 6 ATA and 2 ATA (p<.05). The second analysis of variance also showed a
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Figure 5.1: The theoretically based interactive relationship of insbiratory '
resistance with gas density, lung volume and air flow rate at a flow rate of
1.0 L.sec-i ' ' '
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significant effect in terms of differences in resistance values with tung volume——— ——

changes (p<.0001). Post foc tests showed that resistance tends to increase as lung .

volume decreases, with a significant difference found between resistances at lung
volumes of 1000mL and -500mL. As with the inspiratory resisti\)e data, flow rate
when viewed as an independent variable did not‘produce significant differences in
the resistance values. A fourth analysis of variance applied té a full model
incorporating all three variables exhibited significant main effects on r'resistanc.;e with
both fung volume . (p<.05) and flow (b<.005), but not with respect to density. Further,
an interaction between the two significant variables was indicated (p<.05). Applying
the theoretically derived regression equation to all expiratory resistance data to

obtain estimates of the coefficients of the predictor variables resulted in the

following:

R = [1.258 + (0.122V-D]] - V! - (5.2)
r,1=078 r g =088

Figure 5.2 illustrates graphically the theoretical relationship\o\&expiratory resistance

with air flow, gas density, and lung volumkg.

A paired t-test was run on the resistance data to test whether rthe observed
differences with inspiration and expiration were significant.. The results of the tesﬁ
indicate that a significant difference does exist between the two phases of
respiration with regard to resistance (p<.05). Table 5.1 displays the mean resistances
at a rate of flow of 1.0 L.sec . Resistances af’three lung volumes are presented at 1.

ATA gnd 6 ATA respectively.

5.1.3 I'nsp\ratory and Expiratory Resistance at 1 ATA L .
)
The four experimental conditions investigated at an ambient pressure of 1 ATA were”~
analysed for differences between conditions with inspiratory and expiratory
reéistance as the dependeﬁt variables. An\analysis of variance was performed on

inspiratory and expiratory data in which two flow rates (1.0 L.sec"! and 2.0 L.sec1) at
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Figure 5.2: The theoretically based interactive relationship of expiratory

resistance with gas -density, lung volu

1.0 L.sec-.
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Tabie 5.1: Mean subjéct resistances at 1.0 L.sec'!

LUNG VOLUME 1 ATA 6 ATA
(Absolute) Inspiration Expiration Inspiration Expiration
4.3 L 0.11 0.12 0.20 0.14
2.8 L 0.37 0.65 0.47 1.03
\
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three lung volumes (0 mL, 500mL, and 1000mL) of four subjects composed-each ——— — — "~

condition cell. Significant differences were found for both inspiratory resistance

(p<.005) and expiratory resistance (p=.‘05).

During the inspiratory bhase, post hocanalysis performed on the data indicated
that differences in resistance existed between the dry condition and immersed-mouth
(p<.001) condition. Dry and immersed-lung centroid conditions exhibifgpgr;};’signiffcaht
difference. A difference was found between immersed-lung centroid aﬁd
immersed-mouth conditions (p<.005). No significant difference was found when

comparing the wetsuit condition to the immersed-lung centroid (swims‘uit)condition.

Expiration produced less distinct differences between the four experimental
conditions. The wetsuit condition tended to exhibit higher exbiratory resistances than

the immersed~lung centroid (swimsuit) condition (p<.10).

5.2 Respiratory Compliance

The values of dynamic compliance, calculated for each subject at the four
experimental conditions (1 ATA), are presented in table 5.3. The static compliance
collected via spirometric techniques in the dry condition is also included. An
analysis of variance performed on the dynamic compliance data (not including
wetsuit trials) indicated that significant differences do exist with compliance between
conditions (p<.01). An post hoc test of the data showed that these differences exist
between dry and immersed-mouth trials (p<.01), and immersed-mouth and |
immersed-lung centroid trials (p<.05). No s‘ignifican't difference was found with the
dry and immersed-lung centroid trial comparisons. Comparing the two H
immersed-lung centroid cases, swimminé trunks and wetsuit, the analysis of variance
indicates that a significant difference does exist with the dynamic compliances

(p<.05).

Figure 5.3 illustrates the mean values of dynamic compliance for the four .

conditons at 1 ATA in addition to the mean static compiiance value.

-
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Table 5.3: Static and Dynamic Compliance at 1 ATA.

DYNAMIC STATIC
COMPLIANCE | COMPLIANCE
SUBJECT DRY IMMERSED  IMMERSED  WETSUIT SPIROMETER
NUMBER MOUTH LUNG :
CENTROID
1 1.01 0.85 0.95 0.88 1.31
2 1.07 0.75 1.13 0.70 1.29
3 1.17 1.03 1.26 0.74 0.91 )
4 0.98 0.78 1.02 0.62 0.61
5 0.76 0.66 0.66 0.56 0.69
Average  1.00+0.15  0.81+0.14 1.00£0.22 0.7040.12 0.96+0.33
\
i
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.

5.3 Repetition of Dry Trials at 1 ATA . I

Trials performed in the dry experimental condition were repeated after the .- ... ... .
co;npletion of all other test procedures to evaluate if a learning or habituation

response did exist. Paired t-tests performed on the two conditions indicated that no

significant difference did exist.



CHAPTER 6
DISCUSSION

6.1 Respiratou_ Work. _ S '

;rf' -‘
Analysrs of the flow-resistive resplratory work data from the present study showkd

»

an interaction to exist between the rate of ventllatuon and gas density. This lends
some support to the theory of laminar and turbulent flow contributions toloverall

pressure loss across the system. L=

Regression analyses indicatedthat the proposed relationship relating .

*

flow- resnstlve work with ventilation and gas density explained approxumately 82% of
the data, across all work types, when all subjects were considered together. Some of
the individual subject data were fitted by the equation better than others, indicating
either the need for the inclusion of yet another physiological variable to the. ‘
predictive model of respiratory wovrk, or a varying contrikution of random error in the

quality of the subject relaxation.

~

A constant coefficient was added to the present. theoretlcal model- due to the

A}

fact that the resnstlve work data of aII sub;ects appeared to mlss the origin when the

“ best fit curve was extrapolated to the ordlnate (Zero ventllatlon) “In fact values of
work obtained at a ventllatT wul*’ta‘te of 20 L.min-! Wereﬂften equal to or lgreater than

those obtained at the adjac‘e‘}nt ventllatlon rate of. 30 L nyn L These data forced the

regression curves upwards1 suggestlng the a‘blllty to obta|n a reslstlve work value

-other than zero when nodﬁlrflow is present . . -

= -
@ L} v

Why reS|st|,ve work was ralsed at the lowest rate of ventllatlon is not clear

One possibility stems from the slow cyclical rate of the breathlng machine. Wlth the

4 .

tidal volume fixed at two lltres the breathlng frequency was adjusted to ten breaths

'per minute to produce a ventllatlon rate of 20 L. m|n‘l The frequency may have been

too slow for the subjects causmg dlfflculty |n remalnlng completely reTaxed durmg

the mechanical ventilation. Further, hypocapnra -effects s-mooth muscle tone, It |s




: ”;l
hetd

possible that hypocapnia occured at the 20 L.min-1 réte of mechanical ventilation..- - -~ -

! ) ‘ :
Alternatively, the constant term k, may reflect the presence or respiratory hysteresis,

or a flow-independent friction component resisting movement of the thorax.

Pressure volume curves for rnflatlon and deflation are different when

e c nstructed over a moderate range of volume (Cotes, 1979). This pulmonary

hysteresns according to Cotes (1979) may be the resait of surface tension. He
suggests the the linear mcrease in volume with applied pressure in the mnddle section
of the pressure-volume curve wrth inspiration represents work done in expandmg the
surfece film which tines the alveoli. The difference in pressure with a given volume

during expiration is therefore partially due to reduced surface tension,

Noting the values of the coefficients for the different work‘components with

the densrty condltlons it is observed that expiratory flow-resistive work exceeds
lnsplratory flow-resistive work (Figures 4.14 and 4.15). This finding is similar to that
of Taylor (1987) who reported greater puImonary,reslstive work with expiration at 1
ATA. Referring back to the resistance findings of the present study, exoiratory‘
resistance was shown to have a greater turbulent flow contribution than inspiratory

resistance. The energy cost of airflow turbulence is magnified with increased

density. Therefore, if expiratory resistance is larger than inspiratory resistance due

. . . . /-
to increased air turbulence, it would be expected that.expiratory flow=-resistive work

would also exceed inspiratory filow-resistive work.

Total respiratory work in normal men was calculated by Sharp et a/. (1964) to
be approximately 0.073 kg.m.L'! (0.716 J.L ') at rest in dry conditions. The present
study’s total respiratory work mean is .higher than the former investigation, at 1.226

J.L-' with dry conditions (1 ATA), at a rate of ventilation of 20 L.min .

The contribution of elastic work to total respiratory work, at 20 L.min !, was

calculated to be 58% in the dry environment. The remaining 42% is therefore
assumed to be flow-resistive work. These values are similar to those reported in

the |iterature. Otis et a/. (1950), using mechanical ventilation as the measurement

-
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technique, reported the contributions of elastic work and —fron-r”esrisﬁyewwofk—to—bé—f— e

o~

63% and 37% respectively. Mcllroy et a/. (1954) reported a slightly higher elastic )
work contribution of 70%. F%ally, Attinger and Segal (1959) reported flow-resistive

work to contribute 38% to the total work of respiration.

With immersion, at rest, in§piratory flow—rgsistive w‘ork increased 81% from
0.43 J.L-'to 0.78 J.L-' Expiratory row-—rgsistive work increased from 0.47 J.L-! to
0.63 J.L-! with immersion, representing an:increase of 34% at res;. The increase in
both inspiratory and expiratory flow resistive work is far less than that reported by
Taylor (1987). Inspiratory flow-resistive work increased from 0.071 J.L-! to 0.285
J.L T and expiratory flow—fésistive wc;rk increased from 0.127 JL-! to 0.462 J.L-l with
immersion. Taylor, however, made his measurements with the subject fully immersed
as'dpposed to neck immersion in the present studyi Therefore, the differences in the
results would be expecte‘d. Secondly, Taylor meésured only pulmonary
flow-resistive work, whereas the present study included the chetst wall. Thus
changes in airway resistance would have a relatively émaller effect on the overail

;
. %

flow-resistive work in this study.

The relative increase in inspiratory flow-resistive work is greater than that

reported by Hong et a/. (1969). Hong and his co-workers reported the increase
induced by a change from immersion to the xiphoid process to immersion at_the
‘neck. The smaller percentage increase of 57.4% can therefore be explained due to the

-

smaller hydrostatic pressure change experienced.

Jarrett (1965), Craig and Dvorak (1975), and Fiynn et a/. (1975) all postulated
improvements in resistive work during upright immersion with manipulations of
breathing pressure. Taylor (1987) confirmed this hypothesis with breathing gas

pressures supplied at P LC and P LC+0.98 kPa * The results of the present study

support the findings of Taylor (1987). With breathing gas supply at P LE’,WSTQ’hificant
improvements were found with- inspiratory and total flow-resistive work

components. Although expiratory flow-resistive work was also expected to improve

with breathing gas supplied at P LC , the results indicated a non-significant
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difference to exist. ‘This non=- sngmfrcance may | be due to non-hnearnty of the

N o o ——

compliance curve at low lung volumes with uncompensated immersion. - Srnce

compliance was assumed to be linear in the calculations, inspiratory work may have ‘4
been over- estlmated and expnratory work underestimated as a drree;result This
theory is supported wrth the density conditions since expiratory flow—resrstlve work
- exceeds m_sprratory flow-resistive work at all gas densities with breathing gas A

supplied at P LC -

6.2 Power -

Flow-resistive power has been studied by several investigators, but the exact nature -
of the r'elationship With rate of ventilation is not conclusive. Linear, curvilinear, and
exponential functions have all been suggested (Oti's et a/.:1950; Mcliroy et.a/., 1954;
Fritts et a/., 1959; Holmgren et a/., 1973; Taylor, 1987). Figure 6.1 illustrates the
respiratory flow-resistive power results of several investigators. Data us available
only at 1 ATA., Note that the two studiesthat include chest wall resistance, Otis et
al/. (1950) and the present study, produce power curves with greater slopes. This
suggests that the chest wall resistance is a signi’ficant force to be overcome with
-respiratory work, partieulerly at high rates of ventilation. From the present study,
may be suggested that 25% to 50% of respuratory power is used to overcome -
chestwall resistance. The work of Otis et a/. (1950) suggests a much greater
contribution of respiratory power to overcome chestwall resistance. The difference
found in the two studies may possibily be accounted for by the rnethods of
mechanical ventilation used. A Drinker respirator encloses the entire body up to the
neck while the subject lies supine. The air pressure within the tank is altered,
applying forces externally to the body. The breathing machine used in the present

study allowed the subject to sit upright while the-ventilator- mechanically ventilated

the lungs and airways. When supine, the lungs possess a I,b,wer lung volume. This _

<

decreases lung compliance and increases airflow resistance. These effects of
posture may partially explaln the difference in respiratory power values between the

two mechanical ventilation studies.
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RESPIRATORY FLOW—RESISTIVE POWER
WITH INCREASING MINUTE VENTILATION
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Figure 6.1: Respiratory flow-resistive power with increasing minute ventilation:
the results of six studies. ) ) ) o
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6.3 Respiratory Resistance

The results of the present study support the theoretically derived equation (equation

1.7) relating resistance to gas flow rate, density, and lung volume. Resistance was

found vary with the inverse of lung volume. This finding is in agreement with the ‘

work of McKenna et a/. (1973).

Inspiratory and expiratory resistances were shown to differ. The results of
the regression analysis indicated expiratory resistance has a larger laminar and
turbulent component than inspiratory resistance by 27% and 72%, respectively, This
finding, based on the estimated regression coefficients, suggestsﬁrthat turbulent
airflow is more prevelant with expiration than with inspifation. Hence, airway

diameters are smaller in expiratory flow,

The modelled.regressioh equation fitted to the calculated values of inspiratory
and expiratory resistarice explained', on average, 89% and 88% of the data, ‘
respectively. A better model might be one that allows the effect of lung volume to
differ with the laminar and turbulent flow components. A value of V n , where n is
constrained between 1;0 and 2.0 may be more appropriate for the turbulent flow

component when considering the modelled equation for turbulent flow (Equation 1.4).

°

With immersion, the average resistance calculated at a flow rate of 1.0 L.sec"!

increased 100% during inspiration, but did not change during expiration. Meap—-

_respiratory resistance therefore was found to increase by 50%. The relative increa&

of respiratory resistance with immersion appears to fit well with results reported in
E
the literature (refer to Table 2.2). Most of the studies have reported results for

puimonary resistance only, Lollgen et a/. (1980), measured total respiratory system

resistance and therefore their results may be directly compared with the present

results. Lollgen reported average resistance to increase 57.4% with immersion.

Taylor (1987) reported inspiratory and expiratory resistances, calculated at a mean

flow rate of 0.5 L.sec-! to increase by 125% and 185% respectively with imnﬁersion‘:‘"

—— e

Total pulmonary resistance increased 155% with immersion, Taylor’s resistance:
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values represent puimonary resistance.only, unlike the present study which also

- includes chestwall resistance. Hence, the large difference in resistances can be

attributed to the difference in system compliance. -~~~ ;

[

Sharp et a/l. (1964) measured average respiratory resistahce to be 0.49
kPa.L Lsec in normal men. The present study reports a similar average resistance, at
1.0 L.sec ! and at relaxation volume, of 0.46 kPa.L.sec'!. This resistance was ‘obtained
by taking the mean of the inspiratory and expiratory resistancesiwith. the given ..
conditions. Both investigations employed similar mechanical measurement ‘

techniques.

6.4 Elastic Work and Compliance

Elastic work must be expended during inspiration in order to deform respiratory
tissue (lung and chest wall). This energy is stored as potential energy and thus is
available for assistance during expiration. Moderate to high rates of ventilation, high

gas densities and external resistance increase flow-resistive work. When it exceeds

inspiratory elastic work, expiration becomes an active process.

According to Morrison and Reimers (1382), when a subject is immersed, a
hydrostatic pressure is applied to the thorax, disrupting the equilibrium established in
air. A new relaxation volume is found at which the hydrostatic imbalancg is
compensated by the elastic recoil of the éystem. As a result, the press.ur,e—volume
curve is shifted to a new position. This rightward shift increases the amount of
elastic work \:\)hich must be expended during inspiration due to the non-linearity of
the compliance curve (Agostoni et a/.,1966; Craig and Ware, 1967; Hong et a/., 1969;

- Jarrett, 1965; Morrison and Reimers, 1982). In a later study Morrison et a/. (1987)
suggested that the hydrostatic imbalance is only partially compensated by elastic

recoil during immersion, as subjects actively defend an ERV above relaxation volume.

This effect limits the extent of cfiange in system compliance.
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Robertson et al. (1978) emphasnze’the blood shnft into the thorax with

immersion due to the compressive effect of water on the blood vessels and the

extremities. Both TLC and VC are reduced as a result (Agostoni et a?.fTSBB;
Arborelius et a/., 1972; Robertson etr al., 1978) Provision of breathing gas supply at .

P LC shifts the pressure-volume curve to the left, returmng relaxation volume to its

" former position in air. Inspiratory elastic work is therfore reduced.

The comparison of dynamic compliance to static compliance (dry) provides a
tes? of validity of the mechanical ventilation technique. If the respiratory musclee
were active duriqg the mechanical ventilation, measures of dynamic compliance
would be effected. As an example, inspiratory muscle tone at end—inspitation would
give reduced compliance, as present in voluntary respiration. Furthermore, the
dynamic compliance was not affected by breathing frequency es no change wae

observed. This fmdmg is in agreerﬁe‘nt with the study of Woolcock et a/., 1969,

~ whose methods did not include the use of mechanical ventilation.

!

The values of compliance found in the present study agree with the findings
of Sharp et a/. (1964). Both studies found average total respiratory oompliance’ to be

approximately 0.10 L.kPa-!. Both dry conditions and immersion with hydrostatic

pressure compensation of breathing-gas supply at P LC showed very similar
respiratory compliances, while the uncompensated immersion condition displayed a

notably reduced mean dynamic compliance (81% of dry value).

An interesting obeervation is made when comparing mean dynamic_compliance
in the wetsuit condition with the uncompensated immersion condition. Complianc‘es ,
for the two conditons are very similar, This suggests that the addition of a wetsuit
e|iminatee the positive effect.s of pressure compensation on respiratory compliance.

The elastic properties of the neoprene compress the chest wall, lowering the

4

relaxation volume to a new point of equilibrium. Inspiratory elastic work should

subesquently be increased due to two factors: decreased respiratory compliance and

the additional wetsuit compliance. Resplratory flow—reS|st|ve work would also be

expected to increase as a resuit of reduced lung volume. Thus, it might be suggested
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that when wearing a wetsuit, divers should be supplied with breathing gas at a

v ’ . . . - . ) . S /
pressure above P Lc in order to obtain optimum respiratory mechanics. Although a -

significant difference was not found in elastic work with the wetsuit and swimsuit

cb?%\'ons due to the large variance in the swimsuit work values, the tendency. was

~

for the wetsuit elastic work to be higher. Inspiratory and total flow-resistive works

were significantly greater while wearing the wetsuit than when wearing only the

swimsuit.+ E

5
Pt
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%
<
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CHAPTER 7
CONCLUSIONS

Three objectives and three hypothesis were proposed for the present study at its
onset. Through the experimentél and analytical processes, the three objectives were

achieved and the three hypotheses supported.

Flow-resistive work of breathing increased curvilinearly with increased minute
ventilation, according to prescribed theoretical equationé. Raised gas density was
shown to increase fl-ow—resiétive respiratory work in a multiplicative mahner within
the turbulent flow component. Elasfit_: work was showh to remain cornstant- across 7 )
minute ventilations and densities. Expiratory fl,oW-resistive work was approximately

double inspiratory flow-resistive work.

Immersion without hydrostatic pressure compensation was shown to increase
both elastic and flow-resistive work. D\/namic respiratory Compliance"Was reduced
by .20%. Provision of breathing gaé at a supply pressure of P | . allowed for
considerable improvement in respiratory work components. moving them back
towards their leveis in dry conditions. Dynamic respiratory compliance was also

restored to its preimmersion state.

A commdnvdiving apparel, the wefsuit, appeared to counteract some of the
benefits of breathing gas supply at P LC by lowering dynamic compliance to its
position with uncompensated immersion. Inspiratory flow=resistive work, total

flow-resistive work, and total respiratory work all were significantly larger than the

corresponding swimsuit trials.

Respiratory resistance was affected by gas density, flow rate, and lung
volume. As gas density and/or flow rate rise, so does résistance. As lung volume

was lowered, resistance was increased. The manifestation of.inspiratory resistance

was shown to be different from'exxpirat'ory resistance. The latter had a 67% larger
turbulent flow contribution than the former, and was therefg imW’StTdngTy’””' T

influenced by increases in gas density and flow rate.
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-The similarity-of results-to those reported-in-the- literature,-in-addition-to-the—— -

sinriilar'ritry of dynamic and static compliance, supports mechanical ventilation as a

useful research technique. [ts non-invasive manner may make its employment as a

el

research tool more common, particularly in-alien environments and allow a greater

number of divers to be studied in the context of respiratory mechanics and

_ j .
physiology. The greater the acquisition of knowledge, the greater the chance of its .
application in the design of'bower assisted breathing apparatus. Resistance and work
limits can be employed in the design process, leading to an improvement in the

.

safety of the underwater work environment. o e '

94



10.

11.

12.

13.

14.

LIST OF REFERENCES

rAgostom E. Action of respiratory muscles ln Fenn, W.0. and Rahn, H. (ed's.).

~"Handbook of Physiology: Hesgwat:o . Washington, D.C.: Américan
Phys ologlcal Society; 1964. » . ' '

Agostoni, E, G.Gurtner, G. Torri, and H. Rahn. Respiratary mechanics during
submerswn and negative-pressure breathing. Journal of Applied
Physnologx 21(1): 251~ 25§ 1966 ' ~

Agostoni, E. and W.0. Fenn. Velocity of muscle shortemng as a limiting factor
in respiratory air flow. Journal of Applied Physiology. 15(3): 349—353
1960.

\

Agostoni, E. and J. Mead. Statics of the respiratory system. ln'Fenn. W.0. and
Rahn, H. (eds.). Handbook of Physiology: Respiration |. Washington,
D C.: Amencan Physuologlcal Socnety, 196

Arborelius, M , Jr., U Balldin, B. Lila, and"C. Lundgren Hemodynamlc changes
in man durmg immersion with head above water. Aerospace Medicine,
43: 592-598; 1972. : ,

Arborelius, M., Jr., U. Balldin, B. Lila, and C. Lundgren Regional lung function
in man durm immersion wuth ‘the head above water. Aerosgag o
" Medicine. 43%7) 701 707 1972. -

Attihger, E. and Segal, M. Mechamcs of breathing. I[I. The respiratory work.
American Review of Respiratory Diseases. 80: 46-52; 1959.

Ballam, G.0., T.L. Clanton, R.P. Kaminski, and AL. Kunz. Effect of sinusoidal
forcmg of ventllatory volume on avian breathing frequency Journal of

Applied Physiology. 59(3): 991-1000; 1985.

Banzett, R.B., M.B. Reid, and J. Lehr. High frequency oscillation of the lungs
alone lengthens expiration in dogs. Respiration Physiology. 61: 57-67;
1985

Barte), L.P., J.R. Bazik, and D.J. Powner. Compression volume during
mechanical ventilation: Comparison of ventnlators and tubing circuits.
Crnt:cal Care Medicine. 13(10): 851-854; 1985.

Bates, J.H.T. A Rossi, and J. Milic- Emili. Analysis of the behavior of the
resplratory system with constant inspiratory filow. Journal of Applled
Physiology. 58(6): 18401848; 1985,

Begin, R., M. Epstein, M, Sackner, R. Lev'rnson, R.. Dougherty, and D. Duncan.
Effects of water immersion to the neck on pulmonary circulation and
tissue volume in man. Journal of Applied Physuoloqy 40(3): 293- 299;
1976.

Bergey, M. and H. Bauer Lung mechanical properties in the West lnd;an
Manatee (Trichechus manatus). Respiration Physiology. 68: 63-75; 1987,

Briscoe, W. and A. DuBois. The relationship between a:rway resistance, airway
conductance and lung volume in subjects of different age and body

size. Journal of Clinical anesuqafnemal 1275-1285: 1968

95



15.

16.
17.

18.
19.
] 20.
21.
J22.
23.
24,
25.
26.
27.. ]
28.

29.

Bye, P.T.P.,, S.A, Esau, K.R. Wa’l'l’e’?: P.T. Macklem, and R.L. Pardy. ”Ventllator‘y
muscles durmg exercise in air and oxygen in normal men. Journal of

esgm%EmmonmEnmLandixemwe—A

: Aﬁe_;wgﬁ_n\s&e&sﬁﬁ
Physiology. 56(2): 464-471; 1984.

Chalikian, J. and T. W,eaver. Mechanical ventilation: where it’s at; whvere it’s
going. American Journal of Nursing, 84(11): 1372-1379; 1984,

Chang,HK and A Harf. High frequency ventilation: A review. Resgiration
Physiology. 57:°135-152; 1984.

Craig, A ,Jr. and D. Ware. Effect of immersion in water on vital capacnty and
residual volume of the Iungs Journal of Applied Physiology. 23(4):
423-425; 1967. ,

Cunningham, D.J.C., and P.A. Robbins. The patterns of breathing in man.in -

response to waves_of alveolar carbon dioxide and hypoxna Journalof ™~ -

Physiology (London). 350: 475-486; 1984

Dahlback, G.0. fnfluence af intrathoracic blood poollng on pulmonary
air-trapping during immersion. Undersea Blomedncal Research. 2:

133-140; 1975

Dahlback, G.O., E. Jonsson, M Liner. Infiuence of hydrestatie crerrn’pres'eiern of :
the chest and intrathoracic blood pooling on static lung mechanics
during head-out immersion. Unqersea Biomedical Research. 5: 71-85;

1978.

Dahlback, G.0O., and C. Lundgren Pulmonary air-trapping induced by water
immersion. Aerospace Medicine, 43(7). 768-774; 1972.

’ Davey, I.S., J.E. Cotes, and J.W. Reed. Relationship of ventilatory capaC|ty to

hyperbarlc exposure in divers. Journal of Exercise Physiology:
Respiratory, Environmental and Exercnse Physiology. 56(6): 16551658
1934

Decramer, M. S KeHy and A. De Troyer Resplratory and Postural changes in
intercostal muscle tength in supine dogs. Journal of Applied

Physiology. 60(5): 16861691; 1986

Demedts, M. and N. Anthonisen. Effects of increased external airway -
resistance during steady-state exercise. Journal of Applied Physnolggy
35(3): 361-366; 1973.

Derenne, J-PH., P.T. Macklem, and CH. Roussos. The respiratory muscles:
Mechamcs control, and pathophysiology. Part |. American Review of

Respnratory Dlsease 118(1): 119-133; 1978.

Derenne, J-PH., P.T. Macklem, and CH. Roussos. The respiratory muscles:
Mechanics, control, and pathophysiology. Part 11l. American Review of
Respiratory Disease. 118(3): 581-601; 1978. ,

De Troyer, A., and V. Ninane. Respiratory function-of intercostal muscles-in

supme dog: an electromyographic study. Journal of Agglied
Physiology. 60(5): 16921699; 1986. '

- DeWeese, E.L., T.Y. Sullivan, and P.L. Yu. Ventilatory response to high

frequency airway oscillation in humans. Journai of Applied Physiology.
58(4): 1099-1106; 1985.

96



30.
3.

32.
33.

34.

35.

36.

37.
38.

39.

40,

41,

42.

43.

44,

a A - -
DuBous A Ressstance to breathmg Irf/Fenn W.O. and Rahn, H. (eds.).

iandbook of thslcﬂogx{ es |ratron I*Washmgtcn D.C: lrﬁeffcan B
Phys ologlcal Society; 1964: I v . o

"\

DuBois, A., A: Brody, D.Lewi
‘ Iungs and chest in m;

Burgess, Jr. Oscmatnon mechanics of

fnal of Agghed Physnology, 8:587- 594

1956. _ vyﬁf“ y "

Dwyer, J., H. Saltzman, 4nd R. Ol "yan Maxirhat Hy s*-ﬁ‘alwork capacity of man
at 43.4 ATA. Undersea Blomedncal Research 4(4) 359-372; 1977.

Edmonds, C., C. Lowry, and J. Pennefa{her Diving and Subaguatic ¢ Medicins,
2nd Ed -Mosman, NSW Australia: Diving Medical Center. 1981.

‘:%‘v..

Estenne M., JC Yernault, and A. De Troyér Rib cage and
dlaphragm abdomen compliance in humans: effects of age and posture .
" Journal of tﬁgglled Physiology. 59(6) 1842~ 1848’ 1985. = o

Farhi, L. and D. Linnarsson. Cardnopulmonary Readjustments during graded . -

immersion in water at 35 C. Resplratdon Physioloqy. 30: 3% 50: 1977.

Fenn, W.0O. Introduction to the mechanics of breathlng In Fenn, W. O and Rahn
H. (eds.). Handbook of Physiology: Respiration |, Washmgton D.C.: .
American Physnologlcal Society; 1964. . ] -

Fenn, W.0. Mechanics of Respnranon Amencan Journal of Meducme 10:77-90;

195\1
Ferris, B.G.Jr., J. Mead, and L.H. Opie. Partitioning of respiratory flow
resistance in man. Journal of Applied Physiology. 19(4): 653~ 658 1964.

Flynn, E.T.Jr., E.M. Camporesi, and S.A. Nunneley Cardiopulmonary responses
to pressure breathing during immersion in water"‘ In: Lanphier, E.H. and

H. Rahn (eds.). Man, Water, Pressure. Volume Buffalo, New York:
State University of New York; 1975. - '
Fritts, H.Jr., J.. Flller _A._Fishman, and_A._Cournand.. The. effucuency of

" s
%
S

ventllatlon durmg voluntary hypernea: studies in normal subjects and in
dyspneic patients with either chronic pulmonary emphysema or obesity.
Journal of Clinical Investigation. 38: 1339-1348; 1959.

Gaut|er H., R. Peslm A. Grassino, J. Milic=Emili, B. Hannhart, E. Powell, G
Muserocchu M. Bonora, and J.T. Fisher. Mechanical propertnes of the
lungs durmg accllmat|zatuon to altatude Journal of Applied Physnoloqy
52(6): 1407-1415; 1982.

George, R.J.D., R.J.D. Winter, S.J. Flockton, and D.M. Geddes Ventilatory.
saving by external chest wall compression or oral high frequency
oscillagtion in normal subjects and those with chronic airflow
obstruction. Clinical Science. 69: 349~359; 1985,

Gottfried, S.B., B.D. Higgs, A. Ro's'éi,F. Carli, P.M. Mengeot, P.M.A. Calverly,
- L. Zocchi, and J. Milic=Emili. Interrupter technique for measurement

, of respxratory mechanics in anesthetlzed humans. Journal of Applied
Physiology. 59(2): 647-652; 1985. '

Graves, C.,L. Gtass,; D. Laporta, R. Meloche, A:
lockmg during mechanical ventilation in anesthetized human subjects.
American Journal of Physiology. 250(19) R902-R909; 1986.

97

LA



- %o

45,

47.

48.
43.
50.
51.
52.
'53.
54.
55.
56.
-57.
58.

59.

Jarrett, A.S. Effect of immersion on intrapulmonary pressure.. Journal of

Grismer, J. and M. Goodwin. Field study of ventilation in_volunteer scuba R

divers during head-out immersion. Undersea Biomedical Research.
10(4): 311- 320 1983.

LGuyton A.C. Textbook of Medical Physiology, 6th edmon Phuladelph:a W.B.

Saunders Company; 1?81

Hickey, D.D. Outline of medical standards for divers. Undersea Biomedical
Research, 11(4): 407-432; 1984, ’

Holmgren AL, P Herzog, and H. Astrom. Work of breathlng during exercise in
hea!thy young men and women. Scandinavian Journal of Clinical
Laboratory Investigation. 31(2): 165-174; 1973.

Hong, S P. Cerretelli, J. Cruz, and H. Rahn. Mechanics of respiration during
submersion in water. Journal of Applied Physiology. 27: 5635-538;
1969. ‘ ‘ :

Isabey, D., A. Harf, and H.K. Chang., Alveolar ventilation during high frequenéy
osciliation: core dead space concept. Journal of Applied Physiology:

Respiratory, Environmental and Exercnse Physiology. 56(3): 700 707
1984,

Jackson, A.C., Jw. Watson, and M.l. Kotlikoff. Respiratory éystem,lung, and
chest wall impedances in anesthetized dogs. Journal of Applied

Physiology: Respiratory, Environmental, and Exercise Physiology. 57(1):
34-39; 19%4 , .

Applied Physiology. 20: 1261-1266; 1965.

Johnson, L., Jr. and J. Mead. Volume-pressure relationships during pressure

breathmg and voluntary reIaxatlon Journal of Appiied Physiology.
18(3): 505-508; 1963.

Jones, G., K.J. Kilfian, E. Summers, and N.L. Jones. Inspiratory muscle forces .=

and endurance in maximum resistive loading. Journal of Apphed
Physiology. 58(5): 1608-1615; 1985. ~

Kanak, R., P.J. Fahey, and C. Vanderwarf. Oxygen cost of breathing: changes
dependent upon mode of mechanical ventilation. Chest. 87(1): 126-127;

1985.
King, M., D.M. Phillips, A. Zidulka, and H.K. Chang. Tracheal mucus clearance
in high-frequency oscillation; |l: Chest wall versus mouth oscillation.

American Review of Respiratory Diseases. 130(5): 703-706; 1984.

Kleinbaum, D.G:, L.L. ‘Kupper, énd K.E. Muller. Applied Regression Analysis and
Qther Multivariate Methods. Boston: PWS-KENT Publishing Company;

1988.

Krasney, J., G. Hajduczok, C. Akiba, B. McBonald, D. Pendergast, and S. Hong.
Carduovascular and renal responses to head-out water immersion in
—— canine model. Undersea B1omed1car Research. 11(2): 169=183;1984."

_ Lafortuna, C.L., A.E. Minetti, and P. Mognom inspiratory flow patterns in ,
humans Journal of Applied Physiology: Respiratory, Environmental and

Exercise Physiology. 57(4): 1111-1119; 1984,

98



60.
61.
62.

63.

64.

65,
66.

67.
68.
69.
70.

71.

72.
73.

74,

75.

Landser, F.J., J. Nagels, M. Demedts, L. Billiet, and K.P. van de Woestume A
_ new method to determine frequency characteristics of the respuratory
e system Journal of Agpl:ed Physrologx 41(1) 101-106 1976. -

Lanphier, E.H., and E.M. Camporesi. ‘Respiration and Exercise. In Bennett, P.B., L
and D.H. Elliot (eds.). The Physiology and Diving of Medicine, 3rd Ed.
London: Bailliere deall 1982.

Lollgen, H., G. Nieding, and R. Horres. Respiratory and hemodynamic
! ad]ustment durmg nead out water immersion. " International Journal of
Sports Medicine. 1: 2529; 1980.

Lundgren; C.E.G. Respiratory function during simulated wet dives. Undersea

Biomedical Research. 11(2): 139147; 1984.-

MacDonald, A.G. Hydrostatrrc pressure physiology. In: Bennett, P.B., and D.H.
Elliot (eds.). The Physiology and Medlcme of Diving. 2nd Ed London
Bailliere Tindall. 1975. : ‘ » . -

Maio, D. and L. Farhi. Effect of gas density on mechanics of breathing.
Journal of Applied Physiology. 23(5): 687-693; 1967.

Macintyre, N.R. Respiratory function during pressure support ventilation. Chest.
89(5): 677-683; 1986.

Margaria, R., G. Milic=Emili, J. Petit,,.and G. Cavagna. Mechanical work of
breathmg during muscular exercise. Journal of Applied Physnoloqy
15(3): 354-358; 1960.

Marini, J.J., J.S. Capps, and B.H. Culver. The inspiratory work of breathing
during assisted mechanical ventilation. Chest. 87(5): 612-618; 1985,

Marini, J.J., B:H. Culver, and W. Kirk. Flow resistance of exhalation valves and
posmve end-expiratory pressure devices used.in-mechanical
_ventilation., American Review of Resplratory Diseases. 131(6): 850-854;
1985.

Marshall, R. and A.B. DuBois. The measurement of the viscous resistance of
the iung tissues in normal man. Clinical Science. 15: 161-170; 1956.

“Martin, D. and J. Youtsey. Volume - pressure relationships: compliance.

- Respiratory Anatomy and Physiology. Toronto: The C.V. Mosby
Company; 1988.

Martin, D. and J. Youtsey. Respiratory Anatomy and Ehys:oloqy Toronto The
- C.V. Mosby Company; 1988.

Mcliroy, M.B., R. Marshall, and R.V. Christie. The work of breathing in normaI -
subjects Chi mcal Science, 13: 127-136; 1954,

McKenna, W.J., P.M. Griffin, N.R. Anthonisen, and H.A. Menkes. Oscillation
mechanics of the submerged respiratory system. Aerospace Medicine.
44(3): 324-326; 1973

Mead, J. Measurement of inertia of the lungs at increased ambnent pressure.
Journal of Applied Physnoloq& 9: 208-212; 1956, —_

99



' 76.

77.

- 78.

79.

80.

81.

82.

83.

84.

85.

86. .

87.

88.

83.

Mead, J. and- -Agostoni, E. Dynamics of breathing. ln Fenn WO and Rahn H.

(eds.). Handbook of Physiology: Respiration I. W@hgngggn)DQr”/?/’if
American Physiological Society; 1964. .

Mead, J. and J. Milie=Emili. Theory and methodology in respiratory mechanics
with glossary of symbols. In Fenn, W.0. and Rahn, H. (eds.). Handbook
of Physiology: Resglratlon L. \Washington, D.C.: American Physiological
Society; 1964,

Milic=Emili, G. and J. Petit. Mechanical efﬁcuency of breathmg Journal of
Agphed Phy5|oloqy 15(3): 359-362; 1960, .

Morrison, J.B. Physnologncal principles of underwater breathing apparatus. In:
Bennett P.B., and D.H. Elliot (eds.). The Physiology and Medicine of

Diving. 2nd Ed London: Bailliere deall 1975.

Morrison, J.B., P.B. Bennett, E.E.P. Barnard, and W.J. Eaton. Physiological R
studies during a deep, simulated oxygen-helium dive to 1500 feet. In f
Lambertson, C.J. (ed.). Underwater Physiology V: proceedings of the
fifth symposium on underwater physiology. Federation of American
Societies for Experimental Biology, Bethesda, Maryland; 1976.

Morrison, JB and S.D. Reimers, Design principles of underwater breathing ,
apparatus. In: Bennett, P.B., and D.H. Elliot (eds.). The Physiology and j
dMedicine of Diving, 3rd Ed. London: Bailliere Tindall. 1982. #

Morrison, J.B., E.A. Ryan, D.R. Stirl'mg and N.A.S. Taylor. Human pulmonary ' 1
dynamics during upright immersion. Proceedings of the Physiological
Society, 19-20 June, 1987. Journal of Physiology. 392: 82P; 1987, L

LS

Morrison, J.B. and N.A.S. Taylor. Breathing gas pressure and its effect’on~
hyberbaric, immersed exercise in man. Proceedings of the
Physiological Socwety 22-23 July, 1988. Journal of Physiology. 407:
37P; 1988.

Morrison, J.B. and N.A.S. Taylor. Expuratory reserve volume and exp:ratory
relaxation violume disparities during human immersion. frgceednngs of
the Physiological Society, 22-23 July, 1988. Journal of Physiology.
407: 38P; 1988

Opie, L.H., JM.K. Spaiding,.and F.D. Stott. Mechanical propertles of the chest
dur»ng intermittent positivepressure respiration. Lancet. 1: 545-550;
1959. : X

Otis, A. The work of tﬁreathmg In Fenn, W.0. and Rahn, H. (eds.). Handbook
of Physiology: Respiration [. Washington, D.C.: American Physiological
Society; 1964. v ,

Otis, A, W.0. Fenn, and H. Rahn. Mechanics of breathing in man. Journal of
Applied Physiology. 2: 592-607; 1950.

Otis, A., C. McKerrow, R. Bartlett, J. Mead, M. Mcllroy, N. Selverstone, and E._

Radford Jr. Mechanical Factors in distribution of pulmonary ventilation.
Journal of Applied Physiology. 8: 427-443; 1956.

Peslin R., C. Duvivier, J. Didelon, and C. Gallina. Respiratory impedance
measured with head generator to minimize upper airway shunt. Journal
of Applied Physiology. 59(6): 1790-1795; 1985.

&

100 | .



90.

91.

92.

93.

95.

96.

97.

98.

99.

100.

101,

102.

103.

Radford, E., Jr. Static mechanical properties of mammahan Iungs

and Rahn, H. (eds.). Handbook of Physiology: Respiration |,
Washrngton b.C.: Amencan hysiofogical bomety,

ln Fenn W O

Rahn, H., A.B. Otis, LE Chadwnck and WO Fenn. The perssure~volume

dlagram of the thorax and lung. Americ

an Journal of Physiology.

146(6): 161-178; 1946.

J

Reid, M.B., R.B. Banzett, HL A, Feldman, and J. Mead. Reflex compensatlon of

spontaneous breathing when immersion

changes’ diaphragm length,

Journal of Applied Physiology. 58(4): 1136~ 1142 1985.

Ringel, E.R., S.H. ‘Loring, J. Mead, and R.H. Ingram, Jr Chest wall distortion
durung resistive inspiratory loading. Journal of Applied Physiology.

58(5): 1646-1653; 1985.

Robmson C.H. Jr.,C.M. Engle, and M.E. Bradley. Lung volumes in man
immersed to the neck: dilution and plethysmographic techniques.
Journal of Applied Physiology: Respiration, Environmental Medicine

and Exercise Physiology. 44(5): 679-682;

Rohrer, F Der Stromungswiderstand in'den men
Einfluss der unregelmassigen Verzweigu

1978.

schlichen Atemweger und der
ng des Bronchialsystems auf

den Atmungsveriauf verschiedenen Lungenbezirken. Arch. Ges.

Physiol. 162: 225-299; 1915.

Rohrer, F. Der Zusammenhang der Atemfrafte und ihre Abhangigkeit vom
Dehnungszustand der Atmungsorgane, Pflugers Archives. 165: 419;

1916.

Rohrer, F. Physiologie der Atembewegung Handbuch der normalen und path.

Physiologie. 2: 70; 1925.

~Salzano, J., D. Rausch, and H. Saitzman. Cardiorespiratory responses to

exercise at a simulated sea water depth
Applied Physiology. 28(1): 34-41; 1970.

of 1000 feet. Journal of

Sharp, J., J. Henry, S. Sweany, W. Meadows, énd R. Pietras, The total work

of breathing in normal and obese men,
Investmation. 43(4): 728-739; 1964,

Shee C.D., Ploy-Song-Sang, and J. Milic-Emili.
pressure during expiration in conscious
Physiology. 58(6): 1859-1865; 1985.

Shinozaki, T., R.S. Deane, F.M. Perkins, L.H. Co
Mazuzen, Jr., and F: M. Bird. Compariso
ventulatton W|th mechanical ventilation.

Journal of Clinical

Decay of inspiratory muscle
humans. Journal of Applied

ffin, F.P. Ittleman, J.E.
n of high frequency lung.
Journal of Thorac:c and

Cardiovascular Surgery. 89: 269-274; 1985.

Stonim, N.B. and L.H. Hamilton. Respiratory Physuoloqy 5th ed. Toronto: The

C.V. Mosby Company; 1987.

Solway, J., N. Gavriely, A.S. Slutsky, T.H. Rossing, P. Drinker, A.F. Saari, and

J.M. Drazen. Effect of bias flow rate on gas transport during

high~frequency oscillatory ventilation.
267-276; 1985. _

101

Respiration Physiology. 60:

.



104,

105.
106.

107.

108.
109.

110.

112,

113.
114.

115.
116.

117.
118.

119.

Spaur, W., L. Raymond, M. Knott, J. Crothers W Brarthwante E Thalmann
and D.Uddin., Dyspnea in divers at 49. 5 ATA: mechamcal not chemlcal

in origin. Undersea Biomedical Research. 4(2): 183-198; 1977.

Sterk, W. Diver and underwater breathmg appartus. Nederl. Milit. Geneesk. T.

23: 322-356; 1970.

o
-

Sterk, W. Respiratory mechanics of diver and diving apparatus. PhD Thesis.

University of Utrecht (Holland). Drukkerij Elinkwijk, Utrecht. 1973.

Tajiri, J., H. Katsuya, K. Okamoto, K. Urata, and T. Sato. The effects of the

respiratory cycle by mechanical ventilation on the cardiac output

measured using the thermoditution method. Japanese Circulati

ion

Journal. 48(4): 328-330; 1984,

Tamsma, T.J.A. and A.J.G. Spoelstra Critical Care Medicine (letter). 14(1) 78

1986.

Taylor N.A.S. Effect of Breathing Gas Pressure on Respiratory Mechanics of

Immersed Man PhD Thesis. Simon Fraser University; 1987,

Taylor, N.A.S. and J.B. Morrison. Lung centroid pressure in immersed
Undersea Biomedical Research. 16(1): 3-19; 1989.

Taylor, N.A.S. and J.B. Morrison. Lung centroid pressure and its influence on

man.

respiratory and physical work during immersion. Physiological and

Human Engineering Aspects of Underwater Breathing Apparatus UHMS

Workshop, Bethesda, Maryland. April 10-11, 1988.

Thaimann, E., D. Sponholtz and C. Lundgren. Effects of immersion and static

Iung loading on submerged exercise at depth. Undersea Biome

Research. 6(3): 259290; 1979.

dical

Wade, O. Movements of the thoracic cage and diaphragm in regpiration.

Journal of Physiology (Londog 124:.193-212; 1954.

Ward, S., B. Whipp; and C. Poon. Density-dependent airflow and ventllatory

control during exercise.- Respiration Physioloqy. 49: 267-277;

Weinmann, G.G., B.A, Simon, and W. Mitzner. -‘Lung compliance changes on

high-frequency ventilation in normal dogs. Journal of Applied

1982.

Physiology: Respiratory, Environmental, and Exercise P Physrology 56(2):

506512: 1984 -
Weissman, C., J. Askanazi, J. Milic- Emnh and J.M, Kunney Effect of

respiratory apparatus on respnratlon Journal of Applied Physiology:
" Respiratory, Environmental, and Exercise Physiology. 57(2): 475-450;

1984.

Whitwam, J.G., M.K. Chakrabarti, S. Sapsed-Byrne, and A. Perl. Combined
continuous flow, normal, and high-frequency ventilation. Critical Care

Medicine. 14(3): 202206; 1986.

Williams, S. Engineering principles of underwater breathing apparatus.
Bennett, P.B., and D.H. Elliot feds.). The Physiology and-

“In:

Diving. 2ndgj_ London: Bailliere Tindall. 1975.

Wood L. and A. Bryan. Effect of increased ambient pressure on flow-volume
1969.

curve of the lung. Journal of Apphed Physiology. 27(1): 4-8;

102



120. Wood L. and A. Bryan. Exercise ventilatory mechamcs at_increased ambient - e

pressure. Journal of Applied Physiolo Respirator nwrgnmensa ,
and Exercise Physiology. 43(25 %'51—23‘? '5789—_—1'

121. Woolcock, A.J., N.J. Vmcent and P.T. Macklem Frequency dependence of
: compllance as a test for obstruction in small airways. Journal of
Clinical Investigaticn. 48: 1097-~1105; 1969.

103



APPENDIX A

Table A1: Respiratory Capacities, L (BTPS)

/6’

SuB# o IC . ERV FEV,
1 5.594 3.243 2.657 3.892
2 5.459 3.648 1.757 4.351
3 5.756 3.628 2.564 4.675
4 ~ 8.216 4.729 2.660 4513
5 . 5589 4.432 2.387 a.644
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_ APPENDIXB .

Table B1: Regression coefficients and variance for inspiratory flow-resistive work.

SUB# B 8, 8, Rt
U |
) / — N\

1 -0.062 + 0.224 0.0116 + 0.0062 0.009022 + 0.000014 0.459

2 0.245+0.110 0..0022 + 0.0032 0.000024 + 0.000008 0.498

3 0.158 £ 0,104 -0.0002 + 0.0030 - 0.000060 + 0.000008 0.847

4 - 0.222 + 0.296 0.0225 ¢+ *0.0/688 ~-.0.000025 + 0.000024 0427 e
5 0.366+0.105 0.(0050 + 0.0031 0.000030 + 0.000008 0.690

Ave 0.186 + 0.326 0.0083 + 0.0140 k 0.000032 +'0.000028 0.797+0.090

105



Table B2: Regression coefficients and variance for expiratory flow-resistive work.

SUB# Bo 8\ 8, R
1 0.462 % 0.127  0.0001+0.0035  -0.000067 + 0.000008 0.871
2 0.350 % 0,088  -0.0020  0.0026  0.000065 * 0.000007 0.888
3 0.584 + 0.163  -0.0049 + 0.0048  0.000058 * 0.000012 0.607
4 0.205+0.386 00322 %0.0115 0000007 + 0.000031 0.427
5 0.366 +0.195  -0.0016 + 0.0058  0.000110 % 0.000015 0.820
Ave 0.394%0.332 00048 £ 0.0210 0000061 * 0.00005 1 08630108
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S _

Table B3: Regression coefficients and variance for total flow-resistive work.

SUB# Bo 3, 8, R,
" 1 0.397 £ 0.269  0.0118 £.0.0074 0.000089 + 0.000017 0.797
4 0.58940.127  0.0004 £ 0.0038 0.000088 + 0.000010 0.889
3 0.753 + 0.236  -0.0059 + 0.0069  0.000121 + 0.000613 0.787
4 0.421 % 0,656  0.0847 £ 0.0196 0.000032 + 0.000053 0,477
5 0.726 + 0.280  0.0035 + 0.0083 0.000140 + 0000021 0.814
ave 0.577+0.479 00129 + 0.0334 0.880£0.085

0.000094 + 0.000065
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Table B4: Regressionwefficiénts and varijance for total'res}pira'tory work.

SUB# . B | 3, B, | R,

1 0.692 £ 0.302 0.0077 + 0.0084 | 0.000104, + 0.000019 0.780

2 0.761+0.114  0.0016  0.0034 . 0.000078 % 0.000009 0.891

3 1.093 + 0.258  -0.0059 + 0.0075  0.000105 + 0.000019 0.690

4 1.277 + 0,770 0.0456 + 0.0230 - 0.000014 + 0.000063 0.255

5 0.772%0.277 00116 + 0.0082 o.oomqs £0.000021 0798
Ave 0.920 + 0.597  0.0121 + 0.0230 0.000084 + 0.000068 0.683£0.250
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APPENDIXC . .

Table C1: Regression coefficients and variance for inspiratory resistance.

—

SUBJECT Bo

e Bx R a z
1 1.040 2 0,111 0.0327 # 0.0213 0.848
2 0.745 % 0.160 . 0.0630 + 0.0289 0.684
3 © 0.620%0.155 0122000290 - 0.736
5 1,542 £0.129 ~ -~ 00678 + 0.0247 - o88a

Ave . 0.987 + 0.549 0.0714 £ 0.0632 0.788+0.094
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Table C2: Regression coefficients and variance for

expiratory resistance.

SUBJECT  Bo 8, | Ra-z
: 1,572 £ 0.201  0.1319 £ 0.0377 0.829
2 0.389 + 0.144 0.2040 * 0.0258 0.838
3 . 1.038%0.131  0.0679 ¢ 00242 0.836
5 2.031 % 0.366 0.0838 £ 0.0696 0.616
+ S

Ave 1.258 4 0,917 _ 0.122 % 0.100

-0.780 £ 0.109
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