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Modeling in Cardiopulmonary Resuscitation: Pumping the Heart

GERRIT J. NOORDERGRAAF,*** TAMMO J. DIJKEMA," WIL J.P.M. KORTSMIT,* WIL H.A. SCHILDERS,*
GERT J. SCHEFFER,* and ABRAHAM NOORDERGRAAFY

Physiology offers insights into fundamental aspects of the
circulation, even when the circulation is nonphysiological,
as during cardiac arrest and cardiopulmonary resuscitation
(CPR). Human and animal experiments offer only limited
insights as they are susceptible to uncontrollable variables.
Mathematical models offer quantitative results for flows,
pressures and volumes under clearly defined conditions,
chosen by the experimenters. This report describes the left
ventricle and its immediate environment as the core of a
larger mathematical model. The model works normally un-
der physiological conditions, and is specifically designed to
allow understanding of flow, pressure, and volume phenom-
ena under CPR as an extreme pathophysiological scenario.
Using impedance-defined flow, the importance of valves
for both the contracting as well as the asystolic ventricle
is quantified. It demonstrates the role of venous pressure,
sloshing of blood and flow around the cardiovascular cir-
cuit. The flow of 8 mL/s, in a pathological situation is demon-
strated to be due not to cardiac compression, but to venous
pressure. The principal conclusions are that the model func-
tions in the physiological situation and that in an asystolic
left ventricle with competent valves, intrathoracic pressure
can modestly replace contractile properties. In an asystolic
ventricle without competent valves, intrathoracic pressure
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variations accomplish little. The cardiac pump theory in
CPR has limited applicability.

Key words: cardiopulmonary resuscitation (CPR); circulation; model-
ing; pathophysiology; physiology.

INTRODUCTION

The application of external cardiopulmonary resusci-
tation (CPR), as suggested by Kouwenhoven et al. (1960),
has for the most part remained unchanged, despite an im-
pressive array of investigations in animals and in humans.
The transition from the invasive technique of open chest
cardiac resuscitation (OCCR) to closed chest cardiac re-
suscitation (CCCR), a noninvasive technique, coincided
with a seemingly significant downturn in the survival
rate. This raised a warning sign for other investigators
with respect to Kouwenhoven’s assumption that CCCR
was a straight imitation of OCCR (Weiser et al., 1962).
The steadfast nature of the CCCR technique has, for the
most part, been caused by difficulty in achieving repro-
ducible results in research though it includes 25 years
of discussion into the fundamental distinctions between
the “cardiac” pump theory, and its younger competitor
the “thoracic” pump theory (Criley et al., 1976). In this
theory, intrathoracic pressure changes are thought to cause
forward blood flow due to collapse of thin-walled vessels
at the thoracic outlets, with little concern about continued
blood supply. Another aspect contributing to the dearth
of fundamental change could be the use of less suitable
animal models for physiological analysis. In the mean
time, the survival rate remains at an unchanged 5-10%.

Kouwenhoven suggested that compression on the
sternum would decrease the anterior—posterior diameter
of the chest, and force the heart (e.g., the left ventri-
cle) against the spine. This would, in the presence of

1567-8822/05/0900-0105/0 © 2005 Springer Science-+Business Media, Inc.
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a competent mitral valve, cause forward blood flow, al-
lowing myocardial and cerebral oxygenation. Release, as
artificial diastole, would allow for ventricular filling. Cur-
rently, the chest is compressed 80100 times min~!, with
a force of up to 70 kg (Noordergraaf et al., 2005) yielding
an extrapolated sternal displacement of 4-5 cm.

In the 1980s, in the face of an ongoing fundamen-
tal discussion of “cardiac” versus “thoracic” pump, the
development of adjuncts, such as active compression—
decompression (ACD-CPR) techniques generated interest
in the use of analytical procedures (models). However, as
Babbs (2003) noted in his review, these models never
achieved the status of serious original contributions, and
played only a nominal role. Retrospectively, an impor-
tant opportunity for gaining fundamental physiological
and patho-physiological insights into CPR may have been
overlooked.

Models in the Circulation

The design of models of the closed cardiovascular
loop is rooted in 1850, when Weber published his fluid-
dynamic model, primarily for teaching purposes (Weber,
1850). Electrical, then mathematical models followed in
due course, (e.g., De Pater and Van den Berg, 1964;
Attinger and Anné, 1966; Beneken and De Wit, 1967),
sometimes reaching high levels of complexity (Karreman
and Weygandt, 1978).

Model making in CPR was initiated in the 1980s
and follows, in large part, the same line: fluid-mechanical
models for illustrative purposes, and distributed electrical
and mathematical models for analytical purposes. These
models cover the vasculature at different levels of detail,
but, unlike their predecessors have not been reported with
validation under physiological conditions, a traditional
prerequisite. The models rarely featured a heart that can
contract and relax.

Instead, modeling was utilized predominantly to in-
vestigate or support the effectiveness of adjuncts to stan-
dard CPR. Landmarks are the addition of abdominal
counterpulsation (Babbs et al., 1984) and the effect of
variation of intrathoracic pressure accompanied by phased
chest and abdominal compressions or fixation (Beyar
et al., 1984, 1985). Halperin, evaluating the vest as a vi-
able option to chest compressions, changed compression
frequency, force and duration as major criteria to eluci-
date the pump mechanism (Halperin et al., 1987). Using
Babbs’s model (1984) the effects of arterial and venous
volume loading were reevaluated by Tomaszewski and
Meador (1987).

Noordergraaf, Dijkema, Kortsmit, Schilders, Scheffer, and Noordergraaf

All of these interventions resulted in pressure, vol-
ume and flow alterations at multiple sites in the closed
loop. For clinical, physiological and more specifically
CPR-related practitioners, these models were difficult to
comprehend. A number of factors may have contributed
to this, such as the use of clinically unfamiliar electrical
analogs, the introduction of parameter values which for
the most part have not been defined in the clinical set-
ting, and their use to support techniques superimposed
on standard CPR as opposed to their use for fundamental
work.

In the present study, a model has been developed
and analyzed for the express purpose of promoting un-
derstanding of pressure and flow phenomena during CPR
as observed in a wide range of experimental and clinical
reports. We concentrate on the core of a larger model.
This report will focus on computer experiments on the
left ventricle provided with a preload and an arterial load.
Pressures, flows and volumes will be displayed and an-
alyzed. Negative volumes, a modeling artifact that has
anecdotally appeared for at least half a decade will also be
discussed with presentation of a method to guard against
this flaw. Current clinical concerns and developments will
be touched upon.

METHODS AND PROCEDURES

In this report the focus is on the left ventricle,
equipped with adjustable preload and arterial load, a small
but vital part of the circulatory system. It will be modeled
quantitatively, first for control conditions, then under var-
ious pathological conditions related to CPR, including
cardiac arrest status in which the myocardial compliance
changes, as seems to occur during progression of CPR.
The motive for performing a model study is to have access
to experiments not executable in the human, and serve to
gain insight into classic as well as adjunct theories for
CPR (Noordergraaf et al., 2006).

Under control conditions, a number of routine re-
sponses of the ventricle are demonstrated as validation of
its physiological properties. Three pathological circum-
stances, a noncontracting ventricle with competent valves
under application of external compression, a normally
contracting ventricle, operating as an open conduit, and
a noncontracting ventricle operating as an open conduit
with external compression are reported.

The model is a reduced, lumped parameter model,
and is represented as a mixed system of differential-
algebraic equations (DAE). This system of DAE’s has
been solved with Mathematica (Wolfram, 2003). The core
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Figure 1. (a) Fluid mechanical representation of the left ventricle with preload (pyen at the far left), and arterial load (the three elements on the far
right), plus a facility to compress the ventricle (pe()). VLv(#) denotes left ventricular volume at time #, and Ryy a ventricular inflow resistance. For the
function of the two variable resistors marked Rjy, consult the caption of Fig. 9. (b) Electrical representation of the fluid mechanical model in (a) with
the valves identified by name. Local flows Q are marked with the arrows indicating their positive directions.

model consists of 12 variables, including seven flows and
four pressures. Figure 1(a) shows the model utilizing fluid-
mechanical symbols, Fig. 1(b) using the more specific
electrical symbols (Palladino et al., 2000). Similarity in
vascular layout is evident among the models listed above
and the core of the model presented here.

Particular attention will be devoted to the role played
by the recently discovered principle of impedance-defined
flow (Moser et al., 1998). This principle holds that blood
flow around the cardiovascular circuit can be generated by
any of its compressible or distensible parts. The mecha-
nism can be contraction and relaxation, compression and
release (e.g. CPR), shaking the body, or changing the
gravitational field. The theory holds for conditions with
and without functional valves, as well as making a dis-
tinction between sloshing of blood and actual effective
forward flow, allowing the quantification of antegrade and
retrograde stroke volumes over any valve or valve ostium.
Stroke volume can thereby be defined in the classic sense,
while antegrade volume is defined as the area under the
positive part of the ejection curve, retrograde flow being
the area under the negative part of the injection curve
These distinctions led to appreciation of the difference
between sloshing of blood and flow around the cardiovas-
cular circuit.

The left ventricle (Fig. 1(a)) is identified in conjunc-
tion with its preload in the form of a constant pressure

SOurce, pven, implying a large venous reservoir, such as
occurs in a normo- to hypervolemic, supine, human, and
an arterial load, represented by the three element modified
windkessel to the far right of the ventricle (Westerhof and
Noordergraaf, 1969). The mitral and aortic valves, mod-
eled as free-flowing two dimensional leaflets are marked,
as is the facility to apply periodic external compression
and relaxation, p. (7). The valves are not modeled as elec-
trical diodes, in order to allow internal definition of move-
ment. For simplicity, the external pressure is interpreted
as acting directly and selectively on the ventricle.

The same features appear in Fig. 1(b), with Ry de-
noting a (small) inflow resistance, Z,s the characteristic
impedance of the aorta, R the systemic peripheral re-
sistance and Cjo the arterial compliance. Pressures are
marked p. Flows, Q, with their positive directions, are
defined in each section. Volumes are marked V. Ventricu-
lar pressure as a function of time, ¢, is denoted p¢(f) and
similarly for other variables. The initial parameter values
are those found in the physiological literature.

Care was taken to model the normal function of the
circulation to meet physiological requirements. The ejec-
tion effect, the influence of ventricular outflow on ventric-
ular pressure was added, even though it is unknown if this
is an effect seen under CPR conditions.

The set of equations for this model may be found in
Appendix 1, while the numerical values of the system’s
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Figure 2. Ventricular pressure (pe(t), solid) and outflow through the aortic valve (Qy5(7), dashed), with the ejection effect. Stroke volume Vry is
64 mL, ejection fraction is 52%, venous pressure is 10 mmHg, and Ry is 1.2mmHgsmL~!.

properties, required to solve the equations for flows, pres-
sures, and volumes may be found in Appendix 2.

RESULTS

In the model, under control conditions, with definition
of preload, normal myocardial contractility (1y) and the
load impedance by the aorta, physiological output curves
for flow and pressure are demonstrated in Fig. 2. This fig-
ure displays the left ventricular pressure and ejection flow
including the so-called ejection effect (Danielsen et al.,
2000) for a heart rate of 60 min~!, a venous pressure
(Pven) of 10 mmHg and R at 1.2 mmHg s mL~!. The cur-
rent model continues where the former is restricted to the
introduction of the ejection effect into the outflow curve,
incorporating this into the theory of impedance defined
flow. The ejection effect embodies the influence of outflow
on ventricular pressure. Its inclusion tends to make both
pressure and flow downstrokes more convex. The stroke
volume is 64 mL, the ejection fraction 52%. The sum-
maries of a preload ranging from 4 to 20 mmHg and of pe-
ripheral resistance changes from 0.6 to 2.2 mmHg s mL~!
are shown in Fig. 3(a) and (b), respectively, with the other
parameters held as above. The stroke volume (solid line),
defined as net output, is shown with the antegrade stroke
volume, (Qys, dashed line), and reflects upon the com-
petence of the aortic valve during relaxation. The end-
diastolic volume (dash—dot line) is also shown.

By setting FLy (Appendix 1) equal to zero, the ventri-
cle becomes asystolic. Its myocardial properties become

dependent on its diastolic function (ary and byy) and, as
CPR is started, on the external pressure p.(¢) applied to the
outside of the ventricle. In order to allow direct compar-
ison with the physiological validation, the compression
frequency was chosen at 60 min~' as opposed to the 80—
100 compressions min~! in current clinical practice. The
duty cycle, the time relationship between compression
and relaxation as a continuous sine wave, is 50%, as clin-
ically appropriate. The pe(#) curve is shown in the top
of Fig. 5a for reference purposes, with p.ni, being equal
to zero. Figure 4 depicts stroke volume as a function of
the maximal external pressure during its systolic phase,
while in Fig. 5(a—c) the pemax(f) increases from 20 to
40 to 60 mmHg, respectively, while ventricular pressure
(ps) 1s plotted synchronously with mitral inflow and aor-
tic outflow. These same pressure and flow characteristics
are displayed in Fig. 6 for a less compliant (stiffened)
ventricle or so-called stone heart as may happen after the
first minutes of asystole. The mitral and aortic valves are
allowed to move freely and are seen to be competent in
all cases above.

With respect to the controversy in whether the (left)
heart is a conduit during CPR, further experiments can
be performed by defining incompetent valves within the
model. Figure 7 illustrates the dependence of stroke vol-
ume (Qpjs), antegrade stroke volume, and end diastolic
volume on preload, py, with a normally contracting
ventricle. The percentage difference between antegrade
stroke volume and stroke volume increases as pye, in-
creases. Comparison of Fig. 3(a) with Fig. 7 demonstrates
a reduction of stroke volume by 7/8. The dependence of
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Figure 3. (a) Stroke volume (solid), antegrade stroke volume (dashed), and end diastolic volume (dash—dot), versus preload (pyen). Heart rate is 60 beats
per minute. (b) Stroke volume (solid), antegrade stroke volume (dashed) and end diastolic volume (dash—dot), versus systemic peripheral resistance
(Rs). Note: the horizontal axis runs from 0.6 to 2.2 in steps of 0.4. Heart rate 60 bpm.

left ventricular volume, ventricular pressure, flow through
the mitral ostium and flow through the aortic root in
a normally contracting valveless ventricle with pye, at
10mmHg is graphed in Fig. 8(a). Time averaged values
for the two flows are 7.8 mL/s. Figure 8b shows the time
courses of the same quantities when the venous pres-
sure is increased to 20 mmHg. Time averaged values for
the two flows increases to 15 mL/s. After removal of the
“functional” valves, the mitral and aortic ostia retain their

defined area. The inflow resistance, Ry, and the charac-
teristic impedance in the aorta remain unaltered.

The removal of valves may also be directly applied
in the CPR situation. Stroke volume, antegrade stroke
volume, and retrograde stroke volume (the area under
one cycle of the negative part of the Qyj3 curve) as
a representation of regurgitant flow into the atrium, as
well as end diastolic volume are displayed as a function
of venous pressure in Fig. 9. At a venous pressure of
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Figure 4. Stroke volume (solid), antegrade stroke volume (dashed), and end diastolic volume (dash—dot), versus peak compression pressure (Pemax)-
Compression rate is 60 cpm.

10mmHg, Fig. 10(a) displays the left ventricular volume,
ventricular pressure, flow through the mitral ostium and
through the aortic root for a peak compression pressure
of 60mmHg. Time averaged values for both flows are
7.5 mL/s. Antegrade and retrograde stroke volumes are 12
and 97 mL, respectively, denoting prominent sloshing on
the venous side. Figure 10(b) displays the same time func-
tions for the same conditions, but for a venous pressure of
20 mmHg. Time averaged values for both flows increased
to 15mL/s, the antegrade and retrograde stroke volumes
to 21 and 149 mL, respectively. The venous sloshing in-
creases proportionately.

In the original computer experiments for Figs. 9 and
10, ventricular volumes were sometimes found to become
negative. Other investigators have mentioned, but left un-
published, similar observations for several years. Since
negative ventricular volume is a physical impossibility,
its origin was sought and remedied. The remedy is incor-
porated in the figures.

DISCUSSION

Modeling procedures are utilized in view of the fact
that they permit experiments to be performed under care-
fully controlled conditions and allow manipulations not
acceptable for application to the animal or human studies
(Noordergraaf et al., 2005). It permits the use of selec-
tive pathology: the totally healthy being with an asystolic

heart but also the normal heart without functional valves.
The small model depicted in Fig. 1(a) comprises the left
ventricle in fluid mechanical representation. The preload
is defined by an adjustable, constant venous pressure; the
arterial load is cast in the form of a three element modi-
fied windkessel (Westerhof and Noordergraaf, 1969). The
ventricle is capable of normal contraction and relaxation
with an adjustable frequency, and can be made passive
(Danielsen et al., 2000). Inlet and outlet valves (repre-
senting mitral and aortic) may be included or excluded.
The time dependence of variable pressures is presented
in Appendix 1, with the parameter values in Appendix 2.
Steady state solutions to the set of equations are obtained
through a numerical solution method.

Experiments, for the validation of the model, shown
in Figs. 2 and 3 demonstrate the standard patterns of be-
havior in terms of pressure and ejection flow, and sensi-
tivity to preload and to peripheral resistance of stroke vol-
ume, and end diastolic volume. This evidence is deemed
to indicate that the ventricle behaves normally.

When the ventricle looses its capability to contract,
modeled by setting F’ in Appendix 1 to zero, intra thoracic
pressure, p.(¢) is applied as an external pressure to the
ventricle with a 50% duty cycle, as displayed at the top of
Fig. 5(a).

The model allows an understanding of
Kouwenhoven’s theory, in conjunction with increasing
clinical, but still mostly empirical concerns about
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Figure 5. (a) Left ventricular pressure (ps(t), solid), inflow through the mitral valve (Qn13(¢), dash—dot) and outflow through the aortic valve (Qps(?),
dashed) for a noncontracting ventricle exposed to a compression pressure pemax 0f 20 mmHg. The time average values over one period of Qg3 and
QOnis are 17mL/s. The time course of pe(?) is displayed at the top. Venous pressure is 10 mmHg in all three displays. In other figures pemax may be
different as defined in the pertinent captions. (b) Left ventricular pressure (pe(?), solid), inflow through the mitral valve (Q g13(), dash—dot) and outflow
through the aortic valve (Qy;5(7), dashed) for a noncontracting ventricle exposed to a compression pressure pemax of 40 mmHg. The time average
values over one period of Qi3 and Qpjs are 28 mL/s. (c) Left ventricular pressure (pg(?), solid), inflow through the mitral valve (Qp13(#), dash—dot)
and outflow through the aortic valve (Qn15(f), dashed) for a noncontracting ventricle exposed to a compression pressure pemax 0f 60 mmHg. The time
average values over one period of Qp3 and Qys are 88 mL/s.
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through the mitral valve (Qni3(7), dash—dot) and outflow through the aortic valve (Q15(¢), dashed) with a compression pressure pemax of 70 mmHg.

The time average values of Q13 and Qg5 are 45 mL/s over one period.

ventricular filling in the asystolic heart. It confirms recent
work in swine by Klouche et al. (2002) who suggest
that current techniques may not be suitable after only
8 min of CPR. In addition, it allows hemodynamic
insights into contradictory echocardiographic studies
which have been performed in patients undergoing
CPR. While 77 patients have been described, the

compression force has yet to be objectified in conjunction
with valve motion and output (Noordergraaf et al.,
in press-a). These studies tend to show that subtotal
closure of the mitral or aortic valve is associated with
minimal forward flow, as the model suggests.

This model suggest that the “cardiac” pump theory, in
its fundamental form, can be applied, but that this offers
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limited forward flow. The left ventricle is compressed
by an outside force without interfering with the cardiac
valves, and without influencing filling pressures, as de-
scribed by Kouwenhoven et al. It ignores the viscoelastic
properties of the chest when applying p. and describes the
ventricle as if it supported on a firm surface. Clinically,
whether the support actually exists is still controversial, al-
though reports have describing the heart to be fixed within
the mediastinum by the pericardium (Kouwenhoven et al.,
1960; Deshmukh et al., 1985). The improved effect of in-

creasing p(?) is in line with experimental findings (Ornato
etal., 1989). A limitation is the compression frequency of
1 Hz, while current clinical practice is 100 compressions
min~! and the higher frequency may improve cardiac out-
put (Maier et al., 1986)

As Fig. 4 shows, stroke volume improves by increas-
ing the level of external pressure (Fig. 5(a—c)) when both
valves operate normally. Stroke volume suffers slightly
when the ventricle’s passive elastic properties become
less compliant (stone heart; Fig. 6).
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Figure 9. A detailed explanation and a remedy may be found in the discussion. Figures 9, 10(a) and (b) are computer solutions obtained after the
remedy was instituted. Stroke volume (solid), antegrade stroke volume (dashed), retrograde stroke volume, the area under the negative Qyj3 curve
(dotted), and end diastolic volume (dash—dot) versus preload (pyen) for a noncontractile valveless ventricle.

Analysis of the conduct of the model requires an un-
derstanding of early work by Harvey and Liebau. William
Harvey, in his 1628 treatise entitled “De Motu Cordis
et Sanguinis” assigned the movement of blood around
the cardiovascular circuit to the valve equipped pump-
ing heart alone (Harvey, 1628). During the 1950s, the
physician Liebau (Liebau, 1954) challenged this position
by demonstrating that valveless, fluid dynamic, closed
loop models of his own construction could generate av-
erage flow around the closed loop as a result of peri-
odic local compression and release. Despite support by
fluid-dynamicists, Liebau was unable to offer an explana-
tion and interest waned until a quantitative interpretation
was published in 1998 (Moser et al., 1998). The nonuni-
form distribution of impedance around the cardiovascu-
lar circuit proved to be the secret and the phenomenon
was called impedance-defined flow. Harvey’s observa-
tions of the heart and its valves may be seen as a spe-
cial case, and consequently, both concepts could be uni-
fied within impedance-defined flow (Noordergraaf, 2006).
Impedance-defined flow also applies to open systems such
as in Fig. 1.

In classic models of the cardiovascular system,
flow was generated by a pressure difference between
the arteries and veins, such as has been described dur-
ing the first minutes of circulatory collapse. Parameter
values were adapted to match experimentally derived
information.

If a ventricle contracts and relaxes, its blood volume
can, in principle, escape in two directions during con-
traction and return from two directions during relaxation.
If it were the only mechanism operating to move blood,
then flow in either direction would be equal to the pres-
sure difference between a selected point and the ventri-
cle, divided by the resistance (impedance) between these
two points.

The situation in Fig. 1 is slightly more complicated
by the presence of a venous pressure source, pyen, which
may be responsible for a part of the observed flow. These
two flows may be identified separately, as illustrated in
Fig. 8 (a valveless ventricle). Here, pye, generates a flow
of (10 — 0)/1.2 ~ 8 mL/s, which is equal to the average
calculate flow through the model. This same analysis for
a venous contribution applies in Fig. 10. In both cases the
superimposed oscillations are due to direct ventricular,
cyclic, application of p.(¢), as would be done during clin-
ical CPR (Ornato et al., 1989). This means that a heart
contracting without valves, or during CPR applied to a
ventricle without competent valves, forces an insignifi-
cant amount of blood through the peripheral resistance.
Essentially, the model demonstrates that all flow passing
R is due to the venous pressure. In Figs. 8 and 10 slosh-
ing of blood is a second spectacular event: large inflow
and outflow signals follow each other on the venous side
during a single heart beat. As aresult, the large flow pulses
fail to contribute to transportation.
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Figure 10. (a) Left ventricular volume (Viv(?), solid), ventricular pressure (pe(t), solid), flow through the mitral valve ostium (Qm;3(r), dash—dot)
and flow through the aortic root (Q15(f), dashed) for a noncontracting valveless ventricle, with a peak compression pressure of 60 mmHg and pyen
at 10 mmHg. The time average values of Qn13 and Qnjs are 7.5 mL/s. Antegrade stroke volume is 12 mL, retrograde stroke volume is 97 mL. Note
prominent sloshing on the venous side. (b) Left ventricular volume (Vpy(#), solid), ventricular pressure (pg(?), solid), flow through the mitral valve
ostium (Qn13(f), dash—dot) and flow through the aortic root (Qp15(#), dashed) for a noncontracting valveless ventricle, with a peak compression pressure
of 60 mmHg and pyen at 20mmHg. The time average values of Qg3 and Qpis are 15mL/s. Antegrade stroke volume is 21 mL, retrograde stroke

volume is 149 mL. Note prominent sloshing on the venous side.

This contrasts strongly with the results in Figs. 2
and 5, where the valves are competent. In these il-
lustrations the ventricles generate all the flow through
the peripheral resistance, without a contribution by ve-
nous pressure since at least one valve is closed at any
one time. The role of py, is limited to filling the
ventricle.

Figure 11 shows a basic sketch of measured
pressure—volume relations for the left ventricle. The rela-

tion may be formulated mathematically by
pe = ary(Viv — bry)*(1) (1)

for a relaxed ventricle (Fry = 0, Appendix 1). The func-
tion is nonlinear, and becomes zero for Viy = byy. For
larger values of Viy ventricular pressure is positive,
for smaller ones negative (broken line, indicating suc-
tion). Therefore, for Viy > bry, ary must be positive, for
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-
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Figure 11. Pressure—volume relationships in the left ventricle. Description of the conduct of the left ventricle as a pressure—volume relationship, when
the ventricle is passive. Demonstrates the principle suggested by Galenus, with “suction” of the ventricle when volumes are very low. pg = pressure in
the left ventricle, Ajy = a measure of elastance of the left ventricle, b, = volume of the left ventricle, with b is the point at which the pressure is zero,

V1y = the volume of the left ventricle.

Vv < bry, ary must be negative. This is consistent with
the elastance (=1/compliance) of the ventricle:

dps/dViy = 2ary(Viy — biv)(2) )

which is then positive over the range of the sketch. If
the change in sign of ary is ignored, the broken part of
the sketch changes to its mirror image, pg is always posi-
tive, while the elastance turns negative for Viy < by, all
unrealistic features.

In the original computer experiments for Figs. 9 and
10, ventricular volumes were sometimes found to be neg-
ative. Other investigators mentioned, though did not pub-
lish, similar observations for several years. Since negative
ventricular volume is a physical impossibility, its origin
was sought.

Figure 1(b) suggests the solution immediately: the
discharge (outflow) from Co, the ventricular compliance,
can continue beyond the empty state and the computer
will designate such volume to be negative. The artifact
of negative volume creation can be avoided by allowing
the resistors R}, to go to infinity as ventricular volume
approaches zero, which is their sole function. For positive
ventricular volumes Ry, values are negligibly small.

Figure 1(a), the model in fluid mechanical symbols,
is not sensitive to this flaw, for the simple reason that
flattening of the left ventricle eliminates communication
between the ventricle and the venous and the arterial
sides. Ry, ‘s are not required, though they are drawn is to
show the need for them, and their location, in Fig. 1(b)
where the venous and arterial parts of the model continue
to communicate.

In mathematical terms, while including external pres-
sure p¢(?), the ventricular pressure—volume relation reads:

po(t) = pe(t) = ary(Viv(t) — biy)*(3) (3)
for an asystolic ventricle (Fry = 0). If p(¢) > pg(t), the
left hand side of the equation becomes negative, hence ary

must be negative, which it is in the range where Viy <
bry. Solving for Vy under these conditions yields

Viv = by — [(pe — po)/ —awv]? @) (4
or Vy will become negative when

pe(t) — po(t) > —arybiy(5) 5)

which is a small positive pressure (Appendix 2).
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CONCLUSION

The primary conclusion is that the model ventri-
cle performs physiologically in terms of flow, ejection
curves and pressures. Under asystolic conditions, the
model demonstrates potential for the cardiac pump mech-
anism are proposed by Kouwenhoven et al. The study also
demonstrates that it allows further insights into the actual
source of flow under incompetent valve conditions, both
for a contracting heart and a heart under CPR conditions.
The absence of contraction can, in principle, be replaced
by external compression, provided the valves are com-
petent (Fig. 8), increasing flow from 17 to 39 mL/s with
increasing p.(?). If the valves are not competent the 8 mL/s
output is due to venous filling pressure and insensitive to
external compression (Fig. 10). Impedance-defined flow
demonstrates that sloshing, on the venous side, becomes
dominant, negating effective movement.

APPENDIX 1

Oui2(t) = Omiz(1)
Pven — P;([) = (RLV + RIV)QHIZ(t)

(1) = Ds(2) if the mitral value is open
pstt) = Pven if the mitral value is shut

Oni13(t) — Quia(t) = Qvo(t)
Oni14(t) = Onis(®)
pi(t) = {

P7(f) - pp([) = (Zos + R]V)QHIS(t)
Owni5() — Q1(1) = Qvio(®)

pe(t) if the aortic value is open
pp(t) if the aortic value is shut

d
Ovio = Cloapp(l‘)

Viv(t) = Viy(0) + /0 0w
Pe(t) = pe(t) = ary(Viy — bry)” + (cy Vv (t)
—duy) Fiy(t)
with
Fiy(t) = fiv(t) = ki Quis (1)

+ka(Q 15t — Ty(1))?)

Tv(t) = Kkpvt
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ty
stroke volume = / Onis(t) dt
0
ty
antegrade stroke volume = / pos Oyus(t) dt
0

ty
retrograde stroke volume = / neg Qui3(¢) dt
0

APPENDIX 2

Ry = 7.0 x 1073 mmHg s/mL
ary = 7.0 x 10~* mmHg/mL2
by = 5.0 mL
cy = 1.6 mmHg/mL
dry = 1.0 mmHg

ki = 4.0 x 107*s/mL

ky = 1.5 x 107%s?/mL?
kry = 0.45
Zos = 8.0 x 1072 mmHg s/mL
Cio = 2.75 mL/mmHg

t, =1.0s

10-2V3, mmHg s/mL until ventricle can refill
(volume driven)

until volume reaches a
maximum (pressure
driven)

Ry = { OmmHg s/mL
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