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Harvard's law:
Under the most rigorously controlled
condition~ of. pressure, temperature,
volume, humidity and other variables,
the organism will do as it damn weIl
pleases.
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Summary

The mean central venous pressure is one of the signals
used by the anesthetist to determine the status of an
anesthetiz~<i._pa.!ien..t ._~TJ1e _qu~sti6Il_has-been.raise~Q.·whether
the mean central venous pressure is the most informative
parameter, that can be derived from the central venous
pressure wave.
This thesis is an onset to solve this question. Regression
relations have been defined in order to test the quality
of the mean central venous pressure and other paramet~~s
derived from the central venous wave as indicators of
cardiac performance. The necessary measurements were performed in one of the thorax operating rooms at the Leiden
University Hospital. A computer algoritbm has been developed-to analyse the arterial pressure waveform.
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1.

Introduction.

During anesthesia an anesthetist continuously measures
several signals from a patient in order to identify the
patient's status at all times. One of these measured
signals is the central venous pressure (CVP), the pressure
in the righ-ca-crium-ancr vena
-cava. U-suaIly tliemeanvaliIe --~--_ _-- --- -_._---- - - --------_-,-------

..

-,-,_._-

_._--~-------_.

-

--------------- -

_._'._.'._----_ ..

is the only numerical feature of this signal that is
presented to the anesthetist.
The significance of this pressure must be understood as
a balance pressure, reflecting factors of venous return
(the flow returning to the heart), on one hand and ability
of the heart to pump venous inlet forwards on the other
hand.
_ The -.:range for.the.cvp must :be carefully estimated wi th
particular regard to the hydrostatic pressure difference
between the chosen reference level and the level of the
tricuspid valve and changes in the mean intrathoracic
pressure. In the resting average adult the pressure in the
right atrium referred to the mid-right-atrial level is
about 8 cm H 20 ( a?s~lut_eyalue) [Robson, 1968J •
Respiration influences all blood pressures in the thorax.
Because of its low value the CVP is influenced most.
The pressure changes due to the respiration can be of the
same degree as its normal value.
The question !il~~z.aised 1:l~.A. Ream whetrier- the me_anya;J.tie ~ .is
-:fheb~sj~=~=_IÎiQst_~inf'?~tJ.v~_~ para.m.e~er _to be-der1~_e-~-_~~oDl
th;--:CVE-~wave_~i"ii~_Q._~t:erniin:lrigth~ _-patien('s status.
The goal of this thesis study is to determine which parameter from the CVP wave is the best parameter for the
ane s the t i s t in i dent ifying--the-patTent ts--sta"tus-- durt-n-g·
anesthesia.
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The following parameters have been chosen to be analyzed
(all value s-~~e_ deJ~-rIl'lij:lE3_d _.i(r _1:>e.?-.t) j
1. Mean CVP.
2. Mean CVP measured during the zero-pressure phase of
the respiration cycle (expiration).
3. Diastolic value of a CVP wave cycle.
4. End - diastolic value of a CVP wave cycle.
5. As in 4 but measured during.th~. ze]:'o ':.Q.~.§ss"ll;r:'e
._
Q!l~:Se~-Q_f_t:he __~eêpiration cycle.
This thesis work can be divided into three main parts.
The first is a literature survey to research the previous
results on this subject.
The second part consists of the acquisition of the
nec.ess.ary signaIs;. (Chapters 3and 4). Especially this ....
part has consumed a great deal of work and has led to an
intermediate study on blood pressure measurement using
catheter manometer systems [Plasman and Timmers, 1981J •
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The third and last part is the development of an algorithm,
that analyzes the arterial pressure wave and the onset to
the development of an algorithm that analyzes the venous
pressure wave (Chapter 5).
Due to a lack of time not all objectives of this research
have been reached. Additional research will be necessary
in this field.
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2.
2.1.

Relation between cardiac outuut and central venous
uressure.
Ristorical survey.

The first person to measure central venous pressure
(C.V.P.) was Stephen Hales in the first decade of the
18 th century. Ris observations were not followed up for
about 170 years. In the later part of the 19 th century
Rowell end DonaIdson, 1884 -1:li?Jecr]g.~t venous pressureal tered
with changes in blood volume end that it carried information
about the functioning of the heart [Russell, 1974 ]. __

. ,

In 1918 Starling- i~tro~fi.lc~d nis ~a\7V-_of-th.~lie-artJ. "Thè !Ei:r:ger
the volume of the heart, the greater •••. the energy of its
contraction and the amount of chemical change at each
.contracti.on"-JUoardergraaf,.: 1978b].. Re studied the mechanism
of adaption of the heart in his so - called "heart - lung
preparation ll , as shown in fig. 2.1.

fig. 2.1.

Starling's heart - lung preparation.
[Guyton , 1976 ]
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In this preparation blood leaving the heart by way of the
aorta is diverted into an external system of tubes and
then back again into the right atrium. The only parts of the
animal's body that remain intact are the heart and lungs.
The blood is oxygenated by artificial respiration of the
lungs, and a glucose solution is added periodically to the
blood to supply nutrition for cardiac contraction.
Starling made two important observations. First, the
experiments showed cardiac output to be nearly independent
of aortic pressure (or total peri:ph~l:'~!rè~is~t@ce)~--~n-the
physiological range, as long as venous return remainëd
constant. Second, cardiac output first increased rapidly
but declined eventually when venous inflow was increased
while maintaining systemic arterial pressure at the same

level'

,,\ ,:-','

(fig~' ·~t.2") ~',.:-
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Fig. 2.2.

~

Cardiac output as a function of venous
filling pressure in the heart of the dog.
(eight experiments)
[Reproduced from Guyton, 1963J
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For many years Starling's observations were interpreted
as meaning that the heart's output is mainly controlled by
the venous return. Liljestrand et, al. [1938J showed in a
series of experiments in the intact organism that the size
of the heart never increased as much as would be expected
--_f'rom_the-Asso_ciated increase in cardiac output. This implied that Starling's law of the heart must somehow be
modified in the intact organism. In the years to follow
more evidence was gathered to support Liljestrand's findings
[Noordergraaf, 1978~.
-

-

-

-- -

The paradox could be readily explained by the hypothësis,
introduced by Sarnoff and Berglund [1954J , that input output relationships of the heart are more properly represented by a .family of Starling curves (also called ventricûlar ·fuiiêticiri
·êàrdiac'óûtput· curie-s

r.; . . . ...: .

ier

Fig. 2.3. shows a set of cardiac output curves. The normal
curve is indicated~while the other curves represent cardiac
outputs under special conditions.
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Family of cardiac output curves for hypoand hypereffective hearts [Guyton, 1963]
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Guyton [1963] stated that the basic factors that deterrnine
the precise characteristics _'of the cardiac output curve
are:
a) the effectiveness of the· heart as a pump
b) the intrapleural pressure
Fig. 2.4. illustrates the effect of alterations in both
intrapleural pressure and effectiveness of the heart on
the cardiac output.
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Fig. 2.4. Combinations of two major patterns of cardiac
output curves, showing alterations in both
intrapleural pressure and effectiveness of
the heart as a pump [Reproduced from Guyton ,
1963 ] •
Cardiac output and venous return are interdependent, since
the circulatory system is a closed system. The rate of
venous return must equal C.O. over any given time interval,
apart from some small transient differences. This led
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Guyton [1963J to introduce the "operating point" of the
heart. He plotted cardiac output and venous return in one
graph (fig. 2.5.). The intersection of the plots defines
the operating or equilibrium point. When the equilibrium
point is situated on the rising part of the cardiac output
curve (which is mostly the case), as in fig. 2.5., there
exists a linear relation between C.O. and mean right atrial
pressure (MRAP) for small changes in MRAP.
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Plots of cardiac output and venous return
versus mean right arterial pressure. The
intersection of the curves defines the
operating"or equilibrium point.
[Reproduced from Guyton, 1963 ] •

Whenever the venous return curve or the cardiac output
curve are altered because of changes in the periphera~
circulation or in the heart, the equilibrium point
immediately shifts to a Ïlew valüê (fig~ 2. 6-~r~
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Effect of moderate exercise on cardiac
output and right atrial pressure. The
equilibrium point shifts from the normal
operating point A to D.
(Reproduced from Guyton , 1963]

The validity of Starling's view, that cardiac output is
nearly independent of afterload has been questioned by
several authors [Noordergraaf , 1978bJ. However, the
qualitative influence of aortic pressure on cardiac
output has led to controversial points of view [Herndon
and Sagawa, 1969] • The combined effects of aortic and
right atrial pressures on aortic flow in dogs have been
studied in more detail by Hemdon and Sagawa [1969] •
They presented their findings in a three dimensional
form (fig. 2.7.).
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A three dimensional plotting of average
interrelationships determined simultaneously between mean right~f:r'ià:~=~~._
pressure (MRAP), mean aortic pressure
(MAP), and aortic flow .. [Hemdon and
Sagawa, 1969 ] •

Noordergraaf [1978~ divides the factors which can influence
cardiac output into three main parts:
a) changes in afterload (= time varying ventricular
pressure)
b) preload changes
c) changes in contractile properties of the heart.
Changes in heart - rate due to alterations in preload, the
so - called Bainbridge reflex, are also mentioned. The
existence of this reflex has lately been supported by the
work of Kostiuk et al. [1976J •
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2.2.

The influence of contractility on cardiac output.

The dependence of C.O. on contractility can be found,
studying the energy requirements of the heart.

2.2.1.

Energy reguirements of the heart.

The energy requirements of the heart can be divided into
two groups: extrinsic and intrinsic. Extrinsic requirements
are those Which are determined by interaction between heart
and body, and intrinsic factors are those which are determined by the functioning of the myocardium itself. In each
caSe the oxygen consumption is used as measure of energy
demand, since~it is normally the limiting factor. Acco-rding
to Gibbs [197~J anaerobic metabolism in normal individuals
is less than 5% of the total cardiac energy liberation.
However in some unusual situations another metabolite may
be the limiting factor.

2.2.2.

Extrinsic work of the heart.

Extrinsic or mechanical work of the heart is the work
performed in pumping blood. The best parameter relating
mechanical work done by the heart to the oxygen consumption
of the heart seems to be the tension - time index (TTI)
[Samoff et al., 1958] . The TTI, as Samoff defined it,
is the product of mean aortic pressure during systole (the
time that the aortic valve is opened) and the duration
of systole.
However TTI can only be used to assess the influence of
external factors on myocardial oxygen consumption, when
the radius of the heart does not change [Ream, -=iob~~pu"bl.J

2.2.3. Intrinsic work of the heart.
Mason et al. [1971 ] found that ap/6t measured during isovolumic contraction was virtually independent of extrinsic
factors influencing myocardial oxygen consumption, changing
only slightly with changes in preload. Diamond et al._ [1972]
proved that the mean ~P/~t correlated weIl with the left
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ventricular dP/dt max (correlation coëfficiënt.r = 0.96).
So the maximum rate of pressure development (dP/dt max) is
an index of energy production and contractility (all intrinsic factors affecting myocardial oxygen consumption,
beyond basal requirements).
Heart rate (H.R.) has often been mentioned to be another
intrinsic determinant of myocardial oxygen consumption.
Ream (see 2.2.4.) poses that heart rate is not a separable
effect, but that, with a change in heart rate, the
associated changes in TTI and dP/dt max per minute specify
the resulting change in myocardial oxygen consumption.
2.2.4. Total myocardial oxygen consumotion of the heart.
Myocardial oxygen consumption (mV0 2 ) is expressed in m3/min
and consists of basal, extrinsic and intrinsic oxygen
requirements. The basal requirement is the oxygen consumption of het non - beating heart. The relation between
mV0 2 and the different oxyge~ requirements can be written
as follows [Ream, to be publ-.j
mV0 2 = 0<:0 + oe:., TTII minute + 01::: 2 dP/dtl minute

2.1

in which:

= TTII beat x H.R.
dP/dtlminute = dP/dtlbeat x H.R.

- TTllminute
-

This relation has a correlation coëfficiënt r = 0.90.
When heart rate is added in 2.1 as a separate term
(~3 H.R.), the correlation coëfficiënt increases to
r = 0.93. As Rearn. [to be ·publ: ] staies na trivial improvement" from which he concludes that heartrate does not add
significant information and can be left out of equation 2.1.
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2.3.

Definition of regression eguations relating C.O.
and C. V.P.

Cardiac output is the product of stroke volume (V s ) and
heart rate (H.R.) (C.O. = V x H.R.). We have seen that
s
a change in heart rate can be accompanied by a change in
contractility, i.e. a move to another Starling curve.
A change in afterload (average aortic pressure during systole)
also leads to a move to another Starling curve. Relating
filling pressure (right atrial pressure) solely to cardiac
output violates one of the insights of the Starling relation,
by obscuring the difference between movement along orie~
curve, and movement to another curve.
ThlS has led to the definition of the following equation
relating C.O. and C.V.P.
2.2
in which:
- a o ' a 1 , a 2 and a are constants.
3
- x 1 is a measure for contractility. For x 1 we choose:
dP
x 1 = dt per beat
- x 2 is a measure for the afterIoad. For x 2 we can
choose: t
1)
2)

x2
x2

= jC
t

Paortic dt/(t c - to)

o

= Paortic

(t o )

in which: t o is the time at which the aortic valve
opens.
t c is the time at which the aortic valve
closes.
- x 3 is a measure for the preload. For x we can
3
choose:
1) mean CVP
2) mean CVP measured during the zero - pressure
phase of the respiration cycle
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3) diastolic CVP
4) end diastolic CVP
5) end diastolic CVP measured during the zerp pressure phase of the respiration cycle.
Because of the fact that we are not sure whether a o is a
real constant or a constant times heart rate
(a = a' x H.R.), we also defined another relationship.
o

0

2.3
Vs = b O + b 1 x 1 + b 2 x 2 + b x
3 3
in which:
Vs is stroke volume
bO' b 1 , b 2 and b are constants
3
x 1 , x 2 and x are the variables as defined for 2.2
3
It remains to be shown whether 2.2 or 2.3 is the better
. description.
For both 2.2 and 2.3 the assumption is màde, that a linear
relationship exists in the operàting range of the heart.
In order to find the best parameter of the C.V.P. wave a
multiple regression should be made on both equations for
the different parameters defined.
This can be done in two ways:
1) determine all coëfficiënts using measurements with wide
variations in contractility, afterload and preload.
2) determine coëfficiënt a (and bJ) only, using
3
measurements with wide variations in preload, but no
(or small) variations in contractility and afterload
only.
The second method seems the simpler one.
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3.

Measured and derived signaIs; their signifieanee and
respiration dependenee.

The reeorded signals ean be divided into two eategories.
The first eategory eonsists of the signals direetly routed
fr om the existing measuring equipment in the operating
room. The seeond eategory eonsists of the signals derived
from the arterial pressure waveform using additional equipment (Cardiae Output Module).
To
a.
b.
e.

the first eategory belong the:
Arterial pressure waveform.
Central venous pressure waveform.
Ventilator phase signal.

To the seeond eategory belong the:
d. Le~t ~entrieular stroke volume.
e. Heart rate.

19

Measured signals.
Arterial pressure waveform.
The arterial pressure was generally measured in the radial
artery of the left arm (an exception was patient 1, where
the right arm was used). This measured arterial waveform
is only an approximation of the aortic waveform, because
of distortions due to the transfer function of the arterial
system from aortic root up to the radial artery. Fig. 3.1.
illustrates the differences between the waveforms in the
aortic root down to the tibial artery •

.

....

,

- - - - - - - dicrote top

tibialis

Fig. 3.1.

Aortic waveform distortion throughout the
arterial system.
- - - --

--.

---~

This implies that values derived from the waveform in the
radial artery will most likely not be the same as values
derived from the aortic root waveform. In addition, the
measurement devices introduce problems. In catheter manometer systems amplitude and phase distortion are always
present. In order to minimize these distortions the càtheter manometer system should have a flat amplitude versus
frequency characteristic till above the 15 th harmonie of

20

the pulse rate (till above the 20 th harmonie if one wants
to determine dP/dt) and the phase shift should be proportional to frequeney over the same frequeney band [Plasman
and Timmers, 1981J •
-

The relations 2.2 and 2.3 are based on aortie root values.
However we hope that these relations still apply for the
radial artery values.
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3.1.2.

Central venous pressure waveform (CVP).

The central venous pressure is measured in the superior
vena cava. Bruner [1978] states that it is not necessary
to measure the CVP within the thorax, as long as no valves
are passed. He illustrates this with an observation that
can be made by inserting and withdrawing a Swan-Ganz catheter via the internal jugular vein: "Once the catheter
is within the introducer, the same pressure is registered
______ . th:r.:0ugho.11.~._t?-e c~~tl1~~e~.'~,,~~r~l~r~~._to the tricus.pi.d v~lv.e".
In our case the CVP is measured in the superior vena cava
while the patient is maintained in a horizontal position.
The chosen reference level is the tricuspid valve. Given
Bruner' s statement Jp.e-.a881J!D.ption çaIl,_.]J~.mt:lltE! _tliat sn
lJlid:[8f9I't.~d~J?!,P._i8_~~~e3~e~if.____
.. __
The remark on the catheter manometer system, as mentioned
in 3.1.1., is also valid for the CVP registration.

22

3.1.3.

Ventilator nhase signal.

The ventilator phase signal is a + 15 V to - 15 V block
signal that corresponds with the opening and closing of the
inspiration and expiration valves as illustrated in fig.
3.2.

I-SICNAL

"'~D
·It-

Fig. 3.2.

•

]
e

I

I

E

,[

Ventilator phase signalof the ECS 2000.
I is inspiration phase. E is expiration
phase. [ECS 2000 documentation, 1975J •
Note: the duration of the phases can be
changed.

The signal is measured to determine the influence of respiration on the pressure waveforms.
The ventilator phase signal, due to inertance problems,
is slightly advanced in time ( 5 to10 msec )._compared
to the actual blood pressure changes, due to re_spi-··
ration.
This time shift is far less than the time
interval of a heart beat. So the ventilator phase signal
correlates very weIl with the respiration phases in the
blood pressures ~- .
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3.2.

Derived signaIs.

The arterial pressure waveform is also routed to the
Philips Cardiac Output module, which produces a left ventricular stroke volume (V s ), a cardiac Output (C.O.) and
a waveform derived heart rate. C.O. is the quantity of
blood ejected each minute by either the right or left
ventricIe. C.O. is the product of the heartrate (H.R.)
and the volume of blood ejected per stroke (V s ).
C.O.

3.2.1.

= Vs

x H.R.

3.1 .

Cal.culation of left ventricular stroke volumé.-

The Cardiac Output module determines Vs using the pulse
contour method and utilises the aortic pressure. Wesseling et al. [1978] have compared this C.O. measuring technique ~th F16k'and indicator dilution method~ ~d concluded that this method is probably as precise as the other
methods. This means that the pulse contour method has an
accuracy of approximately 10 % RMS. The advantage of the
method is, that it allows to measure C.O. per beat.
Vs is according to this method equivalent to the shaded
area in fig. 3.3. divided by a patient dependent constant.

3.2.

The constant Zao represents the characteristic impedance
of the aorta. It has been found that Zao increases at very
small values of instantaneous bloodpressure P and that the
increase depends on the age of the patient. On the other
hand Zao decreases with increasing heart rate. Zao appears
to be largely independent of the actual value of the peripheral resistance. When these corrections are inserted

24

o

"Fig.' 3.;J.

•

Principle of Vs calculation from a pulse
pressure wave.
[Aggestrup et al, 1979]

into 3.2, it then becomes:

= Vs

x (0.66 + 0.005 x H.R. + 0.01
x age(O.8 - 0.014 Fm))
3.3.
in which: Vsa is the corrected stroke volume.
Pm is the mean bloodpressure.

Vsa

If no absolute value of Zao is available, the measuring
method gives a relative value for Vs and C.O. If an absolute
value is required, calibration must be carried out using
another C.O. measuring technique.
As has been mentioned abQve the module expects to receive
an aortic pressure. However radial or brachial arterial
pressure may be substituted with some reduction in accuracy [Wesseling et al, 1978 ] • Fig 3.4. illustrates the
averaged difference (+ 20%) between measurement of C.O.
in the brachial artery and the theoretically required
aortic pressure plotted for 58 patients [Lasance et al,
1976] •
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When these pressures are measured with catheter manometer systems, the resonance frequency must preferably be
maintained at 30 Hz or higher [Wesseling et al., 1978J •

CMD. OUTPUT

CL'''''

•
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•
MT.•.
O+---,r-----r--r--r----r--r--"T"""-~_,.-_r_-_r___,

o

Fig. 3.4.

3.2.2.

•

10

•

Computed c.o. using the brachial pulse
contour (thin line) instead of the required
aortic pulse (thick line) [Lasance et al.,
1976 ] •

Heart rate.

The module also provides a heartrate (H.R.) derived from
the arterial pressure wave. The H.R. is calculated by the
Cardiac Output module as the reciprocal value of the time
interval between two successive upstrokes.
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3.3.

The influence of the respiration.

The influence of the respiration on the different physiological variables depends on the type of ventilation given
to the patient. Intermittent Positive Pressure Ventilation
(IPPV) is the type of ventilation applied to the patients,
who we measured, that is why only the effects of this type
will be discussed.
IPPV is characterized by the application of a graded
positive pressure to the patient via a mechanical ventilator. No pressure is applied during expiration and n.o_ end
expiratory pressure is added. In fig. 3.5. alveolar and
intrapleural pressures that occur during this type of
ventilation are compared with those during spontaneous
respiration.
..'

':'.'

SPONTANEOUS RESPIRATION
10cm.

H,o

CONTROLLED RESPIRATION

o ~/-- ~
r--- ....

-10

ALVEOLAR PRESSURE

::}/\ / \
ALVEOLAR PRESSURE

10~
o
10
0

-10
INTRAPlEURAL PRESSURE

!+-ln.p.,..J+.ExP.+ln.p.+ExP....j
Fig. 3.5.

-10

F/"I

~

A
'----

INTRAPl.EURAL PRESSURE

~n.p.,..J+.ExP.~n.p.+ExP

....j

Pressure changes in alveoli and pleura
during spontaneous and controlled ventilation (IPPV). [Collins, 1976].

The effects of IPPV on the circulation are due to the
transmission of pressure to the pulmonary system. A lowered
intra-thoracic pressure increases the inflow of blood
into the pulmonary vessels. Associated with this is an
increase in right ventricular stroke volume and a rise in
pulmonary artery pressure. Meanwhile there is a decrease
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of outflow from the thorax. This is evidenced by a decrease
of left ventricular stroke volume and a lowering of systemic arterial pressure. (fig. 3.6.)
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Fig. 3.6.

Effect of IPPV on cardiocirculatory
system. [Collins, 1976 ] •

The effect of IPPV on the measured and derived physiological signals from chapters 3.1 and 3.2 can be summarized
a's follows.
systolic, diastolic, mean and pulse are in~
crease"d- d~ing inspiration and decreased during expiration.
b. Q~g1~~!_y~g~~§_E~~§§~~~ increases during inspiration
and decreases during expiration.
c. Left ventricular stroke volume increases during inspi-----------------------------ration end decreases during expiration.
Note: Right ventricular stroke volume however decreases
during inspiration and increases during expiration.
d. g~~~1_~~1~ is unaffected by this type of ventilati9n.
a.

g~~~~!_~~1~~1

Note: Both left or right ventricle C.O. change
way as the associated stroke volumes do.

in the same
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So the applied type of respiration ttPpw has different
quantitative effects on the different parameters of the
regression equations 2.2 and 2.3.
If the respiration effects have to be eliminated the best
procedure is to accept measurements only during a stabIe
period of the respiratory cycle. The expiratory phase
mostly lasts longer then the inspiration phase (t exp ~
2 x tinsp)' so the expiratory phase seems to be the best
periode
Note: The same procedure has been followed by Yelderman
et al. [1980] when they suggested a method for
·.-==~--=----=-=~=~prove-mérit-·
.•~f_:~lJ.~ __ <:-rinI~al::m~a-sure~ient .9:f=pulino::nary vascular resistance.
..... . ....

.'."

...- .....
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4.

Data eolleetion.

4.1. Reeording set-up.
The neeessary measurements have been reeorded in one of the
thorax operating rooms at the Leiden University Hospital.
All the patients studied suffered from eoronary selerosis.
The following signals have been measured:
- arterial pressure waveform measured in the radial artery
of the left arm (from patient 1 the right arm was used).
- venous pressure waveform measured in the superior vena
eava.
- ventilator phase signal from the Engström Care System
ECS 2000, available in the ECS 2023 Mixèr.
The bloek diagram of the reeording set-up is given in
fig.· 4.1 •...
transducers
patient

amplifiers

X
X

8805 D

X

8805 B

8805 D

~

Racal
recorder

ECS 2000

c.a.
'-----;

Fig. 4.1.

computer

Bloek diagram of the reeording set-up.

The pressures have been measured using catheter manometer
(e.m.) systems. Eleetrieally the arterial pressure is
proeessed in two ways. In eaeh case a HP 1290 A transdueer
is used as manometer. One signal is routed through the

..

.~
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standard O.R. amplifier HP 8805 D, which has a 18 Hz 3 pole
low pass filter with a damping of 18 dB/octave in the
auxiliary pressure waveform output. On this output the
arterial pressure waveform is measured. So this pressure is
electrically distorted by the low-pass filter,because the
bandwidth of the pressure amplifier has to be at least
30 Hz to reproduce the measured arterial bloodpressure
waveforms faithfully. That is why the other signal is routed
through a HP 8805 B amplifier, which has a frequency response
of 3 dB down at 450 Hz.
The transducers are hydraulically interconnected witli a
1 ft polyethylene tube, i.d. 1.8 mm and o.d. 3.1 mm.
This additional connection does change the characteristics
of the single manometer c.m. system, but the distortion
caused by àirbubblesis sb large that na difference'was
found between the measuring characteristics·of the single
manometer c.m. system and of the double manometer c.m.
system.
The venous pressure is also routed through a HP 8805 D
pressure amplifier.
The characteristics of the catheter manometer configurations
were: a natural undamped resonanee frequency f of about
35 Hz and a damping factor pof about 0.15. Clinically,
the results are much worse. This has been confirmed using
the flush response technique (pressure step created at the
transducer). This technique gives an approximate indication
of the condition of the c.m. system [Plasman and Timmers,
1981 ] •
The bad condition of the c.m. system on the O.R. is mainly
due to airbubbles, which can only be removed with great
effort. Table 4.1. gives an overview on the c.m. systems
that have been used and their characteristics.

n

31

Patient
1
2
J

Arterial
T - L2 - L2 20 g Cathlon
T - L2 - LJ 20 g Cathlon
T - L4 - L2 - LJ 20 g Cathlon

Venous
T - L3 - LJ - 15 g VIGGO
T - LJ - LJ - 15 g VIGGO
T- L4 - LJ -

15 g VIGGO

Table 4.1. Used e.m. systems and their eharaeteristies.
T
= transdueer HP 1290 A
L1 = 1 ft polyethylene tubing, i. d. 1.8 mtri.,o.d. 3.1 mm.
L2 = J ft polyethelene tubing, i.d. 1.8 mm,
o.d. J.1 mm.
:DJ,,~
JO' cm PVC ,'tubing, i.d. 1.-0 mm,
o.d. J.O mm.
L4 = 15 cm PVC tubing, i.d. 1.7 mm,
o.d. J.1 mm.
previous study [Plasman and Timmers, 1981 ] suggests to
use e.m. systems with a flat amplitude versus frequeney
(a.v.f.) eharaeteristie ,till above the 15 th harmonie of
the pulse rate and a linear phase - frequeney relationship.
For the patients studied this means that the natural
undamped resonanee frequeney f must oeeur far above 25 Hz.
n
The value of the damping ratio ~ has been estimated to be
betwee,n O.)-lm~ 0.5 ({3 eannot bedeterminea._ exactly,-because a
stepresponse eannot be ereated at the eannula during surgery).
So the aetual pressure reeording suffers both from amplitude as weIl as phase distortion.
A

The amplitude distortion ean be easily demonstrated. The
dierotie noteh is a sharp ineisura on the descending ~lope
of the arterial pressure wave. The e.m. system sees this as
a small pressure step and the wave will show a distortion
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similar to a stepresponse. Fig. 4.2. is an excellent
demonstration of tbis phenomenon.

Fig. 4.2.

Amplitude distortion af ter the dicrotic
notch.

The arterial pressure wave from the HP 8805 B amplifier
'.,", .·..··is :alsorouted·. to the" Philips Cardiac Output Module
XV 1513/00. As discussed previously this module produces
a cardiac output and stroke volume and an arterial waveform
derived heart rate.Z
is constantly set at 100 Pas/m3
ao
using front panel thumb wheels.
Table 4.2. gives the signals that are recorded on the seven
channel analog recorder type Racal store 7 D at a tape speed of 15/16 inch/sec.
This implies a bandwidth of 0 - 313 Hz and a signal to
noise ratio of 45 dB.
Recorded signal:
- Arterial signal from HP 8805 B amplifier (unfiltered).
Arterial signal from HP 8805 D amplifier (filtered).
Venous pressure from HP-8805 D amplifier (filtered).
Ventilator signal from EOS 2023 mixer.
from cardiac output module.
Stroke volume from cardiac output module.

H&~-rate

Table 4.2.

Signals recorded.

The first three signals are also recorded on a stripchart
with the HP 7758 A 8 - channel thermal tip recorder.
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4.2. Reproducing set - up.
The measurements have been retrieved from the recordings
using the reproducing set ~ up as given in the blockdiagram in fig. 4.3.

Analog 7
ree order

Fig. 4.3.

filter

Q

10~
~

LPS-11
A/D
convertor

PDP 11/60
computer

Block diagram of the reproducing set - up.

Data processing was'done in. Eindhovent where no RACAIi
recorder was available. However, the Philips recorder type
Ana - log 7 should be reasonably.compatible with the
Racal recorder. To test this sinus frequencies have been
recorded on the Racal and replayed with the Ana - log 7.
This led to the conclusion that the Ana - log 7 runs slightly (1 %0) faster than the Racal at a tape - speed of
15/16 inch/sec. The signal to noise ratio of the Ana - log 7
is only 32 dB. The F.M. demodulation is rather primitive
and causes a noise of about 4 mmHg on the pressure waves.
This noise can partially be removed by filtering.
The signal from the Ana - log 7 is routed to the AID
convertor system LPS - 11 via a two pole active Butterworth
low - pass filter. The -J dB frequency of this filter is
set at JO Hz. To sample the signals a sample routine of the
SATER - package is used [ Rooijakkers , 1979]. This routine
allows the user to select the number of channels to be
sampled (2 - 8), how many samples should be sampled and the
sampling frequency. The latter is bounded to a certain
maximum depending on the number of channels to be sampled,
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as illustrated in table 4.3.
Number of channels
2
3
4
5
6
7

Max. sample rate (samples/sec)
250
200
144
111
90
77
71

8

Table 4.3.

Maximum sample rate in relation to the
number of channels to be samplede

Note: The sampling rate is severely reduced if heavy disk
traffic by other computer users occurs•
•

~:':.'"

~~.

',",.1

c';: .:..... ~ .".•

'._ .:-.

:. . . _: :'

_. ,",'." . _

." .•

:

.

",

• ',",

:,"

'.

The samples are stored (as reaIs) in a file with a recordlength of 4 bytes times number of channels. This means that
just over19 minutes of data can be stored if 6 channels
at 90 samples/sec are written to a RK 05-cartridge disk
of 2.5 M bytes capacity.
This can be improved if the sample routine is changed and
the signals are selectively samplede At this moment only
channels 1 or 2 and 3 need to be sampled at a rate of 100
samples/sec or higher. Channel 4 can be sampled at a far
lower rate of 1 to 10 samples/sec. Channels 6 and 7 do not
have to be sampled if software could reliably calculate
heart rate and,stroke volume from the arterial waveform
using the information from chapter 3.
If the sampling routine is changed in this way about 20
min. of data can be stored on a RK 05 - cartridge (at a
sampling rate of 200 samples/secl.
,

The stored data can finally be analyzed by the different
algorithms.

..'.
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The desired sampling rate is dependent on:
- the heart rate of the patient.
- the feature derived from a beat.
For example, dP/dt is calculated during the upstroke.
The number of samples determining dt will below at high
'. heart rates and/or lowsanîpling rates, which can lead
to significant errors in the calculation of dP/dt.
Robinson et al. [1977 ] studied the re~ation between sampling rate and stabilization of different derived features
and found that apart from dP/dt all features stabilized
at a 20 msec sample interval (dP/dt did not stabilize ~ven
at a 5 msec sampling interval).
Unfortunately they did not stress the relationship between
heart _raj~~~~LJi~c_~s~_ary~!Ul!l':I.j._i1g_~-a te •
.~ '.- As -dP/dt . iS" one' óf the' feátures derived, a:. sampling rate
of 200 samples per sec does not seem to be a luxury.
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5.

Data analysis algorithms.

5.1.

Arterial pressure waveform detection algorithm.

5.1.1.

Introduction.

The arterial pressure waveform detection algorithm makes
a beat to beat analysis of the arterial wave and produces
some of the necessary variables for the equations 2.2 and
2.3. Besides these variables it produces "diastolic trigger"
points, which~can serve for further analysis e.g. the 'search
for the dicrotic notch, and for the analysis of the venous
wave.
The algorithm requires a reasonably normal rhythm in the
waveform pattem. It is not equiped to track abnormal
types of curves e.g. bi - rhythms. However other algorithms
.._<tqAetec:~sp,~q.i~l ... types .of.cu~es cQuld eaEüly. be ,added.: ......•
•.

I

The
- a
- a
- a

.

"

_'.

.

algori tbm consists of three main parts':
learning phase
tracking phase
parallel learning and tracking phase.

A general description of the algoritbm is given in pseudo
Algol.
BEGIN IF reset
THEN start learning
ELSE IF learning busy
THEN proceed learning
ELSE IF tracking busy
TEEN proceed tracking
ELSE IF parallel learning busy
THEN proceed parallel learning
ELSE IF learning and tracking
equivalent
THEN proceed tracking phasè
ELSE proceed tracking phasewith
new learning information
END
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5.1.2.

Learning phase.

During the learning phase the algorithm searches for an
arterial pressure waveform pattern. When a certain number
(to be chosen, but at least 2) of sUccessive patterns look
alike within certain bounds, the algorithm proceeds to the
tracking phase.
The following criteria have to be met before successive
waves are identified as being similar:
1) The beat to beat interval may not last longer than two
seconds nor shorter than a quarter of a seconde II;l_other
words the heart rate may not be slower than JO beats
per minute and not be faster than 240 beats per minute.
2) The difference between the systolic and diastolic pressure
of a heart qeat may not be less than 5 end not qe more
than 100 mm Hg.
J) Systolic and diastolic pressure of the next beat may not
occur between 25% and 75% of the prev±ous top - top
values.
4) The upstroke may not last longer than the downstroke.
5) The slope of the last detected upstroke may not differ
more than 25% from the preceding upstroke.
6) The slope of the last detected downstroke may not differ
more than 10% from the preceding downstroke.
..

,'.

.

•

.-. :-

. ! . . . . ".' '-:'"

,~'

.

."..

'.

~.

.: .

When the algorithm detects a waveform, it determines the
following variables per beat (see also fig. 5.1.):
1) start diastolic value (Pd· t(1))
~as
2) systolic value
(p
t)
sys
J) end diastolic value
{Pd·~as t(2))
4) Upstroke 6P/~t between Pd· t (1) and P
~as
syst
5) Up stroke !::.P/ /:::.t between 25% and 75% values of P
()
diast J
and Psys t •

6) Downstroke ~~/6t between P sys t and Pd·~as t (2)
7) Time interval between Pd· t (1) and Pd.
(2)
~as
~ast
8) Time interval between two successive 50% levels on the
upstroke.

38

8

. .. . :
-

<
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• . Yari.ables determined 'per heart beat.
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The derived values are transferred to the tracking
algorithm when the learning phase is finished. The
transition fr om learning to tracking occurs, when the
50% level on the upstroke is passed.
A description of the learning phase algorithm is given
in pseudo Algol.
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1) Learning phase algorithm
BEGIN detect downg()ing~}._op~ -IF downgoing slope detected
THEN BEGIN detect local diastole
IF local diastole detected
TEEN BEGIN detect local systole
IF local systole detected
THEN BEGIN calculate 25% and 50% levels
IF value" 25% level
TEEN BEGIN case = 1
g~!~~! !!~Y~~2!!l!- - 2)
IF waveform detected
THEN IF selected number of
waveforms the same
(see.·text)
- ,_
THEN proceed to tracking
algorithm
.'0"

"'-."

0

,"0

••

-".":"

•

,

".

".

END
END

END
END

END
Note: The levels as calculated in these algorithms--ar~ Iey~ls
situated between the detected systolic and diastolic
values (diastolic = 0%, systolic = 100%).
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2) Detect waveform.

BEGIlT IF case = 1
THEN IF value ~ 50% level
THEN BEGIN case '= 2
search backwards for local diastole
25% level
calculate new 50% and 75% levels
IF this part of algorithm not entered
for first time
THEN BEGIN calculate variables (see text)
IF more then 1 wave traced
TEEN compare new with old
variables
END
. ....
"
;.; .:.,.. gn
.
.. ...
ELSE IF case = 2
THEN IF value > 75% level
THEN case = 3
ELSE IF case = 3
TEEN BEGIN search systolic value
IF value
50% level
THEN BEGIN calculate new 25% and
50% level
case = 4

<

.'

'":'.'

,-

"

<

END
END

ELSE IF value

< 25%

THEN case = 1

END

:.
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5.1.3.

Tracking phase.

During the tracking phase the algorithm expects to find
successive heart beats, which are similar within certain
bounds. The selected criteria are the same as in 5.1.2.
When one of the criteria 1 till 4 is not met, the
algorithm immediately returns to the learning phase.
However when one of the criteria 5 end 6 is not met, the
algorithm first cheqks whether the diastolic time interval
differs more than 10% from the preVi_o~s~QIl~. -J_f_j;hia_ia thecase, the algorithm returns to the learning phase. If the
time - interval is still within the 10% bound, then the
tracking phase is continued. The extra check on the time
interval prevents the algorithm from returning to the
learning phase if occasional differences larger then the
'sê'lected' 'bo'UÎlds,' e.g. due to smalr'd:lst'ortions ::tri the pressure wave occur.
Besides the variables as derived per beat by the learning
algorithm mentioned in 5.1.2., the tracking algorithm
calculates a mean pressure value per beat.
The algorithm can be described in pseudo Algol. Note that
the algorithm looks in many ways similar to the detect
waveform algorithm in the learning phase.
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Tracking phase algorithm.
BEGIN IF case = 1
THEN IF value ~ 50% level
THEN BEGIN case = 2
search backvvards for local diastole
< 10% level
~ calculate new 50% and 90% levels
calculate new variables (see text)
compare new and old variables (see text)
IF up- or downstroke not OK
TEEN BEGIN compare new and old diastolic
time intervals
IF intervals not about the same
THEN restart learning phase
..
.
..
END
ELSE restart learning phase
ELSE IF case = 2
THEN IF -vallJe > 90% level
TEEN case = 3
ELSE IF value < 25%
THEN search backwards for systolic
value > 75%
case = 4
ELSE restart learning phase
ELSE IF case = 3
TEEN BEGIN search systolic value
IF value < 50% level
T~N BEGIN calculate new 10%, 25%,
50% and 75% levels
case = 4
.,.'

;.".

'~

END
END
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ELSE IF value < 10%
THEN case :::: 1
ELSE IF value > 75%
THEN BEGIN search backwards for
diastolic. value < 25%
case = 2
jump to Je
END

ELSE restart learning phase
END

.

'.~",

,:.....
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5.1.4. Parallel learning and tracking phase.
When the tracking algorithm successfully has followed
fifteen waves ( this again is arbitrarily chosen ) a
parallel learning and tracking phase is entereà. The
tracking algorithm is still continued, but at the same time
a restart of the learning phase is initiated. The parallel
learning and tracking phase is ended, when both learning
and tracking algorithm have passed the 50% level on the
upstroke of the wave on which the learning phase is ended
(fig. 5.1a).
duration of learning phase

.....

15

We.VEt.·
s~rt

of parallel
learning and tracking

end of parallel
learning and tracking

Fig 5.1a. Parallel tracking and learning phase. The
learning phase is ended when two succeseive waves are similar.
Then both algorithms have calculated the same values except
for the mean pressure value. From the calculated values,
the diastolic and systolic pressure and the diastolic time
interval are compared with one another. When the selected
criteria for these values-are not met, the tracking algorithm will proeeed with the values calculated by the
learning algorithm.
The selected criteria, which again are arbitrary, are:
1) The difference between the last detected systolic ànd
diastolic values of both tracking and learning phase
ehould be within 10% (the learning phase values are
100%) •
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2) The difference between the diastolic time interval of
both tracking and learning phase should be within 10%
(the learning phase is 100%).
5.1.5. Results.
The algorithm has been tested on sections of the recorded
data. Fig._5.2. shows a registration of the arterial pressure. The tickmarks at the bottom represent the points at
which the tracking algorithm detects the dia~tolic and
systolic values. Fig. 5.3. shows the same registration with
a 16 Hz block signal (2 mmHg to -2 mmHg) added. The tickmarks at the bottom again represent the points at which-the
tracking algorithm detects the diastolic and systolic values.
In total 5t minutes of data (283 waves) of two different
patients has been analyzed. 16% of these waves were disturbed
but the· algorithm never lost track ofthe waveform. The
conclusion can be drawn that the algorithm keeps track of
the signal despite the disturbance.
However, there is no guarantee that the derived values
from the arterial waveform, necessary for the equations
2.2 and 2.3, are valid. Therefore, the possibility should
be implemented to detect whether the waveform is distorted,
even when the tracking algorithm does not lose track of the
signal and to prevent the calculation of the derived values,
if distortion is notieed.
Heart rates are calculated fr om both diastolic and 50% level
time intervals and are plotted in fig. 5.4. Comparison of
these heart rates learns that both heart rates are stable,
assuming that the heart rate of the patient at the time of
registration was stable. The 50% level time interval was
determined because it was expected to be more stable than
the diastolic time interval. The diastolic value is determined by searching backwards after passing the 50% level
on the upstroke. The algorithm looks backwards for the first
local diastolic value occuring lower than the 10% level on
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the upstroke. The method first used looked for the'absolute
diastolic value occuring between the 10% level on the downstroke and the 50% level of the following upstroke. It proved
that the backward search for. the diastolic value improved
the stability of the diastolic time interval and diminished
the differences that occurred between successive values
of both downstroke and upstroke. The plot in fig. 5.4.
suggests that the determination of the 50% level time interval does not add more accuracy to the determination of the
actual heart rate.
The mentioned criteria in 5.1.2. are partially arbitrary
(1 - 3) and partially evolved from the testing of the
algorithm (5 - 6J. It proved that especially the upstroke
value suffered much from disturbances due to respiratory
influences. At changes from ,inspirat:lan~,~o expiration,and, .'
~lesse;" d~g;ee at' changes frome~pi;ation to inspiration
the differenceS between two successive upstroke values were-'
between
10 and 20%. The downstroke showed a similar
--variability, but the changes here were smaller: about 5%.
Criterion 4 can perhaps be improved. If the heart rate is
known, for example from the diastolic time interval, the
duration of the ejection phase can be calculated
[Weissler, 1968) • So a new systolic value will have to
occur before the ejection phase ends. This might be a
bet ter criterion.
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5.1.6.

Determination of the variables reguired for the
regression eguations.

The following variables should be derived from the aortie
waveform to be used in the equations 2.2 and 2.3.
( se e al s 0 2 • 3 • ) :
1.

~/dtlmax

2

Je

• t

o

P

aorta dt/(t e - to)

3. Paorta (t o )
already noted in 3.1.1. we eannot measure the aortie
As
waveform. Instead we measure the radial artery waveform
and assume that the equations 2.2 and 2.3 still apply.
The following p~rameters are ealeulated at the moment by
..
"',,"
.
.
."'.
the algor~'thm.·
1) ~P/~t between the diastolie and the systolie value
on the upstroke.
2) 6E/Öt between the 25% and 75% levels on the upstroke.
3) Part (t 0) •

te
The dierotie noteh is not yet deteeted, sO~o Partdt/(te-to)
eannot be ealeulated.
Both6E/~t

's should be used in the equations in order to
find out whieh of them eorrelates best with the aortie

dP/dtl max.
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5.2.

Venous nressure waveform detection algorithm.

5.2.1.

Introduction.

The development of this algorithm has not yet started.
However some thoughts about the design of this algorithm
will be presented.
5.2.2.

The venous pressure waveform.

Fig. 5.5. shows a simultaneous tracing of the jugular
venous pulse, apex beat, carotid artery pulse and radial
artery pulse.

Fig. 5.5.

Tracing of the jugular venous pulse, apex
beat, carotid artery pulse and radial artery
pulse. The vertical lines indicate:
1. the onset of atrial systole, 2. the onset
of ventricular systole, 3. the arrival of
the pulse' in the carotid artery, 4. same in
the radial artery, 5. closure of :the aortic
and pulmonary valves, 6. opening of the
atrio - ventricular valves. [Noordergraaf,
1978b] .
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The a
wave reflects atrial contraction followed by the
x valley ascribed to atrial relaxation and the descent of
the valvular plane during ventricular ejection. The downslope is interrupted by the c wave, ascribed either to
crosstalk from the carotid artery or to bulging of the
tricuspid valve when ventricular systole begins. The v -wave occurs when ventricular relaxation sets in, while
the rapid ventricular filling phase causes the y valley.
[Noordergraaf, 1978b].
The assumption is made, that only normal venous pressure
waves will be analyzed. Furthermore, a faithful analysis
of the venous pressure waveform can only be made if the
waveform pattern remains approximately constant.

5.2.3.
;

The
design of the algorithm.
..

". :.

~.

There is a difference between the arterial wave detection
algorithm and this algorithm. Some distorion in the arterial
waveform is allowed before the algorithm looses track of
the waveform.
Distortion - however caused - in'the venous pressure waveform is not allowed, because then the required values
cannot be detected faithfully. So the essential thing to
do is setting up an algori thm which distinguishe-s
~go-od"
from afbad" pressure waveform.

a--

The following criteria are proposed to be incorporated in
the algorithm. The assumption is made, that the analysis
occurs during the diastolic time interval of the arterial
pressure.
1. No more than _6 -)ocai e:x:t~emE:Cvalues~!JÏay-~
be detected per heart beat.
2. Venous pressure may not be lower then - 10 mm Hg and not
be higher than 30 mm Hg.
3. The difference between the absolute systolic and diastolic
values per beat may not be higher than 20 mm Hg and not
be lower than 5 mm Eg.
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It would be very helpful if some timing information, .concerning the occurences of the a and v wave in relation to
the systolic arterial pressure, is known. Perhaps a more
detailed study of the available literature on this subject
can add more precision to these criteria. It might also be
useful to contact prof. Kesteloot in Leuven (Belgium).
When a good venous pressure wave is detected, a simple
algorithm can derive the necessary parameters for the
equations 2.2 and 2.3 •

. ;i!. .-.,

.,

",

':

,"

..
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6.
6.1.

Recommendations for additional research.
Peripheral blood pressure measurement.

As mentioned in 3.1.1. the ·radial artery pressure was
measured, instead of the aortic pressure. The assumption
has been made that the equations 2.2 and 2.3 still apply
for the values derived form the radial artery pressure.
This can only be true 1f
there exists a constant
relationship between the values derived in the aorta and
derived in the radial artery.
-

.

.-

_In thistbesisworkno study.has been made to find ou--çwhether this.assumption is reasonable.

6.2.

Blood pressure measurements.

The chara:cteristi.cs of. ±he e.m•. syste.ms· used~o measur.e
the blood pressures are severely reduced by the presence
of air bubbles. It seems that clinically the c.m. systems
used in the operating room could not be assembled without
introducing air bubbles.
An improvement of the quality of the blood pressure measurement with a c.m. system seems only possible, if the
transducer is placed as close as possible to the patient.
The question remains whether this is clinically possible.
The use of oatheter tip manometers as measuring devices
might be another possibility to improve the measurements.

6.3.

Retrieval of recorded signals.

In 4.2. the reproducing set - up has been discussed. The
An&""log 7 recorder has been used to reproduce the recorded
signals. The noise added to the signals by the Ana-log 7
is however far too high. Especially the retrieval of the
venous pressure wave will be severely complicated.
Therefore it is strongly recommended to use the Racal
recorder to reproduce the recorded signals.
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6.4. Sample routine.
The sample routine (see also 4.2.) should be improved in
order to enable the storage of a larger amount of data.
The following improvements are recommended:
1) The sampled data are now stored as real values. A real
value is represented in 4 bytes. The raw sampled data
coming from the AID convertor are 12 bit values, which
cen be stored in 2 bytes. Storage in this wey would
double the amount of data that could be stored. A further
reduction is possible if the data is stored in 1i bytes.
2) The different signals are sampled and stored at the-same
rate. However not all signals have to be stored at the
same rate. Therefore, the possibility should be implemented to select the storage rate of the different
.•' signaIs. " -,
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7.

Conclusions.

Mueh time has been spent to study and improve the quality
of the blood pressure measurements [~lasman and Timmers,
1981 ] • The reeommendations eoneerning the assemblage of
the e.m. system have been followed during the registration~.
Even then it turned out that elinieally air bubbles in the
e.m. system eould not be avoided. The eonelusion ean be
dravm that elinically the blood pressure measurements .
eannot be done faithfully with the used eonfigurations.
The developed algorithm for the analysis of the arterial
waveform works weIl on the reeorded data. The analysis
of the venous pressure waveform ean be done with a rather
simple algorithm using
information eoming fr om the
arterial waveform algorithm.
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8.

Glossary.

Afterload

- In general: the weight which an
isolated papillary muscle is obliged
to li'ft upon electrical stimulation,
while velo city of contraction is
recorded. [Bruner, 1978J
- In the heart:
- arterial impedance [Milnor, 1975J
- aortic pressure just after the
opening of the aortic valve.
- averaged aortic pressure during
the opening of the aortic valve.
- intramyocardial systolic tension.
- ventricular wall tension.
..

~,.'

Unfortunately many authors use the term
afterload wi~hout defining what is meant.
Whenever the term afterload is used in
this text, it is defined in the way the
cited author has defined it.
Cannula

- In this text: the part of the catheter
situated in a vein or an artery.

Catheter manometer - Configuration consisting of a cannula,
system (c.m. system) liquid filled tubing (catheter) and
a pressure transducer (manometer).
Cardiac output
(C.O.)

- The volume of blood pumped per minute
by either right or left ventricIe.

Central venous
pressure (C.V.P.)

- The blood pressure in the right atrium
and vena cava.

Contractility

- In general: the property of'a tissue
to contract.
- In particular: the intrinsic contractile state of the heart; measured by
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changes in force of contraction or
rate of contraction (dP/dt).
Diastolé
Dicrotic notch

- The time during the heart cycle when
the heart is relaxing.
The incisura on the descending part
of the arterial pressure waveform.

dP/dt

- In general: the first derivative of
the ventricular blood pressure.
- In particular: (dP/dt) max, the slope
of the upstroke of the ventricular
(or aortic) pressure.

Extrinsic factors

- Used in this text to refer to factors
outside the heart itself, which influence cardiac function, such as
afterload and prè~o~d.
- Natural undamped resonance frequency
of a c.m. system.

Heart rate (H.R.)

- In this text defined as the reciprocal
value of the time interval between
two successive upstrokes (instantaneous H.R.). Often smoothed to obtain
a less variabIe value.

Intrinsic factors

- Used in this text to refer to factors
within the heart, which influence
cardiac function, such as contractility.

Myocardial oxygen
consumption (mV0 2 )

- The oxygen demand of the heart per
time unit.

Preload

- In general: the load applied before
contraction which determines the
initial fiber length prior to
contraction.
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- In the heart:
the pressure in the ventricle just
before contraction begins.
- the volume in the ventricle just
before contraction begins.
As with afterload, preload is used
by many authors without defining
what is actually meant.
Stroke volume (Vs)

- The volume of blood eje~ye~ with each
contraction of the heart.

Systole

- The time during the heart cycle when
the heart is contracting.

Tension-time index
.(TTI)

- The product of average left ventricular pressure during systolé.and
the duration of systole in the intact
heart.

Tricuspid valve

- The valve between the right atrium
and the right ventricle.

Venous return

- The volume of blood flowing back to
the heart per minute.

Zao

- Characteristic aortic impedance.

~

- Damping ratio of a c.m. system.
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