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£ Review of the Literature

in order to move air inlo and out of the lungs, work must

e done to overcome the various resistances involved in respira-

tory movements. These various resistances may be considered
the slgebraie sum of three different components; a) the resistance
involved in sccelerstion of the system, that iz, inertia; b) the non-

glastic resistances and, o) the slastic resistavess.

Hiead {1} in his review of the mechanics! properties of
lungs, states, 'To spesk of slastic, flow resistive and inertisl terms
is to imply knowledge as to the responsible physical properties.

mass inertis

This iz probably justified for the inertial term, sines
iz the only likely possibility in this instance. On the sther hang, it

is not justilied for the "eiastic’ term. I is safe to say that elasticity

of tissues accoums for part of the ¢lastic tevin, but if i alsc cer~

bdowmin-

tain thet other properiies, . g,, the force of gravity on the
al contents and of gurface tension in the alveolar lining, which are
not slastie in nature, contributs”.
INERTIA

#ince the gystem i slmost continuously sceslerating or

deceleraiing, ineriia should be considered ag 3 resisiancs to be



overcome. The ealoulations of Rohrer (2] however, indicate that
the force reauired for necelerstion must be ordinarily very amall,

Diean and YVisscher {3),

and is in general, considered negligible,

uging 2 pump g8 an sriificial respirvator, found the magnitude of

the inertia effect in moving air was very small, probably because

of the gmall magses involved, and it amounted to 8 maximum
pressure of less than 6.5 mm. of water st the maximum respiratory
freguencies and pump volumes that they used. Mead {4} also has
shown that inertia is = negligible factor up to respirasiory rates of
100 per minute.

This can be further divided into two significent compon-
entg; a) the tissue viscous resistance due to friction withia %:;igém«:ez;
that move during respiration, such as the rib cage, the dlaphragm
and structures in the thoracie and shdomingl cavities. It is devend-
ent upon the veloeity of motion and is therefors relsted to the
rapidity or guickness of breathing, b) resistance {o air flow slong
the fracheo-bronchisl tree which depends upon the number, longth

and cross sectionsl avea of the tubes conducting air info the Iy

¥t is also dependent upon the m%:'@ and the nature of the air Jlow which

s

may be laminer or turbulent. The pressure reguived to produce

laminar flow is proportional to the volume flow (V) thines & consiaw




{1} which is related to the viscosity of the gas; & is independent
of the density of the gas. For turbulent flow, the pressure requir-

ed iz proportional to the square of the volume flow (V2 times

another constant (Kg) which is related to the density of the gas;

it is independent of the viscosity of the gas.
There is some discrepancy in the literature as to
whether non-elastic resistance differs during inspirstion and expiv-

ation. Some of this digscrepancy may be gxplained on the variety

of methods used, and the differsnces in respivatory rates and

tidal volumes of the subjects being studied. (s and Proctor (8),
using an interrupied flow {echnique, and Mead and Whiltenberger
{9) using esovhageal pressures and an electrically integrated
pheumetachometer, could find no significant difference in non-
glagtic resistance between expiration and insgpiration except at
high rates when resistance was higher during expivation (3). Fyy

et al {T) using esophageal pressures, pneumotachograghic record-

ings. and Attinger ot ol {10) using almost the same technigue,
found thsi non-elastic resistance was higher during expiration
than during ingpiration. This is in agreement with the sarly work
of Neergard and Wirz {11)

Non-elastic repistance iz dependent on the lung volume

at which respiratory movements cceur. Resistance is higher the



lower the lung volnme; that is, more pressure is reguirsed io produce
flow when the lung volume is below the functional residual capaeity
{7,8,8,12). Fry ot al {7} have offerad & possible explanation on the

basis that the terminal bronchicles being unsupperted by cartilaginous

siructures are dependent on intra-thoracic pressure and thereiors,

when lung volume ig Increased during inspirstion, ths broochicles

are gurrounded by a greater segative pressure and &
increase, thus exerting less resigtance to flow.

Honeglastic resistance iz also affecied by body position,
the resistance being higher in the supine position than in the sitting
position {310,12)

AIRWAY RESISTANCE

Forn {6} in discussing the theoretical concents of resist-
ance to airflow, reviewed the work done by Rohrer {8} in 1815,
Rehrer's wag rather a laborious and painsisking study which in-
volved detalled analomicsl mensurements of the trachec~bronchial
ires o post-mortem human lung preparations. He caleulated the
curaylative resistance to alvflow in the entive system waing his
anziomdecal measurements, Polseuille’s law and theoriss of turbu-
lence. Hohrer concluded that in 2 single alrway the flow of alr was
vredominately laminsr. The pressurs drop required for a given

veloelty of flow could be expressed by Poiseuille’s law, i.e.




P = _8lyn where P is pressure in ¢m. ﬁ;%f}
98ire
v ig veloeity in cm. /sec.
¥ is the radiug in mm.
1ig length in om.
7 ig the viscosily
When the velocity exceeds a oritical value, the flow

becomes turbulent and ihe pressure drop varies as V™ whers 'n!

hes a value of 1.7 t0 2. 0. The critical veloeity In cm. fsec. for

%ﬁﬁmﬁ@m flow

SiP

# theorized to be 1280n where n ig viscosity,

a4
is the density and 4 is diameter in mum. He concluded that in a
given airway thers was liitle likelihood of excesding the critiesl
velociiy except perhaps briefly, during a cough. Gaensler et al {6)

however, during siudies in bronchospiremetiry concerning critical

velocily, found that Rohrer's original hypothesis concerning eriti-
cal veloeity wag erronsous and thet turbulence is encountered even
at flow raies as low as § litres/min. , particularly in the smaller
diameter airways. Rohrer was aware of turbulence securring
whenever air flow changed direction rapidly, ss in the nasopharynx,
or at the dicholomous branchings of the airways. Hig study pro-
duced an sgustion to represent the pregsure required o overcome
air flow resistance:

Pz 0.79V - 0.801 ¥2 P in cm. [HyO

v in 1. fsec,.



The first term represents laminar resistance and the second
turbulent resistance at particular points in the airway.
Fryetal(7)in 1884, ina mathematieal analysis of their
data on non«elagiic resistance, reasoned on purely physical grounds
that at least part of the pressure flow relationship in pulmonary

ventilation must be expressible by 2 polynomisl:

(Ryu@) + (Ryd0%) 4 £Q |
{tizsue}

where P is the total pressure drop reguived
u is the viscosity
é is the density
and  fis the flow

The first term, the linear cosfficient represents laminar flow,
the second term, the quadratic coefficient represents turbulent
flow. The functional notation {9 (tissue) represents tissue viscous
registance and the nature of this term is totally unknown.

Various attempts have been mode to measure airway
resigtance as a separate component of total non-elastic resistance.
Since sirway resistance is the ratio of alveclar pressure during
fiow to airflow, airway resistance alone could be measuved if there
were a methed for delermining alveolar pressure during flow.

Eariler investigators {8) used an interrupted flow tech-

nigue for determining airway resistance alone. The theory was




that when flow of aiy is interrupted during nspiration, the flow
record goes to zero and the pressure at the mouth falls to & value
which iz nearly equal o the low pressure existing in the relatively
large volume of alveolar air at that instant. The change in pressure
at the mouth indicates, therefore, the pressure gradisnt required

to cause airflow at the veloeily recorded iromedistely prior to the
interruption. ifead and Whitienberger {18) evalualed the interrupted
flow technigue and concluded that it was not reslly just a measure

of airway resistance, but rather a %&Mam of total resistance.

The basic hypothesis of the nierrupted technigue iz that the alveclar

pressure does not change apprecisbly in the interval after interrup-

tion before equilibrium is esteblighed in the system. Mead and
Whittenberger {13) claimed that this is a false assumption and that
18 milliseconds is probably 2 congervative estimate of the time it
would take alveolar pressure to change more than 50% of the way
towards its new level bllowing interruption. The pressure squili-
brated st the mouth would then approximate the sume of the pre-
existing respiratory tract and tissue resistive pressure drops, and
with the measursd flow prior to interruption would yield & measure

of toial lung resistance rather than just sirway resistance. Bayliss

and Roberison {14) artificially inflating cat's lungs, found that air-

way resisiance constituted approximaiely 5% of the ioial lung
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registance, byt they made no mention of the flow rates gt which
they were working.

Dubols et al {15) developed 2 body plethysmogravhic
method for determining slveslar pressure during air flow and found

that mean alrway resistance was 1.5 em. Ho/l.[sec. at 2 flow of

one L. feec. ¥ must be mentioned that this was for mouth breathing
only and the subjectis had to carey out thelr respiraiory movements
in 2 panting mammer due o artefact produced by ordinary tidal volumes.

TISSUE VISCOUS RESISTANCE

The importance of this component of non~2lagiic resist-
ance iz at some variance, probably due {0 the vaviety of methods
used 1o delermine ¥ as 2 separate entity.

Dtip, Fom acd Rahn {(16) in their studies on trained sub~
jects in a Drinker respirator, found that tissue viscous resistance
probably was & small portion of the tolal resistance.

Jther attempis to delermine, separvately, this component
of non-elastic resisiance have been based on the aseumption that the

%%

breathing of gases of d

2

terent viscosities and densities should enly

alier the sirway resistance and not the lissue viecous resistance.
By extrapolation back to the resistance which would be present ¥ the
viscosity and density of the inhaled gas were zeve. the pressure re-

quired is overcome tissue viscous resistance could be caloulated.




Bayliss and Robertson (14) ventilated isolated animal
lungs with gases of different density and viscosity and they ealcul-
ated thati the tissue viscous resistance was gbout 15% of the total
pulmonary resistance. Mellroy and Christie {17) studying human
lungs at post mortem, concluded that tissue viscous resistance
wag 2 major factor in the resistance to movement of the lungs
under the circumstances of their experiment. Fry et al (7) found
that the third term of their polynemial, that is, the term represent-
ing tissue viscous resistance, showed no significant change when
uging gases of different density and viscogity, and eoncluded that
tissue viseous resistance was a negligible guantity.

Mellroy, Mead, Selverstone and Radford {18) criticized
the work of previous invesiigators, using different gas mixture
technigue, because they did not use gases of equal kinematic viscos-
ity. They explained the meaning of this term and the rationale of
its use in the following manner: Reynolds had shown that the ten~
dency to turbulent flow could be expressed by 2 dimensionless number,
since called Reynolds' number, which was proportional to the product
of the linear flow velocity, the radius of the flow cizamael and density
of the fluid and inversely proportional to the viscosity of the fluid.

In the resgpiratory iract the distribution of turbulence at & given flow

rate will be the same for gases of various viscosity and density only




if Reynolde' nuiber gt all points is unchanged. For this io be

true the ratio of viscosity to densily, that is, the kinemstic viscos-
ity must be kept constant. For gases of squal kinematic viscosity,
the pressure drop necessary to produce a given flow rate through
any gas flow resistance, will change proporiionately with the density
of the gas flowing. This i‘a&i makes H possible o examine the tissue
vigcous resistance by measuring the resistive pressure difference
at a given Jlow raie while breathing gog mixtures of egual kinsmatic
viscosity but with known differences in dengity and viscosity and
sxirapolating to conditione of zero densily and viscosity. By using
diffevent gas mintures at different rates of flow, the mean value

for tissue viscous resistence was 0.8 cm. HyO/L /sec. or about

30 to 40% of the total respivatory resistance in quietly breathing
normal adult meles., The work of Fry et al {7} introducses conflict-
ing resguits, however, as they use gases of equal kinematic
viscosity and as sisied above, found that tissue viscous resistance
was 2 negligible guantily.

An additional method for determining tissue viscousz
resistance has been uged by Marshall and Dubsis {18). They
measured simulianeously the pressure regquired o overcoms total
non-glastic resisiance, using esophagesl pressure and the pressure

required to overcome alrway resistance by a body plethysmograph.




By sluple subtraction, the pregsure necessary to overcome tissue
vigcous resistance wag determined. Ths iotal non-elastic vesist-
ance was 1.20 em, HgO/L /sec., airway resistance was 0,39 cm,
HyO/l. /sec, and tissue viscous resistance was .21 em.HgO/1. /sec.
or aporoximately 18% of the total.

ELASTIC RESISTANCE

Eiasticlty is 2 properiy of matier that causes it to re-
turn to its resting shape after having been distoried by some external
force. The tissues of the lung and chest wall are said to possess
this property of elasticity, The slope of the lise that resulis from
plotiing the external foree, Lo, pressure. against the inerease in
volume serves as 8 measure of the silffness or distensibility of the
lung and chest wall. This iz referred {o as the compliance of the
systema and ie defined as the volume change per wnit pressure
change, being expressed in ltresfom. HyD. The lower the comp-
liance, the less distensible is the system. Inherent in most siudies
on compliance is the assumption that the pressure volume relation-
ship is Hnear. Actually the plotting of this relationship when
determined by inflating a collapsed lung to rather high volumes,
agsumes 2 sigmold shaped curve {20). However, most clinical
studies are carried out with tidal volumses within the linear portion

of the pressure-volume curve.
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it should be pointed out thet the cowmpleie pressure~
velume eyele is not purely elastic in nature but exhibils hysteresis
{21,22,28,24), This has been defined by Landowne and Stacy (358}
as the fallure of & systewm to follow identical paths of response
upon appiication of and withdrawal of & forcing agent. The result
of thiz failure to vetrace the same path on withdrawal ss on
application, is the formation of 2 hysteresis loop.

Reecont luvestigetions suggest thet this phenomenon of

hyateresis is due to surisce tension factors at the gas-tizsus inter-

face {1,21,28,24). This is based on the observation that liftie or
ao hysteresis is evident vhen lungs ave infiated with saline rather
than air (23} or when the sirway is pre-treated with non-ienic
detergents such as Tween 80 (20,21).

Surface tension factors are not just involved in the pro-~

sbout one half of the

duction of hystevesis bul aetually sceount fovr
total slasiic behaviour of the lung {21,24). Pieree ot al {24)

commented that the precise role of the slastic fibres is not com-

pletely defined, but they felt that they were not essential for normal

ziastic performance on infistion with aie. This conclusion was
baged on thelr obheervation that eiasstase treated lung preparations
gzhibited normal pressure volume relationshios on inflation with

air. There is alsc some evidence that normal lungs contain a
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surface gtabilizing substancs {21} that provents alveclar collapse
due to surfpce foreeg. Apparently this subgitance is not present in
infants dying with severe ateleciasis neonstorum {21,28)s Bince

surface tension gesms to play such an lmpoviant role in the so~ecalled

elastic propertios of the lung, & might be cmphasized that lung
complisnes sludies are not reslly 2 weasure of true clastic vesist-

ence, but rather o messure of lung distengibility.
‘The complionce of the lung or chest wall can be delermined

rotely by knowing ihf* volume change associaled with the pressure

SE0A

differsnces scross each separately. Changes in pisursl or intra~

thoracic sressure can be measured divectly or approzimated by

esovhageal presaurse change., The use of esophageal pressurs as
an estimation of gleursl pressure heg been o subject of considerable

investigation. Chernisck ot &2 {27} shserved extreine variability
belween esophages! and pleural pressuce in subjects in the vecum~-
bent pogition. On the other hand, Mead and Gaengler (28] in studying
gubjects in the erect position, observed much less vavistion. Thay
also felt that in the supine position, the escphagus was compressed
by mediasting] structures. In addition, there may pol be 3 gingle
value for ira-pleural pressure when the lungs are in natural
motion {29}, Mesd has sumimarized the problem regavding the

pregsures st the zurface of the lungs by sisting "the best data avail-
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suggest that these differences are gmall aver much of the onter

surfzce, but there iz need for more mformation on this point and on
the general question of the distribution of fovess and thelr pressure
equivalent in the lungs”. He also stated that in human subjects in
ihe upright position, the esophageal pressure appears to be as good
as directly messured pleural sressuve.

LUNG COMPLIANCE

Hellroy (30) gives the range for lung compliance in normal
adult males 28 0. 14 - §.33 L fem. HyD, and for females 0.09 - 0. 18
Lofem. Hg. Two other terms, the ¢lastance and the index of slastic
resigtance ave also used to describe the distensibility of the tung.
They sre simply the reciprocal of compliance and they deseribe the
pressure required io produce 2 given volume change. Oiis, Baln
and Fenn {31) give a value for normal subjects of 0.5 em. %%;5@ ey
100 ce. volume change. ¥ry et al {7) were in agreement, stating
a figure of 0.43 cm. HyO.

Since many factors affect the distensibility of the lung,

sven in normal subjects, no single number will ade quately degeribe

the elastic properties of the lung. As mentioned previously, the
sigmoid shape of the pressure volume curve necessitates the ment-
ioning of the tidal volumes used in the measurement of compliance.

Lung volume is another varisble, as the lung becomes more dis-
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tensible at higher lung volumes {(32). This haz been explained by

the theory that the slastic properties of a three~dimensional siryei-
ures such as the lung, ars more correcily sxpregsed by the modulus
of elagticity {11), f.2.:

med. el == PEL = %

AV, <
Vs

Where APEL is the elastic pressure difference for 2 gives volume

change AV,

Vi. is the initial Jung volume, and
- € is the compliancs. I follows from this that if the

modulug of elasticity is to remain constant, the compliance must

incresse with increasing lung volume. Atiinger and Segal {32} pro-
pose that the slastic properiies of the lung are due to the clastic
fibres in the alveolar walls and that the total elastic force of the
lung depends upon the number of ventilated siveoli. A small lung
consists of less alveoll than a larger lung, and therefore reguires
& greater pressure gradient for a given volume change. The

previously mentioned work of Plerce et al (24) which places

doubt on the role of the elastic fibres in lung distensibilily, perhaps
invalidates the theory of Attinger and Segal {32). 'The dependence
of compliance on lung volume may be due {o surface tension faciors

because onee an alveclus or group of alveoll become relatively



ig

zirless i§ reguires lerge preseures o re-inflate them, and i has
besn demonstraied that the pressures nscessary o re-inflate ‘cloged
off? alvesli with galine are considerably less than the pressuves
required for re-inflation by air (23}, Clements ot al {32) have
suggested that when the alvecl are extendad, tissue forees predom-
inate, while &t moderate to small volumes, surfsce forces predome-
inate. This would seem to indicate that at high lung velumes, the
surface factors are minimized and thus, the Lung is mors disten-
gible. In addition fo these observations on lung volumes, animal
{34, 35) and human experiments {36) have shown that the humg is more
distensible if it has been previcusly 'siretched by near mezimal
infistions,

Changes in surface forces and deereased lung volume
mpy be partially responsible for the observation that elagtic resiste
ance is higher in the supine position fhan in the erect position {15,

i2}. 1t has also been suggested that with the adoption of the supine

position, thers is an increase in theracic blood volume and this
causes the lung fo be less distensible (10).

Ancther varisble involved in the measurcment of sompe
lisnce is the respiraiory fragquency and thiz will be discusged in

the following gestion.
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STATIC AND 7FUN CTIONAL COUPLIANCE

Two types of lung eompliance have been described by
Dtis et al {87}, the static complisnce and the dynamic or functional
complisnes. Btatic compliance axpresses the trae compiisnos of

the lungs as & whole and is determined ag the pressure change per

unit volume change when air flow iz interrupted long enough &
syuilibration of intra~thoracic pressure. Funciional or dynamic
eomplience is that determined duving spontancous breathing, as
the pressure change per unit volume change between puints of
zere air fow (usually end of inspiration and end of supiration).
Bince in ihe normal lung eguilibration of intra-thoraeie pressurs is
ezsentially instantsneous. there is no difference bebween sistic
and functional compliance. In the presence of unegqual ventilation,
however, intra-thoracic pressure is not yet equilibrated during the
brief time of zeve alr flow in spontansous breathing and the function-
al complisnce is lower than the static complisnes (38). In this
situation, the funetional compliance decrenses even more with
incressing respivatory vate {37, 38) and may be explained by the
effects of 3 non~uniformly distribuied non-clastic resistance £35).
A% slower respivatory rates, the non-elastic resistance fustor is
minimal and all arsss of the lung take part in ventilation snd com-

plisnce will be high. At faster respiratory rates, the portions of
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ihe lung with low non-elastic resistance will be over-distended and
the measured compliance will be low {38},

CHEST WALL COMPLIANCE

While the compliance of the lung may be studied with
relative sase in the spontancously breathing subject, that of the
chest wall iz more diffieult to measure. Forris ef ol {40} estimated
chest wall compliance by measuring total respiratory and lung com-
pliance in a supposedly "relaxed® normal subject ventilated by a
respirator. The obvious drawback of this method is that # reguires
an extremely well-irained subject. Butler and Smith (41) estimated
chest wall compliance in anssihetized subjects under the influencs
of muscle relaxants. It is unlikely thot thelr resulis ave direectly
applicabls to the conscions, spontanecusly breathing subject. Heaf
and Prime {42} and lator Nabnark and Cherniack {42}, mensured
tetal regpiratory, chest wall and lung compliance in spontaneously
breathing subjects by slightly different technioues. The results of
Waimark and Cherniack were that total respiratory compliance was
0.110 L. Jem. HeO, lung compliance 0,282 L. fom, H5D, and chest
wall 8. 224 1. fem. HyD. These results are similar o thoss of Heaf
and Prime (42},

In zumamary, the various resistances involved in the act

of breathing have been discussed. Their relaiive roles and factors
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affecting thelr wmeasurement, snd some of the comtroversy o
of them has been pointed out. The following sections will discuss the
assaciation of the resistances invelved in pulimenary mechanics and
the work of breathing ond how these are slieved in heart disease,

TOTAL MECHANICAL WORK

Total mechanical work, that is work done on the thoraz
and sbdomen as well as on the lungs and gas, has been measured
using two different techniques. The first is to have the respivatory
suscles completely relexed or paralyzed and have breathing effsct-
2d by 2 pump, such as 8 Drinker respivator, or an intevrsyitient
positive pressure resuscitator. The differeniial pressure belween

the mouth and the outside of the body. plotted against volume changes

gives a pressure~volume loop from which an estimate of the iotal
mechanical work can be caleulsted. Otis, Perm and Rahn (18) found
in a relaxed normal subject in & Dricker respirator with a 580 o,
tidal volune at & frequency of 15 per minute, the foial mechanienl
work was 0. 315 kgii/min. With 950 ce. tidals and 2t the same fre-
quency, the work rose to 0. 845 kghifmin. Bixty-thres percent of the
total work in Inspivation was used in overcoming elastic foress, 209
in overcoming alrway vesistance, and 8% in deforming tissuss, but
these ave all dependent on the pattern of breathing. Campbell {44)

claims that the true values may be somewhat greater than those




20

found by this method because it is unlikely that a conscious subject
can velax his respiratory musecles completely. The inspirsiory
imuscles probably sssisted the respivator and decreased the pressure
difference between the cabinet and the mouth.

OXYGEN COST

The other technique of determining fotal mechanical work
is to measure the tolal energy cost of breathing, The geneval pro-

csdure is to measurs the oxygen consumption first with the subject

at rest and then with ventilation increased, either voluntarily or by
stimulation with carbon dioxids. 'The latier may be accomplished by

breathing gas saixtures with varying Jsngths of dead space. Provided

there is no other reason for an inevesse in oxygen consumption, the

excess consumption during increased ventilation can be attvibuted to
the metabolism of the respiratory musecles. By extrapolation, the
sxygen consumption of the respiratory muscles during guiet bresth-
ing can be obilained. and by measuring the ogygen consumption ot
various levels of ventilation, an oxygen cost curve can be obiained.
Although Murray {48) found that there was no difference in
the exygen cosl when hyperveniiistion was induced voluntarily or by
the addition of carbon dioxide to the inspived gas, the earlier Investi-

gators {468,47) had agreed that voluntary hyperventilation required

2 greater oxygen consuwinption than the equivalent ventilation sticu-~
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lated by carben diozide. Liljestrand {46) believed that voluntary
hyperventilation was more costly because it was less natural and
was carried oul by g lesgs efficient mechanicsl sction of the museles,
that is, there were more extranecus movemenig. (%her authors
argue that the higher cost of voluntary hyperventilation is related

to an effect that the lowered alveslar and arterial pCOg have on the
respivatory muscles such that they use more oxygen for a given
amount of ventilation when the arterial pCOy is low than when it is
nigh. Michaelis {47) et al controlled the alveolar pC0; during volun-
tary hyperventilation by the addition of various concentrations of
carbon diozide to the Inspired air and found thet for a similar amount
of hyperventilation, the oxyvgen reguirement was higher, the lower
the alveolar pC0y. This is in the German literature and possible
explanation of the mechanism may or may not have beon given, and

algo it is w

known wheiher they sctually measured aiveolar pUly.
Liljestrand (46) in 1918, and Nielsen {48} in 1938, were

ermine oxygen cost and they estimated the

arong the first to det

oxygen cost of quiet breathing in normal subjects to be about 6.5

ml. [Oaflitre of ventilation. Cherniack (49} increased ventilation in
normal subjects by the addition of dead spaces and found the oxygen
cost of Increased ventilation to be 2 mean value of 1. 18 mi. fi. with

ventilations not exzeceeding 30 1. /min.
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Investigators who have measured the oxygen remirements
for bresthing over a congiderable range of ventilations have noted

that the relationship between energy requirement and ventilation is

not 2 straight line, but 2 curve of ever inereasing slope. Cournand
et al {50} by having their subjects increase their ventilation volun-
tarily and adding carbon diozide to the inspired air to prevent carbon
dioxide unloading, showed that in nermal subjects when ventilation
was 25 L, [min, ahove resting, the oxygen cost was 1 mi. fl. and when
the ventilation was 89 1. /min. shove resting the cost was 2 mi. /1.,
and at 80 1 /min. above resting the cost was 3.2 mi. fI. They also
showed that at the same ventilajion there was a larger oxygen uplake
at a respivatory rate of 20 than at a respiraiory vate of 30. They
did not mention what the normally adopted respiraiory rate of their
subjects was.

- Nielsen {48) found that at a ventilation of 10 L /min. the
orygen cost wae sbout 1 wl. of oxygenflitre of ventilation, but at

56 1. fmin. it was sbouwt 2 ml. fl. Oiis and MeKerrow (53) found that

at maximal levels of voluntary hyperventilation {360-278 1. /min. )
the oxygen cost was 3 - 8 ml. /L
An important implication of the lucreasing stespness of

the oxygen cost curve is that for any subject theve is 2 eritical level

of pulmonary ventilation above which the respiratory muscles use

all the additionsl oxygen provided by further increase In ventilation



and the artevial oxygen tension conseguently falle. Otis caleulated
this eritical level of ventilation to be sbout 148 1. Jmin, in young
normal subjects. In diseases which cause an incresse of the mech~

anical work of breathing, this eriiical level may be as low as 26

i.fmin. Even at lower ventilstion rates, the higl

proportion of the
total ouygen consumption required by the respirsiory muscles |
greatly decreases thal availshle to the rest of the body and hence

contributes significantly to the limitation of exercise tolerance.

Bartlett ot al {62) measured oxygen cost In two normal
subjects at different vespiratory rates. They confirmed that the
oxygen cost curve was one of ever increaeing slope. The onygen
cost at low ventilations increases with inersasing respivatory rates.
This was determined by the angle st which the extrapolation of the
oxygen cost curve approached the O azis. They explained this by
the fact that at higher rates the increased air flow and acesleration
must be sccompanied by increased alrway and tissue components
of non-elastic work. They claimed that it follows that when the
same pulmonary minute volume is accomplished at several bresth-
ing rates. the non-elastic work must inerease with increasing

fraquency. ading is contravy o that found by Cournand &f 2l

{50}, who compared rates of 20 and 30 per minute, but Baritiett ot

al were comparing rates of 23, 41 and 98 per minute. The latier
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rate of 98 per minute can hardly be considered of any physiological
significance and thely conclusionsg are based on extrapolated daia.
Another very obvious critieism of their work is that they used three
different rmethods to stiain their different respivatory rates.

The oxygen cost of hyperventilation iz & way of measuving
total ensrgy expenditure of the respiratory muscles, but Campbell,

Cherniack and Wastlake {54) have deseribed 2 method of measnring

machanical work In terme of kilogram melres, using the oxyzen cost
curve. It iz an indirect method by which the efficiency of the respiv-
atory system is determined by measuring the change in oxygen con-
sumption assoclated with the addition of known inspiratory resistances.
The efficiency measured m this way has been shown to be constant over

a wide range of added work loads and it is assumed that the efficiency

is the same at rest with no exira loade. Hechanical work during guist

breathing in normal subjects is 0.8 1o 3.0 kg¥i/min. and # is of interest

that with this method, the total mechanical work at rest in patienis with
emphysema is no different than the normals. Another sssumption in

this technique of measuring {otal mechanical work, is that the oxygen

cost curve malutaine the same slope at ventilations below the resting level.
Courngnd et al (86) studied one patient with mitral stenosis and

&

clinical evidence of pulmonary congesti

on and found that the oxygen cost
was higher than normal, that is, for a ventilation 15 l/min. above veste

ing the oxygen cost was 3.2 mifl. MeGregor and Beeklake {51) oun the




é&%’i@@% hand, found that the oxygen cost in patienis with congestive heart
failure was no different from normal. However, their values for ihe
normal oxygen cost of breathing were higher than those reported by
most investigators {48, 48, 459,50, 54).

MECHEANICAL WORK DONE ON THE LUNG

Weasurement of the mechanieal work done on the Iung dur-
ing breathing requires the simulianeons measurement of the pressures
exeried on the lung and the volumes displaced. When such meagure-
ments of presgure and volume changes ave plotied against each other

for a compleie breathing eyele, 2 pressure volume Ioop is obtained.
The raechanical work done on the lungs per minuie can be determined
{rom this pressure volume loop when the respiratory rale le known.
This includes the work done to overcome elastic resistance of the
ung, inspiratory non-slastic resistance and sxpirsiory non-elagtic
repistance i It occurs. Various investigstors have studied normal
subjects but only those studies involving both normal subjects and
patienis with heart disease will be presented.

Marshall, Mcllroy and Christie (83) measuring intra~
esophageal pressures with a balloon in the esonhagus and volume

changes with an slectrically integrated pnewmotachograph, found

the work done on the lung to be increased in patients with mitral

stenosis. At rest they obtained values of 0. 39 = 1.77 kgid/min.




compared to their normal values of 0. 19 = .48 kgiMfmin. On
exercige the work done rose much more abruptly than in the normals
and this wag atiributed to an increase in lung rigidity due to conges-
tion. They also noted that when normal subjects were supine, the
work done on the hung increased but there was little glieration in
the elastic resistance. On the other hand, patienis with orihopnoea
when lying flat, showed a much more marked inerease in mechani-
cal work and noticeable increase in elagtic resistance. Hayward
and Enott (66} measured the cosfficient of clastic resistance and
work dong on the lung in 30 patlents with mitral sienosis and tried
io correlate the degree of lung rigidily with the grade of elinieal
digability. They confirmed that the lungs in mitral stenosis were
lzss distensible than nermal at rest, and this further decrsased

on exercise, whereas normal subjects actuaslly increased their ung
distensgibilily on exercise. There was no correlation between the
coeificient of elasiic resistance and the degree of clinical digability.
The work done on the lung at rest was in the same range in all

four clinical grades - 6.21 - 1.77 kg¥M/min - as compared o the
vrevigusly mentioned normal values of 0. 19 ~ 9. 46 kgii/min.

Four out of five patients studied afier successiul valvotomy showsd
a decrease in lung rigidity at rest and failed to show the inerease

in rigidity on exevrcise which they manifesied pre-operatively.
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They also stated that exereise sufficient to cause dyspnea cauged
the rate of work to reach the same level as pre-operatively, This
is not go alarming, as Mellroy et al (65) noted that both normals
and patients with mitral stenosis experienced dyspnes when 2 -
3 kgl min., was the work being done on the lung. The Laportant
factor im the degree of exercise which will cause this amount of
mechanical work {o be done, and in this respect the patients of
Hayward and Knott showed improvement post-operatively.
Cherniack, Cuddy and Armgireng (12) have also shown
that the index of slastic resistance is higher than novrmal i patienis
with congestive heart failure (12.47 cm. Hy0/l. compared to 8.4
cm. HgDf1l ) and on assuming the supine position, the elastic
registance inereased in both groups. When sitiing, viscous resist-
ance, eipresaed as cim. iﬁzﬁ to produce a flow of 30 L. [min. was
also higher in the patienis with congestive heart failure. The
values rose in both groups on lying flat, but was most marked in
the patients with heart faflure. In the normals, the inereased vis-
cous resistance in the supine position was spread uniformly ovey
the respiratory cyele but in patients with congestive heart failure,
the increase was particularly marked in early inspiration and laie
expiration. In the sitling position, the work done on the lung

againgt both viscous and clastic resistances, was gresier for the
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ecardiac than the normal subject. Similarly, total work on the lung

was higher - 118, 3 kg. cm. fmin. - compared to 47.8 em. fmin.

Om assuming the supine position the total work done on the lung
increased in both groups and wag most marked in the patients with
congestive heart faflure. The work of bresthing in the supine card-
isc patienis was approximately 25% grester than when gitting and
this a%ifferm% wag ativibuted to the difference in the work done
against viscous resistance.

Sharp et al {87) found that the lung compliance was de-
creased in }3&33«%%&!‘3 edema, guoting 5 mean value of 6. 387 L fem.
HyO for eight patients. Alrway resistance was approzimately thres
to four times the accepted normal value and when they plotted
resistance against time in four patients they found that inspivatory
resistance was highest early in inspiration in all cases, the peak
vesistance occurring in the first 0. 1 to 0.2 seconds of inspiration.

i the other hand, Brown ot al {58) have shown that not
all patients with heart digease had increased registance to airflow
and the pressure-flow diagrams showsd congiderable overlapping
between normals and metients. They concluded thai sxertionsl
dyspnea was most closely related to a reduetion in vital capacity
and altered elagtic preperties of the lung, bul that increased resist-

ance to air flow playe an important role in dyspanen of cardiac




agthins. Dendurant st al {(69) ariificially produced pulmonary
vascular engorgement in normal subjects by use of flated &
suits and bnumersing the subjecis in water. They found that lung
complisnce decreased in both situstions. Their evidence of mul-

monary vascular engorgement was based on inevesse in thoraeis

radicaciivity using 1-131 tagged albumin and an incresse in the
density of the chest z-ray.

deny investigators have found 2 relatio

# :shin between
vital capacity and elastic forces of the lung and suggest that the
reduction &n vital capacity in pationis with heart %ﬁi@%@% is 2 resuli
of an alteration in the elasiic properiies of the lung. Many theories
have been postulated as to the mechanism of decreased lung dis~
tensibility and diminution of vital capacily snd resulting increased
work done on the lung in heart disease.

ne theory is that an increase in pulmmenary blood volume
would encroach upon the slveslar spaces and animal superiments

volume leads

{52) have shown that an inereased pulmonary blood
to an alteration in the zlastic proverties of the lung. However,
the reduction in compliance cameot be nccounted for completely

by simple replacement of alveolar volume, as it has been shown

dogs that a decrease in complisnce of 70% is accompanied by &

reduciion n fotal and veniilsted pulmonary gas volumes of only
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20t .s} 3%2% vespectively {84). Also pulmenary blood wolume, while
it meay be raised in some formes of left ventriculay fallure, is net
g0 in mitral stenosis {BG) in which condition the compliance of the
lung is deereased.

von Basch {81) postulsied that there was on incrense in
‘the rigidity of lung tissue as 2 result of an increaged pulmeonary

capiliary pressure. However. it has been shown that thers is no

clear relationghip between complisnce and pulimonary capillary
sressure or pelmonary artery pressure {83)

z‘i: theory that has been proposed to aceount for the de-
creased complisncs in pulmonary edema, i that the slveoll of
the non-dependent poriions of the lung that ave no! surrounded by
edema fluid, become overdistended because they ave exvosed io
an increased negative pressure. This overdistension of alveoli
forces them fo operaie over 2 less compliant portion of their
pressure volume curve. If this were true, then one might expect
the functional residual capacity in congestive heart failure to be
at least noroal, i notl incressed, whereas i facts &t is decreaged
{83). Also one would then expect the lung compliance in chronie
pulmonary emphysemas to be decrensed and this is not 2o (384

% has been suggested that In pulmonary edems that

either the composition or the geometry of the distending elemenis
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of the lung sre altered in such a way as to render the lung less come~
pliant. Some investigstors have indicated that alveolar suriace

forces play a more dominant role in determining lung compliance

in the sresence of pulmonary edema {85). Brown (68), howsver,
has suggesied that the surface properties of edema fluid are much
the same as the normal alveolar surface, but if this fluid was geo-

metrically arranged as bubbles, the radii of which were smaller

than the parent alveolus, the resuliing complisnce would be that

of alveoli with radii equal to these of the bubbles. Assuming that
both an alveslus and itz contained bubbles are portions of spheves,
the volume of such = unit is approximetely equal to 4lird. I one
considers only surface compliance, Laplace's law @%iﬁ% that trang~
mural pressure is directly proportional o suriace tension and is
inversely propoviional {o the first power of the radius, P 2 27,

Thus V/P or compliance equals 4lir® divided by 2T or %Z_;igj%z‘.

By application of differential g@mzmﬁ, # may be z?mm ﬁéﬁ the
slope of the volume presgure curve % as well as the compliance
V§# varies directly as the fourth z;m of the radius and inversely
as the surface tension. Thusg, halving the radius would decrenge
the compliance sizteeniold, while doubling the surface tension
would only halve the compliance. If this mathematical analysis

is applicable {o the situation in the slveoli during pulmonary edema,



then it may be concluded that the geomeirical arrangement of edema
fluid, rather than any change in surface tension properiies, is the

important factor responsible for the reduction in compliance {87).

if mogt alvesli had edema finid at their mouths, then with

inspiratory ezpansion the lung compliance would be low &t the be-

ginning of inflation of the bubbles and would rise as their radii
increased. This affect is apparentily characteristic of pulmonary
edema as suggested by Clements (67), and shown by the work of
Whittenberger and Affeldt {68) who have described an alinear
sressure volume relationship of lungs and thovax in pulmeonary
edera with the compliance being lowest in early inspiration.

The incrsase in alrway resistance is perhaps not as
difficult to explain as is the decreased compliance for the presence
of edema, which could aceount for & great deal of this resistance
if one considers the resistance io flow in & tube o be inversely
sroportional to the fourth power of ite radivs. Also foam and
secretions, present in the airways, may increase turbulent resisi-

ance {§7). However, the resistance being highest in early inspira-

tion {12, 57), is not as readily explained. I must be pointed out

that the value for resistance is ususlly based on a caleulation that
assumes that the pressure volume curve is linsar within the range

of tidal volumes used. However, as has been guggesied, this
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linear velationship may not exist and this would tend {o make the
calculation of the early inspiratory resistance an overestimation.
i, on the other hand, the resistance is actually highest during
early inspiration, ¥ requires explanstion. Cherniack, Cuddy and
Armstrong (12) sugzgest that the high resistance at low lung vel-
umes, such as evists in early inspiration and iate expiration, is
due to narrowing of the a2ir passages in this siate. As the lungs
expand, these passages would be opened, lowering the resistance

to air flow. Potients with congestive heart fallure are most apt to

ghow this phenomenon, 28 congestion and adema are obsivucting

the air passage. Thisz concept may partially explain the fact that

sogition the viscous resistance is higher in card-

b

even in the sitiing

iac patients, 2s the functional residual capacity and total lung capa-
city are reduced in patients with congestive heart fallure.

Auncther pogsible explanation of the apparent high resisi-

ance early in inspiratior is the concept of eritical opening pressures

of terminal lung units, as Burion {69) has described in blood vessels.

if the presence of edema fluid disturbed the balance of forces about
the respiratory bronchioles and siveolar ducts, causing them to
close off, fewer expandible slvecli would be available and com~
pliance would be lowest and airway resistance highest in sarly

insniration.
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have been discuszed. I iz rather evidemt that the majority of the

*

nvesiigators whe have studled patiente with heart disease have
been conecerned with the mechanicsl work done on the lung slone.

The following seciion will presant daln on the iniel energy expans

5

in chrogie ehalructive pulmenary emvhysema (18) and In obesity
(71,72} Sinze hypomis iz common io both conditions it is

that the oxygen cost which will be shown to be ralsed in patlents
with congestive heart failure and in normel subjecis breathing &

4

hypoxic gas mixturs, is dus to ilssue hypozis.
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PART U, THE OXVGEW COST AND THE EFFICIENCY OF THE

RESPIRATORY SYSTEM IN HYPOXIA AND IN CONGESTIVE

HEART FAILURE

A, Introduction

The oxygen cost of an increase in ventilation is high and
the efficiency of the respiralory system is low in such disease states
as chronic obstructive pulmonary smphysema (1) and obesity {2,3).
Since hypoxia is comimon to both conditions, it is possible that the
nigh oxygen cost and low efficiency are a result of tissue hypozia
bepause of sither avierial hypoxemia or reduced blood flow.

It was therefors of interest to determine whether the oxy-
gen consumption and efficiency of the respiratory system were aliered
in other conditions in which hypoxia was preseni. This paper reporis
measurements of the oxygen cost of an increased ventilation and
the efficiency with which added inspivatory work loads were handled
in; 1) normal subjects breathing hypoxie gas mixtures and, 2)
patients with congestive heart failure.

2. Je ﬁl’{;ﬁ%

Hine normal subjects and 20 patientz with cardiac disease
and clinieal evidence of congestive heart failure were studied. Their

physical characteristics and measurements of ventilatory function are




sresented in Table 1. The clinical grading of the patients with

congestive heavt failure was based on the severity of the 4

as suggested by the New York Heart Associstion (4).

Apterizl gas tensions were measured by a modification of
{5} the technigue of Riley, Proemmel and Franke (8). The vital capa-
city, maximum mid-expiratory flow rate and maximum breathing
capacity, were measured with a § litre Colling spivometer irom
which the carbon dioxide adsorber and valves had been removed, and
s high speed votating drum ncorporsted. The maximum of @ least
three trials was vecorded. Predicted values were obtained from
Baldwin ot al {7) and Leuslilen and Fowler (8).

The oxygen cost of increased ventilation was measuvred by
a clogsed circuit technigue employing & modification (1) of the method

vbell, Westlake and Cherniack {8). This essentially consisis

of measuring the oxygen consumpiion and minute ventilation al vest,
before and afier measurements at two different levels of increased
ventilation produced by the iniroduction of various lengihs of dead
space. The value used for the resting oxygen consumption in the

calculation of the oxygen cost of increased ventilaiion was the lower

of the two resting determinstions since & was felt that this was a
better renresentation of the resting state. The subjects were in a

fasting state and had been resting comiortably for at legat one hali




hour before the study. The subjects breathed into and out of the
spirometer system for eight to ten minutes prior to any measure=
wmenta. Records of oxygen consumption and ventilation were then
obtained for four to sight minuies at each level of ventilation. Ten
minutes rest was allowed between measurements at different states.

The efficiency for handling added inspirvatory work loads
was determined by measuring the additionsl oxygen consumption

assnciated with breathing through a known nspiratory resistance in

the form of a metal tube which projected down under g water seal {g).
The inability to handle the added inspiratory resistance precluded the
determination of efficiency in six patients with congestive heart fallure.

The total mechanical work of breathing per litre of ventl-
iation at rest was caleulated from the product of the efficiency and
the energy equivalent of the oxygen cost of breathing per litre of
ventilation at rest and expressed in kilogram-meters per liire of
ventilation.

The normal subjects were studied while breathing 100%
oxygen znd a hypoxzic gas mixiure of 10 - 12% oxygen in nitrogen. An
ear oximeter was used as a monitor in order fo insure the stability
of the arterial oxygen saturation during the hypoxie studies. The
pzygen saturations ranged from 55 - 85% during hypoxic studies.

Some of the patients with congestive heart failure were



giudied while breathing 100% oxygen and the others were studied
breathing room aly. Table I presenis the values obialned for the
oxygen cost and efficiency in two normal subjects and one patient
with congestive heart failure who were studied twice, once while
breathing room aivr, and on the other occasion, whils breathing 106%
oxygen. it will be seen that in these three subjects, similay values
were obiained utilizing either room air or 100% oxygen.

g, Resulis

Table I presents the values obtained for the ozygen cost
of increased ventilation, the efficiency with which added inspiratory
work losds were handled and the total mechanical work of breathing
in nine normal subjecis, while breathing 100% oxygen and the hypoxic
gas mixture. The meassurements were made over the same range of
ventilation during inhalation of either 100% oxygen or the hypoxic gas

miziure. Regting ventilation inereassd sligh

tily while bresthing the
hypozic gas mixture. It will be seen that the oxygen cost of ncreas-

ed ventilation rose {p < .91}, while breathing the hypoxic gas mixture.

This increase was apparently due to a decrease in the efficiency with
which added inspirstory work loads were handled {p <.01) for there
wag ne change in the total mechanical work of breathing {p> 0. 2).

Thess findings could not be stivibuted to a change in respiraiory pati-
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ern as there was no consistent change while breathing the hypoxic
gas mixture.

In order to insure that the rise in oxygen cost was related
{0 the hypozia rather than the inhalation of carbon dioxide which wes
inherent in the closed cireuit technigue, the ouygen cost of increased
ventilation was measured during voluntary hyperventilation in two of
the normal subjects while breathing room air and the hypoxic gas
mixture using the open circuit technique of Cournand et al {10). The
respiratory rates selscied were those at which the subject had breath-
ed during the studies with the closed circuit technique. The end-tidal
carbon dioxide tension was monitored continuously with an infra-red
carbon dioxide analyzer, sufficient carbon dioxide being added to the
inspired gas to maintain a normal end-tidal pCOy throughout the

periods of hyperventilation. In Table IV the resulis obtained with

%

both the open and closed cireuil technigues are compared. In each
subject the closed cireuit technigue was used on two oecasions and

the open circuit technigue on four occasions. It can be seen that

hypoxia led 1o an Increase in oxygen cost during both voluniary hyper-
ventilation and carbon dioxide induced hypercapnea. This indicates
that the rise in oxygen cost of incressed ventilation during hypoxia
which was demonsirated with the closed cireull techninue was not dus

to the associsted hypevcapnea. I can alsoc be seen thai the values for
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the oxygen cest of increased veniilation were higher when the venti-
istion was inersased voluntarily. Thiz is in agreement with other
investigators as reported by Otis {11)

Congesative Heart Fallure

The oxygen cost of inereased ventilation in 20 patients with
congestive heart failure ig presented in Pigure 1. The range of values
oblained in the nine normal subjecis iz also shown. The messurements
were made over the same range of ventilation in the normal subjects
and the patients with congestive heart failure. The resting inspira-
tory rate was generally higher in the patients with congestive heart
fgilure bul showed similar changes with increased ventilation, the
regpirstory vrate rising five to slx breaths per mbnules I iz seen that
the oxygen cost of increased ventilation was higher than normal {p <.81}
in the patienis with congestive heart fnilure.

In 14 patienis with congestive heart failure, the mean
efficiency for handling added ingpivatory work loads was 2.83% {range
.86 - 5. 10%) which was lower than normal {p < .81). On the other
hand the mean value for mechanical work of breathing in these 14
patients was 0. 186 kg, /1. {range .050~-.418 kg. #1/1.}) which was

no different than novmsl (&> 6.2).



s UDlscussion

The dala presenied indicate that the oxygen cosi of lncreas-
ed yentilation was high in patienis with congesiive heart failure and

in normal subjects who were breathing 2 hypoxic gas mizture. The

sxygen cost of breathing at resting ventilation is lkely similarly
elevaled. |
‘The high oxygen cost found in the patienls with congestive
heavt fpilure is in sgresment with the data of Cournand et 2l {10}
who studied one patient with mitral stenosis and clinical evidence of
congestive heari falluve, but differs frowm that of Melregor and
Beckiske {12) who found that the oxygen cost in patienis with conges-
tive heart failure was not increased sbove normal. However, the
values for the normal sxygen cost of breathing in the latter study were
higher than those reporied by wost investigetors {1,2.9, 18,13, 14).
The high oxygen cost of breathing in hypoxia and in conges-
tive heart fallure may be ativibuted to either an increase in tolal

mechanical work dus

1e or & less efficient respivatory system, or
both. Table Bl desnonsirates that the rize in oxygen cost which
developed when the normal subjects breathed 2 aymia gas mixture
wag due to 2 fall in the efficiency of the respiraiory system, rather
than a change in total mechanical work done.

Since elastic resistance and mechanicsl work done on the




lungs are increased in patients with congestive heart failure {15, 16,
17, 18), it is surprising that the total respivatory mechanical work
done was not increased in the present series of satienis with conges-
tive heart fallure. However, calculation of the tolal mechanical work
of breathing was dependent on the egtimated eficlency for handling
added insviratory work loads. The added work load was derived

irom the knowledge of the minute ventilation and the depth of the water

geal through which the subjects inspired. Bince the added inspiratory
resistance may have led to pulmonary congestion and thereby inereas-
ad the clastic resistance of the lungs. the additional work load may
have been undersstimated. In this way. the eificiency of the respira-
tory system would glso have been underestimated.

In order to determine whether the elastic registance of the
lungs was aliered during measurements of sfficiency, the compliance
of the lungs was determined by measuring simulianeous changes in
ssophageal pressure and tidal volume, 2t rest, at different levels of
ventilation and when added inspiratory work was lmposed, in two nor-
mal subjects and in two patients with heart fallure. The mean of ten
breaths was caleulated for each of these situations. Table V shows
that in the two normal subjects, the lung compliance was vnaltered
a2t approximately eguivalent respirsiory rates and minute ventiiations

when ingpiratory work was added. In the {wo patients with congestive




heart failure, however, the lung compliance decreased when the
inspiratory resisiance was added. This suggestis that in the patients
with congesiive heart failure the additional work done was actually
greater than that used for the caleulation of efficiency, so that the
actual efficiency was underestimated. It follows that the caleulated
values for total mechanical work of bresthing were also under-
estimated.

Although the efficiency data ave difficult to interpret in
the patients with congestive heart failure, i is nevertheless possible
that the efficiency of the respiralory system is decressed in conges-
tive heart failure, snd that this inefficiency may be partly resvonsible
for the high oxygen cost of breathing. A high oxygen cost has been
found in other disease staltes in which hypoxis was present, such as
chronic obstructive pulmonary emphysema {1) and obesity {2,3). The
present paper demonsirates that the oxygen cost of breathing was
high in two other situations in which hypoxia wag present, namely
congestive heart fajlure and normal subjecis breathing & hypozic zas
mixture. Since arierial hypoxemis was nol 2 congistent finding in
the patients with congestive heart fallure, #t is suggested that the
high oxygen cost of breathing in this situation was the result of tissue

hypoxia due to inadeguate bleod flow.
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%. Conclusions

The oxygen cost of iﬁmf%%% ventilation and the "efficiency

of the respiraiory system’” were meagured in nine normal
subjects and 20 pallents with cavdiac dizease and clinical evi-
dence of congegtive heart failure.

The oxy en cost of increased ventilation rose and the efficiency
of the respiratory system fsll in normal subjecis when they
breathed a hypoxic gas mixture.

Btz e

gificieney of the vespiratory systes was low in patients with

undereatimated in this condition.
The presence of hypoxia resulis in a rise of the ozygen cost of
increased ventilation and o fall in “the efficiensy of the respira-

tory system’ .
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TABLE I

THE Oy COST AND EFFICIENCY BREATHING ROOM AIR AND

100% OXYGEN

g Cost {mal. /1.) Efficiency {%)
Diagnosis 160 ‘?é; Oz HRoom Alr  100% Og Room Alr

ig

- normsl 8.89 5.73 6.1 8.8

normel i.18 i.14 18.7 .8

atrial i.88 1.48 i.28 i.82
myxoma
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TABLE

OKIA ON THE Og COST, BFFICIENCY, AND TOTAL MECHANICAL WORK
IN NORMAL SUBJECTS

THE EFFECT OF BYP

Total Mechanical Work
DgCost (ml. f1.) Bificiency (%) Geg. . f1.)
dubject 100% Dy Hypoxia 100% Og Hypozia 106% Hypoxia

B 146 3. 133
D.288 G203
0. 143 4.008
0.277 G.292
0. 160 B.164
. 102 . 167
D.118 {1,288
0.210 , D.228
0. 318 (. 384

i. .69
#e 1.16
B 1.38
8o 1.18
8.
T
$D

k)

16. 7
1.8
16. 0
G. 4
8.1
3.03 8.3
o 2t LS

3. 86 12. 0

E ) o L3 a

“ B 1B U B0 e

= o & @

]

0 B 80 O Bt
o

ba
ba
&

e

4

b %%%ﬁ%‘f&%ﬁ&%m

Mean 1.05 2.81 | 8.6 0. 194 0.198
e De +0.27 40.58 + 2.18 $0.85  $0.077 + 0,072

¥ < .01 < .01 > 0.2




TABLE IV

THE OXYGEN COST OF INCREASED VENTILATION USING
THE OPEN AND CLOSED CIRCUIT TECHNIGUES

=

OEYGEN COST OF INCREASED VENTILATION

{ml. fl.)

Closed Circuit Method Open Cireult Mett

Subject  Hoom Alr  Hypoxis Room Alr %ﬁmw

1. :

o BY 2.43
73 2.20
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TABLE ¥V
THE EFFECT OF ADDED INSPIRATORY WORK ON THE
COMPLIANCE OF THE LUNGS

Zubject Veniilation BRespiratory <Compliance
No. Condition {l./min.} Freguency (i fom.HyD)

Normal
a rogh %.65 11.5 234

incressed 2} 11. 85 i1 . 252
ventilation b) 18.75 <225

work 13.08 ig » 341

ig TRt ¥, 66 11.5 « 244

ineressed a2} 11.2 12.5 . 285
venillistion b} iB8. 7 14.5 . 340

work 14, 4 i4.8 - 285

28 = rest §. 7% 22.8 . G88

increased ,
ventilation 18.62 28 - 595

work 8,98 22.5 @ %?%

29 rest 9. BY 17.8 « 858

inereagsed aj 18, 87 25 » 045
%ﬁiﬁﬁﬁii 3&% g 1@ gﬁ gg 5 %‘%g

work 20.5 25 038
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