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Summary

This investigation is carried out primarily to test the determination of

stroke volume from the aortic pressure pulse according to Warner's approach.

Since the results were disappointing under non-steady-state conditions,

another method is developed.

The new approach is based on the time course of the input impedance of the

arterial system. It gives promising results even in non-steady-state situa

tions. This method seems of great interest in the post-operative monitoring

of patients.



2

Contents.

Acknowledgements

Summary

J.. Introduction

J..1. Scope of the investigation.

2. The circulatory system.

2.~. Anatomy and physiology of the arterial system

2.2. Formation of the pressure pulse

2.3. Aortic compliance

2.4. Pressure-volume relation of the aorta

2.5. Some physical aspects of the arterial system.

3. Catheter-manometer systems.

pages no.

l.

3.

5.

7.

8.

9.

12.

12.

13.

14.

4. Review of the determinations of stroke volume from

pressure recording. 18.

4.~. Methods based on the Windkessel concept 18.

4.2. Method based on the characteristic impedance of the aorta 22.

4.3. Pressure-gradient method 23.

4.4. Other methods. 25.

5. Procedures in testing and recording.

5.~. Preparation and recording

5.2. Testing procedures.

6. Warner's "pulse contour" method.

7. Determination fcrstroke volume based on ventricular load.

26.

26.

29.

36.

42.

7.J.. Ventricular load expressed in terms of compliance 44.

7.2. Ventricular load expressed by the time course of the input

impedance of the arterial system. 48.

Conclusion 54.

References 56.



3

Chapter ~.

Introduction

The aim of this investigation was to develop a method for determining

beat-to-beat changes of stroke volume form the aortic pulse contour.

Many physiologists and physicists have been engaged on the problem to

obtain a reliable value for the caFdiac output.

The cardiac output is one of the most important factors of the entire

circulatory system. It gives the amount of blood which is transported

to the organs and tissues. The blood supplies them with oxygen, enables

the exchange of metabolic substances and is an important factor in the

temperature regulation.

The cardiac output CO is related to the stroke volume SV (quantity of

blood pumped from each ventricle with each heart beat) by the following

expression .

CO = SV x HR (1.1)

in which HR is the heart rate.

The cardiac output can give valuable information about the state of a

patient. It has been shown that the first indications of a symptomless

heart disease may be given by abnormalities in cardiac output (Starr, 1947).

There have been developed many methods to measure the cardiac output. They

can be classified in the following way:

a. Methods which deal with some characteristics of the velocity of the

bloodstream.

For example: -electromagnetic flowmeters (Spencer and Denison,1960)

-kinetic energy flowmeters

-ultrasonic flowmeters (Franklin,1958)

b. Methods which deal with some of the cyclic changes in the size of the

heart or ventricles.

For example: -angio cardiography (Arvidsson,1961)

-kymography (Ring et al,1950)

-sonocardiometry (Rushmer et al,1956)

c. Methods which are based on the injection of an indicator and the

time course of the indicator-concentration in the circulatory system.
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For example: -Fick's method (based on the natural injecting of

oxygen) (Cournand~1942).

-indicator-dilution methods using as indicators:dye,

radio-active substances, and cold or heat (Carleton

et al,1966).

d. Method which deals with the recoil of the body under influence of
I

sudden motions of the blood.

-Ballistocardiography (Starr and Noordergraaf,1967)

e. Methods which are based on the (arterial) pressure pulse.

These methods will be summarized in Chapter 4.

The direct rick method and the dye-dilution method are commonly used as

routine activities. Although these methods are adequate for estimation of

cardiac output in man under' steady state' conditions, neither of them is

capable of following rapid beat-to-beat changes in stroke volume.

In contrast to this, the methods based on the aortic pulse contour (e) (and

also the methods (a),(b) and (d» pretend to follow the rapid changes in stroke

volume. It's because of this interesting aspect that the past decades so

many investigators have paid attention to the derivation of a relationship

between the aortic pulse and the stroke volume (Frank 1899~ Broemser and

Ranke 1930, Wez~er and Boger 1939, Ronniger 1955~ Hamilton and Remington

1947, Warner 1953).

All these investigations have been undertaken inspite of a remark of Rushmer

in his book Cardiovascular Dynamics (1961) where he states:

"Attempts to describe the flow, volume and pressure in the circula

tory system by measuring only the pressure, correspond to attempts

to analyse the functional characteristics of a televisionset by

using only a voltmeter".

Applying this remark to the determination of cardiac output from the aortic

pulse contour alone, it is true that there remains a factor which ca~not
I

be determined directly from the pressure pulse contour. (in the case of the

television set: to measure the current through a resistor by using a volt

meter, you have to know the value of the resistor).

Also Warner (1968) agreed that "because of the large variation in size and

distensibility of the aorta and the large arteries from one subject to
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another~ it is unreasonable to expect that an absolute estimate of CO,

could be obtained from pressure information alone". Then Warner continues:

"there will be needed an independent calibration" (e.g. with the Fick or

dye dilution method). A calibration is only useful when it calibrates a

factor which can be considered as constant in an individual person. Warner

suggested to have found such a constant.

Other investigators had great difficulties to determine the factor which

couldn't be obtained from the pressure pulse.

Different investigators used a method for estimating the capacitance

C of the arterial system. This method was based on a relationship

given by Bramwell and Hill (1922) or on a similar relationship derived by

Frank (1899):

C = !J. V

!J. P
= V

ln which c is the pulse wave velocity, p the density of the blood

(~ 1.06 g/cm3) and V the volume of the arterial system. So here the ve

locity of transmission of the pulse wave had to be measured.

Hamilton and Remington (1947) measured the capacitances of different

segments of the arterial tree in dead dogs and extrapolated this infor

mation to calculate the capacitances of different arterial segments in

living dogs.

The methods which utilized the pulse wave velocity to determine the capa

citance of the arterial tree have failed to give reliable results when

tested critically (Guyton 1963). Also the Hamilton and Remington method

didn't give results that are accurately enough to be trusted as a measure

of cardiac output (Brotmacher 1957).

According to Warner's article (1953) his method gave, when compared with

the Fick method, a spread with a standard deviation of only 9 percent.

Scope of this investigation ...

It is obvious that catheter-manometer systems play an important role in

recording pressure wave-forms from man. So first attention has been paid

to the frequency response of these systems.

Because of the great success Warner appeared to have with his method, we

first have tested his method on two dogs (laboratory of cardiovascular
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surgery - Academic Hospital, Utrecht) with the help of a DEC PDP-9 computer.

The results were disappointing. Therefore, a new method was developed which

deals with the time course of the "input impedance" (the load of the heart)

of the arterial system. The "input impedance" is defined here as the in

stantaneous quotient of pressure and flow during the ejection of blood.

Originally the idea was that the time course of the input impedance of

the arterial system in an individual patient could be determined by only

one calibration. Then the quotient of pressure and input impedance would

give a measure of the flow and thus of the stroke volume.

During evaluation of this method we found a simple relationship between

the stroke volume and some quantities derived from the pressure pulse.

The latter method gives promising results and can be considered as a step

forward towards the beat-to-beat determination of stroke volume in man

from the pressure pulse.

Application of this method in man will give the possibility of getting

more information about the state of a patient by only measuring the arterial

pressure pulse and so helps the physician in diagnosing.
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Chapter 2.

The circulatory system.

The circulatory system can be considered as subdivided into two sys~tems:

the blood conducting system and the regulatory (control)system. The blood

conducting system consists of the heart and the blood vessels. The proper

ties of this system are permanently adjusted by the controlling system

through nervous and chemical influences in order to satisfy certain conditions.

The nervous control aims at the heart rate~ the bloodvessels (particularly

the arterioles) and the contractility of the myocardial muscle fibers.

The vasomotor nerves can stimulate the smooth muscle in the walls of the

arterioles. We can distinguish between vasoconstrictor and vasodilator

nerves. The vasometer reflexes ensure a continuous adaptation of the cir

culatory system. The conducting system can be subdivided into the systemic
I

and the pulmonary circulation~ and the two halves of the heart. Each circu-

lation consists of an arterial and a venous segment (Figure 2.1)

I'\ll;MONARY C1RCUlA TION

,

I
I
I

I,

i

Fig. 2.1. Schematic representation of the human circulatiop
I

The heart can be considered as a double pump. Starting for instance ~ith

theright ventricle~ the blood is ejected into the lungs, where the d~scharge
I

of carbondioxyde and the uptake of oxygen takes place. The blood the~ flows

through the veins into the left heart, which pumps the oxygenated blpod

successively through the aorta~ the systemic arteries and capillarie~ to

I

I
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all re(gLons of the body.

The transport velocity of the blood isgvadually reduced, for whenever

an artery bifurcates, the cross-sectional area of each of the branches is

smaller, but the sum of the areas exceeds that of the original vessel.

In the very small vessels flow is determined by viscous friction, as given

by Poiseuille's law,

F = b P

R
with R = (2.1)

in which F is the bloodflow, bP the pressure difference over a segment of

length ~, n the viscosity of blood, R the Poiseuille resistance, and S

the cross-sectional area. A low velocity improves the exchange of 'metabolic

substances. From the capillaries the bloodstream finds its way through small

venules, larger veins, and the venae cavae into the right atrium, and from

this again into the right ventricle.

2. 1. Anatomy and physiology of the systemic arterial system.

A more detailed picture of the systemic arterial tree than in Figure 2.1

is given in Figure 2.2.

The main artery is called aorta, from which the other systemic arteries are

branching off to provide an adequate supply of blood to the various tissues

in order to ensure sufficient metabolism of the different parts of the body.

The aortic wall consists of four different substances:

~. endothelium - this is the. internal covering of the bloodvessels and lym

pathetic vessels. It gives a smooth wall surface and has a selective per

meability to the exchange of metabolic substances. The endothelium in the

aorta plays no role with respect to the elasticity.

2. elastic fibres} 1 t' t'e as lC lssue
3. collagen fibres

The function of the elastic tissue (elastic fibres, and collagen fibres

(connective tissue» is to develop elastic tension in response to dis

tention of the vessel by the internal pressure. The elastic fibres do

this for small degrees of stretch; the collagen fibres reinforce them

at higher degrees of stretch.

4. muscle tissue - the smooth muscle in the vascular wall provides for the

changes in the pressure- volume relation. The aorta has little or no muscle

tissue.
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2.2. Formation of the pressure pulse.

The cardiac cycle is divided into two periods: systole and diastole. The

former begins with. the rise of ventricular pressure caused by ventricular

contraction (Figure 2.3) and ends at the onset of myocardial relaxation

(Brecher and Galletti, 1963).

As soon as the pressure in the left ventricle exceeds that in the aorta,

the aortic valve opens and blood is ejected.

Ventricular pressure exceeds aortic pressure only during the brief period

between the opening of the aortic valve and peak systolic blood velocity

(Spencer and Greiss 1962, Noble 1968). This positive gradient represents

the acceleration of blood. Once set into motion, the blood will continue

in motion because of its inertia until friction and counter pressure stops

it.
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After reaching peak flow the velocity of flow decreases, until closure of

the aortic valve which is accompanied by a sharp backflow. This corresponds

with the interruption on the descending limb of the pressure curve (the so

called incisura or dicrotic notch).

The upswing after the incisura (the dicrotic wave) is the result of the

abrupt closure of the valves and the retrograde flow which is present at

that moment at the root of the aorta. The oscillations which often accom

pany the upswing are possibly due to the elastic recoil of the aorta and
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the valve itself. The temporary storage of much of the stroke volume during

the ejection period serves to smooth out the flow of blood in the circulation~

so that flow continues during diastole. The heart ejects blood in distensible

tubes. The characteristics of the aorta and its branches can be described

in terms of inertance~ compliance and resistance. There is a great deal of

similarity with electric transmission lines.

The amplification effect (Fig. 2.4) which is observed as the pressure wave

travels along the arterial system has been variously attributed to:

1. dispersion:the frequency dependency of true phase velocity (the ve

locity with which the pressu~e wave travels along the arterial

system as calculated from local anatomical and physiological para

meters; normally the combination of an incident and reflected wave

is responsible for the measurement of an apparent phase velocity)~

2. impedance tapering!reduction of the vessel compliance toward the

periphery, and

3. mUltiple reflections

4. non-linearity of the arterial wall.

As to the reduction of compliance~ this corresponds to saying that reflec

tions are responsible, since the value of local compliance is used in the

calculation of the local reflection coefficient.

E.C.G.

arch

thoracic aorta
(10cm)
thoracic aorta
(20 cm)

abd. aorta
(25 cm)

abd. aorta
(30cm)

iliac

femoral

I I I

o 100 200 moec

Fig. 2.4 Tracings of arterial pressure at various
paints of the circulation after McDonald
and Attinger (1965)
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Other distinct changes in the pressure wave during transmission towards the

periphery are the steepening of the wave front and the disappearance of the

incisura (Fig. 2.4).

~s discussed by McDonald (1960) it is very difficult to point out the real

influence of the different factors which determine the shape of the pressure

wave, because one effect is partially masked by another.

2.3. Aortic compliance.

Compliance (distensibility) is the reciprocal of the elastance and is deter

mined from a pressure-volume curve as the tangent of the curve about the

operating point (Fig. 2.5)

prusur@1

- - -'.- - - -> - ~ - - - - - operating point
I

" IllP
/ I

L---i
IJ.V I

I
I
I
I

volume-
Fig.2.5 Determination of the compliance

C=IJ.V/1lP from a pressurIO-volume

diagram.

The compliance of the aorta plays an important role in the description of

the behaviour of the arterial system and the deformation of the pressure

pulse. The compliance is dependent on the degree of distention. (which can

be seen ln the pressure volume curve - Figure 2.5), but also on the rate of

rise of the distending pressure (rate of stress of the wall material)

(Bergel, 1961, Peterson, 1962). So we have to distinguish between a static

and a dynamic compliance. This property of the vessels indicates that the

wall is not purely elastic, but is visco-elastic.

2.4. Pressure-volume relation of the aorta.

The blood volume at zero pressure is called the unstressed volume Vu ' When

the volume increases the elastic fibres will soon reach their limit of un-

stressed length.

At the inflection point VB (Figur'e :2.5) the first collagen fibres reach

their limit of unstressed length, whereafter the curve becomes steeper.
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Bader (1967) calculated from his measurements on human aorta's (in vivo)

the relation between tangential elasticity modulus Et and tangential wall

stress Et, for different ages. From this relation and from data of Wagner

'and Kapal (1952) the corresponding pressure-volume curves were calculated

by Van der Hoeven (unpublished-Figure 2.6).

Bader and Wagner observed a shifting of the inflection point VB towards Vu
and a steepening of the curve at older ages.

110 pro...... In

"'''' Hg

100

50

60 ~O 29~,
! . /,' 23
I ;/ / I _

/ /,/ ..,": U~"
.I / I,' ...

! I' / ,,' A: .......I / '" ,. ....
/ .I // "',,./.

I /./ ",,' .'.:..... - -- WAGNER
I . ...... - ._.- BADER

I /~,~~... oalculated

I~/ ...
I~:~·

FiR.2.6 Pr••sure-volume curv•• at different a,t•.

The explanation is that there occurs an increase in the ratio of connective

tissue to elastic tissue, and a tighter connection (cross-sections) between

the connective tissue and the elastic fibres in the region Vu - VB'

2.5. Some physical aspects of the arterial system.

Models have been developed to describe mathematically the pressure and flow

relations in the arterial system.

The first mathematical model of the arterial system is given by Fran~'s

Windkessel theory (Frank, 1899). The concept was that of a single elastic

reservoir. Pressure wave transmission was not incorporated in this model,

i.e., it was infinitely fast.

A more realistic model can be obtained by considering the arterial system

as a branching set of elastic tubes. An elastic tube can be described in

terms borrowed from the transmission line theory:

OP L' -B:.... + R.F (2.2)-- =
ox ot

of C' oP + G.P (2.3)--- =
ox ot

in which P(x,t) and F(x.t) are the pressure and the flow at a distance x
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at the time t, R is the Poiseuille's resistance, G the leak through the

vessel wall per unit length, and L' and C' are the inertia and the compliance

per unit length (Ronniger 1954).

L' = -p- (2.4)
s

c' S dV
(2.5)=

V dP

in which p is the density of the blood, S is the cross-sectional area, and

V is the volume.

Today in computer models of the circulation a lumped circuit description is

used. A blood vessel segment can either be represented by lumped constant

electric network (Fig. 2.7), or the corresponding equations can be solved

with an analog computer. (Noordergraaf 1963, Beneken 1965, Jager 1965, De

Pater 1966).

l

o

L R Pi

Fig. 2.7 Representation of blood vessel segment by a lumped
constant electric network.

Chapter 3.

Catheter-manometersystems.

Pressure measurements in the heart and the great vessels have been made

possible by introducing a catheter (a flexible tube) into a vein or artery

and pushing it up to the desired place of measurement. The pressure is

sensed by a manometer which is attached to the distal end of the catheter

(Figure 3.1).

Normally the catheter-manometer system is filled with a saline solution

containing heparine (to avoid blood clotting). The presence of a long ca

theter in a small vessel will unfavorably alter the normal pressure and

flow relationships. As mentioned by Kanai et al. (1969) the length of the

catheter (increasing pressure wave attenuation) and the diameter (pressure

wave reflection at the tip) should be minimized in respect to the change

of the normal values as a result of catheter insertion.
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One can distinguish between impact and lateral pressure measurements (0'

Rourke, 1968). In the former the catheter has an opening in the direction

of flow and in the latter the catheter has an opening on the side. Theore

tically the difference between impact and lateral pressure is the Be~noulli

term (kinetic energy) ~ pv2 (Van Brummelen, 1961). With a peak velocity of

100 em/sec (which is a normal value in the ascending aorta) the peak kinetic

energy is about 4 mmHg. With a mean pressure of 100 mmHg this is 4%. In the

pulmonary artery similar velocities are found while the mean pressure has

the magnitude of about 30 mmHg. Here the kinetic energy represents about

15% of the total energy. O'Rourke (1968) presented arguments for determining

impedance in the ascending aorta and main pulmonary artery from the rela

tionship between flow and impact pressure.

The volume change dV of a manometer caused by a pressure change dP should

be small because a liquid flow through a catheter introduces friction and

deforms the pressure transmission. So the compliance or capacitance

dV of a manometer is required to be small also because of the frequent use

dp of series damping in obtaining a flat frequency response.

Another possibility of damping is parallel damping (Fig. 3.1). Both theo

retical and experimental evidence indicate that parallel damping is superior

to series damping and more flexible than electrical damping (Vierhout, 1966).

catheter

~output

~====.~=:~===....~~~ 'lcatheter niar;o:.. capl lary
met..

parallel dampln9

inputinp_u_t --.l*~~
I I I Imano-

meter
capillary

serie. damping

Fig. 3.1 Two types of daMpini in catheter - manometer systems.

The main characteristics of a manometer are usually expressed by frequency

response and phase shift. In modern catheter-manometersystems non-linearity

of static-response, hysteresis, and drift of the zero level are usually

negligible.

The filling procedure of the catheter-manometer system has to be carried

out very carefully because already a few air bubbles can cause considerable

changes in the frequency response with respect to the resonance frequency

and the damping. The resonance frequency is shifted to lower values because
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of the increased hydraulic capacitance. Electrically the catheter can be

considered as a transmission line~ and the manometer as a capacitance

terminating the catheter. The visco-elastic behaviour and non-linearities

should be taken into account in a general electric representation p~ a

catheter. The transmission line can be approximated by a number of segments

shown in Figure 3. 2 • _

Ls Rs

Fig.3.2 Electrical representation of a catheter
manometer system.

For a detailed analysis of catheter-manometer systems one is referred to

Van Brummelen (1961)~ Vierhout (1966)~ and Wesseling et al (1969).

In the latter an extensive list of available literature on this Subject

is given. Furthermore it describes the pressure-step (or "pop") method

used in our experiments to test the employed catheter and manometer. The

measurement results are interpreted in terms of a second order system

approximation of a catheter~ having one degree of freedom. The step response

of a catheter is shown in Figure 3.3 (the length of tffipolyethyleen cathe

ter was about 120 cm).
Fig. 3.3

Step response of a 120 cm

polyethyleen catheter.

z z 0~12 f res z 55 Hz

10 msec/div 2 mV/div
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From the frequency fres at which the system oscillates upon application

of a pressure step, and the relative damping z the undamped natural fre

quency f n can be computed. The second order system transmission properties

are completely defined by the two quantities f n and z. They determine the

amplitude and phase curves (See Figure 3.4 for the curves derived from the

step response in Figure 3.3)

tS 2.0
Y ~

to0.5

catheter from Fig. 3.3

1.51.0 2.0
Y..,

F.a.~ At_UltHte cm«" OM1"YeS of ttre
,: .....My'... ' "_11*

The required dynamic response of catheter-manometer systems (c.q. the

flat region of the amplitude curve) is d~termined by the harmonic content

of the pressure waves. Therefore Fourier analyses have to be carried out.

Attinger and McDonald (1966) demonstrated the applicability of Fourier

analysis in the circulatory system.

Patel et al. (1965) showed by means of a Telco catheter-tip manometer (uni

form amplitude response to 200 c.p.s.) that most of the significant infor

mation of the pressure pulses is contained within 0 to 20 cycles per second.

This holds for all pressure waves including left ventricle pressure. For

the pressures in the ascending aorta it is amply sufficient to take into

account the first ten harmonics. So a catheter-manometer system with a

uniform amplitude frequency response from 0 to 20 c.p.s. and a phase-lag

linear with frequency in this range will be adequate for recording pres-
I
I

sures in the ascending aorta. As mentioned above, there are catheter-tip

manometers where the manometer is attached to the tip of the catheter,

thereby eliminating the objection of a small frequency range caused by the

transmission of the pressure changes through the catheter. Pressure changes

aan also be measured through a needle introduced e.g. in the left ventri

cle, thereby decreasing the pressure
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wave distortion with respect to the distensible tube.

In general membrane manometers are used. They record the pressure changes

in respect to the surrounding air. The movement of the membrane can be

detected in different ways; optical-, capacitance-, strain-gauge-, induc

tance-, mechano-electric-, and piezo-electric manometers are some of the

possibilities.

In our experiments a Statham P23 Db strain-gauge manometer is used. (see

Table I)

Catheter/manometer length (em) resonant damping heigth of res
freq. f res ratio.Z peak compared

(Hz) to DC

~SCI no. 7 cath 120 55 0,11 4,5

Statham P23Db - 470 0,075 6,5

Table I (after Wesseling and Van Vollenhoven,

1969).

Chapter 4.

Review of the determinations of stroke volume from pressure recording.

Because of the importance of cardiac output and its relation to an indivi

dual's physical condition, it would be valuable to have a reliable re

lationship between the cardiac output and some quantities of the pressure

pulse in the arterial system.

Blood pressure data in determination of stroke volume or cardiac output

are attractive because they can be obtained on a beat-to-beat basis for

long periods of time. Furthermore, today the arterial pressure can be re

corded fairly accurately and conveniently at the root of the aorta.

4.1. Methods based on the Windkesselconcept.

The basic assumption of most earlier methods was that the arterial system

can be treated as a Windkessel.

Originally it was Weber (1827) who indicated the similarity between the

arterial system and the so-called Windkessel (which was used in the pum

ping apparatus of a fire engine).
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Frank (1899) gave a mathematical and quantitative description of the

Windkessel model.

The most simple form of the Windkesselmodel consists of an elastic reser

. voir (the distensible elastic portion of the arterial tree) with an iinput

valve and an outflow resistance R (the peripheral arteries). See Fig 4.1.

elastic wall

@
"-"(C)

F(t) istlt) i"lt)--- --P(t) R

Fig. 4.1 Schematic diagram of the
an electric analogue, and
real arterial system.

P(t)

R

!iR(t) :

p. - - I
e I ,

taO ts
simple windkessel as indicated by Frank (1899),
the time course of a pressure pul.. in th~

Inertia of the blood is neglected and the pressure is considered to be

equal throughout the Windkessel. So pressure wave transmission is neglec

ted in the simple Windkessel concept.

The volume Vst that is stored in the arterial system during sytole can be

derived from the pressure (Fig. 4.1.):

i st (t) c dP=
dt

t s p.
1

Vst = f ist(t) dt = C f dP = C (Pi - P )e
0 Pe

(4.1)

(4.2)

in which C is the capacitance of the arterial system, Pi is the incisural

pressure, and Pe is the pressure at the end of diastole.

To obtain the stroke volume SV, correction has to be made for systolic

volume run off VR through the outflow resistance R:

(4.3)

In a steady state the outflow during diastole Vd equals the stored volume

Vst , so that:

(4.4)

(4.5)
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Combining formulae (4.2) and (4.7) results in:

(4.8)

It should be mentioned that the compliance C is considered to be constant,

that is to say the relation between pressure and volume is linear. This

derivation of stroke volume in the simple Windkessel concept is given in

a fairly extensive way. This is only done to give an idea of the methods

and approximations which are used in such derivations.

For more detailed descriptions and analyses one is referred to Aperia

(1940), Brotmacher (1957), McDonald (1960) and Wetterer (1968).

Especially the latter gives an extensive review of the Windkessel modifi

cations. Many workers have tried to improve the Windkessel concept.

First of all attention has been paid to the determination of the lenghth L

of the Windkessel, that is the arteries which should be included in it,

and in this way obtaining a value for the modulus of volume elasticity E!

The modulus of volume elasticity is defined as (see for instance Wetterer,

1968):

E' = fi P
~ V

(4.9)

Bramwell and Hill (1922) derived the following expression for the pulse

wave velocity c:

c = v~
p

~ P

~ V
(4.10)

where p is the density of the blood.

Combining (4.9) and (4.10) gives, while V = A.L (A is the mean cross

sectional area of the aorta):

E' = P c 2

AL
(4.11)

The value of c is considered to be the mean pressure wave velocity in

the aorta and the iliac artery.

The Windkessel-length is derived from the wave-length of the secondary

waves in the pressure pulse. These secondary waves were considered as
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incompletely damped oscillations of the arterial system.

Table 4.1 gives some applications:

Windkessel- Stroke volume
length derived.

Frank, 1930 L
A SV 1,33

LlP.A.T'
=-- =

2 2 p c

Broemser and Ranke (1933) L = cts SV = K. LlPAts

pctd

Wezler and Boger (1939) L
A SV LlPAT'=-- =
4 2pc

Table 4.1

L is the length of the Windkessel, A is the wave-length of the

secondary waves, c is the pulse wave velocity, LlP is the pressure

pulse amplitude, A is the mean aortic cross-sectional area, T' is

the cycle duration of the arterial resonant wave, t s is the dura

tion of systole, td is the duration of diastole, and p is the den

sity of the blood.

Wetterer (1940) created a time dependent Windkessel, in which the length is

given by L = ct', where t' is the time lapse since the beginning of the

cycle. Starr and Schild (1957) tested (in vivo) the formulae of Wezler

and Bogert and of Broemser and Ranke. They came to the conclusion that the

results didn't support the theory on which the formulae were based. It

was very remarkable that when those parts of the equations representing

the dimensions of the compression chamber (Windkessel) were removed' from

both formulae t that the resultant terms correlated better with true stroke

volume than when the whole formula was used.

Other attempts to determine the elastic behaviour of the Windkessel star

ted with the determination of the pulse wave velocity. In the method of

Remington, Hamilton and Dow (1945) the varying wave-velocities in the

more peripheral arteries are taken into account. In the pulse contour

method of Hamilton and Remington (1947) pressure-volume relations and

pulse wave velocities are calculated in freshly killed dogs for various

parts of the arterial bed. The results for different dogs were tabulated
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and these data were used in the pulse contour method at other dogs (the

only individual correction made was the dogs' size).

Furthermore the pressure-flow relationship was considered to be constant.

In 1953, Warner and colleagues developed a pulse contour method which is

also based on the Windkessel concept and needed only one single calibration.

For more detailed description see Chapter 6.

Osborn (1968) developed a method based on the simple Windkessel concept,

in which the zero or horizontal-setting of the derived volume integral

during diastole plays an important role ln the determination of the ca

pillary run off.

Using the same ter~inology as in the analysis of the simple Windkessel

(Fig. 4.1), the derivation of stroke volume by Osborn is as following:

VR = f lR dt =~ f P dt

So Osborn obtains the following expression:

see (4.3)

see (4.2)

(4.9)

SV = C f ( dP
dt

1
+ RC P) dt (4.10)

The timeconstant T = RC is determined by making ~~ + ~ P zero or con

stant during diastole.

The method involves calibration at regular intervals for changes in the

aortic compliance C.

4.2. Method based on the characteristic impedance of the aorta.

Ronniger (1955) derived an equation for the stroke volume, in which he

neglects the reflections in the arterial system.

F(t) =
P (t)
Pr
z (4.11)

where F(t) is the flow, P (t) is the primary pressure pulse which is notpr
influenced by reflections, and Z the characteristic impedance which can be

determined from the cross-sectional area of the ascending aorta(A ) and the
Aa
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pulse wave velocity (cAa):

z = ( 4. 12)

The stroke volume can be obtained as follows:

SV = f F (t)dt =
systole

f PPr (t)dt
systole

(4.13)

The difficulty is (see also Wetterer, 1968) to obtain the time course of

the pressure pulse when there were no reflections (Fig.4.2)

Fig. 4.2 Schematic representation of the relation between the

primary pressure pulse and the recorded one.

The primary pressure pulse Ppr(t) (dotted line in Fig 4.2) is obtained

by multiplying the flowpulse from point to point with the characteristic

impedance and adding this product to the extrapolated continuation of

the diastolic pressure decay (Wetterer, 1968)

4.3. Pressure-gradient method.

None of the approximating methods based originally on and derived from the

Windkessel hypothesis has won general critical acceptance.

Since the hydrodynamic analyses of Womersey (1955) and Fry et al (1956)

the development of cardiac output based on classic hydrodynamics has been

potentially achievable. The starting point is the derivative of pressure

in respect to distance along the artery: ~~ . Both Womersley and Fry

developed a mathematical relationship between this quantity and the blood

velocity.
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If a pressure wave travels undistorted and without reflections down an

elastic tube, the following approximation can be made, as pointed out by

Womersley (1955):

oP _
."8Z-

1 6P- ----
c 6t

(4.14)

where c is the complex wave velocity. The velocity calculated from the

phase shift of each harmonic component (the apparent phase velocity) is

found to be frequency dependent.

If a compound wave is applied to a linear system all the harmonics are tra

velling at the same phase velocity.

The phase velocity is only independent of frequency in a perfectly elastic

(constant compliance) tube filled with nonviscous fluid which is sufficient

ly long that no reflection occurs. The wave will then travel without dis

tortion. It is shown by McDonald (1960) that the magnitude of the non

linearities can be neglected (2-3%) however, in the arterial system there

remains distortion by reflected waves.

Taking the foot-to-foot velocity as a value for c, one can introduce great

errors (Greenfield and Fry, 1965). This depends among others on the magni

tude of the peripheral resistance (vasoconstriction and vasodilatation)

and the heart rate. So the direct measurement of ~~ has the preference over

the measurement of ~~ (and calculating c), because this method is indepen

dent of factors such as reflection (at least in the relationship suggested

by Womersley which requires Fourier analysis and use of Besselfunctions).

Fry (1956) suggested a somewhat similar approach relating instantaneous

flow to pressure gradient. If suitable restrictions are introduced the

Navier Stokes equations can be transformed to:

6P dv
- iSZ = p dt + av (4.15)

where OP!OZ is the axial pressure gradient; vet) is the blood velocity

and "a" is a blood friction constant.

Because of the attraction to record only one pressure and determining

dP from this single pressure curve a modified approximation was introduced

t~ones et al, 1959) using formula (4.14):
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(4.16)

The variations of the frictional factor "ac" and the inertial factorl"pc"

are adjusted by a computer. This is done by making the assumption that the

obtained velocity curve is always zero during the last one third to one

half of diastole (Jones et aI, 1959).

This setting was made by eye and is in that way somewhat arbitrary. Also

Fry (1956) used a manual adjustment of the derived diastolic flow curve.

Besides the arbitrary "zero-setting" (only for experts) the main objection

against Jones' method is again the neglecting of the frequency dependent

nature of c.

4.4. Other methods.

Erlanger and Hooker (1904) consideE~the pressure pulse amplitude 6P as

a relative measure of stroke volume. Liljestrand and Zander (1928) us~d

thequotient 6P/Pmean as a relative measure of stroke volume. In this way,

(dividing by Pmean ) the curve of the pressure-volume curve is linearized.

For small pulse amplitudes around the working point (Pmean ) the compliance

c = 6V/ 6P

can considered to be fairly constant.

Evans (1958) derived a formula for the stroke volume based on the relation

ship between pressure and velocity as described by von Kries (1892):

(4.17)

in which 6P is the pressure change, 6v is the blQod velocity change, p is

the density of the blood, and Co is the pulse wave velocity.

Evans formula is as follows:

SV k 6P A ts (4.18)= 1 p Co

in which k1 is:
Ysyst

p (vsyst ) max.

Although not based on a Windkessel concept, it gave an almost similar rela-
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tionship as indicated by Frank (1930).

According to Starr and Schild (1957) stroke volume related to pulse pres

sure divided by pulse wave velocity 6P/ c , or pulse pressure divided by mean

,pressure 6P/p mean, provide better estimates of stroke volume, than when

the dimensions of the Windkessel are included.

Chapter 5.

Procedures in recording and testing

To test the calculation of stroke volume as indicated by Warner (see

chapter 6), is was necessary to measure instantaneous pressure and flow

at the root of the aorta (ascending aorta). From this data it is possible

to compare the stroke volume determined by Warner's method (from the pres

sure) and the true stroke volume (from the flow) on a beat-to-beat basis,

because it is practically impossible to measure aortic flow in humans, the

experiments had to be carried out on dogs.

An advantage of using dogs is the possibility to bring the dog in various

states with the help of different drugs, to test in this way the value of

the method over a wide range.

5.1. Preparation and recording.

Two dogs (SAZ I and SAZ II) were anesthetized and artificially ventilated.

The chest was opened and the ascending aorta was dissected free from sur

rounding connective tissue. A flowprobe of appropriate size was placed

around the aorta as near as possible to the aortic valve. A polyethyleen

catheter was advanced into the left subclavian artery and could be posi

tioned at a desired place of measurement (Fig. 5.1)

subcLavian artery
catheter

aortic arch

aorta

F!t 5.1 S"",Ric r tatieft ef ,..it......
ef ft.. prlh cotMter.
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Variation of stroke volume, heart rate, pressure, and contractility of the

heart muscle were introduced by infusion or injection.

- non-adrenaline (vasoconstriction)

- curalest (vasodilatation)
- hypnorm/aramine (increasing peripheral resistance)

- aptine/inderal/propanol (S-blocking effect)

- CaC12 (inotropic effect - increasing the contractility of heart

muscle).

Furthermore, the effect of withdrawal of blood is incorporated (420cc.).
I

Flow was measured with a Nycotron (Oslo) square-wave electromagnetic flow-

meter. The electromagnet in the probe is activated with a square-wave

current of 150 Hz.

Zero flow measurements were performed:

- by measuring the flow while the flow probe

was placed in a tray containing a saline

before/after the experiment solution.

- electrically (by switching off the current

through the probe magnet)

- by occluding the bloodvessel distal to the

flow probe.

No significant changes were observed in the different zero flow determi

nations (5% of the mean value). The frequency response of the flowmeter

was flat within 10% up to 12 c.p.s. Interference with the electrical po

tentials generated by the heart did occur especially at higher heart rates.

This is possibly due to the fairly low carrier wave frequency of 150 Hz.

Pressure measurements were performed through a polyethylene catheter (length

50 cm) which was attached to a Stathan P 23 D b manometer. Attention was

given to prevent air bubbles in the catheter-manometer system. The resonance

frequency was approximately 60 c.p.s.

Pressure and flow were recorded simultaneously with ECG and a time-track

on magnetic tape (AMPEX SP 300; speed 7~"/sec)
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Fig 5.2 Recording, reproduction, and analysis procedures

The time-track was formed in a coding unit (developed at the Institute of

Medical Physics, Utrecht).

The coding unit delivers a 300 Hz square-wave signal to compensate for

velocity changes of the tape-recorder. A few seconds after starting the

tape-recorder, a starting pulse is given and the subsequent R-waves of the

ECG form pulses at the 300 Hz signal (Fig 5.3).

START

,.....ms.c
t-----4

1 2

3{)O Hz

Fig. 5.3 Square-wayt ...... of tht coding-unit



29

Each of these pulses gets a number; the counting starts with the starting

pulse (see Fig 5.3).

The numbering of the pulses plays an important role in the analysis of the

pressure and flow waves.

A selection switch at the coding unit can be adjusted at a certain number

(0 to 100) resulting in the digitisation of the corresponding pressure and

flow wave by means of the CAT (Computer of Average Transients), fallowed

by punching the data in paper tape (Fig 5.2). The CAT is used in the single

sweep mode and is externally triggered with the 300 Hz signal of the coding

unit.

The input range of the CAT is from -3 to +3 volt. A FM-modulator is used

with a basic frequency of 500 KHz. This means that at zero voltage. CAT

input, the counter delivers in 1 second a level of 500.10 3 .1 = 5.10 5 . In

2 msec (see Fig. 5.3) this value is 5.105 .2.103 = 1000. At -3V (-50% mo

dulation) the counter gives 500, and at +3V:1500.

Always 400 subsequent samples are read into the CAT. Thisneans that in the

case of an 300 Hz sampling signal there can be formed a pressure/flow com

plex of 400 • ;0 ~ 1,3 sec. Dependent on-the heart rate 2 to 4 heart cycli

are incorporated in such a complex.

To select the desired complexes the tape-recorder was played back at a

normal paper recording system. This is done at two different speeds of the

paper recording system. Firstly to obtain the recording of the long-term

effects of the different drugs and secondly to select the desired complexes.

5.2. Testing procedures.

To test Warner's method (see chapter 6) various computations had t~ be

carried out on the pressure wave signal.

First of all it was necessary to determine the beginning and end of the

ejection of blood. Although it is not precisely the same (see chapter 2.2),

the beginning of ejection is called the end-diastole (ED), or beginning

systole (BS), and the end of ejection or incisure is called the beginning

diastole (BD).

Time and pressure values were needed (tED' t BD , PED , PBD )·

Because of the presence of artefacts (e.g. movements of the catheter) and

other noisy signals in the pressure wave, the criterium used in the deter

mination has to be choosen very carefully. It is of interest that the de

terminations of these points are not to be restricted to ideal curves, but
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must also be usable in situations where the pressure wave is disturbed.

Fortunately, there is a certain relationship between the QRS-complex of

the ECG and the upstroke in the pressure wave. The QRS-complex represents
I

the electrical activity of the heart and precedes the mechanical activity

during which thebloodpressure in the left ventricle increases and the blood

is ejected.

However, the time-interval between the R-wave and the upstroke in the pres

sure wave is not fixed. This is not insuperable when a frame is used in

which the determination has to take place.

This can be done also for the determination of the incisura. The left ven

tricle ejection time (LVET) namely, is correlated to the heart rate (Willems

and Kesteloot 1967), while the variation of LVET is much smaller than the

variation of the diastolic part of the pressure curve. From literature data

(Willems and Kesteloot, 1967) one can determine a frame in which the incisure

has to be for a certain range of heart rates (Fig. 5.4).

'. 5.4 SC....rn«fC repreuntation of
retatieft OttS-compl.lJ( to pressure
w~. ill t.,. ta, and
....... t.f .
ft it the sample nu"'", tr.. tM
R-wave and r is the saMple ft\.fIftber
from beginning systole).

The ultimate criteria which are used stand as follows (in terms of sample

language) :

- Begin diastole; that sample value (pressure) is searched for, that is

successively followed by at least 12 samples (this is

12.;° = 40 msec.) which are greater than the initial

sample value.
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here a slope-criterium is used. Search for that sample

that is successively followed by at least one quantisation

level greater than the preceding sample
• I •

Since one quantisation level in our experiments corresponds wlth approxl-

mately 0,5 mmHg, the upstroke-slope in the pressure curve has to exceed

a threshold slope of 150 mmHg/ sec (sample frequency was 300 c.p.s).
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Symbols used in Figure 5.5.

I:

I x (I)

I

ED

PED,PBD
IED,IBD

IEP

TED

N

L

M

IHELP

IEUP

IBDIC }
IEDIC

LVET

ANIV

FS

array representing the pressure

index number (sample number)

end-diastole (refers to both time and pressure)

end-and beginning-diastolic pressure.

end- and beginning diastolic sample number

sample value of the ejection period.

end-diastolic time

number of times that is satisfied successively to the criterium

the required number of N ln the determination of end-diastole

the required number of N in the determination of beginning

diastole

pressure slope-criterium (levels/sample)

sample number of end of the frame in which the determination

of the systolic upstroke takes place

sample number of the beginning and end of the frame in the

determination of the dicrotic point (incisure)

left ventricular ejection period

number of quantisation levels that equals 200 mmHg

sample frequency.

In Fig. 5.5 the flow chart of the determination of end-diastole and be

ginning-diastole is given. The other computations needed in Warner's

method are not mentioned here. They can be gathered from chapter 6.

Because Warners stroke volume determination has to be compared with the

true stroke volume, the latter has been determined from the flow-signal

Important in this determination is the zero-flow level. As indicated

in chapter 5.1 there have been carried out three different zero-flow

determinations. However, these determinations have not been used in the

zero-flow calculation. The reason for this was that there was a level

shifting during the reproduction from magnetic tape to punched paper tape

(via the CAT and the paper tape puncher). The exact cause is not known, but

it seems possible that ambient temperature plays an important role in

these changes (5% of the mean)! To determine the zero-flow from the recor

ded flowsignal there are two other possibilities. The first one is that

the zero-flow is determined by the diastolic part of the flow-curve. In

the ascending aorta the diastolic flow can be considered to be almost
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zero (neglecting the coronary flow). This procedure is not followed, be

cause of the interference of the ECG-signals during the diastolic part

of the curve.

Because of the time delay of the recorded pressure (catheter-manometer

system) and flow (flowmeter apparatus) with respect to their original

time course, it cannot be assumed that the time of upstroke in the pres

sure signal corresponds to the time of upstroke in the flow-curve. To

determine the time of upstroke in the flow-curve the point at which the

slope exceeds a given threshold slope and remains greater than, or equal

to this threshold slope for a given period, is considered to be the be

ginning of the ejection and represents zero-flow. Although this criterium

didn't work faultless and manual revision had to be done, it gives rea

sonable results.

READ
PRESSURE
AHO FLOW

J=1
IHO.O

I: INDEX NUMBER
J: NUMBER OF BEAT

IHO:TAKES CARE THAT
SVWARNER CAN BE
DETERMINED{NEEDS
NAMELY ED(J), BD(J)
AND ED{J+t))

J=J+1
IHO=1

YES

YES DETERMINATION
~=.=....--t 0 F SVnow

1..-. ---'

NO

START DETERMINATION
W1TH R-YMVE: R(J)

IF J.1 than start with
1=0

l..-_N_0'4DETERMINATION
OF ED(J)

DEtERMtNATION
OF SVwAftNER

Fig. 5.1 Flow-chart of successive determinations

of SVWA""" lind SVFLOW
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Fig. 5.6 shows a flow chart of the determination of the stroke volume

by Warner's method (SVw) and the stroke volume obtained from the flow

curve (SVfl)' To do these determinations for successive beats (one pres

sure/flow punched paper tape contains 400 samples and this corresponds

to 2-4 beats dependent on the heart rate) special measures had to be taken.

To performe the stroke-volume-determination according to Warner, the points

ED(J), BD(J), and ED(J + 1) had to be known, where J is the number of the

relative beat, and ED and BD refer to both time and pressure.

The pressure and flow-curves which had been analysed with the PDP-9 com

puter were plotted on paper, while the determined points (end- and begin

ning-diastole) were marked with small stripes (Fig. 5.7).

p

1

I _I r.... r
100 m.~

@ ©

SA Z 2 - 3 (2

F

f

r r~T r r

Fig. 5.7 Computer plot-output.
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Chapter 6.

Warner's 'pulse contour' method.

To obtain a valuable method for recording cardiac output from beat-to

beat, Warner (1953, 1966, 1968) established a physical relationship bet

ween the arterial pressure pulse and the cardiac output. The basic prin

ciple of using the pulse contour applies expecially to the Hamilton and

Remington procedure (1947). Warner's method is partially derived from

this procedure.

The chief difficulty encountered by the investigators in attempting to

derive a pressure pulse method for use in humans has been the unp~edic

table individual variation in size and elasticity of the aorta and large

arteries (Warner, 1953) Warner determined a factor relating change in

pressure to change in volume for each subject, by an independent method

(Fick- or dye-method) and introduced in this way the individual calibra

tion of his method.

In brief the procedure can be represented as follows.

Since not all of the blood ejected by the left ventricle during systole

will leave the arterial bed during systole, stroke volume can be divided

into systolic drainage (Sd) and diastolic drainage (Dd).

SV = Sd + Dd = Dd (1 + ~~) (6.1)

The arterial bed is defined here as the aorta and the large arteries

from the aortic valve to a point downstream as far as the pressure wave

would travel in the transmission time t w (Warner,1953: t w = 100 to 110 msec,

estimated individually, Warner, 1968: t w = 80 msec (taken constant)).

In 1953 Warner assumed that in the range of pressures being recorded, the

changes in volume of the arterial bed are linearly related to changes in

the arterial pressure. In 1966 a modified relationship was given (so that

the correlation between pressure pulse and flowmeter estimates of stroke

volume were improved). Volume changes were then assumed to be proportio

nal to the square root of the change in pressure.
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1

20mm H!L.l;V~~~~
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3 F. K(P-20) Sd./F(t)dt - K!(P(t)-20)dt=K.Sa
t, t,

ts t s
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t3 t3

SV.CyIU(1+ ~~)

Fig. 6.1 The main procedures in the determination of stroke volume according

to Warner's method.

In a steady state the diastolic drainage Dd is the volume of blood in the

arterial bed at the end of systole minus the volume of blood at the ,be

ginning of that systole. This volume difference ~V is assumed to be pro

portional to the square root of the difference in mean pressure ~p in the

arterial bed at these two times - the onset of systole (t2) and end of

systole (t4 ). See Fig. 6.1.

Dd = 6. V = c\fEP (6.2)

To obtain the mean pressure in the arterial bed at the onset of systole~

pressure is integrated from t 1 (since this would be the pressure at the
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other end of the arterial bed) to t2 (cf. Fig. 6.1). The pressure at the

end of systole averaged over the length of the arterial bed can be ob

tained by the integration of pressure from t 3 to the dicrotic notch (in
I,

(6.3)

Another assumption is that flow-out of the arterial bed is directly pro

portional to the pressure above 20 mmHg (at this pressure no flow takes

place) :

F = K (P-20) (6.4)

This proportionality constant, K, depends on peripheral resistance, but

since only the ratio of systolic drainage to diastolic drainage is needed,

K is not required in the calculation of stroke volume, and the method be

comes independent of peripheral resistance, as will be shown next.

From (6.4) the following equations are obtained:

t3
Sd = K f (P(t)-20)dt = K Sa (6.5)

t 1

t5
Dd = K f (P(t)-20)dt = K Da . (6.6)

t 3

where Sa is the systolic area, and Da the diastolic area (Fig. 6.1).

Combining equations (6.1), (6.2), (6.4) and (6.5):

sv = C -w;p (1 + Sa)
Da

where ~P is given by equation (6.3) or as indicated in Figure 6.1:

~P = Pcd - Pab
(6.8)

Equation (6.7) establishes a relationship between quantities derived from

the pressure pulse and the stroke volume. The factor C can be calibrated

by some accepted method.

Extensive experiments have been done by Warner (1953-1968) to test his

method. In spite of threefold variation in peripheral resistance, the
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correlation with the indicator-dilution estimation was found to be 0.98

in humans. In dogs the beat-to-beat correlation with stroke volume derived

from an electromagnetic flow meter signal ranged from 0.90 to 0.98 (in

cases where the peripheral resistance was varied and changes of the heart

rate were created from 70 to 240 beats/min.)

Some critical notes will now be made:

Since the method is based on diastolic drainage rather than systolic

input, it loses accuracy when there are sudden large variations in

stroke volume from beat-to-beat.

Since the steady-state is almost never entirely achieved, it should be

an improvement to determine 6P as follows:

(6.9)

According to personal information from Warner, this is also what he

is doing today.

that the mean pressure in the arterial bed at, for instance, the ~nd of

systole could be determined by integration of a certain part of the

pressure curve recorded in the ascending aorta or arch (as Warner does)

is not entirely correct, because of the amplification effect (see

chapter 2.2) Warner assumes an undisturbed pressure transmission (Wind

kessel idea).

Another consequence of the Windkessel concept, namely that the drainage

from the arterial bed should be determined only by the pressure at the

root of the aorta ~d the peripheral resistance is also a fairly ar-

bitrary assumption. According to this relation the capillary flow

should fluctuate in the same way as the pressure does. This is not in

accordance to the real situation, where capillary flow is normally

quite free from pulsation (McDonald, 1960).

The fairly arbitrary assumption about the relation of a change in pres

sure to a change in volume has been made clear by Warner himself:

Warner 1953 6V = C1 (Pcd

Warner 1966,1968 6V = C2\!PCd

Warner 1969 6V = C3 (~d -~f)
(personal information)
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For explanation of the pressure terms one is referred to Figure 6.1

The determination of the length of the arterial bed by assuming a mean

transmission time t w of 80 msec for all individuals (Warner 1966~1968)

or by measuring the transmission time from the heart to the femoral

artery (Warner et al~ 1953) will not last. This can only be done accu

rately when varying wave-velocities on the more peripheral arteries

are taken into account. However~ Warner (1953) found that variations

of 30 per cent of the used mean transmission time produced little effect

on the values for stroke volume obtained by his pulse contour method.

On the one hand Warner handles a Windkessel concept (in which the

pressure is considered to be constant) and on the other he uses some

characteristics of the pressure wave transmission.

In spiteof all these possible objections it is really surprising that

Warner did find such strong correlations between his method and some

standard methods.

As indicated in chapter 5~ Warner's method has been tested by us on two

dogs under a variety of physiological conditions.

To determine the calibration constant C from beat-to-beat procedure is

followed.

SV = C f(F) (6.10)

in which f (F) is the pressure function,computed from the pressure pulse

contour:

V- - Sa
f(F) = Fcd - Fef (1 + Da) (6.11)

Calibrating the constant C from beat-to-beat with the stroke volume deter

mined from the flow-meter-signal SVfl~ implies the following computation:

C = SVfl
f(F) (6.12)

Together with the computation of some other quantities (left ventricular

ejection time LVET~ heart rate HR) and the plotting of the pressure and

flow curves with small stripes at the determined end- and beginning dias

tolic points~ the digital computer carried out these procedures for the

different physiological conditions of the dogs by infusion of several drugs
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(see chapter 5).

The results were disappointing.

Instead of obtaining a constant C (as Warner assumed) the calibration

constant varied greatly with the stroke volume SV(fl) (see Fig. 6.2 for

dog SAZ I and SAZ II).

• SAZ I mbv HR 14
• SAZll ..

2B

2.4

2.2

2.

1B

1.6

1.4

12

0.8

0.6

04

0.2

-:
'.

10 12 14 16 18 20 22 SVlccl.

Fig. 6.2 Variation of the calibration 'constant' C with true stroke volume.

According to Warner f(P) should indicate the relative change in stroke

volume. However, the experiments described before, show no significant

change in f(P) by changes in stroke volume from 2,5 to 22 cc.

The obvious explanation of this discrepancy could be the too simplified

consideration of the arterial system (Windkessel modification) with the

inherent lack of accuracy of the results, but even if this were true, the

fact remains that Warner did obtain fairly good agreement with the standard

methods for estimating stroke volume or cardiac output.

Another possibility for the discrepancy could be the consequence of the

basic assumption in Warner's method, that considers only steady state

situations. In a non-steady state it doesn't need to be true that the

volume stored in the arterial bed during systole (~V = SV - Sd) runs off

through the capillaries during subsequent diastole (Dd). In spite of this

restriction the performed computations are also applied to situations where

large variations in the pressure signal did appear.

In monitoring patients (e.g. post-operative) it is an important limitation
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of Warner's method, that has to be waited until the patient is in a steady

state. Transitions to other physiological conditions have to be involved

with new calibrations by standard methods. This limits greatly the value

of Warner's method. To speak about "quantitation of beat-to-beat changes

in stroke volume" seems a little bit an over-statement.

Chapter 7.

Determinations of stroke volume based on ventricular load.

During the last few years much work has been attributed to the determi

nation of the input impedance of the arterial system(McDonald and Taylor,

1959, Patel et al 1963, Gabe et al 1963, Patel et al 1965, Noble et al

1967, O'Rourke and Taylor 1967, O'Rourke 1967, 1968). The input impedance

(complex ratio of sinusoidal pressure to its corresponding flow term)

determination involves Fourier's analyses. The amplitude and phase pattern

(versus frequency) can be used to define the nature of the load presented

to the left ventricle

Taylor (1964) suggested that the arterial system can be considered as a

tapered transmission line which decouples the oscillatory work load of

the left ventricle from the high terminal impedance represented by the

arterioles and capillaries (peripheral resistance Rper ) See Fig. 7.1.

Thus the heart would be ejecting into a system whose input impedance is

almost wholly determined by the physical properties of the proximal arte

rial tree.

The peripheral resistance can be considered as the parallel and series

formation of a large number of resistances.

ARTERIAL SYSTEM

TAPERED
TRANSflnSSION

LINE

Fig. 7.1 Representation of the arterial system by a tapered transmission

line, with a characteristic input impedance Zo' and a terminal

impedance Rper '

O'Rourke and Taylor (1967) determined the characteristic impedance by
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averaging the value of impedance modulus between 15 and 25 c.p.s,

He found that this characteristic impedance often decreased as mean pres-

sure rose,

Mathematically the characteristic impedance Zo of the arterial system is

defined by (neglecting viscous forces):

in which the inertance

L = P£,
S

and the compliance

(7.1)

(7.2)

C = f:,.V
t.P

(7.3)

where p is the density of blood~ S is the cross-sectional area~ and £, is

the length of the arterial system. According to Bramwell and Hill (1922)~

the compliance can be related in the following way:

C = v (7.4)

where c is the pulse wave velocity.

Combining (7,1)~ (7.2) and (7,3):

_ pc
Zo - -S-

Since both c and S increase with increasing the pressure~ it cannot be

shown directly from this relation in which way the characteristic impedance

depends on the mean pressure.

O'Rourke and Taylor (1967) explained his experimental findings by the

suggestion that when mean pressure rises~ the wave velocity in the ascen

ding aorta and aortic arch does not increase as much as the cross-sectional

area.

The importance of the dependence of Zo on the mean pressure in the deter

mination of stroke volume will become clear further on.

First of all attention will be paid to the derivation of a stroke volume

method partially based on the pressure-volume relationships (see chapter 2.4)
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7.1 Ventricular load expressed in terms of compliance.

Pressure-volume relations (see chapter 2.4) can be determined in human

beings at different ages. Because of the individual variability it doesn't

seem probable that averaged pressure-volume curves can be used convenient

ly in the determination of stroke volume in an individual case. However

a different approach seemed to give valuable results and agreement with

the pressure-volume curves as shown in chapter 2.4 (Fig 2.5).

The starting point can be indicated in the following way.

From the pressure-volume curves (Fig. 2.5) it can be seen that the com

pliance around the operating point

c = ~V

~P

increasing with decreasing pressure. This means that at higher pressure

values it is more difficult to obtain the same ~V. In other words, to

obtain the same volume change ~V in the arterial system there will be

needed a greater pressure step ~P at higher pressures than at lower pres

sure values.

The ejection of blood from the left ventr'icle during systole (the stroke

volume SV) creates a volume change

~V = SV - Sd

in which Sd, the systolic drainage, is the volume run off during systole.

Although the stroke volume SV is not linearly related to the volume change

~V (systolic drainage depends among others on the peripheral resistance,

the mean arteria~ pressure, and the ejection time) computations have been

carried out to determine the quotient ~P/SV in relation to the mean pressure

during systole P~yst.

The mean pressure step during systole

~Psyst = systf(P(t) - PED)dt
LVET

(7.6)

in which PED is the end-diastolic pressure, and LVET is the left ventricu

lar ejection time, is a better indication of the operating range than the

pressure pulse amplitude (systOlic minus diastolic pressure).

Figure 7.2 (upper part) shows the results for the dog SAZ II. A linear and

a quadratic approximation is indicated. If the coefficients could be predic-
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ted (e.g. length, age of subject), or calibrated at one time in an indi

vidual , there should result an attractive method for determining stroke

volume:

(7.7)

It's interesting to notice, in retrospect, that already in 1928 Liljestrand

and Zander indicated a similar approach. They suggested that the pressure

pulse amplitude ~p divided by the mean pressure would be a relative mea

sure of stroke volume. Also Starr and Schild (1957) found that pulse pres

sure divided by mean pressure provides better estimates of stroke volume

than when the dimensions of the Windkessel were included in the determi-

nation.
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Fig. 7.2 Determination of stroke volume SV from the relation between SV

and the mean pressure and mean pressure step during systole

(upper part).Agreement with P-V-curves (lower part).

To show agreement with the pressure volume curves (Fig. 2.6) the following

approximation is made:

/:, P
syst

SV
oe k

6Psyst

t.V

(7.8)

Also it doesn't need to be true that there is a linear relationship between

SV and /:,V it is considered to be a fairly usable approximation.

From (7.8) and (7.7) it follows (for the sake of convenience k is taken 1)
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(7.9)

Considering only the square approximation the pressure-volume relation
, I

can be derived:

P

f
o

P
.f

o

dP V
--=----:-:::---'="""'"- = f dVa + bP + cP2

Vo

V
dP

(P _ A)L + BL = c f dV
Vo

P d (p ~ A)
f
o B {(p ; A)2 + 1}

in which A = - b/2c, B =~V4ac
LC

From this it follows that:

V

= c f dV
Vo

b2 , and Vo is the unstressed volume.

( P-A) __ (II) B(V V )arctan B arctan IB + C - 0 (7.10)

The values for a, b, and c can be determined from Figure 7.2 (upper part).

But then there is another quantity which has to be determined: the unstres

sed volume Vo ' This quantity can be derived from averaged Vo - age re!
I

lationships (Bader, 1967). For example: A 27 year old humanbeing has an

unstressed volume Vo of 1,2 cc/cm length of the thoracic aorta. This is

considered to be the average value of the whole aorta. Assuming a length

of the arterial system of 50 cm. the Vo is approximately 60 cc.

The following values are attached to the coefficients:

a = 1,33; b = - 31.10- 3 ; c = 27.105 .

The pressure-volume curve is given in rig. 7.2 (lower part) together with

the calculated pressure-volume curve from Bader a fairly good agreement is

shown.

However, because of the individual variation the value of Vo is a little

bit arbitrary. The influence of a variation of Vo is indicated in Figure

7.2 (lower part). Accurate determination of Vo requires estimation of the

averaged blood vessel diameter and of the length of the arterial system.

To predict and/or calibrate the coefficients a, band c, certain assump

tions could be made. The slope of the P-V-curve at Vo can be considered

almost the same in all cases. This gives:
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dP
cB2V { 1 + (P-A)2 }=

d'i
0 B

Vo
dP

{ d'i } = evo { A2 + B2} = aVo = constant
Vo P = 0

This assumption predicts the value of "a". A second approximation could

be made by introducing the age dependency. Then the value of the third

coefficient could be determined by a calibration against a standard method

of stroke volume determination. Since the calibration has to calibrate

a constant, and since the whole procedure requires considerable computations

and approximations (SV 1 ~V; Vo difficult to determine), it doesn't seem

a very handy method for determination of stroke volume.

But moreover the application of this procedure to the dog SAZ I did show

disappointing results. Within a range of 20 mmHg Psyst the ratio ~Psyst/SV

varied from 1 to 3, so that no prediction could be done about the quotient

in respect of the mean pressure during systole. It is possible that the

compliance of the arterial system has been changed due to the changing

physiological conditions. Since a method for determination of stroke volume

has to be accurate under different physiological conditions, the procedure

outlined here must be rejected.

7.2 Ventricular load expressed by the time course of the input impedance

of the arterial system.

As mentioned at the beginning of this chapter the input impedance is ge

nerally reproduced in the frequency-domain.

In this section, the input impedance is examined in the time-domain, and

is defined as the instantaneous quotient of pressure and flow.

Because this input impedance is of interest during systole only the pressure

Pr(t) rise above end-diastolic level has been taken into account.

Then the input impedance Z(t) is given by:

Z(t) (7.11)

in which F(t) is the flow.

Knowing the time course of the input impedance the stroke volume can be

derived from:
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. (7.12)

Already in 1955 Ronniger suggested a similar approach. However, h,is star

ting-point was the primary pressure pulse (the pressure pulse which should

appear when there were no reflections) and the characteristic impedance

(the modulus of impedance in the absence of wave reflections - see eq.

(7.5)). Ronniger's approach has been mentioned already in chapter 4.2.

It has been shown (McDonald 1960, O'Rourke 1966) that the arterioles are

the principal sites of wave reflection and that the reflection coefficient

of a peripheral vascular bed is very high (0,8 - 0,9 for the femoral bed).

O'Rourke and Taylor (1967) distinguished between two functionally discrete

reflection sites in the systemic circulation, one in the upper part of the

body (representing the resultant of arterial terminations in the head,

neck and upper limbs) and one in the lower (representing the resultant

of arterial terminations in the trunk and lower limbs).

The interference of the primary pressure pulse and the reflected wave

starts approximately at 80-150 msec after the onset of the ejection of

blood. This time depends on the size and shape of the arterial syst~m and

the physiological condition (heart rate, pressure etc.) of the subject.

The timecourse of the input impedance is computed by the PDP-9-computer

and plotted on paper (Fig 7.3)
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Fig. 7.4 shows the results for 40 different beats under various physiolo

gical conditions from dog SAZ I.
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Fig. 7.4 Time course of the input impedance from 40 different beats under

various physiological conditions.

Although the agreement between the different beats is not astonishing,

yet the tendency for the different beats is fairly similar. Attempts have
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been made to predict the timecourse on the basis of ejection time and/

or pressure.

As indicated in the former part of this chapter it cannot be predicted

in which way the characteristic impedance depends on the pressur~.

Although our experiments showed that the impedance, when taken constant

during the ejection time, increased with increasing pressure. these data

were too scattered to correct in this way the level of the impedance for

an individual beat.

Another possibility to correct the impedance timecourse is the duration

of the ejection of the blood (Fig. 7.5).

First of all it is assumed that the tendency of the timecourse of the

impedance to rise, starts at a point which could be related to the ejection

time. Secondly it is assumed that also the level of the horizontal part

of the impedance could be related to the ejection time. This can be made

clear, by assuming that at higher frequencies (higher heart rate, smaller

ejection time) the impedance increases. Although the modulus of impedance

expressed in the frequency-domain shows an increase at higher frequen

cies (above 15 c.p.s) the levelshifting of the recorded timecourse of the

impedance cannot be explained by this. The increase at higher frequencies

is too small to cause this shifting.

The stroke volume can be determined from the pressure pulse when the time

course of the impedance is known (see equation 7.12). The different as

sumptions about the impedance-time function are illustrated in Figure 7.5.

(the values in the picture belong to SAZ II)
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Z
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LVET2·170msec

t(msec)
•

Fig. 7.5 TB = TB (LVET) Zo = Zo (LVET)

I Z constant during ejection time "LVET"

1) Z = Zo These computations ~ave been carried out for different

values of ZOo
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2) Z = Zo =Zo (LVET)

II Impedance Z(t) with break-point at time TB = TB (LVET)

3) t ~ TB Z = Zo
}for different values of 20

t > TB Z = Zo + a. (t - TB)

4) t < TB Z = Zo = Zo (LVET)...
t > TB Z = Zo (LVET) + a. (t - TB)

The dependency of the impedance level on the ejection time (1-2 and 11-4)

seemed, as expected, to be no good explanation for the level shifting.

The stroke volume obtained in this way didn't correlate very well with

the stroke volume determined from the flow-signal.

Also the influence of the rise in impedance after the break-point TB(II-3)

was not markedly (about 1% deviation of the computed stroke volume).

The results obtained when a time-independent impedance is assumed (I-1),

are shown in Figure 7.6 for the dogs SAZ I and SAZ II.
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Fig. 7.6 Stroke volume obtained from a time-independent impedance compu

tation against SV-flow. Standard error of estimate: SE = 0,20

The results indicate that equation (7.12) can be simplified:

(7.13 )

Here a very simple method for determination of stroke volume is given.

It requires only the computation of the area of the pressure pulse above
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the end-diastolic level during systole. The value of the impedance Z can

be calibrated against a standard method. Although the magnitude of Z is

not completely constant during systole and there appears a level-shifting
I'

between different beats (in a broad range of physiological conditions),

yet it results in a fairly accurate method for the determination of stroke

volume (Fig. 7.6). It should be noted that the definition of impedance

used in these computations is not equal to the usual interpretation.

If the characteristic impedance (the impedance in absence of wave reflec

tions) should be constant the pressure pulse would have the same shape

as the flow-pulse during systole. This (primary) pressure pulse is added

to the extrapolated continuation of the diastolic pressure decay (see also

chapter 4.2).

Because it is impossible to determine the primary pressure pulse, the new

approach can be considered a step forward in the practical determination

of stroke volume from pressure recordings.
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Conclusion

,This investigation is carried out to test the stroke-volume-method of

Warner. Since the results were disappointing under non-steady-state con

ditions another approach is assumed to determine the stroke volume from

the timecourse of the aortic pressure pulse.

The latter method is based on the timecourse of the input-impedance of the

arterial system. It gives promising results. Especially the incorporation

of the non-steady-state is of great interest in the post-operative moni

toring of patients.

As suggestions for further investigation there should be mentioned:

- Warner's method is tested under non-steady-state situations,

and then shows no agreement with the results Warner did obtain.

This is not strange since Warner's method is restricted to

steady-state situations. Although this limits the value of

Warner's method in post-operative monitoring, the method has

to be investigated yet in the steady-state.

- because of the promising results Osborn (1968-see chapter 4.1)

did obtain, it should be recommended to test his method.

- since the combination of CAT-paper tape puncher gave some

level-shifting (differences between the various zero flow and

pressure calibrations were approximately 5% of the mean) during

the reproduction from magnetic tape onto punched paper tape

(see fig. 5.2), it should be an improvement if use could be

made of the analog-digital (A.D) converter of. the DEC PDP-9 com

puter. This would not only give more accurate absolute values,

but also simplification of the reproduction procedure. The

level-shifting doesn't influence the results, since in the im

pedance-method only pressure differences are used and in Warner's

method pressure differences and the ratio of two areas are

used in the determination of stroke volume. Concerning the level

shifting in the flow signal, the influence is avoided by using

a certain criterium to determine the zero-flow (see chapter 5.2).

-. the use of the 400 c. p. s. square-wave flowmeter Biotronix can

be conceived as an important improvement with respect to the in

terference with ECG and other noisy signals. Also the frequency
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response shows an improvement with regard to the 150 c.p.s.

nycotron.
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