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Abstract

A.“The-dynamic‘prOpe;ties bf\blood flow through thé heart
»énd artérial_sys£ems héﬁé béen'eiamined,in:representativé:
species of fish, amphibia;.birds and mammals. In the amphibian
examined, the.bullerg Rana catesbeiana,-tﬁe conus arteriosié '
was found to perform no active valving function aﬁd-hence was
'ndt respopsiblé for shunfing blood to, of aWaylfrom, the lungé
'iﬁ response to.lung ventiiation Oor apnoea. Conus:voiume changes
geﬁerated a small fraction of gardiac stroke volume although a
low impedance of,the-pulchutaneous vasculature resulted in a
preferehtial distribution of this blood to the gés exchanger
circﬁlations; 'The pressure.pulée took a négligible fraction of
the-cafdiac cycle to traverse the arteriél‘tree and peripherally
‘recorded pressuresvwefe similar in profile to central pressures,
these resuifs iﬁdiéating that wave'tréhsmission effects were
sméll. Impedancé,analysis of pressure énd flow data sﬁggested
that a two eleﬁent lumped parameter (windkessel) model accu;
rétely describes arterial pressure-flow relationships in thel

bullfrog., -Arterial haemodynamicé in . the cod, Gadus morhua was

examined in terms of a hydraulic model of the 'in series' gill
and systemic circulations. Results indicate that the dorsal
aorta is not a rigid conduit and the compliance of this vessel

has a marked effect on the pulsatility of blood flow through
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‘the giils.

“In the duck, Anas é;a;yrhynchos pressure énd flow pro-
'fileé-have'been mapped ﬁhroughout the central circulation.
Mean sysﬁemic arterial pfeséure (143‘i_2 mm Hg) ahd_cardiac
~output (219 + 7 ml/min per kg) were high compared with mammals
-of similar size although pulmohary»pressures_were not high,
perhaps becausé of the unique strudture'of the ‘avian lung. 75%
- of total systémic flow was distributed to wing, flight muscles
and head by the brachiocephélic'arteries. Unlike the situation
in the bullfrog wave transmission phenomena had a pronounced
effect on arterial pressure and flow signals and impedance data
were.cﬁaracterised by.features common1y ascribed to the effects
of wave reflection. Therefore it is concluded that thé wind-
kessel is not avrealistic model of the avian arterial. system.-

Pressures generated in both ventricles of the rabbit
heart were influenced by contraction of the opposite ventricle
,'although the influence of right ventricular contraction on ieftv
ventricﬁlar pressure was negligible dufing normal cardiac
function and only became marked when the right ventricular
volumes were large or left ventricular volumes were small.
Comparison of the effects of vasomoﬁion and a;tificially induced
_discrete reflections confirmed that pulse wave transmission
effects in_mammalian arteries are dominated by reflections from

the arteriolar beds. Although studies of a hydraulic model
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-

-confirmed the viability of transmission line theories on the
effects of spatial variations in arterial wall elasticity,
close examination suggests that this 'elastic taper' does not

have a dominant effect on wave propagation.
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"GENERAL INTRODUCTION

In all but the smallest, most primitive organisms dif-

“fusion alone is inadequate for the supply of oxygen and nutrients

,to, and the removal of metabolic wastes from, the tissuesi_there-

fore most animals utilize some sort of convective transport

"system. In almost all vertebrates this system consists of a

central pump, the heart, which ariveS'a iiquid transport medium,
ﬁhe‘blood,-continuously around a closed vascular system.  The
vascular system distributes blosd to specialized exchangers
(e.g. gills, lungs, gut), where iocal<diffusion supplies

nutrients and oxygen to the blood, and to the .tissues where

. these nutrients are absorbed. Metabolic wastes transferred to
the blood from the tissues are removed by again passing the

‘blood through exchanger systems (e.g. kidney). Transfer at

the tissues takes place across a fine network of microscopic
capillary &essels, an arrangement that distributes blood supply
to the deepest regions Qf the tissues and permits fine control
of blood flow distribution in the interssts of maintéiningv
homeostasis. Thus an understanding of cardiovascular function
reéuires a knowledge of the transport properties of the blood
(e.g. blood-gas association, dissociation characteristics),

the mechanism of transfer across‘capillary walls, the regulation

of the functions of the cardiovascular sYstem and the mechanical



aspects of pumping blood through a complex network of blood
vessels.'IIt is with the last of factors that the present study
is concerned.

A major difficulty of-a comparative study of haemodynamics
in vertebrates is the marked variabiliry in cardiovascular form
fand function which has accompaniea vertebrate phylogenetic
development. Such variations are intimately related to the
different ehvironments which vertebrate species inhabit and in
this respect adaptions to different modes of respiratory gas
exchangeAare particularly imporrant. Fig. 1 illustrates a
schematic view of the manner in which blood is distributed to
the gas exchanger and tissue circulation in vertebrates. The
arrangement in fishes of a direct, 'in series' connection be-
tween the gill and systemic circulations with no intervening
pump poses unique questions about the dynamic interaction
between these two systems and although Satchell (1971) has
outlined some of the associated problems no experimental in-
vestigations have beem published. '1Instead experimental studies
deal mainly with net cardiac output (Murdaugh et al., 1965;
Mott, 1957) and comparisons of arterial blood pressures proximal
and distal to the gills (Stevens and Randall, 1967). While
such measurements supply valuable information on cardiovascular
adjustments to exercise (Stevens and Randall, 1967 a and b)_and

changing environmental factors (Holeton and Randall, 1967) they



"Figure 1. Blood flow pathways in fish, amphibia, mammals (and .

‘birds) and reptiles.
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"provide-limiﬁed information.on the dynamics of blood flow. The
temptation.to'apply'priﬁcipies of'blood flow in single vasculaf
beds to the combined gili ana sYstemic circulations of the fish
is;dahgerous and has led to erroneous arguments on the nature
lof thé'pressure gradient across the gills (Holeton and Randall,
1967). |

_inAémphibialblood in the éingle ventricle travels fo
_'either:the gas exchanger (lungs, skin) or £he tissue ciréulations
rather than sequentially through bdth, an arrangement which
allows shunting of blood.to or away from the lungs in response
t§ chanées in oxygeh availability (Sheltqn, 1970; Emilio and
“Shelton; 1972). Ih birds and mammals blood flow aéaiﬂ passes
seéuentially.thrdugh the tissues and the lungs although in ﬁhis
caéé_a seéond pump,.the right ventricle, drives blood around
tﬁe lung cigculafion. The existence of two completely divided
'circulatidnsfréquireé that the output of the two pumps be. equal
if volume loading>of one-circulation is fo be avoided. and no
- shunting to or from the lungs is possible. The situation in
 the nOn;crocodilian reptiles (Chelonia and Squamata) is some:
what intermediate between that of amphibia and mammals with the
ventricle being partially divided. It may be that, like
amphibia; thesevreptiles shunt blood to‘or from the lungs in
response to changing conaitions but-White (1968) feels that;‘aﬁ

.least when these animals are resting and breathing air, there
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~is'éffective séparatibh ofigardiaéi¢avities_and the situation
.vaéproaches}that 6f-mammals.v'In crocodilian feptiles'the two
~§entric1es are completeiy-divided and although the left aorta
.arises frém_the right ventricleiit anastomoses with the right
.aorta via the forameh Pinizzae and ﬁormally high systemic
?ressures trénsmiﬁtéd through the foramen prevent right'ven:
.Atricular ejecﬁioﬁ-into-this vessel., Nonetheless the possibility
‘éf blood shunting. remains if under certain qircumstances right
ventricular pressures reach those of.the left ventricle.
Obviously an analyéis of cardiovascuiar’dynamics in ahy
vertebrate species mﬁst involve éoﬂsideratianOf the ppmping
characteristiés df the heart, the dynamic properties of the
. vascular beds and the interaction between these th‘factors.
Examinétions of cardiac.funétion in lower veftebrates have
traditionally.been based on purely anatomical studies (the
study of Sabatier, 1873 is a classic examinétion ofvanatoﬁy of
vertebrate hearts whe;eas tﬁat of Sharﬁa, 1957 is a modern
'applicationiof the same approach)., However the advancement of
sophisticated techniéues for measuring blood pressures, flow
rates and flow patterns in the past two decadeé has resulted in
many studies of both anatomy and physiology which, in some
cases, have disproven theories based on purely anatomical
investigations (for example see de Graff, 1957). in fishes

this approach has established that the conus arteriosis of



' elasmobranchs (sharks andjskatés), a céntractile'chamber'be;
‘éween the ventricle and thé ventral aorta, serﬁes'a type of
,éctive valving functioﬁ'(sétchell'and Jones,‘l967).while the
‘similarly situated bﬁlbus arteriosis of teleost fishes, is a
;simple elastic chamber which serves to depulsate Ventricuiar
ejection (thénseh, 1962;-Rahdall, 1968). The complex.natufev
"of.blood»flow through the partially divided amphibian and |
reptilién hearts has been'elucidated by cprrelating the cyclica1
volume changes of the Cardiac‘chambérs with pressure recordings
(Shelton and JOneé,-1965(b)) and by following dye streams
(Simons, 1957) and radio;opaque madia (Johansén 1971, White,
1968) through the heart. Despite such advances-many problems
reméin. Even the mechanics of the mammalian heart, although
widely studied, is.in many Ways poorly established and some of
the problems encountered in analyzing the function of this pair
of interconnected, asymmetfical, muscular ﬁumps which contract
in a.complex fashion may be technically insurmoﬁntable at the
present time.

‘The complex nature of cardiac contraction in most vert-“
ebrate'meahs that attempts‘to assess many aspects'bf biood
flow through the cardiac chambérs afe limited to qualitative
descriptions. .On the other hand the nearly one-dimensional
flow of blood in cylindrically symmetrical vessels of the

arterial tree makes a more quantitative approach feasible and



 two such app:oaches have been app1ied.£o the study.ofvbiood
flow in mammalian arteries.v'Accoraing to the first appioach
the high pressures produced by cardiac éjection'(systOle) cause
a synchronous éxpansion of the arterial tree and thus the
arteries hold an increésed volume of blood during this phase . .of
the cycle. During diastole passive contraction of these vessels
drives this stéred blood through the terminal capillary beds to
_maihtain periéheral flow between cardiac ejections; thus the
arterial circulation is viewed as an elastic reservoir connected
to outflow resistance‘véssels. Otto Frank (1899) proposed the
first quantitative analysis of this model which is now univer-
sally referred to as the 'elastic resevoir' or ‘windkessel'’
ﬁodel.l According to Frank the dynamics of the blood flow in
arteries could be defined'completely by the compliance of the
arterial system, K, and the resistaﬁce of the peripheral beds,
R. (K ié the change in volume of the arterial elastic rese&oir
divided by thé increment in pressure which caused this change
-and R is the ratio of pressure to volume flow rate produced
when a Static.pressure is applied to the system). Analysis of
this modelAled to the relation

1 Q = P/R +Kg—’:

where Q = volume flow rate of blood into the system

o
it

arterial pressure

o/
0

= rate of change of arterial pressure .

(0%
—



. This equation specifies the felationship betweeﬁ aftefial
Eressuré and‘flow_and was of-immedia£e interest to cardi-
plogists,since it implies that cardiac output could be calculated
from routine arterial pressure measurements provided the phyéical
pafameters, K and R, cquid be defermined. ‘HoWever attempts to
apply,this.analysis t§ the mammalian circulation were not highly
productive and it was recognized that a major limitation ofvthisv
theory was the implicit assumption that the pressure changes
generated by cardiac ejeétion occur simultaneously throughout
thé system (McDénald, 1974). 1In reality each heart beat sehds
out a pulse wave which travels through.the arterial system and
arriﬁes at different siteé at different times and conseéuently
~instantaneous flow rate pfedicted by equation (1) would depend
on the site at which arterial pressure was recorded. 1In adai;
tion, a number of other features of arterial haemodynamics
~ could not be reconciled with the windkeésel model. Not only
does the pressure pulse'arrive later at sites more distal to
the heart but it exhibité marked changes in waveform as pulse
pressure increases considéfabiy (up to 100%) and secondary
waves appeér in the diastolic portion of the pulse (Fig. 2).
Furthermore pressure-flow relationships at the input to the
.system could not be predicted from anindkessel approach;

A major advantaée of the windkessel model was that the

mathematical analysis was relatively simple and all of the



Figure 2. Pressures recorded in the root of the aorta (smaller
profile) and the distal abdominal aorta (larger

profile) of the rabbit.
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tomplex~elastiC'and geohetfic prpperties of the arterial'syétem
wérellumped'into two parameters, the'compliance of the major
'atteries‘ahd.the resistahce of tﬁe periﬁheral beds. However
aﬁalysis oi wave:propagation thrdugh tﬁe system requires a

 mo;e complex approach. Firstly,'thé ana1yéis of wave phenomena
ié‘only mathematically tractable if sindsoidal waves are involved
ahd conseQuently complex.(non:sinusoidal)arterial pressuré and
flow waves must be repreéented by.Fourier series. According to
Fourier's thedfem any complex waveform of constant ffequehcy can
be repreéentedby,its mean value plus a sum of sinusoidalAwaves
.of various amplituaes oscillating at the frequency of the complex
wave and at multipies of this frequency. Thus if heart rate is
1 béat_per.second-then the arterial pressuré:or flow wave can

be expresséd~as the mean pressure or flow plus a sum of sinu:
'sbidal'waves of ffequencies'of l,2;3,...~cyc1es per second;'
These sinﬁsoidalvwaves afe referred to as the 1lst, 2nd, 3rd,...
harmonics of the complex wave and under certain assumptions
which are‘generally’considered acceptable in the cardiovascular
system-(Attinger é;_g;;,'l965; McDonald, 1974) each harmonic of
pressure is related only to the corresponding harmonic of flow
and vice versa. Generally, no more than the fifst five to ten
harmonics make measurable contributioﬁs to arterial pressure

and flow waves. The advantage of the Fourier analysis approach

is that by analyzing the response of the arterial system to
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sinusoidal driving pressures the response to an arbitrary
oscillation in pressure can be derived., A further implication
of Fourier's theory is that when a system is driven by a
complex oscillation it is necessary to understand the response
of the system both at the frequenéy of the driving force énd
at the frequencies of the higher harmonics.

The dependence of sinusoidal pressure-flow relationships
on frequency is most succinctly expressed in terms of vascular
impedance curves. Impedance modulus is the ratio of the
amplitude of the pressure wave to that of the flow wave and
impedance phase describes the dégree to which the pressure
oscillation leads the flow osciilation (in éimple terms, the
amount by which crests (and troughs) of.the two waves are out
of synchrony). Because the viscous and inertial properties of
the blood and the compliance of the arterial wall effect blood
flow to a different degree at different freguencies impedance
is highly dependent on frequency. Fig. 3 illustrates a set of
impedance curves applying to windkessel models of different
time constants, (The time constant of a windkessel, the product
of resistance and compliance, 1is a measure of how long it takes
the arterial elastic resevoir to discharge through the peri-
’phefal resistance if further cardiac ejection is prevented.)
Also included in Fig. 3 is a sample of the type of impedance

curve commonly recorded in the aortic root of mammals.



Figure 3.
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>Impedance curves for windkessel systéms (solid

cufves) of various time constants (T) as well as
for the systemic circulation of the dog (dashed

profile ~ after O'Rourke and Taylor, 1967).
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 The-Fourier series approaéh was emplqyed by;Wémersley
(1958) whqlperformed a sophisticated mathematical analysis
of wave pfopagation through a viscous fluid contained in a
- viséé;elastic tube;} The analysis involved simultaneous solution
‘of the mbmentum eéuations for the fluid and the membrane equa-
tian"of'the tube and ekperimental studies by McDonald (1955,
1974) demonstrated tﬁat WbmersleY's‘results were applicable to
short, uniform lengths of arteries. Althoﬁgh.a quantitative
- synthesis_of wavé propagation throughout the arterial tree was
notvpossiblé'a number of generélizationé could be made. Womer#ley
_predicted that branch sites and other discontinuities in‘the
arterial tree would give rise to reflected waves which are
directed back towards the heart. More recent theories (Taylor,
1964; 1965 (a)) suggest thét the increase in wall.stiffneés with
- distance from the heart (Bergel, 1961; Learoyd and Taylor, 1966)
‘ produce éffects whiéh may éughent those of reflections although
experimental verification of this theory has not yet been
pfesented. Thus thé picture which emerges is one of wave
proéégatioh throﬁgh an interconnected system of tubes of spétia;
‘ily varying properties with reflected waves being sent back
towards the hearﬁ.from reflection sites scattered throughout
the-system. . The pattern of pressure signals recorded at dif- -
ferent siteé'in the arﬁerial tree of mammals is well predicted

by a wave transmission model and can be attributed largely to
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interférence-betﬁeen outgoing.and reflected waves (0O'Rourke,
1967; Mchnald; 1974). The pattern.of vascular impedance both
~at. tﬁe'inputlto the sysfeﬁic ciréﬁlation'(Fig. 3)'and-at more
Apefipheral beds is also compatible with this model (McDonald,.
1974). |
- The above considerations indicate why most investigators
féel'that windkessel-moaels have outlived their uéefulnesé in
studies of mammalian circulations, however there may'be good
reason to suspect that such models may be applicable to some
non:ﬁammalian systems. Taylor (1964) measdred arterial pressuré
‘.af different sites within the aortae of turkeys and finding no
evidence df wave transmission effects he speculated that a
windkessel model may apply to the circulations of birds. In
addition; many small poikilotherms exhibit lower héart rates
thaﬁ similarly sizéd_mammals and unless major arteries are long,
which will not bé the case in smaller species, or arterial pulse
wave velocities are low, the transit time of the pulse through
the arterial systeﬁ may be negligible compared with the cardiac
cycle. If.this is the case then wave transmission effects.will
be minor and simpier models may be applieé. On the other hand
an 'a priori' assumption that pulse wave velocities and hence
arterial compliances, in these species aré within the mammalian

- range seems questionable. It has been suggested (Taylor, 1964)

that arterial systems exhibit an optimal compliance which
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represents a balance between reducing blood flow pulsatility
and decreasing the time reguired tc accomplisﬁ regulatory
changes in pressure, (Obviously in a highly compliant system
more blood must be shifted from the venous to arterial circu-
lation in oxder to elevate pressure.) The lower heart rates
prolong the time over which the arteries recoil and discharge
and hence flow pulsatility may be high 1if vessels are not
highly distensible, In addition the less active life-style
of many poikilotherms, compared with most mammals of similar
size, may indicate that rapid blood pressure regulation is of
é lower priority.

In the present study the dynamics of blood flow through
the hearts and arterial systems of a number of vertebrates has
been investigated with special emphasis placed on the inter-
pretation of species differenceévin terms of haemocdynamic
models. In the first section the circulation of the amphibian,

Rana catesbeiana,is examined in order to describe the £function

of the partially divided cardiac chambers and to establish the
dynamic properties of the arterial systems that these chambers
supply. Since amphibia often experience rapid shifts from a
terrestrial to an aquatic environment pronounced cardiovascular
adjustments to different modes of respiration must be made.
~Consequently the effect of lung ventllation on the dynamic

properties of tle arterial circulation has also been examined,
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In the seccond section the implications of the 'in series' gill
and tissue circulations of the fish have been analyzed in terms
of theoretical and hydraulic models in an attempt to clarify the
physical interaction between these two Systéms. Model predice
tions are assessed in terms of pressure and flqw data from in

vivo investigations of the circulation of the cod, Gadus morhua.

A marked paucity of information on haemodynamics in birds
prompted the detailed examination of central cardiovascular

dynamics of the duck, Anas platyrhynchos, in Section III.

Pressure and flow profiles have been mapped throughout the

o7

central circulation and the relationships ketwesn pressura an
flow have been_examined in terms of proposed windkessel (Taylor,
1364) and wave transmission models, Section IV includes a test
of theories of the effects of spatial variations in arterial

wall elasticity (elastic taper) as well as an evaluation of

the importance these effects in the mammalian systemic circula-
tion compared with those of discrete wave reflections.

Although the mammalian heart is completely divided and
there is total separation of flow to the lung and systemic
circulations it cannot be inferred that the nature of ejection
from each ventricle is independent of the function of the
opposite ventricle. In the final section tﬁe mammalian heart
'is examined for mechanical interaction betwecn the two ventricles

during cardiac contraction. In addition to examining sugcestions
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that left ventricular contraction influences pressures generated
. by the right ventricle evidence is presented that, in some
circumstances, right ventricular contraction significantly

. influences ieft ventricular pressure.
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SECTION I

Central Blood Flow in the Bullfrog, Rana Catesbeiana

Introduction

in férms.of gross ﬁorphological structure the cent;a1‘
circulation of ﬁhe frog is intermediate between that of fishes
 and highef-vertebrates. The frog heart retains the four basic
éhambers found in the‘fish heart; the sinus venosus,.auricle,
ventricle.and COﬁué arteriosis. (or bulbus, in teleost fishes),
whereas,’the distributing afteries more closely foilow'thej
pattefn of highér vertebrates with.the third, fourth and sixth
aortic arches peréisting as tﬁe‘carofid, systemic and pulmonary
(pulhocutaheous) arteries. The.pulmocutaneous.circulation is
 complete1y separated from the systemic circuifs and the lungs
return oxygenated blood to the left side of a completely
divided agricle aithough this separation 6f oxygenated and
.okyéeh-poor blood is lost in the ventricle, which, like the
ventricle of fishes, is undivided. Hefe the termr'oxygen-poor'
is used since right atrial blood includes blood returning from
the skin.gas e#hange; and thus the term 'venous blood' or
~ 'de~oxygenated blood' would seem inappropriate. ANonetheless,
in aﬁura lung ventilation predominates (Hutchison, et gi; 1968;

Jones 1972 (b)) and marked POy gradiants between the two atria

are observed (DeLong, 1962, Johansen and Ditadi, 1966). The
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absence of a totally divided heart obviates the nécessit
encountered by higher vertebrates of an equal distribution of
blood to the lung and body circulations and thus allows
amphibians to shunt blood to or from the lungs in response to
the wide rénges of O, availability which they encounter (Shelton,
1970: Emilio and Shelton, 1972). A drawback to this arrange-
ment is that there is no physical separation of oxygenated and
oxygeﬂ-poof blood within the heart énd if mixing of these two
blood-streams occurs then oxygen delivery to the tissues 1is
compromised. -The degree of mixing of blood within the amphib-
ian heart has been the subject of a number of studies (Delong,
1962; Haberich, 1965; Johansen and Ditadi, 1966; Toews et al.,
1971) and it is generally felt that at least’partial separation
is maintained. The amphibian ventricle is a highly trabeculate
structure and it is bélieved that atrial contraction drives
blood directly into the fine channels in the ventricular wall
and thus gross stirring is prevented. The pattern of blood
flow during ejection, particularly during passage through the
conus arteriosis, is more controversial. The conus arteriosis
is a separate contractile chamier of the hecart which beats at
the cardiéc frequency, although contraction is delayed until
:late in ventricular systole (Brady, 1964) and lasts until late
in diastole (Shelton and Jones, 1963)., It is divided into two

channels, the cavum aorticum and the cavum pulmocutaneum, by
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a spiralling central wall, the spiral valve, which separates
systemic and pulmocutaneous oﬁtflows. However, the valve is
attached to the conus wall only along one edge and its function
and the degree of flow separation it affords has beeﬁ the sub-
jeét of controversy (Noble, 1925; Vandervael, 1933; Foxon,
1947; Simons, 1959). Early anatomical studies (Brucke, 1852;
Sabatier, 1873) led to the ‘classical theory' according to which’
the ventricle first ejects blood into a low pressure pulmocu~
-taneous arch then, as ventricular pressure exceeds the higher
systemic pressure, deflection of the spiral valve occludes
pulmocutaneous outflow and the ventricle ejecté the remainder
of the stroke volume into the systemnic and carotid arches, In
the last two decades, however, it has been well established that
pressures in both the systemic and pulmocutaneous circuits
closely follow ventricular pressure throughout ventricular
ejection and hence no seguential distribution of blood could

be occurring. Originally it was also held that conus contrac-
tion served to extend cardiac ejection until late in diastole
and thus depulsate inflow into the arterial circulations
(Johansen, 1963). However, direct measurement of relative
volume changes of the conus and ventricle throughout the
cardiac cycle indicate that the conus contribution to cafdiac
~output is quite small (3helton and Jones, 1965). Thus ﬁhe

functional significance of conus contraction remains obscure.
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Despite fhe demise of the‘claSSiéal theory the view that
‘fapidréeflections of the spiral valve within the conus play’
an important rqle in'central‘blood diétribution has persisted.
Although pulmocutaneous arch pressure falls to a significantly
lower level,fhan systemic pressure and hence should be exceeded
earlier by the rising'frént.of the ventricular pressure pulse;
Shelton and Jones (1965 (b)) were unable to»detect a time dif;
fefencevbetween'the onsét of bressure_rise’in thé two archeé.
Conseéuently they concluded that the spiral vaive bcciuded the
cavum pulmocutaneum until systemic ejection stafted. Mérris
(1974) propoéed that,gontraction Qf the conus actively dis;
placed the spiral valve to initiate this occlusion during late
ventricular ejection. He argued that the timing of this event
was reguléted by the pH of the cbronary blood supply; pulmo-
cutaneous outflow occlusion occurring earlier when blood pH
(and presumably O, availability) was low and later when pH was
high and thus the conus acted as a central 'variable shunt' to
' regulateiblogd'flow distribution during periods of apnoea;
presumably  in addition to the controls afforded by regulated
§aso;activity in peripheral vascular beds (Shelton, 19767
ﬁmiliovénd Shelton, 1972). That the coronary circulation has
persisted only in the conus arteriosis of the frog heart suggests
an important functional significance and since Jones and Shelton

(1965 (b)) failed to observe obvious detrimental effects of acute
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;1igé£ioh 6flthe cofonary supply of frogs under chtrolled
 ¢bnai£ions the sﬁggestion that it plays. a role in regulatory -
"édjuétments to changing environﬁehts merits further'investi;
gation. On'the othér hand the absernce of marked pfessure
gradients‘between the ventriéle and pulmocutaneous arch during
'laﬁe systole argues agéinst Mo:fis' theory. . Since an under--
standing of the mechaﬁics of the cohus arteriosis is essential
not §nly to an accurate description of cardiac function but 
also to the explanafion of the characteristics of blood pressure
and flow within the arterial beds suppiied by the heart the
present Study includes an aﬁtempt to present a coherent picture
of conus function. Particulér attention has been paid to the
significance of cbnus contraction and its timing with respect
to éther cardiac events, the function of tﬁe spiral valve and
the role of the coronary circulation.

Although the nature of blood flow through the frog heart
has gttracted coﬁSiderable attention few studies have investi-
vgated the dynamics of blood flow within the arferial systems
supplied by this pump and attempts to analyze arterial pressure-
flow relationship in amphibié have, to_date; been based upon
relatively simple cardiovascular models such as the windkessel
- (Jones and Shelton, 1972) in which}neﬁodynamic relationships
can be defined coméletely in terms of the peripheral resistance

of the terminal beds and a lumped compliance for the arterial
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. 'system. As discussed in the "General Introduction" such models

cannot account for the wave transmission phenomena associated

with mammalian haemodynamics but may be suitable for examination

| of blood flow
ipdikilotherms
: aséeésment ié
applicabilify

systems, - The

also examined

in some lower vartebrates, particularly small

sucﬁ as the frog. 1In the presant study an

mada of wave transmission effects and the

of cardiovascular modéls to tha amphibian arterial
éardiovascuiar responses to ‘lung veﬁtilation are

in terms of these models.
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METHODS

Pressure and flow recordings

Experiments were performed on 26 bullfrogs (Rana

catesbeiana) weighing from‘200 to 550 g. ‘The frogs were
'anaesthetized by_immérsion'in Sandoz MS 222,aﬁaesthésia (i—2
‘g/L)'andvrestrained on their backs and‘the heart and'arteriél
. arches were eqused_by a midline incision through the sternum.
The,lungs We?e cannulated through an incision in the left |
abdominal wali which was sﬁbsequently sutured around the cannula
and the animal was ventilated'wiﬁh a Harvard 670 positive
_ pressure ieépirator;-although some animals breathed sponta;
;-neously when the pumb was shut off., The frogs were allowed to
recover to a more lightly'anaesthetized state which was maiﬁ-
tained by frequently‘wetting the skin with the anaesthetic

solution.

PhySiological Studies

:Pressures.were recorded in the ventricle, conus arteriosis
and right systemic and left pulmo;utanedus arches with'Bio;tec
BT;7O and Hewletf—Packard 267 BC pressure transducers connected
 to the blood vessels with 10 cm lengths‘of PE 50 tubing.
Dynamic calibrationvof the manometers and recording systems was

performed by applying a step change in pressure to the tips of

the manometer cannulae and recording the free vibrations of the
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‘.‘system. Since the natural frequehcy of the System always
‘gxceedéd-SO Hz, faf in excess of the frequency of the physio-
iogicai sigﬁals recorded, no correction for ménometér distortion
'wés>required.

Blood'flows'were‘recofded in the left systemic and right
pulmocutaneous arches with Biotronix BL 610 electromagnetic
'flowmeters utilizing cuff—fype extra:;orporeal flow probes.
Flow probes weré célibrated by excising.a portion of the artery
to which they were attached and perfusing this-veésel under
pressure with physiological saline. The saline was collected
in a calibrated cylinder and the time taken for a givgg»volume
to pass through the vessel was rgcorded with a stopwatch. The
volume flow rate thus determinea was compared with the out-
put voltage of.the flowmeter. Flowmeter Qutputs during isotonic
saline perfusion differ from outputs during blood perfusioﬁ by
at most 2% (Pierce gﬁ.gl., 1964:,Greenfield et al., 1966).

- Care was taken to site pressure and flow probes the same
distance from the conus in both the systemic and pulmocﬁtaneous
arches and in all cases this distance was from 0.5 to 1.5 cm.
in some exberiments a stimulator attached to the conus via two
fine copper wires sewn into conus wall was triggered by the

QRS wave of the ECG so that the ventricle and conus contracted
siﬁultaneously. Normélly conus contraction is not initiated

until late in ventricular systole (Brady, 1964) and it was
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<hoped that these experiments would provide insight into the
importance of this delay.
Data was recorded on a Techni-Rite TR888 chart recorder

writing on rectilinear co-ordinates and in most cases was

{
!

éimultanéously recorded on an Akai 280DSS four channel tape
recorder. F.M. adaptors-(A.R. Vetter and Co.) frequency
modulated the data for storage on the audio recorder and
demodulated the output when the recorder was in theapléyback:
mode. Vascular impedance at the input to both the systemic.and
pulmocutaneous circulations was determined by pléying tape
recorded pressure and flow signals into aﬁ A;D converter inter;
- faced with a LAB 8/E computer (Digital Equipment) which pef-
formed a Fourier analysis of the pfessure and flow signals and

- printed out the ratio of pressure to flow (impedance modulus)
and the phase differenée’between pressure and flow (impeaance
phase) for each of the first ten harmonics.

These experimehtally determined impedance>cur§es Were
compared with curves calculated from a windkessel model

according to the equations

impedance modulus = R/J 1+ (2HfT)2
impedance phase = -arctan (2M1fT)
where R is the vascular resistance (mean arterial pressure

divided by mean flow); f is frequency and T is the time constant

of the windkessel which is determined from the diastolic



‘ 27

b

L

'portion-of the pressure profile according to  the equation
T =t/iIn(R/P(1)) |

whére't is.the:duration of diéstble, P(t) is pressure at the
end:of diastole'and P, is pressure at thebeginning-of diastole.

Préssurés alone were recorded from.the ventricle, conus
‘and both arterial arches in-four‘frogs in order to precisely
determine the time relationships between events of the cérdiac
- cycle. In a further two animals pressure Qas recorded in a
systemic arch and the sciatic artery in order to examine the
transit time and aisto;tion of the pressure'pﬁlse as it travelied
through the arterial system,

In four frogs the sternum was opéned with a small incision
~directly ventral to the atrio:§entricular junction éndga
- ligature was placed around the coronary artery. The wound was
tﬁen.éioﬁed and the frog left to recover for one week. At
this time the éhest was reopened and arch, Véntricular and
‘conus pressures recorded_fo aésess the effects of long term

coronary occlusion on conus performance.

Anatomical Studies

The éonus was opened with a ventral midline incision and
fhe cut edges were drawn back and trimmed to permit difect
observation of the spiral valve, the inflow and outflow
regions of the conus and the cévum aorticum and cavum pulmo-

cutaneum., In addition serial sections of the conus were
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- prepared. The ventricle and conus were quickly dissected from
three frogs, washed in saline and fixed in Bouin's solution.
- The hearts were set in wax and serial sections made (5 p/ :

‘section). The procedure was not wholly successful as fixation

caused marked shrinkage of the spirél valve however, the
sectiOnsvdid allow close examination of the site of attachment
of the spiral valve to the conus wall as a function of poéiﬁion
"along the conus and aiéd provided chfirmation of some obSer;
&ations made during dissection. The shrinkage problem was
avoided in later preparations by having frozen sections of
‘fresh conus preparatiéns prepared by the department histologist

(12 p/ section).
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Results

‘Anatomical Studies

‘Detailed descriptions:of thevfunétional anatomy of the
frog heart are avéiléble in the literature (Brucke, 1852;
‘Sabatier, 1873; de Graaf, 1957; Sharma,.l957; Sharma, 1961)
and‘With a few exceptions the presen£ studies confirmed that

these descriptions apply to R. catesbeiana. Briefly, blood is

pumped into the ventriéle from thevtwo atria and passes imme-
diately inté'mahy deep trabeculae in-the sponge-like ventricular
" wall (Fig. l-i). During ejeétion blood directed ventral to the
spiral valve flows to fhe left dorsal opening of the pulmo;
éutaneous circulation at the anterior end of the conus (Fig.
1-2). Systemic outflow passes dorsal to the posterior end of—
the spiral valve and exits-thfough the systemic opening at the
left ventral aspéct of the anterior conus.: Ahy deflections of
the spiral valve must serve to compress or close off one of
theée two outflow tracts. The two branches of the truncus
arteriosis into which the conus empties each contain two
internal wallé which keep separaté flows to.the carotid,
systemic and pulmocutaneouslaréhes. The atrio-ventricular
junction is guarded by two similar valves and by smaller left
and right lateral pocket valves., Both conus outflow tracts

are guarded by watch-pocket valves,
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Figure 1-1. View of the intra-ventricular cavity exposed by

a lateral incision from apex to base.:






Figure 1-2,

31

Ventral view_of the heart of the bullfrog before

. (A) and after (B) cutting away the ventral conus

wall to expose the spiral valve, V, ventricle;
C.A,, conus arteriosis; T.A., Truncus arteriosis;

Sp. V., spiral valve.
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The most significant contrast between the present study
- and previonS-Qork iies in defining the,properties of the spiral
valve, Previously the valve has been described as having a
very thin attachment.to +hHe conus wall and a wide head (de Graaf,
v1957: Sharma, 1957)._ The functional implications of such a
structure are best stated‘by Sharma (1957);."The shape of the
spiralvvaive; its hing:iike'attachment and.disposition, a
slight curvature in form, its hammer-headed'top;heavy head...
all‘indicate that the spiral valve moves...". Similar results
were obtained in the‘present_investigation when standard
histological preparations were employed. It was obvious,
however when comparing the resulting slides with the spiral
valve in fresh preparations, that marked shrinkage had

occurred during preparation of the sections. When frozen
sectionvtechniques were employed_a different picture arose.
Although the spiral valve resembles the above description in
the posterior region of the conus it is a much sturdierAstrncture
in the anterior region of the conus and an obverse cross
section of the valve is not observed here (Fig. l;é). Thus

any displacement of this spiral valve would appear to result.
from_a bending of the valve rather than a flapping movement

from a hinge-like attachment.
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Figure 1:3. Lateral éross;éections of the conus arteriosis
prepared using frozen section-tecﬁniques. Slideé
vare‘équally épaced saméles chosenvfrom 12P sefial
sections. Sections display the vélve as seen

‘from an upstream viewpoint at sites which move

progressively downstream from sections A to E.
pd.v, pad:like valve; p.o.v., pulmocutaneous out-

- flow valves; sp.v, spiral valve. The pad;like
valve is not a true valve but is just a protrubef-

ance from the proximal, right dorsal conus wall.

Magnification is 30x.
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;Blood pressures from ventricle, conus and arterial arches

The pressure pulses recorded in the central circulation

of Rana catesbeiana (Fig.'l:4 and 1;5) éonfirmed_the general
‘shape of'pﬁlses repo;tea‘for other amphibia (Shelton and.Jones,
1968). ' Pressure in the ventricle displaYed an initial sharp
rise lelowéd by a more gradual rise to peak pressure.

| Ventricular.contraction lasted approximately half the cardiac
cyclé before being tefminated by a rapid return to near-zero
pressurés- Often, ventricular diastolic pressure did not show
'a.distinct'hump‘indicating auricular contraction as has been
"rgcorded in other amphibia (Shelton and Jdnes, 1968). PresSuré
in the conus arteriosis folldﬁéd ventricular pressure until
late systoie_buf when Ventriqular préssure_dropped_rapidly
conus pressure exhibited an inflexion and conﬁs contraction
maintained pressure at arterial‘ievels, cléarly indicating'.
_closure of the pylangial valves (between the ventriéle and
conus) . Late in the cardiac cycle the conus‘relaxea and pressure
fell but at normal heart rates never dropped to ventricular
pressure before the next contraction,

During the phase when venfriculér pressure was rising
aiastolic pressure in the pulmocutaneous arches was exceeded
before systemic pfessurevand pulmocutaneous pressure showed an
initial sharp rise (Fig. 1:5). Some 50 msec later ventricular
pressure exceeded systemic pressure and,as the synangial valves

between the conus and systemic channels of the truncus opened
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- * Figure 1l-4. Blood pressures (mm Hg) in the ventricle, conus
arteriosis, pulmocutaneous arch and systemic arch.
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Figure 1-5. Bidod pressures recorded in the systemic arch,
| | pulmécutgnéous arch and ventricle.. Vértical lines
link co-incidenﬁ events at the onset_of ejection
into thé‘pulmocutaneous and systemic‘circulations.
Arfows indicate spontaneéﬁs breathing movements

and concomitant changes in pressures.
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vand systemic pressure started to rise,a marked inflexion in
'uthe préésure profiles in the ventricle, conus and.pulmo;
;éutaﬁedué arches was observed and subseéuent pressure rises
'we:e more gradual (Fig. 1;4 and-l;S). Throughout the remainder
 of ventriculér ejectién.all préssures followed ventricular
‘pressure.

The_effect of conus conﬁr;ctidn on arch pressures is.
slight because of ﬁhe Sméll ejection volume of this chamber
and is most often evident only as a small notch signalling
conus relaxation. In the present study this conﬁs component

~ was observed in both arches although during:.lung ventilation

it frequenfly did notiappear in the systemic arch pressure traée,
‘a response attributéd'to marked luné vasodilation which may
decreasé’outflow resistance to the lung;skin_circuit-to the
extent that the conﬁs is no longer capable of reaching systemic
pressures.’ Although there must be a :esultant elevation in
conus ejection to the pulmocutaneous system, pressure in the
pulmocutaneous arch often showed a reduced conus component and
this is attributed to the marked fall ih pulmocutaneous
vascular iméedance during lung vehtilation (discussed later)
which reduces pressure increments produced by a given inflow,
The observation of a conus component oﬁ the pressure profile in

both systemic andApulmocutaneous arches, is in agreement with

the earlier report of de Graaf (1957) but at variance with the
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findings of Shelton and Jcnes (1965(a)) who rarely observed any
avidence of a conus contrikution to pulmocutaneous outflow,.
Diastolic decline of pulmocutaneous pressure was more rapid
than that of systemic pressure although when_both Pressureas
displayed a conus component this more rapid decline was res-
tricted to late diastole. Conseguently pulse pressures were
always greater in the pulmocutaneous circulation although,

as previously reported (Jones and Shelton, 1972), this differ-
ence wag diminished during apnoea. Fig., 1-5 also'illustra;es

)
t

ticn on central pressures.

(V]

the immediate effects of lung ventil
Spontaneous breathing movements (see arrows) in frogs not
artifically ventilated resulted in elevated ventricular pressures
which caused an increase in mean systemic pressure with little
change in pulse pressure whereas in the pulmocutaneous arches
both mean and pulse pressure increased distinctly. This increase
in pulmocutaneous pulse pressure had previously been inves-

tigated in Xenopus laevis (Shelton, 1970) and found to result

from lung vasodilation which causes a drop in the time constant
of the pulmocutaneous circulation, i.e. an increase in the rate
of decline of diastolic pressure.

Flimination of the ventricle to conus conduction delay
by stimulating the conus in phase with ventricular depolar-
ization had a marked effect on arch pressure profiles (Fig.

1-6). In particular there is a sharp decrcment in peak pulmo-



Figure 1-6.
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Result of stimulating the conus contraction in

- time with ventricular contraction (stimulator

'triggered from QRS wave of the ECG). The decre-

ment in pulmocutaneous arch pressure during systole
and co-incident rise in systemic pressure clearly

indicate occlusion of the pulmocutanious outflow.
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:‘qutanoﬁs;arch pressures despite a‘risé in systemiC’bressure
and‘thesé resﬁlts‘clearly indicate that the conus ié'closing'
;bff the pulmocutaneous outflow. ApparentlyAthe'normal conduc-
;tion delay is_neceséary to alloQ the'véntricie to fully'distend
the conus béfore conus contraction and when the delay is elim;
inated the uhfilled'conﬁs closes down on the spirai valve and
oécludes the cavumbpulmocutaneﬁ. These findings confirm
.similar experiments by‘Morris (1974) although he interpreted
the results aé evidence»that normal conus contraction

occludés pulmocﬁtanebus outflow,

‘;Pressufes.recofded-in the conus arﬁeriosis after ligation
§f the.coronary artery for one week indicated a complete loss
of conus contractility. Conus pressures fell quickly to
‘diastolic 1évels following ventricular relaxation ahd aside
- from a slightly slower elastic recoil during relaxation
- pressure followed that within fﬁe ventrigle (Fig, 1-7); The
normal pattern, in which_pressurés are,maihtéined ét arterial
levels until late diastole, was lost éompletely indicating that,
while‘the conus may survive short term coronary occlusion (Jones
Shelton, 1965 (b)), coronary vascularization is required for
adequate oxygen suppiy. Although there was a complete loss of
conus contraction, pulmocutaneous archvpréssure still exhibitedv
a sha:p initial rise to systemic'pressure cleariy indicating

that the appearance of this pressure rise in normal animals did
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Figure 1-7. ‘A. Pressure recorded in the conus arteriosis of
a 'normal' bullfrog. B, Simultaneous pressures
recorded in the conus, ventricle and the two

arches of a frog following one week of coronary

ligation.
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‘not signal the removai of an active conus occlusion of pulmo-~
cutaneoﬁs outflow;

One;final'aspect of conus function has been investigated.
In the conus.of elasmobranch fiéhes there are three.tiers of |
watgh-pocket valves (no spiral valve) and contraction of the
iéonus is reqﬁirea to bring opposing valves in.each tier suffi-
Aciently close together td permit competency (Satchell and Jones;’
1967), a éituaﬁion permitting Smaller_valves Which requife less
'backflow'to close them. 1In the present experiments the frog
conus was exaﬁined for a similar function. Frogs were deeply
anaesthetized,‘the sternum opened as described above, and a
’étout ligature was tied arbund the sino-étrial junction which
‘'stopped the heart beating. Remaining venous reﬁurn to the
atria;_and all arterial arches except one systemic arch, were
ligated and two éresSure reservoirs were then connected via
stopéocks and cannulae to the remaining systemic arch and the.
ventricle, ;Ventricular pressure was set at 10 mm Hg to fill
the cardiac chambers and systemic preséure was raised in steps
while recording pressure in the ventricle and conus. Competency
bf the conﬁé valves consisténtly broke down, as indicated by
a sudden jump in conus and ventriculax pressures to resevoir
1evels; at reservoir.pressures of 50 - 80 mm Hg (Fig. i-8A);
/ , _ _ _
i.e., at high physiological pressures., Fig. 1-8B illustrates ah

ex?eriment in an animal which exhibited persistent atrial
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Figure 1-8, A, Pressures recorded in the veﬁtricle énd conus
in a4fresh, post-mortem preparation when pressure
to the systemic arch is increased in a step-ﬁise
fashion. When a critical pressure is exceeded

“there is a sudden breakdown in the conus valves
and both chambers suddenly f£ill, as indicated by
a_sudden jump in pressures (upward arrow). At the
downward arrow the systemic arch pressure resevoir
is returned to 0 mm Hg,

B. Same experiment as in A except that in this
preparation atrial contraction persisted through-
out the experiment. Since atrial contractions
were immediétely superimposed on ventricular and
cdnus pressures it follows that atrio-ventricular
vaives are not competent in the filled ventriclé

when it is relaxed.
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contractions, Immediately upon breakdown of the conus valves
atrial pressure waves were superimposed on conus and ventricular
pressures, suggesting that ventricular contraction plays a role
in closing the atrio-ventricular valves as well, The survival
of frogs with conus dysfunctidn induced by coronary ligation
appeared contrary to the above findings however when these
experiments were repeated on such animals no loss in valve
function was observed until systemic arch pressure exceeded
100 mm Hg, Apparentiy & reduced myocardial compliance assoc-
iated with infarctlon prevented the normal distension o:
conus which draws apart the pcecket valves.

Arterial flow and pressure~flow relations

Flows in the arterial arches of the bullfrog resemble
those reported for othef amphibia (Shelton, 1970, Emilio and
Shélton, 1972). The éystemic flow pulse is concentrated
mainly in ventricular systole (Fig., 1-9) and ‘resembles the flow
pulse recorded in the mammalian aorta (MecDonald, 1960: O'Rourke,
1967). Ventricular systole is terminated by a reversal of
systemic flow which serves to close the pylangial valves and
possibly causes the synangial valves between the conus and
systenic truncus to close briefly. This backflow is generally
followed by a period of positive flow due to conus contraction.
The onset 6f ejection into the pulmocutaneous arches was

synchronous with the initiation of the pressure pulsie and
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. Figuré 1-9, Pressures and flows recorded in the systemic and

pulmocutaneous arches, The vertical line indicates

onset of pulmocutaneous outflow.



» pulmOcuToheous |
arch flow
(ml/min)

| P’Ulmocumneous
arch pressure
(mmHg)

- sy'sn"emic arch flow
(ml/min)

systemic
‘arch pressure
- (mmHg)

259

',O-_’

20

20

, Nx_\ _ /f \




conseqguently praeccded ojectlion into the systemic arches, Morled
liastolic flows were obzerved (Fig. 1-9) which typically cont-
ributed 35-40% of ztioke flow during lung ventiiation and up to
50% during apnoea.

At the end of diastole the steady decline in systenic
pressure was interrupted at the point when pulmocutaneous
outflow started and pressure levelled off or rose slightly
before systemic ejection and at the same time a sliight positive
flow was recorded in the systenmic arch (Fig, 1-9), Ventricular
pressure was still clearly below systemic pressure at this point.
This small disturbance in the systemic system is attributed to
deflection cf the septum between the systemic and pulimocutaneous
channels of the truncus as pulmccutaneous presszure rises and
although probably of little functional ‘significance this phen-
omena again reflects tﬁe time difference betwecen ejection into
the two circulations.

Fig., 1-10 illustrates-the effects of apnoea on pressures
and flows in the arterial arches. Apnoea caused a sharp.drop
in pulmocutaneous flow whereas systemic flow was relatively
unaltered in the short term. In ventilated animals rulno-
cutaneous flow exceeded systemic flow by up to 50% whereas
during apnoea pulmocutaneous flow fell to less than half systenic
flow despite a rise in mean pulmocutanecous pressure. Although

systemic flows were not immediately influenced by lung vent-

£
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Figure 1-10. Arxch pressures and flows before (A) and after (B)

10 min apnoea.
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ilatioh.long-teim'apnéea cauéed a marked reductioniin systemic

-flow:ﬁwith}flow_declining gradually by some 40% over 10 minutes

-apnoea.

| The:relationships betweén arterial pressures and flows
jare most cbnyeniently expressed in terms of vascular impedance
whiéh'ihdiCafes the relative size and phase rélationéhips

 vbetween corresponding préssure and flow harmonics. _Fig..l;il
shéws systemic impedances calculated'for three frogs., 'Iméedance

. modulus, hormalized by dividing by peripheral resistance (zero
freéuency impedance) to allow comparison'df results from dif;
ferent frogs,.displéyéd'a sharp initial fall lelowed by a more
.gradual but steady decline towards zero at higher freéuenéieé.
Impedance phase was betwéen 1 and 1.57 radians (57 and 90°) at
élllpulsatile harménics'examined. Only three harmonics are
used to compute these curves because higher harmonics of pressurce
were cbnsistently below 1 mm Hg in amplitude and therefore
could not be used accUrately for.impedance détermination.' The
solid curves in Fig. 1-i1 are theoretical impedance curves
for-one frog (triangles) calculated from a windkessel model.
Fig., 1-12 illustrates the effects of apnoea on impedance of the
pulmocutaneous vascular beds. Apnoea caused an increase in
impedance modulus which is most significaﬁt at the zero
frequency limit and a éonsistent drop in impedance phase wés

observed,
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- Figure 1;11;, Input impedance modulus (Z) and phase (®) bf
the systemic circulation in 3 bullfrogs. The
solid curves illustrate theoretically predicted
(windkessel) impedahces for one of the frogs
(ériangles). Impedance modulus is normalized by
dividing by peripheral resistance (R) to allow

~comparison of different individuals,
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Figure—l-12. Input'impedance to the pulmocutaneous circulation
‘ auring artifical lung ventilation and during

apnoea,
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Pressure wave propagation in the gyvstemic circulation

Fig. 1~13 illustrates systemic arterial pressures
recorded in the proximal systemic arch and the sciatic artexy
14 cm away. The pressure pulse is unchangedvduring propagation
between the recording sites, aside from slight damping, and,
in this individual, arrives at the distal site some 45 msec
(3.7% of the cardiac cycle) after it passes the proximal
transducer, thus travelling with a mean pulse wave velocity of

3.1 m/sec.



Figure 1-13.
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Near indentical pressures recorded in the systemic

| arch (SAP) and sciatic artery (SP) of the bull-

frog. Distance between the recording sites is
14 cm (recorded at the level of the heart and
midway along the thigh). Mean pressure at the

two sites is the same and profiles have been

- shifted apart for clarity.
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Discussion

Function of the conus arteriosis

Results of the present study contradict recent theories
on the function of the anuran conus arteriosis since it has
been established thalno active occlusion of the pulizocutanecous
outflow occurs early in diastole in the bullfrog. Among the
strongest evidence of this is the marked diastolic flows
recorded in the pulmocutaneous arches, for which the only
potential sources are diastolic recoil of the truncus arteriosis
and/or conus ejection, the latter clearly requiringva patent
pulmocutaneous outflow. Shelton and Jones (1965 (b)) have
measured volume changes in the ventricle, conus arteriosis
and truncus arteriosis of Rana pipiens throughout the cardiac
cycle and found that truncus volume changes are very small,

If similar (perc¢entage) changes apply to Rana catesbeiaha then
even liﬁeral estimates of truncus volumes indicaté that truncus
recoil generates a small fraction of pulmocutaﬁeous diastolic
flow (20% at most) even if all truncus run;off were directed
down the pulmocutaneous circulation. On the other hand the
volume of the conus is halved during contraction and the
:esultant outflows are in the range of pulmocutaneous diastolic
flow, The appearance of a conus wave on the pulmoccutaneous

pressure profile (Fig. 1-4 and 1-5) supports this interpretation.
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. Previous conclusions to the contrary, i;e. that pulmocutaneous

' Sutflqw is.occluaed (Shelton éﬁd Jones 1965(a);:19f2: Morris;
1974) are based largely on the absence of a detectable time
difference beﬁween the systolic rise in pressure in the systémic
and pulmocutaneous arches. = Certainly the rising portion of the
Ipulmoéutaneous arch pfessure (Fig. 1;5), which exhibits a

Shafp initial rise followed by a slower rise to peak pressure,
is suggestive of the sudden removal of an occlusion; however in
- the present study a time difference was observed and both afch
éressures followed ventricular pressure throughout systole. 1In
addition there is an inflexion in £he rising front of vent:icular.
ﬁressure co-incident with that in the pulmocutaneous arch
preséure (Fig. 1;5). It appears that this inflexipn in pressﬁre
rise is due to the sudden releasé of systemic outfléw rather |
than the removallof a pulmocutaneoﬁs occlusioﬁ (occasionally
Qentricular pressure exhibited a simiiar bfeak co;incident with
the start of pulmocutaneous outflqw-(Fig. 144)); It may be

that the reason I was able to detect a time difference between
:isé in the two arches, whereas previous workers were not; is
that.ventricular pressure rises more slowly in Rana catesbeiana
than in other species., The durétion of the sharply rising
phase of pulmocutaneous pressure ié'some 50 msec whereas pre-
liminary experiments with Ranaﬁpipiens indicate thét times of

less than 20 msec are more typical. Alternatively it is
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possible that the mechanisms of conus function are diifferent
in the two species however similarities in the anatomy and
physiology of the two systems argue against this conclusion.
Finally the persistence of this sharply rising component of
pulmocutaneous pressure following coronary liqation‘verified‘
that it did not result from conus occlusion of pulmocutaneous
outflow,

Thus, according to present findings, the conus is pictured
as a contractile chamber beating with a time delay with respect
to the ventricle, this time delay serving to allow the chawmbers
to work in harmony without disrupting flow to any vascular bed.
The pumping action of the conus drives a small fraction of total
cardiac stroke volume however during lung ventilation this
flow is distributed preferentially to the pulmocutaneous
c irculation (conus pressure occasionally being insufficient
t open systemic outflow valves) and contributés a significant
fraction of this flow, In addition contraction of the conus
draws opposing.synangial (outflow) and pylangial (inflow)
valves sufficiently close together to ensure competency and
since the conus does not £ill before the next ventricular
ejection, conus pressure exceeding ventricular pressure through-
'out.diastole, the conus presents undistended valves to both the
arterial circulation and the filling ventricle, a situation not

possible if this chamber were nissing. The initial surge of
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1flow to the pulmocutaneoﬁs circulation may cause minor.deflec;
“tions of the spiral valve.fo widen-the cavum pulmocutaneum and
brlng the free edge into closer proximity with the conus wall
(Sharma, 1957, 1961) however, no major deflections of the splral

.valve are env1saged and no valving functlon>appears to be
'éerved.by this structure.

It is tempting to speculate on the absence of a complete
septﬁm within the conus since homologous struetures in higher
Vertebrates, e;é. the foetal bulbus cordis of mammals; are
totally divided. It may'be-that during the course of normal
activity when blood is shunted from the lungs to the tissues
‘or vice versa the site of redistribution isfﬁithin the conus.,

Simons (1959) observed that dye stfeams ihjected into the righf

. atrium would occasionally-divide on entering the conus with

' part of the stream pessing into ﬁhe~cavum aorticum. A reverse
division could; at times, be seen in dye streems injected inﬁo
the left atriﬁm.(In this study no control over lung Ventilation
wes'exercised.);' If shunﬁing does occur within the conus this
‘would allow a variable distribution of blood to the vascular
beds without disrupting flow streams along the ventricular
outflow tract where no physical separation exists. During pro-
longed submergence, when flow to the lungs is drastically
redgeed; such a mechanism might be difficult to maintain, and

in any event would convey no advantage since arch POy's are the
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redistribution within the ventricle might be more likely in
this situatioh. Foxon (1946, 1955, 1%54) has suggested that
the completely undivided ventricle in the frog is an amphilbian
specialization associated with the shift from a terrestrial to
amphibious environment (and concomitant blood shunting reguire-
ments). It is possible that the partial division of the conus
is a similar specialization and in this regard amphibia which
have returned to a more aguatic environment, the urocdeles,
commonly exhibit less well develcped spiral valves than anura.
In any event these considerations serve to stress the importance
of Ffirmly establishing stream patterns through the amphibian
heart and their relationship to respiration,

Pressure~flow relationszshipg in arteries

It is aﬁparent from the present study that wave transg-
mission phenomena are of little significance in the arterial
system of the frog since pressures measured in distal arterie
are virtually identical to those mea abred naax the heart and
vascular impedance shows no evidence of the osgcillaticns which

-

wave reflections produce in manmmals. Undoubtedly the chief

reason for this is the brief time taken for the pulse to travel
from the heart to peripleral arteries, a result of a short

-

arterial tree and a sufficiently high pulse wave velocity

(approximately 2 m/zec). Wave transmission effects, of which
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reflection phenomena are most significant, become manifest when
préssure (and flbw) oscillations ares appreciably out of phase
.a£ different siteé Within the aiterial treé and in this regard
the absence of higher harmonics of the‘pressﬁre waﬁe contribiutes
b:to the lack of wa&e transmission effegts since a given time

lag 5etweeh the arrival of.pfessuré waves at two different

sites represents a greater phase difference for higher frequen;
ciés. Other wave transmission phenomena, aiSpasion effects for
example; are similarly of less significance when transmission
time ére low. .It is widely believed that wave transmission
effects contribute to the mechanical efficiency of the mammalian

circulation by reducing the enérgy'expended.on-driving the

t al.,

pulsatile component of arterial blood flow (Milnor
1965; O'Roﬁrke, 1967; Taylor, 1973; McDonald,»1974) although

apparently in frogs the costs of higher heart-rates and very
low pulse wave.velOCities outweight these advantages. '
The_absénéevof wavé trahsmission effects in the frog.

cifCulation implies that simple 'lumped-parameter' models
shouid apply énd the findings of this study indiCaté that the
'Simplest of these models, the'two parameter (compliance and
_resiéténce) windkessel; yields a good estimate of'pressure- 
flow relationships as measured by artérial impedance. In

addition the variations in impedance associated with cessation

of lung ventilation can be interpreted in terms of a simple
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'ci'xange in time constant of‘ the system associated with peripheral
_vasoconst:v:ici»:.ic\)‘n ‘(see General" Introdﬁction Fig. 3). ,‘Consequently
- the present study has e‘stablish.ed the viability of a windkessel
'approach to mddelling artérial haemodynamics in small pbikil- -

otherms..
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SECTION II

The Single Circulation in the Cod, Gadus Morhua

Introduction

in teleost fishes blood is pumped from a single ventricle
through a large elastic chamber, the bulbus artériosis; into
fhe ventral aorta.. The bulbus is expanded during ventricular
‘systole'ahd thevSUbéeQuent passive ¢ontraction during diastole
génerates a significant diastolic flow in the ventral aorta,
thus the bulbﬁs performs a depulsating function (Johansen, 1962;
Randall,’l968). The ventral aorta divides to form the gill
afferent vessels which supply the gill capillary beds. The
efferent vessels draining these beds re;unite ﬁo form the dbrsal.
aorta which runs the length of the vertebral column posterior
to the gills and.suéplies blood to the systemic circulation.
‘Thus fishes possess-a single ¢ircu1ation consisting of two
capillary beds joined 'in series' by a major arterial system.
- The interpolation of the gill capillaries between the heart and
systemic circulation‘must be of fundamental importance to the
blood flow dynamics of the arterial systen, particularly,
since the gill bed typically represents about one-éhird of the
totalvvascularvresistanCe (Holeton and Randall, 1967). Despite
this uniéue arrangement few workers have investigated haémody;

- namics in fishes., Primarily blood pressures, heart rates and
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‘flbw ratéé have been'recérded in order to gain insight into
regulatory mechanismsassociated with stress (hypoxia;-gxercise,
betc,) but few atﬁempts have been made to interpret these records
in terms of the dynamics of the fish circulation (ﬁoleton énd
Randéll; 1967; Satcheil, 1971). The aim of this investigation
is to examine present knowledge of haemodynamics in fishes in
terms of a simplecardiovascular model in order to see if the
model p;o&ides‘physiological insight not apparent from direct
inspection of data and to test the viability of the model with
respedt to more rigdrous analysis of cardiovascular dynamics in
'fishes. A simple windkessel model proposéd by Satchell (1971)
has'beeh chosen-since many f£ish circulations, like the circula-
tory éystems of‘frogs,vare characterized by low heart rates and
short arterial vessels, Although there was no direct test of
the validity of a windkessel approach ﬁeasurements in‘fish
paralleled this study allowing a direct assessment of model
predictions.,

As described in Section I, Taylor's analysis of windkessel
models (1964) indicates that a windkessel has an optimal
time constant which represents a compromise between reducing
blood flow pulsatility and decreasing the time required to
accomplish regulatory changeslin pressure, In a simple wind-
késsel the time constant is the product of thé total vascular

compliance and the peripheral resistance and since peripheral
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resistance must bé'governed by blood supply demands of the
_tissues oné miéht expe;t evolutionary trends to establish vessel
_compliaﬁcés at the level which produces this optimal time
¢oné£ant.'-Although the time constant concept is_not strictly
:appiicable to two vaééular systems connected in series it is
apéarent thaﬁ a compromise between the depulsating effect of
highvvasgular compliénce and the.rapid response charaétgristics
of a stiff system (in which onlyva small volume of.venéﬁs blood
must bé shiftea to the arterial system to increase pressure)
.suggests that there is an optimal total compliance. Satchéll
_(1971) has argued that in fishes the moét advantagous arrange-—
ment results if as much of fhis optimal compliance as possiblé
is locatgd proximal to the gills, for if the dorsal aorta were
highly coﬁpliant each systéle would produce large surges in
flow ﬁhrough the gillsltovdistend this vessel and thus smooth
irrigation of the gills would be compromised., Since fhe ventral
aorta contains the highly elastic bulbus and the dorsal aorta
tends to be relafively stiff-walled (Lander, 1964) some weight
nmust be given to Satchell's-aigument. Thus in the present
study pressure and flow patterns recorded in the dorsal and
ventral aortae of the cod were examined in light of these

concepts in terms of simple hydraulic and electrical models

based on the morphology of the system, In vivo recordings

from fish cited in this study were recorded by D.R. Jones,
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D.J. Randail and G, Shelton.:
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Methods

Exoeriments on fish, In vivo

Experiments cited in this study were performed on 18

5

cod, Gadus morhua, weilghing betwesen 2 and 3 kg. The fish

0]

were anesthetized. in 2% urethane solution, and cannulae and flow
probes were inserted with the fish supported, in air, on an
operating table. During this time water containing the
anesthetic was pumped over the gills,

The ventral aorta‘was exposed by a 4-cm incision in the
ventral midline, just anterior to the pectoral fins,and a Ilow
probe was placed around the ventral acrta. The leads were
sutured to the adjacent muscle mass and the incision was
closed., The union of  the efferent branchial vessels to form
the dorsal aorta is extremely variable in fishes. In
the cod the efferent branchials on each side jbin the lateral
dorsal aortas, which are linked anteriorly and posteriorly, to
formvthe circulus cephalicus, Part of the right dorsal aorta
together with its associated efferent branchials was exposed- by
an incision in the skin forming the posterior wall of the
opercular cavity. The fourth efferent branchial artery was
cannulated towaxd thé dorsal aorta with PE-90 tubing to record
dorsal aortic pressure. The gill side of the vessel was
tied.off, A cuff-type flow proba wasc placed'around the right

dorsal aorta adjacent to the fourth efferent branchial artery
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:along with(a'pneumatic flow'occiuder. vThe incision'was_closed
_-and the‘caﬁnula and probe leads were sutured to the body wall,
Blood flows were.determined by means of a Biotronix 610
electromagnetic.flowméter and pressures with Sanborn 267B
préssuré‘transducers. The signals'were fecorded on a Sanborn
966 six-éhannel pen recorder writing on rectilinear coordinates.
Zero flow in the right.dorsal aorta was aéhieved by inflating
the pnéumatic cuff and in the ventral aortélby injection of
5;10 g/kg acetylcholiné which slowed the heart rate to such an
exten; that zero flow was well established in late diaétole.
After implantation of the cannulas and flow probes, fish
were élaéed; sinély, in 50;gal polyethylene tanks containing
seawater., ﬁecords were obtained from the unrestrained fish in

these tanks after recovery from the operation.

Hydraulic lModel

Thé hydraulic model of the fish circulation was constructed
~as follows: To simulate thevheart a constant pressure head was
connected to a rotary-Qalve which opened once per cycle for 50%
of the to£a1 cycle period. The ventral aorta was simulated by
ﬁsing variable lengths of compliant rubber tubing (0.25 in dia.)
to which extra compliance could be added by means of a side arm
connected to further lengths -of blind;eﬁded rubber tubing. The
‘ventral aorta' was connected to the 'dorsal aorta' (made of

stiff walled vinyl tubing of 0.5 cm, dia.) by a capillary tube
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thch répresented the gill ;esistance. A Sidé arm from the
QinYl tubing connected a'blind;enaed length of'comﬁliant rubber
£ubing'ﬁhich, in the condition of zero compliance in the 'dorsall
'faorta',‘was ciosed off at the side arm by a péir»of haemostaté..
Removal éf the haemostats effected an immeaiate and marked
change in 'dorsaivaoftic' compliance, The 'dorSal'aorta"
.te:minatéd in a.lenéth-of capillaryvtubing which répresentéd the
éystemic resistance. Cannulatingﬂflow'probes'of 4;5 mm diameter
were inserted in both the 'ventral aorta' in a position where
80% of the compliance was upstream and the 'dorsai aorta’
immediately after the 'gill resistance',>prOXimal to the intro—'
ducedbcompiiance.' Positioning the ventral aortic flow probe
distal to the major portion of "ventral aortic compliance"
_ waé intended to mimic, a priori, the racordirg site of in vivo
- measurements, i.e. immediatelyldistal to the bulbus arté;iosis,
Pressures were measured in the "ventrél and dorsal'aortaeﬁ
of the model using Hewlett;Packard 267 pressure transducers,
.connected_to 18G hypodermic needles which were forced through
the walls of the tubes. Since flow through a pure resistance
has the same profile as preséure, dorsal aortic pressure was
also used as a measure of flow through the systemic resistance.
The hydraulic model was filled with .9% NaCl to allow excitation

6f the electromagnetic flow probes.
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Mathematical énalysis of the modelvwas based upon the
fe;ectrical analogue shown in Fig. 2-4 (after Satchell; 1971).
Uhlike systems cﬁaraqterizéd by a single arterial cbmpliance
and peripheral resistance this model cannot be completely
aﬁaiyzed in termsvdf simple time constants becaﬁse of.the inter;
play betweén the gill and systemic cirCulations; thus the :
4-&pproach taken was to examine the effects of varying the physical
‘parameters of the ¢ifculétion. It was assumed that gill and
systemic resistance were determined by gas exchange reéuirements
and consequently the problem was reduced to examining the |
effects of altering the relative size of ventral and dorsal

aortic compliance,
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"Results

Pressures and flows in the cod
Flows measured.just distal to the bulbus'arteriosis
_ .<(véntral acrtid bloéddflow, Fig, 2-!) in the cod confirméd the
depuisatingvrole of this chamber. No flow revefsal was recofdéd
and flow was significant throughout diastole, in some cases as
. high as one half peak systolic flow at end-diastole. Flow into
the dqrsal.aorta was even leés oscillatory than in the ventral
‘éorta, as on average the amplitude of the oscillations in flqw
(peak minus minimum flow rate) during each cardiac cycle was
46 + 10% of the mean flow in.the dorsal aorta (Table 1). _The
shape of the dorsal.aortic flow profile.was also markedly
different from that in the ventral aorta. The blood velocity
in the dorsal aorta increased slowly following ventricular
,systolé and declinea even more slowly, resultiné in a flbw
profilé that was very rounded in outline (Fig. 2;1 and 2;2).
The pulsatility of the oscillations in dorsal aortic‘
pressure (peak minus minimum pressure auriﬁg each cardiac cycle
expressed as a fraqtion of mean pressure) wﬁs 22 + 5% as gom;
péred-with 46 i_io% for the oscillations in flow (Fig. 5-2).
In other-words the oscillations in flow (as a per cent of mean)
in the dorsal aorta were twice as large as the oscillations in-

pressure,
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‘Table 1. Values for cardiovascular parameters measured in cod.

Heart rate, beats, min 31.5 + 5.5 (n = 11)

Cardiac output, ml/min 52.0 + 8.0 (n = 5)

Doréal aorta
Syétolic pressure, cmH O 43.0 i_8;0 (n = 7)
Pulse pressure, cmH 0 8.1 + 4.5 (n = 7)
Pulse: mean pressure 22 + 5% (n = 6)
Peak blood flow; ml/min . 24,4+ 4.0 (n=9)
Puléebflow, ml/min 8.3 + 4.1 (n = 9)
Pulse : mean flow 46 + 10% (n = 6)

All values are means + SE, n = number of animals on which
observations were made. Pulse pressure and flow refers to the
difference between maximum and minimum pressure and flow during

each cardiac cycle.
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Figure 2-1. Blood flow in the ventral (top trace) and dorsal

(middle trace) aortae of the cod.
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Figure 2-2. Dorsal aortic blood pressure (top trace) and flow

(bottom trace) in the cod.
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Pressure-flow rélationshipg predicted by the model

F-When ail arterial_complianﬁe wés loéated proximal to the
Jgill resisﬁance', i.e}, when the 'dorsal aortai was rigid;
;doiSal aortic pressure and flow weré of similar wave;form and
pulsatilit& (Fig. 2;3),:a situatioﬁ markedly different from
that recorded in the‘fish (Fig.‘2:2). However; when a compli;
ance was introduced into the 'dorsal aorta' flow pulsatility
'increased whereas pressure pulsatility decreased and pressures
and flows more closely resembled those recorded in vivo. Since
outflowlthrough the systemic resistance vessels is proportionél :
to dorsal aortic pressure, the decrease in'pressure pulsatility
implies that this outflow is also less pulsatile. This is
.despite 'a more pulsatile flow through the gills and‘therefore,
in the compliant system; flow is much less pulsatile at the
peripheral end of the 'dorsa; aorta' than at the 'gill' end of
the same vessel.

| Similarly‘the.marked damping of the 'dorsal aortic!

pressure profile observed when a compliance is introduced
indicates that the flow pulse_at'the pefipheral end of a
compliant ;dorsal aorta’ alsb has a much smoother profile than
at.the input ('gill').end. The origin of fhe damping effect is
most clearly illustrated by a simple mathématicél analysis of
Satchell's (1971) electrical analogﬁe (Fig., 2=4(A)). The

analysis indicates that, with constant input pressure oscilla-
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Pressures and flows before and after 1gill
resistance! in the hydraulic model. Traces (from
top to boftom) ; first: pressure in the 'ventral
aorta' (Pva). Second: flow in the ventral aorta,
after 4/5 of the ventral aortic compliance (Qva).

Third: flow into the dorsal aorta (Qda). Fourth:

‘pressure in the 'dorsal aorta' (Pda). At the

arrow a compliance was introduced into the dorsal

aorta,
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Figure 2-4.
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An analysis of Satchell's (1971) electrical ana-
logue (A) illustrating the dependence of pulsa-

tility in 'systemic' (B) and 'gill' (C) resis-

tances. In deriving the curves, 'gill' resistance

was assumed to be 33% of 'systemic' resistance and
'dorsal aortic' capacitance was taken as the value
which best predicted the dorsal aortic pressure

and flow patterns seen in the animal,
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tions in thé ventralraorta, lafger current oscillations in the
.;gill' resisténce (Fig. 2-4(C)) and smallerboscillati¢né in the
fsystemicf-resistanée (fié. 2-4(B)) are produced as frequency
is increasgd. Consequently the model predicts tha£ the higher
lharmonids inithe ¢ompléx waveform of flow seen in the dorsal
-aorta will be relatively much émaller ﬁhan ﬁhe corresponding
harmonics of ventral aortic flowband therefore the flow
profile will a?pear‘much smoother, To calculate the.curvéS‘Of
Fig. 2;4Athe values of resistapée and compiiance chosen for the
analogue are those that best predicted the pressure and. flow
'wéveforms observed in the animal, although the general éhape

of the curVeé in Fiqg. 2;4(B) and 2;4(C) are similar over a wide

range of such values.
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Discussion

Although ventral aortic flow, recorded just distal to
the bulbus arterios of the cod, was continuocus throughout

diastole marked depulsation of

occurs digtal to the bulbus (comgare the two flow gicnals in
Fig, 2—=1. This degree of flow depulsation between the two

recording sites was not produced in the model even though 20%
of the 'wventral aortic' compliance resided in this regiqn,
Obviously, then, the compliance of the ventral aorta is not
totally dominated by the bulbus arteriosis, and & significant
compliahce characterizes the ventral aorta tetween the bulbus
arteriosis and the gills,

The results from the fish also indicate that flow puls-
atility.in the dorsal aorta was usually double pressure puls;
atility. As the pfe sent model studies demonstrated, differences
between dorsal aortic pressure and flow pro;lles were diminished
as dorsal aortic compliance was reduced and in a rigid system
the two profiles were identical in waveform and pulsatility,
Since this situation was not observed in the fish measurements
a significant systemic compliance nmust rekide distal to the
gills. Although there have been no wmeasurements of arterial
éompliance in teleosts data on the elasticity of the aortae
of elasmorbranchs suggests that the wall of the dorsal aorta

is some six times as stiff as that of the ventral aorta,
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"(Lénder; 1969). However the dorsal aprta'ié a.much longer
;vessel»and obviouslj its fotal éompliénce'is»elevatéd'fropor~ 
ﬁionately;

There is some indication that fish may‘be capable of
‘altering,systeﬁic complianée. Occasiorally the cod woﬁid show
a brief rise in blood pressure which was.accbmpanied by an
incfease in p:gssure.pulsatiiity-and a fall in flow pulsafility.
Eievated dorsal.aoftic pressure may result from either an
inciease in‘Qentral aortic pressure or a fall in gill resistance,
According to model predictions the simultanebﬁs increaée in
pﬁlse pressure‘and fall in pulse flow must reflect a drop in
dorsal aortic éompliance, It is possible that the same
agent; norepine?h:iné for exaﬁple, could cause both a fall in
gill resistance and fall in systémic compliance., Cextainly in
‘mammals norepinephrine can induce increases in the moduli of
:elasticity and viScosity of arterial vessels (Peterson et al.,
1960; Bergel; 1964; Gillespie and Rae, 1972) and in teleost
fishes.norepinephrine is known to cause gill vésodilation (Reys
and Bateman, 1932; Ostland and Fange, 1962).

Simiiarly Stevens and Randall (1967) report that the
resbonse of a trout to exercise consisted of a marked increase
in ventral aortic pulse pressure and a deérease in dorsal
aortic pulse pressure accompanied by a small increase in both

mean pressures although the ratio of gill to systemic resistance
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changed very little, According to the electrical analogue
the amplitude of the harmonics of dorsal aortic pressure (Pda)
are related to those of ventral aortic pressure (Pva) Dby the

equation

JﬂdU
Q Q

= 1/#(1+R5/R9)2+ (2HRSCC,O)2'

where Rs and Rg are systemic and gill vascular resistances, f
is frequency and Cda is dorsal aortic compliance. Since Rs/Rg
and heart rate did not vary and Rs decreases during excercise a
marked decrease in Pda/Pva (at least 50%) must reflect an
increase in Cda.

The model predicts that any dorsal aortic compliance will
result in an amplification of the higher harmonics of gill flow
coupled with selective dissipatién of these higﬁer harmonics
between the gill and capillary circulations. Similarly it must
be expected that when higher frequencies are generated by
elevated heart rates, for example when the fish is stressed,
even more pronounced differences in gill and systemlic flow
pulsatility will ke observed. It has been argued that
circulatory systems in general perform optimall? in stress
situations Taylor, 1964) and, if this is the case, there seems
to be some reason to guestion the advantages commonly accepted

for smooth {low of blood in the gills,

Optimal efficiency of gas exchange reguires that minute
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"vdlume~of'water pumped across the gills be in a specific ratio

to blood flow through the gills so that the PO of blood closely

approaches the POy of the inspired water at a minimal water

transport. However, there seems to be little reason to suspect

fhét steady blood flow conveys an ad#antagé over pulsafile flow
in this respect. _Obviogsly if the voiume of blood exposed to
respiratory exchange (gill blood voiuﬁe) was smaller than'
cardiac stroke volume then totally pulsatiie flow would imply

that some blood_would be rushed completely through the gills

" at each cardiac ejection with little opportunity for gas

exchange.‘ However the rather limited available data suggests
that this situation does not arise., Calculations based on

Hughes' (1964) data suggest a gill blood volume of 1.3 ml/kg

 which is double the stroke volumes (.65 ml/kg) measured in the

present experiments., Since direct measurements of gill bilood

volume in the trout (Salmo trutta) by Stevens (1968) are well

above those calculated from HUghes' data on Salmo gairdneri

(3.8 ml/kg as opposed to 1 ml/kg) there is reason to suspect
that Hughes' data may 1ead to highly conservative estimates and
consequently it seems unlikely, even in exercising cod which

may demonstrate marked increases in stroke volume, that stroke

~volume ever exceeds gill blood volume. Consequently the advan-

tage of smooth blood flow through the gills is suspect and this

may indicate why the fish foregoes this adaptation and distrib-



/ .

utes the total arterial compliance throughout the arterial

_system;
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SECTION III

Central Cardiovascular Dvnamics of Ducks

Introduction
. The avian‘and mammalian stock have been phylogenetically
seéarated for more than 150 miilion years andvone miéht expect
significant differences_in pardiovascula; function to have
arisen during this period of evolution. It is known, for
example; that cardiac outputs and systemic blood pressure
-leveln in birds are higher than those of most similarly sized
manmals but, unfortunately, extensive studies on avian cardio-
‘vascular dynamics which might‘allow an evaluation of the signfic-
ance of such différences are iacking. This is perhaps surprising;
avain‘species are frequently used in studies of cardiovascular
:diséase since they exhibit a propensity for'natnrally occurring
and inducedfatheroscléfosis (Ratz and Stamlef, 1953; Fox,
1933; Middleton, 1965; Pritchard, 1965) and it might be hoped
that birds could be used to study the pronouced haemodynamic
effects of arterial degenerative disease observed in humans
(O'Rourke g;.gl.; 1968).. Howevef; sophisticated wave trans-
mission models are required to describe pressure-flow relation-
ships in mammalian arteries (Attinger et al., 1966; Taylor,
'1964)'whereés,it has been suggested that a simple 'windkessel!

model might be épplied to avian circulations (Taylor, 1964;
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wO'Roﬁrke EE.EL-. 1968). ~ Since the“windkeései represents a -
lumped pa:ametefnsysﬁem in which pressure and flow changes

occur simultaneously fhroughout the system arterial circulétioﬁs
described by this model cannot be used to study characteristics
of wave transmissioh. The physical properties of the avian
arterial.system; a distensible thoracic aorta distributing

- 5lood into stiff-wailed peripheral vessels, lend credence to
 the winakessel modél bﬁf experimental evidence supporting fhis
approach is apparently limited to single investigation of
pressure wave propagation in the turkey aorta (Taylor, 1964).

On the other hand the low heart rates and short arterial lengths
which made a windkessel approach seem viable‘in amphibia and'-
smaller fishes are not observed in birds. In the present
investigation an attempt has been made to examine the relation-
ships between pressures and flows in the circulation of ducks

~and té investigate the applicability of different cardio-

vascular models to this system,
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- Methods

The Experiments

The experiments were performed on 72 white Pekin ducks

! (Anas platyrhvnchosj.weighing from 1.75 to 3.40 kg (mean weight
2.2 + 0.1 kg). The ducks wére restrained én their backs and
anaesthetized with 25% urethane solution in saline (0.75.i 
1.5 g/kg, I.M.). After cutting £hrough the firéulum; a midline
ﬁhqracotomy waé ﬁerformed.to expose the heart and major arteries
and an infra;fed heat lamp was sited over the duck to assist
' maintenance of body temperature. The animals breathed normally ’

without assisted venfilation. Blood flows in the aorta (just
distal to the branch poin£.with the brachiocephalic arteries);
one pulmonary artery and both brachiocephalic arteries were

'Vrecorded with a'Biotronix BL 610'pulsed-logic electromagnetic
flowmeter. A wide selection of cuff-ﬁype flow probes was on
hand and a good probe'fit (less than 10%'vessel constriction
during diastole) was always aéhieved. When necessary;IZero
flow was obtained by occluding the vessels distal to the
recording site with forceps or.pneumatic flow occluderé. Often,
however;.a constant flowmeter output was observed in late
‘diastole and repeatéd application of the above procedure con-f

firmed that this output'represented a reliable measure of zero

flow. . .
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recording aortic pressure.although kinetic energy effecﬁs in
this veésel alter recorded blood pressures by at most 1%. Hepp
et al., (1973) were in fact unable to detect a difference be;
-tweén downétream'and lateral preésureé either in mode1s or in
.Zi!Q-‘ They suggest that turbulence around the catheter tip
transmits true lateral pressure to the transducer,

Ventricular pressures were récorded by direct ventricular
puncture»using cannﬁlae tipped with short lengths of 18G hypo-
dermic neédles. Alternativély a catheter tip transducér was
inserted half Qay throﬁgh a hypodermic needle which was sub-
sequenﬁly forced through the ventricular wall. Implanting the
preésu;e probes rarely résulted in detectable changes in the
- blood flows recorded during the cannulation.

In four ducks the four pressures and four flows were
recordéd éimultaneoule'whereas in, seven other only flow in .one
brachiocephalic artery was not monitored., In twelve ducks
single pairs of pressure and flow were recorded from the same
vessel for detailed pressure~iflow analysis. In thirteen ducks
aortic pressure was measured at several sites by advancing a
cannula Weil‘down the aorta then withdrawing it, in 3 cm steps,
to thé normal recording site, in five ducks pressures and rate
of change of pressures (dP/dt) (computed by Biotronix B1620
and BL622 analogue computers) were recorded simultaneously in

the aortic arch and at varying known positions in the aorta.
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' Fig.-3;1.iliustretes a typical recording., Pulse wave veloeity,
.as'a functien of posieion in the aorta, was determined by
comparing the difference in transit time of peak dP/dt between
the recordiné sites, marked as AT in Fig. 3-1, with the dif;
ference in posiﬁion between thefrecording sites (usualiY-3 cm).
This technique.was foundisuperior to the standard appreach to
: measuiing‘the traneit time of the ascenaing limb of the
pressure pulse between_recording sites (McDonald, 1968) since
cnanges in the‘pfessure profile during propagation resulted
in difficulty in identifying corresponding points on the two
.profiles whereas peak dP/dt was always well determined. In
_the-remaining‘thirty-ene animals different combinations ofbat
least 3 pressures and/or flows were recorded.

Recording systems and data analvysis

Some of the presSure and flon data were recoxded directly.
on a Techni-Rite Tr 888 pen recorder writing on rectilinear
co-Ordinates; Tne pen recorder was tested using a sine wave
generater and had a maximum frequency responee of 120 Hz when
the penldeflectien_was 5 mm peak to neak. At a pen deflection
of 46 mm peek to'peak the frequency response fell to 35 Hz., For
this ieason the pen recorder traces‘Were’only used to establish
- the temporal felationships between nressure and flow pulses
whereas pressure and flow traces which were subjected to more

rigorous analysis were converted to frequency modulated
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. Demonstration of the technique used to measure

pulse.wave velocity. The top two traces are pres-
sures (P) recorded at two sites, separated by 3
cm, in the duck aorta. The bottom two traces are
the.corresponding‘rates of change of pressure,
dp/dt. Traces, from top to bottom; pressure
recorded proximal to the heart; pressure recorded
distal to the heart; rate of change of pressure
recoraed proximal to the heart; rafe of change

of pressure recorded distal to the heart.
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~signals by an FM adaptor (A.R. Vetter & Co., Pa., U.S.A.) and

stored on magnetic tape on an Akai 2800 DSS four channel tape

recorder. These signals were simultaneously displayed on a

- Hewlett-Packard 1201 A storage oscilioscope. The FM adaptor

. demodulated the taped signal when the recorder was in the

plaYbéck mode., The tape;recorder\adaptor system was tested
wifh an audio ffequency generator and was found to produce
less than l% amplitude distortion in the range 0-100 Hz and
a iinear phase lag.(0.25 /Hz) that was identical on éll recordef

channels, therefore no correction for recorder distortion was

'required. These pairs of arterial pressures and flows were

digitized and the resuiting data subjected to'Fourier anélysis
using a "fast Fourief'traﬁsform".program (Cooley and Tukey,
1965) on an IBM 360 computer. The impedances (modulus and
phase) of thevaortié circulaﬁion and tﬁe vascular bédbsupplied
by one éuimbnafy artery were calculated from‘these computed
presSﬁre.and flow componeﬁts and appropriate corrections were
made for flowmeter phase lag.

Mean blood pressures and flowé weré calculated by measur;

ing areas under the respective pulses, either with a planimeter

. or by comparing the weight of the paper defining the area to be

determined with the weight of a known area of the same paper
-and dividing by the cycle length. Cardiac output was calculated

as the sum of the flows in the two brachiocephalic arteries plus
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:the aortic flow. Biotronix BL 620 and BL 622 analog computers
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- were used tovcohpute time derivatives of aortic pressure for
tﬁe determination of ébrtic pulse wave velocity.

Because of the high frequency: content of signals generzlly
recordea in hoheothérms.rigorous static and dynamic calibration
. of maﬁometricband flowmeter systems is essential if sophistie-
 cated methods of analeis are to be applied to data obtained
using.thése systems. This constraint is_pérticularly important
when attempting to fecbrd‘pressures from such sites as tle left
ventricle where the higher harmonics make significant cohtribuf-
ions to the total signal. These higher harmonics often cause
manometer_resonaﬁce resuléing in overshoot artefacts which in
~ some casés have been attributed to a physiological origin
(Spencer & Greiss, 1962). For such reasons the static and
dyhamic calibrations of the recording systemé used in this
series of experiments will be discussed in detail, All mano-
metric systems, except the catheter tip manometérs; were filled

with de-aerated avian saline containing 40 i.u./ml of heparin,

after first flushing the system with CO2 gas. These manometers

Were_connected to two saline~filled reservoirs (the su;face of .
the saline was covered with paraffin 0il) which could be moved
independently to give the zero level (which, ih the recording
situation was at the Qpening of the catheter) and a known

pressure head. Static calibration of the catheter tip manometers
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was achieved by submerging the manometer to known depths in
a vertical column of water which was maintained at 38-40°C,

Short polythene or vinyl cannulae of various diameters were used

to make connection between the saline~filled manoneters and +he

L)
b

blood vessels. Dynamic calibration of all manometers was
performed before or after each experiment by applying a sudden
pressure change to the tip of the catheters (Hansen 'pop~test’)
and recording the free vibrations of the manometric system

on the recording system used in the experiment. The freguency
responses of the manometric systems which could be consistently.
obtained were as follows: Hewlett-Packard 267 SC ~ 70 Hz at 0.1
relative damping; Statham P23 Gb - S0 Hz at 0,15 relative
damping; Bio-tec BT-?O ~ 200 Hz at 0.1 relative damping and the
Bio~tec catheter tip manometers - 330 Hz at 0,05 felative
damping. Although alllthese manometers were capable of
accurately reproducing arterial pressuresvthis was not the case
with ventricular pressures, With the lower freguency manoneters
a pronounced 'overshoot' occurred early in systole, the size of
which was progressively reduced as the frequency response of
the manometer used increased.

Static calibration of the Biotroniz RBL £10 mulsed-logic

8]

I
electromagnetic flowmeter was perfomed at the end of an experi-
ment, At this time a portion of the artery waz excised and,

with the transducer in place, saline or blood was passed through
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the vessel from a reservoir. The fluid paésihg_through the

transducer was collected in a graduated cylinder and the period -

' for collection of 100 ml was timed by stopwatch., Saline and

'-:,blood gave'identical calibrations when a single probe was

tested with both; Other investigatiors have found that saline
calibrations'diffet from blood calibrations by'2% or less
when the blood haematocrit is normal (Pierce et al., 1964;
Grconfield et al., 1966). Flowmeter outputs wero linear
throughout the range teéted.(o;lOOO ml/min ).
»Dynamic‘calibration of the flowmeter and recording systems
(Techni-Rite TR 888 or Akai recorder and Hewlett-Packard 1201 A
oscilloscope) was performed using a pump similar to that
doscribed by Taylot (1959) or by applying a known a.c. signal
to the input side of the flow transducer cable. The pump
allowed assessment of the tranédﬁcer.phase iag and amplitude
distortion up to frequencies of 10 Hz whereaslthe electroﬁic
calibration could be applied over an uﬁlimited range; When a
step voltage was applied to the inputvconnectors of the flow-
ﬁeter'the output response was identical to that seen when a .
constant flow through the‘flow probe wés suddenly occluded by
a éoienoid Valve,.thus &erifying the validity of the electroﬁic
calibratioﬁ, i.é. confirming that virtually all distortion was
ptoduced in the input amplifiet of the flo&meter rather thon in

 the flow probe. other investigators have previously established
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the‘validity éf this ﬁype of elecﬁronic calibration.(Gessner
and Bef§e1,11964; Case et al., 1966). Withhboth the pen
recorder and the osciilqsdope systems amplitude distortion was
negligible over the freéuency ranée 6—20 Hz, (3db poiht was
50 Hz) hdwéver, phase iag was 1.8 /Hz when recording on the
oscilloscope and 3.2 to 3.7 /Hz when using the pen-recorder.’
_The larger and more variable phaée lag with the pen recorder
wés relatéd to the characteristics of the éen galvanometer

rather than the input amplifiers of the system,



Pregsurcs and flows in the Central circulation

Pressure and flow pulses recorded Trom the corxrta, both
brachiocephalic arteries, pulmonary artery and both ventricles
are shown in Fig., 3-2, The eight traces sheown in Jig. 3-27

wvere recorded simultaneously so that temporal relationslips
between events of the cardiac cycle could ke established, The

oscilloscope traces in Fig, 2-2B were recorded in pairs so

W

that particular attention could bs vaid to the fidelity of each
recorded signal to a@ssure an exact representation of all wave-

T
h

forms, TFor presentation purposes typical pulses are super-

imposed in Fig.-3~3, The onset of contraction occurred syn-
chronously in the two ventricles and the acrtic and pulmonic
valves opened simultaneously. Left ventricular systcle lasted
approximately 0,12 sec and varied little with changes in
heart rate., At the mean heart rate ol 219i.4' beats/min left

ventricular systole occupied 44% of the cardiac cycle but the

duration of right ventricular systole exceeded left by up to 0%
(Fig. 3-2B and 303). The central aortic pressure pulse was
characterized by a sharp initial rizse which was usually torme-
inated in a distinct anachrotic shoulder, fellowed by a slaowel
rise to peak pressure (Fig. 3-1, 3-2 and 3-3). At peak pressurc

there was no detectable pressure difference hetwaeen the loft

ventricle (mean valuc 165 4 1.2 mm Iig) and the aorta (mean valuo
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. Figure 3-2

04

A, Pfessurés (mm Hg) and-flows (L/min.) recorded
simultaneously in the central arterial system of

the duck. Traces, from.top to béttom; flow in the
right b;achiocephalic artery, RBAF; flow in the left
brachiocephalic artery LBAF; pulmonary arterial

flow, PAF; pulmonary arterial pressure PAP;

aortic flow, AF; éortic pressure, AP; right
ventricular pressure, RVP; left ventricular pressure,
LVP,

B. Oscilloscope records of central pressures and

flows recorded in pairs. Traces match those in

Fig. 2A, but were recorded, each pair, from a

different animal,
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Figure 3-3,
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Ovérlap'drawing.of pressure ( } and flow (—---)
pulses in the systemic (A) and pulmonary (E)
circulations of the duck. The vértical lines ére
separated by time interﬁals of 0.025 sec. LVP, |
left Qeﬁtricular pressure} AP, aortic pressure;
AF; aortié flow; RVP, right ventricular pressure;

PAP, pulmonary arterial flow; PAF, pulmonary

arterial flow.
14
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increase in the amplitude of the systolic porticn oI the pressure
Ducks which digplayed only slight increases in pulse pressure
also exhikited little change in pulse contour, The pulse

wave velocity also increased along the eoxta rising from 4.4 +

dbominal

jU]

0.8 m/sec in the aortic arch to 11.7 + 1.2 m/zec in the
aorta, In the majoriﬁy of animals the increase in pulse wave
welocity Qas effected in the thoracic aorta., The total transit
time for the pulse to reach the distal end of the acrte, &t o
mean blood pressure of 143 + 2 mm Hg obtaining in these
experiments, was approximately 20 m.sec, or 5-10% of the cardiac
cycle,

Aortic blood flow rosc sharply after opening of the aortic

\

valve and peak flow preceded peak pressure by al

(Fig. 3-=28 and 3-3). RAortic flow rate fell sharply at the

end of systole but little or no backflow was recordod (rig. 3=-2).
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Figure 3-4., Pressure waves recorded in the abdominal aorta
{left trace) and the aortic arch of the duck.
Markédvchénges in the amplitude and profile of
the wave are seen during propagation along the

“aorta.
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- Frequently aortic flow displayed a aouble maximum. Flow traces
. were nearly identical in the two'brachioéephalic arteries (Fig.
3-2B; a narrow peak flow rate was 6bserved whereas the falling
‘limb of the flow profile ﬁas‘interrupted by a‘levelling off in
late systole. ' This phase was conéistently followed by a
brief'period of backflow and later return to zero flow for the
remainaer of diastole. Three-quarfers of the total cardiac
output.(482 i_j m;/ min) was distributed equally between the
brachiocephalic arteries which supply the wihg, flight muscles,
and head._.
| The pulmonary arteriai pressure wave was similar to that
seen in the §orta but pressure was more pulsatile; with fhe
éverége diastolic‘pressure of 9 + 0.2 mm Hg being less than
oné-half the average péakbsystolic pressure of 26 + 0.5 mm Hg
(Fié. 3:3), The peak systolic pressure in the pulmonary artery
waé; on average;'some 2 mm Hg below the peak right Qentricular
pressure although this difference was not significant. Blood
flow in the pulmonary artery wa§ consistently maintained during
diastole and'at-norﬁal heart rafes flow fell to zero only
immediately-before the onset of the next cardiac ejection (Fig.
3-2 and 3;3). Ih this regard the flow profile closely resembled
- that recorded in the pulmocutanéops arches of ampﬁibia (Section

I; Fig.1-9; Shelton, 1972). However, the application of adrenalin

(20 ug/ml) to the external wall of the pulmonary artery resulted
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in a markéd chénge in flow profile (Fig. 3-5).  Forward diastolic
flow was completely eliminated and a distinct period of backflow
~ following systole was observed,

Pressure flow relationships

y
1

Impedance versus frequency curves from individﬁal ducks
are presented beéause averaging procedures cannot be appiied to
impedance data from animais with uncontrolled heart rates since
each animai supéiiesbimpedance informaﬁion at a different
distribution of frequencies. In any event when such data can
be combined; for exampie whén the heart is artificially paced,
“the averaging procedure tends tb’obséure-details of impedance
rélatiénships (O*'Rourke and Taylor, 1966). The impedance curves
p;esented are typical of all expériments'andvalthough the high
heart rates encounte;ed necessitate cohsiderable interpolation
of‘impedances'at anharmonic frequencies, impedance curves frém_
‘other ducks displéyed‘ho consistent features not illustratéd by
the curves presented here. Fig. 3-6 illustrates typical
impedance'modulus and phase graphs determined at the input of
the aortic'circulation (Fig. 3-6A) and the circulation of the
ieft pulmonary'artery (Fig. 3-6B). Aortic impedance moduius fell
éharply from its maximum at zero frequency (resistaﬁce to steady
flow):to a minimum at 9-~12 Hz before risiné again, At higher
frequencies the impedance modulus was less than one-thirtieth

the d.c. resistance. Aortic impedance phase fell. to -1 radian



Figure 3-5.
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Pulmonary arterial flow recorded before (a) and
after (b) application of adrenaline (20 pug/ml) to
the external wall of the pulmonary artery. Positive

diastolic flow in the control situation (a) is

'replaced by a period of backflow followed by é

return to zero flow after application of adrenaline

(b) L 3



100a

woo-




Figure 3-6,
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Input impedance modulus and phase versus frequency
graphs for the aortic (A) and pulmonary (B)
circulations of the duck, Impedance data from 6

ducks is supplied, one pair of modulus and phase‘
curves from each animal. Also shown is the harmonic
content of the pressure and flow waves in the

aorta and pulmonary artery,
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at low frequencies then rose sharply to about 41 radian., #ero
phase occurred at the frequency of the minimum in impedance
modulus. Impedance of the pulmonary arterial bed showed much
less dependence on freguency than aortic impedance (Fig. 3-6).

-

Inpedance modulus fell to slightly less than hali

)

iat}

its G.Cc, value
then remained independent of freguency while impedance phase
was close to zero throuchout the fregquency range tested. This

relative independence of impedance c¢n freguency implies that
corresponding pressure and flow harmenli¢s were proportionately
related and in phase, hence the similar profiles of pulmonary
arterial pressure and flow (Fig. 3-3), TFig. 3-5 also illustrates
the harmonic content of the pressure and flow waves Ifrom one
duck. Although the sixth harmonic of flow is still highly
significant in the systemic circulation the same harmonic of
pressure is very small and higher harmonics malke no measureable

contribution to the pressure wave,
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Discuszsion

High systemic blood pressures reported fox other birds
(5turkie and Vogel, 1957; Speckmann and Ringer, 18463) have been
confirmed in the present experiments. This high blood pressure
is a reflection of an elevatgd output of the cavdiac pump

rather than a high flow resistance since total peripheral

n

resistance (mean arterial pressure divided by cardiac output)

for the systemic circulation is below that reported for mammals
of similar size (e.g. cats, Spector, 1956). Cardiac output in
the present acute preparations was lower than those determined

in ducks by the dye dilution techniqgue (Sturkie, 1966; Folkow

l., 1967; Jones and Holeton, 1972a), but was in the same

et
range as those recorded chronically with electromagnetic flow-
meters (Jones and Holeton, 1272b). It now appears chvious that
a major discrepancy exists between these technigues which is
unrelated to whether the experiments were performed on open or
closed chest animals. Mean pulmonary arterial pressures (17

+ 0,3 mm Hg), unlike the mean systemic arterial pressures,
were within the mammalian range (Patel et al., 1963; Dergel

and Milnor, 1965), Evidently the vascular arrangement in the
avian lung accommocdlates high pulmonary flow without elevated

pressures; in other words, the resistance of the pulmonary

vascular bed is extremely low.
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Dynamically the évian cifculationushares mény properties
with that of the'ﬁémmal. The increase in amplitude and
velocity of fhe pressure pulse during transmission ﬁhrough the
aorta reseﬁbles the situatioh observed in mammals (McDonald,
1968; O'Rourke et al., 1968). On the other hand, the aortic
puise rarely displayed dichrotic waves Which are freqﬁently
seen in mammals (McDonald; 1960; Remington, 1960). The shape
of the pressure and'flow.waves in the central circulation were:
similaf'to those bbserved in mammals (Bergel and Milnor, 1965;
O'Rourke, 1967; Oboler g;_gl.,‘i973), with the marked exception
of pulmonary arterial flow. The‘éppreciable pulmonary arterialv
-_flow during diéstole may be attributed, in part; to siting the
flow probe further from the heart than in typical_experiments
on‘dogs,(in.birds the root éf the pulmonary artery is not easily
accessible). Nevértheléss this marked diastolic flow must
indicate a high disténSibility of the proximal portibn of the
‘pulmonary artery. A highly distensible pulmonary artery may be
ﬁecessary to depulsate pulmonary pressure and flow since the
volume of the avian puomonary circulation‘is small (Burton and
Smiﬁh , 1968), and, as flow resistance is low, stiff supply
vesse;s would be unable to store sufficient blood during systole
t§ maintain diastolic pressure and flow. The extended duration
of righ£ véntficular systole compared with left, which decreases

the diastolic interval over which pressure and flow rate decline,
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-also‘contribufes to the mainﬁenance of flow thrbughout the
c;rdiac‘cyéle (Taylor,-l964,,-this feature of thé avian circula-
tion not being shared by mammals (Franklin et al., 1962;
Oboler»g;_gi.; 1973). The distinct“alteration in the flow
Eprofile follbwing externél application of adrenalin to £he
arteriél wall indicates a décrease'in the time constant of the
pulmona#y vascular bed. Such an effect can only be the result

of a fall in pulmonary compliance or resistance and,as pulmonary
resistance rose following'adrenalin>app1iCati¢n,this decreased
time constant is interpreted as indicating a marked stiffening
§f,the arterial wall. The flow p:ofile resulting after adrenalin
aﬁplication closely resembled that normally recorded in the
pulmonary artery of mammals (Bergel and Milnor; 1965; Pace; Cox,
'Alvareleara.and Karreman, 1972). Undoubtedly, the adrenalin
.» was ébsorbed systemically and caused generalised circulatory
changes in that heart rate and stroke volume fell but those
effects cannot provide aﬁ explanation for the observed changes

in the.flow profile,

The need for sophisticated cardiovascﬁlar models to
describe pressure;flow relationships in mammalian arteries can
be attributed, for the most pafﬁ,.to the finite velocity of the
pulse wave gene:ated by.the hgart. Pfessure (and flow) oscil-~

lations at different sites in mammalian arterial systems are

significantly out of phase and pressure and flow waves may be



spotial vaviation of arterial wall

irst five harmonice make significant contributions to

& N P

typical pressure waves (Patel et zl., 19G3) treasit times must
be below 5% of the total cardiac cycle if

art to Le ignored, a situation not: enCOLntcr d in narnals

corvnonly studied, Certainly reasurements of aortic pulse
wave velocities in ducks give no indication that 2 MlndmL sel

nocél can be used to characterize the avien systenic circulation,

pulse wave alony the aorte is 5-10% of the cardiac cycle and
con chnt1y not even the first harmonics of the prassuie and

flow waves will be free from wave rrensmios]

Tr. addition, the impedance curves of the aoxtic circulation
displayed features cammohly obhscrved in studiles of marmalian
circulations (fatel ¢f 2l., 19063; O'Rourkcvand Tavier 1967)

except that in the lat +he mininmum in impadonae noedulis

occurs at a lowexr freguency (2-6 liz) &l lzrge positive

220
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phase angles are not always observed., A minimum in impedance

modulus and the corresponding pattern of impedance phase are

not predictable from a windkessel model and are uncrmally

attributed to the effects of wave reflection, Further cvidence

that wave transmission effects are significant in the aortic

circulation was observed when pressures were recorded at different

cites in the aorta. Pronounced 'peaking'

the pressure pulse was observed with pul

by approximately 30% bhetwsen the aortic
aorta. This degree of amplification is
in humans. O'Rourke et al (1968) found

increased in amplitude by an average of

oxr

amplification of

and the akdominal

similar to that reported

that the pressure pulse

35%

(calculated from

their graphical data) during transmission along the aorta of

patients who displayed no evidence of vascular lesions (20

patients, aged 6~70 years). The change
pulse during propagation was also quite

-~

by O'Rourke et al.,, (1968). Peaking of

in shape of the pressure

similar to that reported

the pressure pulse has

been attributed to both reflection effects

(McDonald, 1960)

and the progressive stiffening of the arterial wall at sites

more distal to the heart (Taylor, 1964).

In any event pezkin
- o

is a manifestation of wave transmission and cannot be predicted

from a windkessel model. On the other hand, although the major

characteristics of pulmonary arterial impedance, a moderate

decline in modulus and near-zero phasc,

arae

similar to those
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reported for the mammal_(CarO'and McDonald, 1961: Bergel and
Milhor, 1965; Reuben g;_gl., 1971; Pace g;_g;.; 1972) nofoscil;
_1étions.in puimonary impédance modulus and phase were ébserved'
in the dpck. It may be that wave transmission effects are not
of major-iﬁportance in the avian pulmoﬁary circulation or that

- terminations in the iow -resisﬁance pulmonary bed are well;
matched'ﬁith the characteristic impedance of the supply vessels,
in which case reflection effects would be minimized. However,

since pulse wave velocities were not determined in pulmonary

vessels this question cannot be settled at the moment.
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SECTION IV

- The Effects of 'Elastic Taper' and Reflections on Wave Propagation

in Mammalian Arteries

Introduction

Theoiiés descfibing the d&namic aspects of blood flow in
arterial systems havevdevelopedvalmost exclusively from studies
on mammals, most notably the dog, cét'and rabbit; and consequently
far mbre'is known ébout haemodynamics in these specieé than in
any.othérs. Nonetheless a complete, quantitative analysis of
pressure—flow relationships throughout a mémmalian arteriai
system iS’still not possible and undoubtealy this is related to
the myriad.of factors which influence these felationships. Rapid
gains in this.direction‘were'made in the 1950”s following the
realiZation.th;t lumped parameter models of mammalian arterial
systems, such as the windkessel, had to be abandoned in favour
of a wave transmission approach., Most notably the theories of
Womersley (1958) appeared capable of incorporating most factors
which influence pressure—flow relations ih uniform segments of
arteries and certainly his approach was highly successful in
predicting local flow patterns from the ptessure gradient along
short.lengths of vessel (McDonald, 1955, 1974). The hope was
expressed thét by dividing the arterial system into a multitude

of such vessel segments and integrating the effects of wave
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.transmission;over these ﬁany segments ﬁhat trénsmission through
»fhe complete arterial tree could be synthesized. Unfortunately
the.@ost cursory attempts in thisvdirection were unsuccessful
‘and it éooh pecame apparent that’suCh an approach could not
‘acocount for such facfofs as the continuous, gradual changes

_in vessel properties; e.g. the progressive‘stiffening of the
afterial trée at‘sités more distal to the heart; for reflection
ofHWaveslfrom’discontinﬁities such as branch sites 6r for the
flow diStrubaﬁces which these discontinuités produée.

Perhaps the greates£ obstacle to progress in this airection,
certainly the most extensively investigatea, lies in assessing
the phenbmenon of wave reflection. Altﬁough'it is now widely
acceptéd that reflections occur their importance to arterial
‘dYnamics is still a'point of dispute (McDoﬁald; 1974). There
are a number of reasons for this controvérsy. Firstly wave
.reflections in a system of‘elastic fubes may occur whereﬁér
there is a discontinuity in the.system'and in the highly
varbqrized afterial tree the near infinite number of bends and
branch points at many different distanceé from the heart
will send back numeréus small reflections which summate in a
highly compléx fashion. The appréaches of treating»the summed
reflected wave as if it originated frém an 'average' reflection
site (McDonald; 1974) or lumping together all reflections from

specific regions (O'Rourke, 1967) are useful but clearly limited,

.
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It is also not clear which sites makes the greatest contribution
to wave reflections. Originally it was felt that major branch
points such as the aortic trifurcation generated the greatest

reflections (see Remington and O'Briun, 1970) whereas it is now

argued that the many smaller discontinuities in the arteriolar

1

beds are of greater signifigance. The reason for the shift in
opinion is,that impedance curves are said to show more evidence
of refleétions when peripheral beds are vasoconstricted and less

during vasodilation (O'Rourke and Taylor, 1966; Westerhof et al.,

- 1973) -although these differences in impedance pattern appear,

{
to this worker, equivocal at best.

In recent years a further difficulty in assessing reflection

_ phenomena has been elucidated. Taylor (1964, 1965) has developed

a theory based upon an electrical transmission line analogue

which predicts that the progressive stiffening of arterial

'vessels at sites more distal to the heart, the so-called

"elastic tapering" of arteries, may produce effects which mimic
those of reflections. Both amplification of the pressure wave
aﬂd oscillations in impedance curve; the two most striking
effects of>ref1ections, may be generated and thus distinéuishing
reflection effects from those of elastic taper is difficult.
Althbugh this theory has prompted a nﬁmber of related studies

in the last decade (e.g. Barnard gg_gl.; 1266; Fich et gl;;

1966; Fich and Welkowitz, 1967; Attinger et al., 1968) there
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has been no experimental verification that this transmission
1ine theory is meaningfﬁl in a fluid mechanical‘SYStem.
Ceftainly;;such‘tests would be diffiéult to péfform in.;g zizQ_
studiés since so many factors affect the nature of pulse wave
prppagation. In the present investigation the effects of
elastié taper are studied in a model ‘artery', an elastic tube
'which has been chemicélly treated to produce a continuously
varying wall_étiffnesé. The propagation characteristics. of
pressure waves of Qaryinglfrequency are examined by a new
-approach which may have widespread‘applications in other areas
of Cérdidvascuiar'research. he possibility of treating elastic
tapef effects as reflection 'phenomena is discussed. ‘Further2~
igfzizg"experiments are aimed at investigating the effects of
?drug-induced vasomotion on Wave reflections by examining
pressure wave propagation characteristics as opposed to studying

the effects of such interventions on impedance curves.
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Methods

Hydraulic model of an artery with elastic taver

The model was prepared by filling a_pdlyvihyl tube

. (radius 0.8 cm;_wall thickness 0.2 cm) with a softening chemical -
- (cyclohexanone) and draining the chemical at controlled rate.éo
that cértain.;egions of tﬂe tube were éxposed-for longer periods
than éthers. In order to determine an appropriate drainage-‘
:rate lengths of similar tubing were first treated with the
chemical for different time periods in order to'éstablish an
exposure time‘véfsusitube stiffness relationship. "Stiffness"
(Youngs modulus,'E; times wall thickness; h) was determined

by étretchiﬁg saﬁples of the tubes in the apparatus éhown in

Fig 4-~1. The extensio;, read off the micrometer scale; was

compared with the force recorded by the strain gauge and stif-

fness was calculated according to the equation

Eh =’:L¢,AF/2TIR-AL

¢
where AF is the force applied, AL is the resulting extension,

L, the resting length and R the tube radius., Drainage rate of
the actual model was then regulated to produce a tube which was
softened to the maximal extent possible for the first 30 cm of
the inflow region with stiffness then increasing linearly to a

maximum at 150 cm from the origin. Tube stiffness was then

!
i



Figure 4-1.
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Apparatus for measuring elasticity of cyclohe: xanone-

treated polyvinyl tube. Tube sample is clamped to
two plugs one of which is attached to a strain

gauge and the other is mounted on a moveable stage'

which can be displaced known distances with a micro-

meterxr
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constant at this maximum level throughout the rest of its length

which was 7 m; At the end of experiments tube'stiffness as a

" function of pOSitidn was determined directly by cutting the

modél intb short-lengths and measuring the stiffness of each
segment, .In pfeparingvthe model it was necessary to pretréat_
the entire tube with cyclohexanone for 15 min. sinée shorter. .
ékposure times produced erratic results. In addition treatment
times were limited té a maximum of 4 hours since longer.exposures.
caused a completé breakdoﬁn of the tubing material as indicated
by a 1iéuifying and 'running’ bf the inner wall. |

The experimental set-up consisted of connecting the tube

. to inflow and outlfow resevoirs, the inflow resevoir being

completely filled and closed so that resting pressure in the
tube was determined by the water level in the outflow resevoir.

This level was set to 100 cm HZO' a pressure sufficient to

_ensure that the cross-section of the tube, which was slightly

elliptical when unloaded, was circular. Transient pulse waves
were driven through tﬁe model by rapidly infusing 1 ml H5O0 into
the inflow resevoir and the resultant preésure pulses were
recorded at a reference site; the distal end of'theltapered
section using two Bio-tec BT~70 pressure transduceré_which were
coupléd to the tﬁbe lumen with 24 gauée hypodernic needles
fofced through the tube wall kexperiments repeated for each

test site). The test manometer was then moved distally in 20 cm
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éteps-and the procedure was repeated for-eaéh test position.
Data was sto:éa on magnetic tape (Akai 280D~3S recorder)
ﬁSing-thé FM conversion system described in Section III and
these preséure'signals wére later digitized at a raté of 200 -
sampleS/éec with an A-D converter (Digital Equipmenﬁ Corp.).
The resultént data were fed into a Lab 8/E.computer (Digital
- Equipment Corp;) which cémputed thevfourier transforms of the
tranéient éreséure pulses by standard techﬁiques. 'Aliasing’
errbrsv(see appendix)'were avoided by electronically fiitefing
out all-sighals above 100 Hz. The F;urier tfansform»of a
‘transient signal expresses the amplitude distribution of the.
freéuencies which make up the signal (Tsién, 1959) and thus
by comparing ﬁhe transforms of pressures recérded at the refer-
ence and the various test sites the response of the system to
a disﬁributiqn of input frequencies can be deterﬁined. This
Fourier transform approach and a sample application are discussed
in the appendix, | |

| fhe response of the model tube to oscillatory inputs‘was
_expressed as pressure amplification, A(£), vs. frequency and was

calculated according to the equation

L R(N/R)
L A = “By/Pi

where P, (f) is the reference pressure at a frequency, f,

‘and P, (f) is amplitude of pressure at the origin of the tapered
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section of tube and Py (f) is pressure amplitude at the test site,
" The advantages of this 'transient analysis' approach over that
of applying sinusoidal inputs of varying frequenciesiare that
required data acquistion is greatly reducedrsince one test run
supplies information on a distribution of frequencies and,
since transient preésures are applied to the systen, reflections
from the tube ogtflow‘resevoir are distinctly separated in time
from the incident pressure wave and can thus be easily eliminated
from data analysis. Normally such terminal reflections Qreatly
complicate this type of analysis. In the present study the
frequencies investigated were those which exhibited wave length
to taper length ratios varying from 0.1 to 1 which correspond
to those observed in vivo (McDonald, 1974) since for these
frequencies the model was hydrodynamically similar to the physio-
logical situation,

Results of the above experiments were compared with the
theoretical predictions of Taylor's (1964, 1965) electrical
transmission line analogue. According to this theory the
equation describing pulse wave propagaﬁion in elastic tubes are

(Nooxrdergraaf,1971)

2 3Q _ _ IR’ 3P
9z T 2Eh ot
3 P _ p aQ

dz © ORO+RE) It
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A

where P = pressure, Q = volume flow rate, R = internal radius

0

31

H

e

I

of the tube, E = Young's modulus of the vessel wall (a mca

of the elasticity of the wall material), h = wall thickness,

—

: . ) . s :
jo = fluid denSLty,52=:dlfferentlatlon with respect to Z, the

listance along the tube axis,g?-= differentiation with r

]

spect

[

to time and 1+ 7F, is, in general, a frequency dependent parameter
but for tubes of the dimensions studies here is equal te 1 for
all frequencies examined, In analogy with an electrical trans-

mission line (pressure analogous to voltage, flow to current)

equations (2) and (3) can be written as

3Q_ _ ~ 9P
4 5z -~ © 3¢
oP _ 2Q
5 Sz St

- where the capacitance,'c =IHR$/2Eh is a measure of tube compliance
and the inductance L =£7ﬁﬂ22is a measure of fluid inertia., For
sinusoidal inputs expressed in complex form (P=FKZ)GM¢(]=QCQeMt)

equations (4) and (5) become

9Q_ _
6 37 - 1wCP
7 %?:—WLQ

where @ = 2 X frequency and i m\/— . When tube compliance is

dependent on position, i.e, C = C(z), equation (6) and (7) can
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can be integrated nﬁmefigally by a éimple iterative procedure
(éarson, 1221; Taylo;; 1965) to predict preséure and flow
amplitude at all sites along the tube provided pressure and
| flow at a'single.site.are_known. Briefly,.for a tube which is

i

eiastically.tapered between positions a and b it follows from

~(6) and (7) that

8 Q@ = Q@) —fa iwC@)P)dz

where Z is any position bétween a and b, If Q(a), P(a) are
known‘then;'as.a first approximation, P(Z3 is set equai to P(a),
>Q(Z$ to Q(a) and (8) énd (9) inﬁegrated to obtain a second
approximaéion for P and Q. This second approximation is again
‘substituted in equations (8) and (9) for P(2Z) ahd-Q(Zﬁ and

the integ:atibn repeated and thus successive approximations can
be refined until accurate asséssments of P(Z2) and Q(2Z) are
obtained. _Ihlpractice the procedure is halted when successive
iterétions produce no significant change in approximations

of P(Z) and Q(Z). Since; in the present study; the elastically
tapered tube was.terminated in a long, uniform section of tubing
for which P=\ﬁ?}o(Taylor, 1966) a single pressure recording
vatlthe junctiqn between tapered and uniform sections (reference

pressure) provided necessary boundary conditions, P(a) and Q(a).
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Equations (8) and (9) were integrated for the case when C varied
: as‘in the preéenﬁ model_on the LAB 8/E computer and a cheék for
programming eriors wasiperformed by analyzing the wave propa;‘
~gation characterictics of electriCc transmission lines which

- have béen prévioﬁsly_investigated (Taylor,,1965).

The above theoretical computatioﬂs take no account of the
dissipativé losSes_which-méy occur in the éctual»tube. Such
losses dut té fluid‘§iscbsity should be smaillfor tubes of the
"diameter of-the‘moael but losses due to viscoelastic properties
of the wall'aré more difficult to predict. In order to correct
theoretical predictions fqr such effects.a number of tubes, |
séftened uniformly tb.varying degréeé,were placed in the
"experimental.set;up and‘pressure was recorded at two sites (1 m
apart) to aséess damping effects as a function of wall stiffness.

-Animal Experiments

~Young rabbits weigﬁing from 2.0 to 3.6 kg were anaesthetized,
tﬁdracotomized aﬁd artificially ventilated as described in
Section V. Blood}pressure Wés'recorded in the aortic arch
.through a catheter attached to a Bio-tec BT;7O pressure trans;
ducer, The catheter was either inserted directly through the
wall of the .aorta or was introduced into a carotid arfery and
fed d&@n to the junction of the_innominate artery and the aorta,

A 2 in incision was then made in the;lowér abdomen and the

aortic trifurcation was exposed. ' A baloon cuff occluder was
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‘secured around the aorta just proximal to the trifufcation and
a catheter connected to a.second BT;7O pressure transducer was
insefted into thé-aorta just proximal to the vessel occluder.
The ﬁet alteration of the preSsure wave'propagated along the
!aorta was assesséd by comparing the Fourier components of the
two pressure signals recorded at the bﬁtput (trifurcation) and
input (arch) of the vessel, i.e. a 'transfer funcﬁion‘ of pressure
wave propagation_(outpﬁt/input'as a function of freéﬁency)'was
determined. 'The'effects of vasoconstrictidn’on‘the transfer
function‘were assessed by rapid intra;venous'injection of
epinephrine (Sml; 4pg) whereas acetylchqline (ACh) infﬁsion
(.5ml, 50pg) was used to examine the éffects'of vasodilation.
Inflatioﬁ of the balloon cuff occluder at the trifurcation was
employed fo introduée a discrete reflecting sife into the
system, McDonald's (1974) investigations indicate that the
.effects of distributedvreflections are best approximated by a
siﬁgle reflecting site if that site is located in the pelvic
‘region and therefore'it was hoped that occlusion of the |
trifurcation would, in some sense, simulate.increasesvin
reflections of a physiological origin.

| Pressure recordings were stored_on an Akai 280D SS tape
recorder iﬁterfaced'with a.two channel FM édaptor (Vetter .

Instruments) and the two pressures were later digitized simul-

taneously by an A-D converter (Digital equipment). A Fourier
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i
I

analYSis.of the digitized'signals was performed by a LAB 8/E
éomputer utilizing a convential Fouriér analysis program and
the reéﬁlté were printed oﬁt as a'trénsfer function. Thé‘
same rigorous controls of manometer system frequency response-
dhaiacteristics described in Section III were exercised in

)

this study.
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Results

Model Studies

o ‘Fig. 4;2 illusfrates the Qariation in.elastic modulusvéf
vthe model artery as determined at the eﬁd of experiments. The
linear dependence on position predicted_by preliminary studies
.was not strictly observed.although wall stiffness did vary in

a smooth, steadily'increasing-fashion. The elastic modulus

more fhan doubled along fhé tapered region, a variation corres-

' pOndin§>to an increase of 50%-in\pulse wave velocity. Although
well below the 3 to 5 fold increase in pulse‘wave velocity re—'
ported in mammals (McDonald; 1968) it is sufficiently~large to
produce significant amplification of the pressure pulée accord-
'ing to tfansﬁissibn line theory . In Fig. 4-3 experimentally
observed pressure-wave'amplification along the tapéred sectién
of the model for frequencies of 1;10 Hz are compared with theo;
‘retically predicted results, Transmission line theory Kné al-

" lowance for damping) predicted that low fregquency pressure waves
would steadily increase in amplitude during propagation along
the tubé whereas higher frequency waves wouid exhibit oscilla-
tions in amplitude superimposed on a general amplification.
Similar findings characterised earlier theoretical investigations
of asigmoiaal variation in wall stiffness; although oscillations

at higher frequencies were not so pronounced (Taylor, 1965),

and it would appear that these general features of pressure
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Figure 4-2, ZElastic modulus of the model ‘artery' as a

function of distance from the tube inflow,
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Figufe 4;5. Théoretiéally prédiéted and experimentally
observed pressure wave amplification for frequencies
of (A) 1 and 2 Hz (B) 3 and 4 Hz (C) 6 Hz (D) 8 Hz
(E) 10 Hz. Solid curves are theoreticél predictions'
with no allowance for damping whereas dashed

curves (6,8,10 Hz) include a damping correction.
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wave propagation would be predictéd.for any smoothly incréasihg
elaStic.taper. Pressure wave amplification was experimentally
observed at lower frequencieé‘but to a 1eséer extent -than pfe;
dicted and this deviation between theory and observation A
increased with increasing frequency with attenuation being
'observed at all frequencies ahove 4.Hz. These results are
suggestive of dissipative effects and indeed when correction
was ﬁadé for such losses the large deviatiéns at higher
frequencies wére accounted for. Fig. 4-4 illuétrates the
transfer function (total amplification vs. frequenéy) for
pressﬁre wave propagétion along the tube model., In a lossless
tube transfer function rises with freéuency then'qscillates
around an équilibrium value at higher frequencies whereas
experimeﬁtal results clearly exhibit the distortion of the
predicted pattern which results from a selective damping of
higher freéuencies.

Pressure wave propagation in the aorta

Mean arterial blocd pressure in the.rébbits used in these
“experiments (83,5 + 1.8 mm Hg) was below typical values for
other‘mammals. These low pressures were apparently not related
.to experimental.protocol since similar blood pressures were
recorded when pressure manometers were-implanted in the

femoral artery under local anaesthesia., In previous studies

blood pressures recorded in adult rabbits (Dawes et al., 1957;
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Figure 4-4. Transfer function (total pressure wave amplific-
ationvalong tube) vs. frequency as observed and

as predicted (no damping correction)
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McCloskey and Cleary, 1974) were similar to those found in the

t al., 1963) however young rabbits such as those

,dog (Patel et al
‘used in present experiments (3-6 mo.) yield lower values
'(Bauei; 1938:‘Dawes et al., 1957; McCloskey and Cleary; 1974).
"Despite these differences in mean_blood pressure the shapes of
>centra1.and peripheral profiles are virtualiy~identical to
those fo;nd in ddgs'(McDonald, 1974) and humans (O'Roﬁrke,
1968).‘ Central pulse pressures are characterized by a dome-
shaped systolic wave terminated by an incisura‘as‘the aortic
valves close and diastolic pressures are convex and exhibit

a second maximum (Fig. 4-5). Iﬁ peripheral arteries the pulse
pressure is much lafger than that recorded near the heart and
the systolic wave is much more peaked in form, An incisura

is no lonéer observed and diastolic pressures exhibit a .
secondary oscillation, the dichrotic wave. Introducing a
aiscrete peripheral reflecting site by occluding the distal
v_abdominal aorta tended to accentuate the difference between
central and éeripheral bressure waves, The difference in

pulse pressﬁre at the two sites increased significantly, largely
as a result of increased pﬁlse pressure at the periphery 
although central pulse pressure feli slightly, and the diastolic
- hump of central preésures and the dichrotic wave recorded at

the periphery became more pronounced. The effects of adrenalin

induced vasoconstriction were very similar to those of the



Figure 4-5,

Top row, Pressures recorded in the ao;tic arch
(earlier rising profile) and in the distal abdominal
aorta in the control situation (normal), during
occlusion of the trifurcation and following adrenalin
infusion,

Bottém row. P;essures'recordeﬂ in the same sites
in the control situation, during ACh infusion and
while the aortic trifﬁr@atioh is occluded during

the response to ACh infusion.



100
pressure
(mm Hg)
50
00
pressure
(mm Hg)
0

normal

normal

occlude trifurcation

ACh

adrenalin

ACh &

occlusion

B6CT



130

~occlusion experiments although some differences can be
observed. The systolic wave of the central pulse took on a
more complex shape exhibiting an earlier maximum,diastolic

waves at both sites occurred earlier and the transit time of

|

i

the pulse between tﬁe-recording siﬁesvdecreaSed;

Vasodilation induced by ACh infusion had a maiked effect
on.both central and peripheral pressure waves., The central
pulse exhibited a more peaked systolic wave and a reduced
diastolic hump. The peripheral pressure displayed a dramatic
decrease in amplitude_to-below that of the eentral pressure,
the dichrotic wave was lost and the peripheral pressure pulse
appeared very much like a damped version of the central pulse.
Occlusiou'of the trifurcation during this response caused an
immediate returnAto profiles resembiing those of the control
situation,.

A more guantitative assessment of aortic pressure wave
propagation is achieved by comparing fhe harmonic content of
the two pressures., Fig 4-6 illustrates the ratio of peripheral
pressure to central pressure (the transfervfuncﬁion)-for the
first 5 harmonics of the pressure wave in the control situation,
. during vasoconstriction and during oeclusion of the distal end
of the aorta. The rabbits showad little scatter in heart rate
(mean control H.R., = 4,39 + .19 Hs) and consequently data was

grouped at the mean heart rates to allow averaging of data.



Figure 4-6.
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Alterations in transfer function for pressurc
wave propégation along the rabbit aorta causedr
by adrenalin induced vasoconstricfion (squares),
ACh induced vasodilation (open circles) and
occlusion of the aortic trifurcation (closed

circles)., Data from the first. 5 harmonics of

- pressure waves has been averaged and presented

at the meén heartbrates for each case except

ACh infusion for which H.R. exhibited toévlarge

a standard error., In this case only a represen-
tative sample is displayed although all»animals
(4) subjectéd to this procedure exhibited similar

transfer function curve,
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Under conﬁrol conditions the pressure wave was amplified duringi
propagatiqn’along the aorta (transfer Function ;1) at all
frequencies although marked oscillations in transfer function
were observed (the pattern of‘maximum,minimunymaximum in
‘transfer function wés seen in all rabbits). Océlusion»of the
aorti§ trifurcation cauéed.in increase in wave amplification-
at all but the highest frequencies and the pattern of oscile
‘lation in transfer function was maintained. Adrenalin infusion
caused an increase in transfer function aﬁ moét frequencies and
the pattern of oscillaﬁién in transfer function was spread

out over wiaer ranges in frequency. Spreading out of these
‘oscillations can be interpreted as resulting from the
incréase‘in pulse wave velocity whichﬂaccompanied thé increase

in blood pressure during vaso-constriction.
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Discussion

Investigations of the hydraulic model of an.artery exhibiting

elastic'taper support theoretical predictions of the effects

of taper when appropriate corrections are made for dissipative
losses. The effects df elasﬁic taper on pressure wave proéagation
have been discussed previously’(TaYlor, 1964;.1965)_howeVer

some  further remarks are in order. The oscillations in transfer
function and in pressure amplification with position along the
-fube are difficﬁlt to interpret intuitively;When-one considers
" the very steady inérease in wall stiffness of the model.
| Similar 65cillati§ns are generated .in uniform tubes.with
reflegting sites although in this case such patterns are

easily described in terms of the varying phase relations

between outgoihg and reflected waves as position and frequency
varies; a maximum in amplificatiqn occurriné at sites where

the two waves‘are in phase and a minimum where they are 180

out of phase. Taylor (1965a,b) has aiso found that impedance
curves‘for aAsysfem of rand;mly distributed reflecting sites

(Taylor 1965(?)) are remarkably éimilar to those of tapered
vessels (Taylor 1965 (a)). It is difficult to accept

that these similarities between elastically tapered and
reflecting systems afe purely co-incidental and since it is

well known that an abrupt change in vessel compliance acts as

a site of reflections (Womersley, 1958) it is tempting to
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interpret the effects of elastic taper asz resulting from a
summation of infinitessimal reflections from each increment in
wall stiffness. Indeed such an interpretation stands up to
rigorous inspsction. Given a tube of length, a, with a
continuously wvarying éompliance; Cc(z), where Z is distance
along the tube then, for sinusbidal inputs, flow rates and

pressure within the tube are given by equations (8) and (9). i.e.
z '
10 Q@ = Q) - [ 1w CEpEdz
. [¢)

" P(z) = P(o) -sz iwlQz)dz!

If a second tube of the same length contains a number, n, of
equally spaced abrupt changes in c§mpliance such that the
‘cnmpliance of fhe jth segment is given by Cj = C(ja/M) then the
effects of reflectioﬁs from fhéée'sites on pressure and flow
waves propagated over a number, k, of these vessel segments

are determined by integrating equations (5) and (6), i.e.

a Y]
12 Q(z=ka/n) = Q) - [fo”iwcm(z-)dz' + '/Q” (wCyP(2)dz' +
A
ka
o 0 .. -{-— 'é:_r;)a ika P(z|)dzl
n . .
_ : ka
13 P(z=ka/n) = P(0) - fn iwlQ(z)dz
o :

Egquation (12) can be rewritten
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j s k ’j—r?- ,
14 Q(z) =Q(o) 'Z f ' ;‘f’cj P(z) dz'
, . J=] (J_n])?

However, i£ the number Qf.segments iato which the tube is
;'divided increéses indefinifely (n-00) and thé size of each
increment in compliance correspoﬁdingiy dropé so“that total
change_in cdmplianée along the tube is unchanced tlen

o .
iqu_P(z')dz' = 5ij P(1a/n)-a/n

(-Da
n

and equation (14) becomes

.k
Q@ = Q) -Lim _ 2 iwC;P(je/n)a/n -

n -+ j:]

However by definition of the integral

n

ka
lim 2 iwCjP(ja/n)-a/n = ./o‘v" o Clx)d?

n-+=0ow =1

. so that the summed effect of these infinite number of small
reflections on pressures and flows within the system are

described by
z
Qe) = Q) - fo i 0 C(2)PE)dz

= - [ iolQEdz
) (o]

which are identical with equations (10) and (11l) describing

pressures and flows in an elastically tapered tube, Since
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C(Z) was an'arbitrary continuous function it follows that any
continuous elastic taper of arteries can be treated simply as
jan additional source of reflections within the major vessels

.0f the arterial tree.

The present in vivo experiments demohstrate that the
nature of pressure wave propagation ‘in the aorta is highly_'
éensitive to wave réflections from both.exterﬁallyuapplied
(cuff oécludef gxﬁeriments) and naﬁuraliy occurring reflecting
sites., Resulté of these expefiments support earlier contenﬁions.
thatlthé major source of reflections in the mammalian arterial

:system aré located in thezmﬁeﬂokn. beds since refleCtioh
phenomena, which were greatly augmented_by-drug;induced-Vaso-
constriction, almost disappeared during Vasodilation. Certainly
some of these changes in wave propagation characteristics may
be.due1b7non;vasomoter effects of_adrenalin and ACh however;
since fhé effects of introducing a discrete peripheral reflect-
ing sité by occiuding the aortic trifurcation were dapabie of
both closely mimicking those of vasoconstriction or eliminat;
iﬁg tﬁose of vaéodilation, itvmust be concluded that reflection
phenomena are predominant. It.isvconceiﬁable thét alterétions
in pulse wave velocity,as blood pressuré changes, occur pre:
ferentiaily in certain regions of the arferial tree so that
variations in elastic taper could contribute to the drﬁg

induced alterations of reflection phenomena.However Learoyd
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and Taylor (1966) have found that taper is_redﬁced rether than
increased when blood pressure rises so that resultant reflections
'irom this source shoﬁld be'ieduced during adrenalin infusion
‘and augﬁented during ACh infusion.
Since peripheral vasodilation almost totally elimates
the effects of reflections on pressure wave propagation it must
be concluded that reflections from sites within the major
"arteries, both from discrete discontinuities and from elastic‘
taper of major vessels, make a minor contribution to the
total reflected wave., This finding seems at odds with the .
marked elastic taper found in the aorta of mammals including
beth young and adult :abbits (Saxton, 1942; Cleary and McCloskey,
1962; Cleary, 1963: McCloskey and Cleary; 1974); which exhibit_
aertic wall properties similar to those of the dog (Harkness |
et gl.; 1957) and the human (Cleary, 1961). However quantitation
‘of elastic taper is generally performed by»ﬁeasuring pulse‘wave
" velocity which; inlmammals; increases some 4-5 times (McDonald,
1968) and there is some indication that this approach‘may
<Dnsiderably overestimate real changes in wall stiffness, Pulse
wave velocity is measure either by recording the time delay
between the rising fronts of the.pressuré wava at two sites
a knowvn distance apart (McDonald, 1968) or by meesuring_a
similar time difference.between peék rates of change of

'pressure (present study) and both of these approaches measure
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the velocity of the highef harmonics of the pressure wave,
’Howéver Learoyd and Taylor (1965) have directly measured the
frequency dépendence of aortic elasticity and found that while
‘wall stiffnesé increases some 5;7 times at high physioiogical
: frequéncies_(4;10 Hz) increases less than 3-fold are found at
1qwér frequencies (less than 2 Hz). Thus at these ' lower |
| freéuencieé;'Whiéh make the largest contribution to the
v pressuré wave (McDonald,_1974), elastic taper approaches the -
fangé observed in the present model studies. Since pressure.
wave aﬁplificationlwas limited toat most 30%.in these studies,
éven if viscous damping does not occur, éarlier’conclusions
on the majoi.effects of-elastic'taper On pressure wave propagaQ
tion seem éuestionable,particularly when the dounter-effects
ofllarge dissipative attenuétion in arteries (McDonald and
Gesénef; 1968; Berer 1961) are considered.

It méY'be that elastic taper is aﬁ‘adaptation to refléc;
tion eifects rather than a major source of reflections. Were
distal arteries as compliant as proximal vessels then the
large pressure swings that reflections produce in these arteries
would cause ééuallyzlarge strains in thé arterial wall. It is
now a popular theory that dynamic stresses on arterial walls
are damaging and ultimately result iﬁ arterial degenerative
disease (for a review see Gessner; 1973) and conseéuently it

is tempting to view the greater stiffness of peripheral vessels
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as a protection against such damage. However much more

information on the effects of mechanical stress on arteries is

-needed before such conjecture can be examined closely.



140

SECTION V

Mechanical Interaction Between the Ventricles

of the Mammalian Heart

‘Introduction

In amphibia the systemic and gas exchanger circulations.
"ére supplied'by‘the same ventricle and consequeﬁtly the nature
of ejection to either bed is affected by the hydraulic load
-presented tq.the heart by the opposite circulation. On the
othér hand in aves and mammals the intraventficular septum is
complete and the two sides of the heart are, in reality, two
separate pumps.However the degree to which ﬁwo ventricles
function independently is controversial. The volume outflow
of both ventriéles rust, in the long term, be equal if volume
loading of one circuit is to be avoided; this balanced output
being a result of the Starling mechanism (Starling, 1915)
whereby the strength of contraction of either ventricle increases
or decreases with the venous reéurn from the opposite circulat-
ion; or more exactly, with the diastolic}distension of the
ventricle produced by this return.

It seemé likely that some direct mechanical interaction
should also occur between the two veﬁtricles as a result of
their structﬁral coupling since the free wall of the right

ventricle is continuous with the left ventricular epicardium
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" and a single wall, thé-intraventricular,septum, divides the
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cavities. Indeed a number of recent studies (Taylor et al.,

1967; Laks et al., 1967; Bemis et al, 1974) have established

that the diastolic filling pressure of either ventricle can

inhibit the filling rate and alter the geometry of the

opposite ventricle and that this interaction is augmented by

constraints resulting from the presence of the pericardium

(Elzinga et al., 1974). However, £he physiological importénce;
of interactions between the ;entricles during systole is
cdﬁtroversial. Cn ﬁhe one hahd it has been argued from
experiments involving destruction of the right ventricular
free wall (Starr g;_g;.;~1943; Bakos, 1950: Kagen, 1953) 6r by

observing changes in right ventricular pressure (RVP) promoted

by instantaneous changes in left ventricular pressure (LVD)

(Oboler et al.; 1973), that right ventricular pumping is aided

by left ventricular contraction. On the other hand increases

in_preldad to one ventricle augment the performance of that
ventricle and inhibit the performance of the opposite ventricle

when steady state is achieved (Elzinga et al., 1974) and

‘Moulopoulos et al. (1965) report that left ventricular

1function was impaired by by-pass or distension of the right

‘ventricle. Consequently in order to extend present views on

mechanical interaction between the mammalian ventricles,

’ R

instantaneous alterations in function of either ventricile
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concurrent with induced changes in function of the opposite

ventricle have been examined.
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“Methods

‘Preparations

 The-experiments were performed on 32 young (3-5 months)
New Zealand White raﬁbité weighing-from 1.9‘to 4.3 kg. All
animals.we;e anaesthefised with sbdium peﬁtobarbital (30 mg/kg,
i.v.),_réstréined on their backs, and the heart was exposed by
a ﬁedian sternotomy.'vFollowing sternotomy the animais Qere
Qrtificiaily reépirated with a Harvard 670 positiQe preséuré
respi;ator. In three animals exﬁeriments were performed following
B blockade with propranolol (Inderal, I.C.I.thd;, U.K.) and
mid—cervical'vagotomyAin order to aésess the role of cardiac
-:éflexes in ventricular,interaction. Abolition of the inotropic
and chronotropic responses ‘to rapid i.v. infusion.of 2 ng
isoprenaline.was taken to indicate COmplete'B blockadé (peak
left ventricﬁlar dr/dt was used as a measure of inotrbpié state).
In all’other aﬁimals the nefve.supply t6 the heart was intacﬁ.

Recording methods

Blood pressures in the two ventricles were recorded by'
direct ventricular puncture using Bio-Tec BT-70 pressure
trahsducers.equipped with short, wide~bore vinyl cannulae
“tipped with 2 cm trocars cut. from 18 G hypodermic needles, To
optimize the dynaﬁic perforhance of the manometers they were

filled with heparinized de-aerated Tyrode solution (50 I.U,/ml)



after first flushing the manoneters and their conncctions with

209 gas. The manoneters were connechted via stopcoc
oil-covered reservoirs of Tyrode solution wihichallowved for
static calibration. Dynamic calibration was performed bafore
and after each recording session by applying a step change in
pressure tc.the tip of the manometer cannula (IHansen'pop~-test!)

and recording the free vibrations of the nanometer and asszociated
ecording svstem., The manometers consistently yielded freguency

125 Hz or bhetter with relative

h

rzgponses O

than 0,1.

Tha output from the transducars was converted to a

~
S clept
fredu ~

ency modulated signal Ly an F.M. adactor (A,R, Vetter,

-
A

Co., Pa., U.3.A.) and stored on macgnetic tape (Akai 280 DS3).
The unmedulated signal was simultaneously displayed on a Hewlett
Packard 1201 A storage oscilloscope. The FH adaptor demodulated
the taped signal when the recorder was in the playback mode.

The first derivative of ventricular pressure,‘dP/dt, was
recorded usging Biotronix BL €620 or BL §22 analogue computzrs

set to a corner frequency of 160 Hz. Tor wmresentation purposes
the taped data was played onte a Techni~-rite Tr 888 chart

recorder writing on rectilinear co-~ordinates,

- Exmerimental Procadures

Phrupt dncrease in the afterload presented to cither

ventricle was accompli shed by diasteolic ccclusion of the aortic
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'

or pulmonary outflow either with a balloon cuff or snare

:occluder. To alter left ventricular preload a 15 G hypodermic

;needle.connected-to an infusion pump (Cole Parmer, Chicago,
U.S.A) was inséftéd into the left ventricle. Switching the
 pump on resulted.in ah infusion of warmed- saline (36-39fC)»iht0'
- the ventricle which produced an iﬁmediate sharp iﬁcrease in
left ventricuiarvpressure5 Right ventricular preload was

‘altered by inflating a bailoon’implanted in the right atrium

since in preliminary trials J found the infusion pump to be
.incapable of raising RVP rapidly enough; an effect attributed
to the greater compliance of the right ventricle. In some
experiments a perturbation of LVP during diastole or systole

was procuced by connecting a cannula from a 60 Hz pump to the

left ventricle. High frequency oscillatory flow (60 Hz, 0.05-

0.1 ml/stroke) was applied to the ventricle when the pump was

switched on.

The hearts of ten rabbits, killed by overdose of sodium
?entobarbital.(50-90 ng/kg), were excised in a state of rigor
and transferrea to a bath of warm (37-39°C) Tyrode solution.,
The pulmonary éutflow as'ligated and a balléonbwas inflated in

the aorta at the valves and tied in place, The latter sexved

to occlude both the aorta and coronary arteries, Pressure and

infusion cannulae were implanted in both ventricles via the

atria. The infusion cannulae were connected via stopcocks
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f'to syringes so thaf préssure élterations in either ventricle
could be proauced by saline infusion., All tests were made
-i-2 héurs.affer excision of the heart; a periodbduring which -
mammalian cardiac‘musclé exhibits constant maximal rigof when
held at physiological femperétureS'(Kolder gg.gl;-l96§). It
has-béen reported that riéor mortis reduces left ventricular
'cémpliancebby some 5-10 times (Laks gg.éif; 1967; Kolder g;_gl;
’1963) which appearévtb be of the order of the change in compliance
between diastole and systole in normal hearts (Templeton gg_gi.;'
1970). This was confirmed in the present experiments by applying
oééillationé from_the 60 Hz pump to the left ventricle in
rigor and éomparing the inducedApressure oscillatipn with the
systolic oscillation produced by the pump in the same heart

in vivo. For this test the ventricle was inflated to a pressure

of 75 mm Hg, the mean peak systolic level recorded in vivo.
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Figuré 5-1. Response of left and right ventricular pressures
‘and rates of change of pressures to aortic occlusion
(arrow marks the time of oCclusioﬁ). The dotted
profileé illustrate the change in systolic pressures
following occlusion (sge text). Trace$ (from top
to bottom) - first: ﬁime markers separated by .5
sec, Second: left ventricular pressure (LVP).
Third: rate of change of left ventricular pressure
(Lb’dP/at). Fourth: right._ventricular praessure
RVP),. Fifth: rate of change of right ventriéuiar

~ pressure (Rv dp/dt).
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' for'fhe7two.ventriéles are similar in shape and both exhibit

a mid-systolic drop, resulting from a narrower pressure peak

>followihg occlusion, followed by a second brief rise reflecting

an extended duration of systole. Instantaneous changes in LVP

and RVP caused by aortic occlusion were identical in intact and

denervated preparations. Although changing left ventricular

afterload affected generation of RVP this was not the case when

left ventricular preload was altered. Rapid infusion of saline

into the left ventricle produced an immédiate,'marked'increase

in peak LVP of 35% after one systole and 75% at the third

heart beat.while'RVP was unchanged uhﬁil the effects of volume

loading the circulatioﬁ.altered right ventricular preload.
Mechanical transference of pressure oscillations from

theAlefttofright ventricles.was observéd during oscillatory

infusion of Tyrode solution into the left ventricle (Fig 5-2).

The 60 Hz oscillations in LVP produced co~incident oscillations

in RVP which were about 1/4 the magnitude of those in the
left ventricle. This interaction is considerably greater

than that seen during aortic occlusion where RVP increase was

1/14 as large as LVP increase (Fig. 5-1). No pressure

oscillations were observed during diastole confirming that the

infusion method caused no vibration artefacts.
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Figﬁré 5-2, Left and right ventricular pressures during
| sinusoidal infusion of saline inﬁo the.left
ventricle, Top trace is left ventricular pressure
(LvP) énd bottom trace is xigh* ventricular

pressure (RVP).
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"Chanqes induded in LVP generation by alteration in right

‘ventricular function.

Occlusion of.the pulmonary‘outflow caﬁsed an instanténeous'
increasevin systolic}RVP and a co;incident rise .in peak LVP
(Fig. 543). However, the mégnitude of thé rise was extremely
Vafiable, the major cauée of this variation being the level
of systemic bléod.pressure (Fig. 5;3A and B). At normal LVP
the induced pressure rise caused by occiusion of the'éulmohary
arteries was negligible (Fig. 5-3A) whereas during systemic
hypotension (produced in this case by controlled haemorrhage)
the affect df increased RVP, was a prominent ihcrease ig Lvp
(Fig. 5;3B). 'Neverthelesé this marked change iﬁ Lvp wés not
accompanied by a change in peak léft ventricular dp/dt. Unlike
the case noted above, in which changes in left venfricular
preload hés'no effect on RVP, a decréasé in right ventricular
preload (accomplished by inflating a balloon in tﬁe right
atrium fo diminish diaétolié filling).caused an instantaneous
~drop in pressure in both ventricles, The instantaneous changes
in LVP induced by changes in right ventricular preload or
afterload were fhe same in.animals with intact cardiac innerva:ion
and in denervated animals.

The right to left ventricular‘interaction was further
investigated In exciéed hearts in rigor mortis. LVP was raised

by injection of saline and monitored while it fell due to stress
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Figure 5;3. The effects of pulmonary outflow occlusion (at
arrows) on Ventrichlar pressures and rates of
change of pressure beforé (A) and after (B)
: inducéd systemic hypotension (see text). Abbrevia-~-

tions as in Fig. 5-2.
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telaxation. When LVP has fallen to a predetérmined levei

(e.ge. 130; 100; 75 or 55 mm Hg in the heart used in Fig. 5-~-4A
.gnd.B)lthe gffect.of‘sudden increased in RVP, caused by saline
injection, én LVP was monitored. Suddenly increasing RVP .
-caﬁsed a concomitant increase in LVP which later declined due
to stress relaxation. Consequently it was possiﬁleto study

the effect on LVP of step changes in RVP at the.same mean
:levei of IVP (see insert, Figure 5-4). . In all hearts a
»fange-df mean LVP levels was applied, in fandom order; spanning
-from ébout 50 té 150 mm Hg and the same results were repeatedly
obtained with a single heart. The change in LVP was compared
to the step change in RVP which provoked the change in LVP and
the ratio LVP: RVP was expressed as a % to indicate the
degree of pressure transfer from the right to the left ventricle
(Fig. f-4A). Figure 5-4A sﬁows that at a-given LVP the inter-
action frbm £hevright ventricle becomes more significant as

the latter is distended and furthermore the degree of pressure
troansfer decreases as mean LVP incréases at any given value of
mean RVP, This findihg suggests that pressure transfe; from
. the right to left ventricle is determined by the relative
distension of the right compared with that of the left and
~this-was confirmed by replotting the.data;of Fig. 5-4A with

RVP expressed-as a fraction of LVP (Fig. 5-4B). When this

experiment was reversed, i.e. when right ventricular volume was
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Figure 5_4’: Pressure transference from right tc left ventricie
in the excised heart in rigor mortis asz a function
of right ventricular pressure at a series of maint-
ained left ventricular pressures, In 'A RVP is
indicated in absolute units whereas in B'RVP is
expressed as a per cent of LVP, Pressure trans—

farence lis eupressed as a per cent of applied

increments in RVP.
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held'constant and.ﬁhe‘left-ventricle inflated in steps;‘the
'degreé'of interaction closely matched that observed in vivo
When 60'HZIOSCi11ations were imposeé on LVP, Stepiincreases
in RVP were about 1/4 - 1/5 the size of the increases in LVf
throughout the physiological range of RVP and LVP., When high
'freéuency (60 Hz) pefturbation were applied to the left

ventricle, at a mean LVP of 75 mm Hg,.the oscillations in

-ILVP were of the same magnitude as the systolic oscillations

observed when this perturbation was applied to the ventricle
in vivo. This confirmed that the mechanical state of the

myocardium approximated that observed during systole,
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Discussion

The present results héve‘established that the left and
right ventricles .do not function independéntly of éﬁe another
in fespect to pressure éenération. However, the degree of
interaction which occurs in the intact animal and it physio-
logical significance remains to be elucidatéd.» There can be
no doubt that ﬁarked,changes in left ventricular afterload,
accompanied by increased LVP, will promote an increase in the
time derivative and abéoluté pressure generated:in the right
ventricle., This effect has been noted previously (Oboler et al,
_1973); but the present data shows that the effects of increasing
left ventricular afterload are transferred to the right ventricle
throughout ejection and are not restricted to early systole

(Oboler et al, 1973).

Since RVP responds to changes in LVP induced by altering
left ventricular afterload but not by altering preload it is
. unlikely that the left to right interaction represents a direct
transfer of intra-cavity pressure but is probably a reflection
-0of a change in the mode of left ventricular contfaction following
aortic occlusion. During normal contréction the left ventricle
. .initially shortens along the apex to base length with a co-
incident increase in circumference‘(Rushmer; 1956; Mitchell

23 §;, 1965; Salisbury et al, 1965) and some septal protrusion
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into the-right ventricie'is likely to dccur._ The fact that )
high.frequency pressure oscillations were.transferred from

,fhe left to the right ventricle during systole suggests that
these gedmetrical changes of the left ventricle are responsible
ifor the interaction observed durihg aortic occlusion. During
thé imposed osciliations the pressuré increments would £end to
make the left ventricle more spherical, in order to minimize
stretch of the elastic componenfs of the‘myocardium; and septal
sﬁeiling_would céuse pressure transierence to the right ventricle;
‘the pfessure decrements would cause the cavity to become more
elliptical as the Ventricle moved towards its unloaded geoﬁetry.
This conclusion is supported:by the fact that no interactioﬁ
was observed When LVP was changed ﬁy altering the preload

fo: Liedtke et al (1972) report that changes in ?reload

affect only end:aiastolic dimensions whereas-increéses in
afterload tend to augment the shortening and circumferéntial
swelling of the left ventricle. Although the present data

has suggested a mechanism for left to right ventricular inter-
actisn the moderate changes in right ventricular pressure
during severe élterations in left ventricular function.do not
appear sufficient to support the theory that the left ventricle
plays é'predominant role in generatiﬁg right ventricular.
pressure (Starr et al, 1943; Bakos, 1950; Kagan, 1952).

The influence of right ventricular pressure on the left
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ventricle, unlike the veverro interac Tou, doas ot depond on

-the pa**-?q of contiaction of the vontmicles since pregnure

Franetor occurrad in tha exciscd heart in rigor, Thic
sucdgests that ricght ventriculal pressuics DXC, in part, direchly

contribute to the extranural pressure over which the left
ventricle contracts, Certainly during gulmonzry hypertension

the septum is digplacad to the left and hecomes less convexn
(Damis ot Al. 1974; Stool et al. 1974) further suggesting that

the right ventricle compresses the l=ft veatricular cevity.
The present results obtained on excised hearts in wigor showed
that as the right ventricle was distended or the left deiflated,

situations that will lead to the right more completely surrounc-

-

‘ing the left ventricle, a pradictable increase in right to

left nressure transfierence vas obtained. At large relative

distenscion of the right ventricle almost total right to left

oressure transfer should occur and this was in fact okserved

in vivo during systemic hypotension.

The fact that tlhese interactions were o: cervad aL+cr
b e

surgical and chemical denervation of thc heart further supports

-he sugges Llon that thesc instantancouc charges are due to a

mechanical interaction,., Purthermore, B blockade with

propranolol was chosen ovex surgical cvmpathaectony since
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" homeometric autoregulatory mechanisms, intrinsic myocardial
adaptationslﬁo.alteratiéné in load (Sarnoff et al., 1960), are
inown to bé gharply diminished by this drug (Monroe et al,,1963)
and were therefore shown to be of little importance in ventii:
cular.interplay.: Cdnseéuently fhe present results show that;
due to this mechanical interaction, the ventricles cannot be.
regardéd as independent moieties, Fortunately; because of
 the insenéitivity of peak left ventriéular dP/at to right
Ventricula: function; these interactions do not argﬁe against
the usefulness of indices of myocardial contractility based -
updn time'dérivatives of left ventricular pressﬁre. The
independence of'left ventricular dP/dt presumably results from
- the slightly asynchronous contraction of the twb ventricles

since right ventricular pressures are comparatively low when

peak left ventricular dp/dt is attained.
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General Discussion

The development of wave transmission models of arterial
haemodYnamics has advan;ed rapidly in the last two decades
' largely as a result of the inability of the windkessel approach
to explain fundamental aspects of pressuré fléw relatiohships
in arterial systeﬁs and as a conseéuence there has been a
tendency to}regard the windkessel model as outmoded (e.g.,
éee Attinger, 1968). There is no doubt that the reason for
rejection of the windkessel approach is that it assumes that
the effects of cardiac ejection occur simultaneously throughout
the arterial tree (McDonald and Taylor,.l959) a situation
apparently never approximated in mammalian systems. However
this situation ié encountered in the bullfrog and there is
reason to believe that the circulations of other species are
also‘ o weli described by such an approach, Consideratién
of the cardiovascular features conducive to generation of wave
transmission phenomena have indicated that low heart rates and
short arterial trees are prerequisites for a windkessel approach.
In homeotherms higher heart rates of smaller species offset the
effects of shorter arterial lengths (Kenner, 1970) and undoubt-
.edly this largely accounts for the unsuitability of a wind;
kessel model; thus it would appear that small poikilotherms

are the most likely candidates for this approach. It is



161

-generally believed that wave transmission effects, specifically
jwave}reflections, are advantageous and contribute to circulatory
_efficiéncy. Changes in‘impedance patterns caused by reflect;
ions result in a.reduction_in work expended in producing the
" pulsatile component of blood flow (Taylor, 1964; O'Rourke,_
1967) although this factor is a relatively small contributor
to total cardiac woyk. In addition, howevér, reflections
result in a node pf the pressure wave occurring at the heart
for normal heart rates (McDonald, 1974) and the resulting
decreése-in pulse pressure implies that tﬁe systolic pressures
against which the heart ejects are lower. As a result there
must be a concomitant reduction ih the tension-ﬁime integral
(total work) of the-coﬁtracting myocardium. All other things
 ‘being equal it would be.expecﬁed that the pressures of natural
selection would result in heart rates and pﬁlse wave velocities
in poikilotherms which would generéte these wave reflection
phenomena, and therefore it must be concluded that the costs
of such adaptions in these. species outweigh the advanfages;
While modeis of‘arterial systems-pefmif descriptibn of
arterial pressure;flow inﬁerrelationships a complete under;
standing 6f arterial’preSsufes and flows requires a knowledge
of the ejection pattern of the heart. Conversely this ejection
pattern is highly dépendent on the hydraulic load presented by

the arterial system (Milnor, 1975) and thus investigations of
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the mechanics of cardiac contraction and of the ph?sicalf
fpfoperties of the arterizl bed must be viéwed as compiementaryh
'rather tﬁah inde?endent studies and}a major.facet'of‘the present'
study has been ah extension of this approach to non-mammalian
vertebrates, integration of studies on.cardiac puﬁping and . 
arterial haemédynamics in mammals is highly compiicatéd owing
to the complex dynamic pfope;ties of.the arterial beds and

the non;linear connection between the heart and arteries, i.e.
via the aortic and pulmonic valves.(Milnor, 1¢75). Results
of the present study, which indicate that some vertebrate
arterial éystems are well described by simple windkessel

models, suggest that a more tractable approach to this problem

may be gained by examining non-mammalian species.
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Summary .

Pressure~flow relationships in the arterial system of the

bullfrog were well described in terms of a two component

windkessel model whereas wave trénsmission effects were
negligible.

During apnoea blood flo& redistribution away from the lﬁngs
was accomplished by vasomotionAof the peripheral circulat;‘
ions. No 'active shunting® rble could be ascribed to the
conus arteriosis.

Contraction of the conus arteriosis generatedia significant
po;tion.of pulmocutaneous arterial flow while making only

a ﬁinof contribution to systemic ejection. Contraction
also served to draw the synangial and pylangial valves of

the conus sufficiently close together to ensure competency.

‘Since the conus did not refill before the next ventricular

- contraction the conus presents undistended valves to the

ventricle and arte?ial'archéS'during diastole. Occlusion
of the corohary blood supply resulted in a complete loss
of contractility of-the conus arteriosis. |

The compliance of the dorsél aorta of the cod is not
negligible and as a result dynamic interaction between the

gill and systemic circulations is complex. Pulsatility

- of gill blood flow was augmented and a marked ‘damping’
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of the pressure pulse distal to the gills obéerved.

Mean arte#ial-pressure.(l43 + 2 mm Hg) and cardiac output

(219 ml/min per kg.) of the duck,_Anas platvrhynchos, were
high compared with those of mammals of similar size and

75% of this cardiac output is delivered to the wings,

 flight muscles and head by the brachiocephalic arteries.

Wave transmission effects,Aspecifically wave reflections,
had a marked effect on systemic pressure;flow relations:
in the duck indiéating that this arteria1 system is not
well described by a windkessel moﬁel.

In the raﬁbit;artificially induced discrete reflectioﬁs

from the abdominal aorta closely mimicked the effects of

peripheral vasoconstriction and masked those of vasodilation;

thus the suggestion that the major sites of reflection in

the mammalian arterial system are in the arteriolar

. resistance vessels was supported. Distributed,reflections

from continuous variations in arterial wall stiffness also
contribute to the total reflected wave although this
contribution does not appear to be predominant. |

The immediate effect of abrupt alteration in the function

of either ventricle on pressures in both ventricles has

been examined in rabbits. Maximal increases in left
ventricular afterload (aortic occlusion) caused not only

a near doubling of peak left ventricular pressure (195%
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+ 5% but also an immediate significant increase (13,2%
+ 1.3 %) in right’Qentricular pressure. On the other
hand when similarvincreases in left ventricular pressure
were ‘induced by sudden changes in preload no alteration
in right ventricular pressure was seen., High freéuency
blosciilatory infﬁsion of saline into the left ventricle
produbed co:incident oscillations in both ventricular
pressures during systole. These findings were interpreted
in terms of ﬁresent knéwledge of the asynchronous patterns
of_contféétion of the mammalian heart.

9. Left ventricular pressﬁre generation was altered by all
interventions with right ventricular performance and
although thisvinteréction was minimal at normal physio-
logical pfessures it was greatly potentiated by systemic
hypoténsion or pulmonary hypertension. A direct trans-
.ference of pressure from right to left ventricle was
also observed when the ventricles of excised hearts in
rigor mortis were inflated with saline and the degree

of this transference was comparable'with that observed

in. the normally beating hearts.

T T e
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Appendix

To démohstrate thebapplicability of Fourier transform
techniques in determinihg frequency dependent pa:ameters of
é physical system the amplitude response of a manometer system
Was evaiuated_as foliows. The manométef éystem to be tested

and a very high freguency manometer system capable of accurately

- recording pressure signals throughout the range over which the

» test-system'is to be examined (0-60 Hz) were connected to the

same pressure source, The pressure source applied a transient
pressure to both manometers and Fig, A-1A illustrates the

distorted'pressure signal recorded by the test manometer and

_'true' profile recorded by the reference manometer, Fig., A-lB

illustrates the frequency responée for the test manometer
determined by comparing the Fourier transforms of the two
pressure signals. .A;pop—test' was also applied to the test
manometef to determine its resonant fregquency and:damping

coefficient so that a theoretical frequency response curve

~could be predicted from manometer theory (see McDonald, 1974).

This curve is also shown in Fig, A-1B, A limitation of this

Fourier transform approach is that.the'transient input to the
_syétem of interest, e.g. the pressure pulse in the aboﬁe
examplé; must exhibit a fréquency speqtrum which o&erlaps the
frequency range one wishes to éxamine. Although for arbitrary

transients this spectrum cannot be precisely determined until
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Figure A-l.. A. Output of referénce (upper trace) and test
(lower trace) manometers in response to a transient
‘preSSure pulse. |
B. Testvmaﬁometer frequency response curve calcu;
lated from Fourier transforms of the éignals
illustrated in.(A) (dots) and according to

manometer theory (solid line).
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data analysis has been completed most unidirectional transient
éignals' (as opposed to tfansient oscillations) exhibit a

fla£ ampiitude specﬁrum up to freguencies which approach 1/7,
Where'T is the duration of the transient, Thus in Section IV
by applying unidirectional pressure pulses lasting at most 0.2
sec, to the hydraulic model an appropriate input spectrum for
examining the frequency range, 1-10 Hz, was always attained.
Additional precaufions.are required to avoid 'aliasing'

errors {Blackmand and Tukey;.l959)_which are errors that result
from recording frequencies too high to be detected at the
sampling rate of the A-D conversion system, ' Such errors can
be avoided by Samplinq at a rate far above the highest frequency
of iﬁterést and elecfronicallyvfiltering out all signals‘

oscillating more rapidly than half the sampling frequency.
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