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41k H1499-H1515, 1987 —A phenomenological model of the
cardiopulmonary circulation is developed with a focus on the
interaction between the right heart and the left heart. The
madel predicts the hemodynamic consequences of changing
cireulatory paramelers in terms of a broad spectrum of
pressure and flow waveforms. Hemodynamics are character-
ized by use of an electrical analog incorporating mechanisms
for transseptal pressure coupling, pericardial volume cop-
pling, intrathoracic pressure, and barorefiex control of heart
rate. Computer simulations are accomplished by numerically
integrating 28 differential equations that contain nonlinear
and tmne-varying coeflicients. Vahidity of the model is sup-
ported hy its accurate fit to clinical pressure and Deoppler
echocardiographic recordings. The mode!l characterizes the
hemodynamic waveforms for mitral stenosiy, miteal regurgi-
tation, lefl heart failure, right heart fatlure, cardiac tampon-
ade, pulsus paradoxus, and the Valsalva mancuver. The wave
shapes of pulmonary capillary wedge pressure under the
above conditions are also accurately represented. Sensitivity
analveis reveals that simulated hemodynamics are insensi-
tive to wmost individoal model parameters with the exceplion
of afterload resigtance, preload capacitances, intrathoracic
pressure, contractility, and pericardial fluid volume. Baseline
hemodynamics are minimally affected by transseptal cou-
pling (up to 2%) and significantly affected by pericardial
coupling (up to 20%:1. The model should be useful for quantita-
tive studies of cardiopubmonary dynamics related o the
right-left heart interaction under narmal and disease ¢ondi-
tions.

mathematical model; hemodynamics; cardiopulmonary elrcu-
lation; septum: intrathoracic pressure; pulmonary wedge
pressure; heart failure; mitral stenosis; mitral regurgitation;
cardiac tamponade; pulsus paradoxus; Valsalva maneuver

RIGHT-LEFT HEART interaction has been recognized as an
important factor in cardiovascular dynamics since the
19th century. Left heart failure (LHF) canses damming
of blood in the pulmonary cirenlation, which in turp
elevates afterload and preload of the right heart and
ecan result in secondary right heart failure, a mecha-
nism characterized by Hope's backward-failure hypoth-
esils (16}, The right heart supplies blood flow to the
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pulmonary cirenlation and indirectly contrals prelaad
of the left heart. Because pulmoenary circnlation and
systemic circulation are in tandem, output of the right
heart and the left heart must be equal at steady state,
which is the basis for Mackenzies forward-fallure
hypothesis (19). Although the eticlogy of pulmonary
congestion can be explained by a bloed volume shift
Trom sysiemic to pulmonary creulation as a direct
hemodynamic consequence of the right-left heart inter-
action (3}, questions have been raised concerning the
possible contribution to this process from other factors
such as neurcharmanal control (21

The right heart and the left heart are also coupled by
sharing the common septurr and by competing favr
limited space in the pericardium. Whereas transseptal
couphng 1s intrinsic to myocardial fiber structures,
pericardial eoupling is affected dynamgeally by all
cardiac chambers and can be drastically accentuated by
extrinsic factors such as pericardial effusion (5, 10},
Althougl: many studies (20, 24, 28, 36) have contrib-
uted in part to the understanding of the right-left heart
interaction, eur knowledge about the complex relation-
ship between the right heart and the left heart is
limited. In particuiar, quantitative characterization of
the various mechanisms affecting the right-left heart
interaction in intact circulation is lacking. Thus it
should be useful to develop a computer model that
simulates the cardiopulmonary system by integrating
the various mechanisms {or the right-left heart interae-
tion.

Previous modeling work related to right-left heart
coupling includes the lollowing. Maughan et al. (20}
characterized the interdependence between the right
and the left ventricle in isolated eanine hearts by use of
an elastance compartment. Santamare and Burkhaff
{24} applicd the septal elastance model of Maughan et
al. to assess hemodynamic consequences of ventricular
interaction; however, their model did not include the
pericardium, Hardy et al. (15) used a multicompartmen-
tal model to simulate pulsatile flow and gas transport
and exchange. Beyar et al. {1} developed a comprehen-
give model to study the inferaction between eardiac
¢hambers and intrathoracic pressure. Most of these
models were used to characterize cortain causal relation-
ships between eirculatory variables and hemodynamic
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consequences with the time variable removed; they did
not provide hemodynamic waveforms. Some models (1,
15} were capable of generating baseline hemodynamic
waveforms, but none of the models demonstrated the
ability to simulate a broad spectrum of hemodynamic
waveforms under various disease conditions. Nor did
any of the alorementioned studies include the effects of
neurchormonal control.

The purpose of the present study is to develop a
computer model that provides a guantitative platform
for studying hemodynamic waveforms and the various
mechanmizing for the right-left heart interaction under
normal and disease conditions. The development of the
model is dictated by the following considerations. 1)
The model is intended to be comprehensive in the sense
that hemodynamics, respiratory effects, pericardial dy-
namics, and baroreflex control should be integrated
into a single system. 2} The model is intended to be
phencomenoclogical in the sense that not only time-
invariant causal relationships but also time-varying
hemedynamic waveforms should be accurately repre-
sented. 3) The model 15 intended to be versatile in the
sense that the same model can simulate a variety of
conditions for normal and pathological physiclogy. 4)
The model is intended to provide knowledge for assess-
ing left heart dynamics on the basis of right-sided
measurements such as the pulmaonary capillary wedge
pressure. 51 The model is intended Lo provide quantita-
tive data for assessing how hemodynamic, transseptal,
and pericardial coupling contribute o the right-left
heart interaction,

Glossary
A, Aorticvalve area (cm?)
A, Mitral valve area (¢cm?)
v Pulmonary valve area {cm?)
A Tricuspid valve area (cm?)
b, Bernoulli’s resistance of aortic valve imimkg-
g4l
B Bernouil’s resistance of mitral valve
(onmHg - 8% ml2)
b Bernoulii’s resistance of pulmonary valve
{mmlg-s* ml-?)
b, Bernoulli’s resistance of tricuspid valve

{(mmHg-s%-ml2)
B Bernoulli’s resistance (mmHg-s2-ml %)
& Left ventricular elastance (mmHg/mi)
&y, Effective e, with septal coupling (mmHg/m1)
€y Right ventricular elastance (mmHBg/mD
6 s Effective e,, with septal coupling (mmHg/
ml}
E,.  Ascending aortic elastance (mmHg/ml)
K. Carotid arterial elastance (mmHg/ml)
By, BPescending aortic elastance (mmHg/ml)
El Left atrial elastance amplitude (mmHg/mi}
E Left atrial elastance baseline (mmHEg/ml)

E. Left ventricular elastance amplitude
{mmHg/mi}

L, Left ventricular elastance baseline (mmHg/
mi)

E Pulmonary arterial elastance (mmHg/ml)
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RIGHT-LEFT HEART INTERACTION

Pulmonary capillary elastance {mmHg/mi}

Pulmonary venous elastance (mmHg/ml)

Pulmonary venous zero-volume elastance
(mmHg/ml)

Pulmonary arterial wedge elastance (mmHg/
ml}

Pulmonary
{(mmHg/ml)

Pulmonary venous wedge elastanee immHg/
ml}

Right atrial elastance amplitude {mmHg/
ml)

Right atrial elastance baseline (munHg/ml)

Right ventricular elastance amplitude
{mmHg/ml}

Right ventricular elastance baseline (mmHg/
mi)

Effective septal elastance (mmHg/ml)

Systemic venous zero-volume elastance
{(mmHg/ml}

Pulmonary wedge conductance (ml-s-*.
mmig )

Inspiratory fall of systolic arterial pressure
{mmHg)

Left-to-right ventricular pressure gain

Right-to-left ventricular pressure gain

Pericardial pressure coefficient immHg)

Ascending aortic inertance (mmHg-s2-mi 1)

Aortic valve inertance (mmHg g% ml 1}

Carotid arterial inertance (mmHg g2 ml-1)

Descending aortic inertance (mmHg-
s%-ml 1)

Mitral valve inertance (mmHg-s2.ml 1)

Pulmonary arterial inertance {mmig-s*-
mi F}

Pulmonary capillary inertance (mmHg-s2-
ml ¥}

Pulmonary venous inertance {mmHg.s*

Pulmonary valve inertance (mmHg-¢?-ml '}

capillary wedge elastance

Pulmonary arterial wedge inertance
{mmHg-s%-ml- 1)
Pulmonary capillary wedge inersance

{mmHg- s ml Y
Pulmonary  venous
{mmig-s?-mi 1)
Tricuspid valve inertance (mmiig g% mi-1}

Vena caval inertance {(mmlig-s* -ml-1)
Systemic venous ipertance {immHg-s%-ml 1)
Aortic pressure {immHg)
Intrathoracic pressure (immIg}
Intrathoracic pressure amplitude (mmHg)
Intrathoracic pressure baseline {(mmHg)
Left atrial pressure (mmHg)
Left ventricular pressure (mmHg)
Pulmonary arterial pressure {immHg)
Pericardial pressare OnumBg)
Pulmeonary capillary wedge
{mmHg)
Right atrial pressure {(mmHg)
Right ventricular pressure {(mmHg)

woedge  inertance

pressure
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Flow through ascending aorta (ml/s)

Flow through aortic valve (ml/s)

Flow through corenary artery (ml/s)

Flow through descending aorta (ml/s)

Flow through mitral valve {ml/s)

Flow through pulmonary arteries {m¥/g}

Flow through pulmonary capillaries

Flow through pulmonary veins (ml/s}

Flow through pulmenary vaive {ml/s)

Flow through pulmonary arterial wedge
{ml/s}

Flow through pulmoenary capillary wedge
(ml/s}

Flow through pulmanary venous wedge
{ml/s)

Flow threugh tricuspid valve (ml/s)

Flow through venae cavae (ml/s)

Venous flow source (ml/z)

Peripheral arterial resistance (mmHg-
s-mi-1}

Hesistance of ascending aorta (mmHg-
soml1)

Resistance of aortic valve (mmHg: s ml~1}

Resistance of caratid artery (mmilg-s-mi-1)

Resistance of descending aorta (mmHg-
g-ml

Resistance of mitral valve (mmHg-s-ml 1)

Pulmonary arterial resistance {(mmHg-

Pulmonary capillary resistance (mmHg-
s-mi-1)

Pulmonary wvenous resistance {mmHBg-
s ml-1)

Pulmonary arterial wedge resistance
fmmHg- s -mit)

Palmoenary capillary wedge resistance
(mmHg s -mit)

Pulmenary vencus wedge resistance

(mmHg-s-mit}
Systemic venous resistance (mmHg s-mi~1)
Vena caval resistanee (mmHg-¢-mi-?)
Time of end-gjection at maximuni ey, (8)
Time period of cardiac cycle (s)
Peripherat arterial blood volume (m})
Ascending aortic blood volume (ml)
Descending aortic bloed volume (ml}
Total cardiac blood volume (m})
Chamber volume of left atrium (ml}
Chamber volume of left ventricle (mi}
Total volume of pericardial and cardiac
chambers (ml}
Pulmonary arterial blooed volume {ml)
Pulmonary capillary blood volume (ml}
Total pulmonary blocd velume (ml)
Pulmonary venous blood volume (ml)
Pulmonary arterial wedge blood volume (ml)
Pulmonary capillary wedge blood volume
(ral}
Pulmanary venous wedge bload valume (ml)
Chamber volume of right atriuvm (m])
Chamber volume of right ventricle (ml)
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Volume of systemic veins (ml)

Volume of venae cavae (ml}

Pericardial volume offset (ml)

Pericardial fuid volume (mi)

Peripheral arterial velume constant {mi)

Ascending aortic volume constant (ml)

Descending aortic volume constant (ml}

Pericardial volume constant (m})

Pulmonary arterial volume constant (ml}

Pulmonary capillary volume constant (ml)

Pulmonary venous volume constant (m}}

Pulmonary arterial wedge volume constant
{ml}

Pulmonary capillary wedge volume con-
stant (mb)

Pulmonary venocus wedge volume constant
{(mi)

Systemic venous volume constant fml)

Time constant for left ventricular contrac-
tion {g}

Time constant for left ventricular relaxation
(s}

Viscoelastance (mmHg-s-mi~1)

Arterial viseaelastance (mmHg-s-mil~1)

Ascending aortic viscoelastance {mmHg-
s-ml- 1)

Carotid arterial viscoelastance (mmHg:
g-ml~1)

Descending aocrtic viscoelastance (mmHg-
s-ml-1)

Left atrial viscoelastance {(mmHg s - ml-1}

Left ventricular viscoelastance {mmHg-
g-ml-1)

Pulmonary arterial viscoelagtance {(mmHg-
s-ml-H)

Pulmonary capillary viseoelastance (mmHg -
sl )

Pulmonary venous viscoelastance {mmkHg-
goml )

Pulmonary arterial wedge viscoelastance
{mmHg-s-mi~1}

Pulmonary capiilary wedge viscoelastance
{mmHg-s-mi1)

IPolmonary venous wedge vigcoelastance
(mmHg-s-mi-}

Right artial viscoelastance (mmHeg g -ml- 1)

Right ventricular viscoelastance (mmHg:
- ml 1)

Vena caval viscoelastance (mmHg- s -ml 1)

Five subsystems are integrated into the propoesed eircula-
tory model: electrical analag of hemodynamics, pressure
coupling through the interventricular septum, volume cou-
pling inside the pericardium, intrathoracic pressure, and
baroreflex control of heart rate. Each of the Hve subgystems is
based on previous work done by us or by other research
groups extended and reconfigured o fit a unified state-space
platform for numerical integration. Madeling assumptions
and parameter identification are described for each sub-
system as follows,
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Fig. 1. Electrical acalog of cacdinpalmanary systeo. Anatonic cegreseatation (5 shewn divectly abeve sach section

of model. Model contains 74 elements: time-invariant elements ave labeled by upper-

case letters and tme-varying

elements by lower-case lefters. Model elaments include following types: linear resistance (R, mmHg-s-ml '),
Bernoulh's vesistance {8, mmHy - s%-ml™?), nertance (L, mmHy-s%-ml 1), nonlinear zlastance (K} defined by Ey
(mmHg/ml) and & (ml} and time-varying elastance {e) defined by baseline and amplitude component (mmiigiml).
Parameter value for controd 18 shown beneath cach element Iabel, See Glossory Tor definition of abbreviations,

Electrical analog, The right-left heart interaction through
the pulmonary circulation is characterized by use of 2 hnoped-
parameter electrical analog. As shown in Fig. 1, the eleclrical
analog is based on our previous modeling work (31, 32, 34}
with the following three extensions: 1} The original model,
which vepresents only ihe lefi heart and o portion of the
systemic arterial bed, is now extended by adding the right
heart, pulmonary cireulation, and systemic veins; the number
of model elements inereases from 332 to 74. 2) Because the
proposed model represents not only arteries but alsoe veins
and eapillaries operating at a Jow pressure range, nonlinear-
ity of the vascular capacitances (26) is considered. 3} To
represent the flow dependent elements in the cardiac cham-
bers more accurately, the internal resistances of the four
contracting chambers are considered nonlinear,

In Fig. 1. time-invariant parameters are labeled by apper-
case letters and time-varying parameters by lower-case let-

's. The basic circutt elements include the following types:
ar resistance (R) relates flow () to pressure gradient
{Ap) accerding to Ap = KQ. Linear mertance (L) relates time
derivative of flow to pressure gradient. Bernoulli’s term for a
valve (B), relaling squared flow te pressure gradient, Is

mmbg-s?-ml % where p is the density of blood (84}, Vascular
capacitance is assumed to be nonlinear and to have an
exponential pressure-volume relationship. Different forms
for the exponential pressure-volume relationship have been
used in the past (14). We chose the following form, which is
simple but sufficient to fit the elastance curves reported by
Dahnetal {7

P Buev (1}

where Py {in mmHgl 15 the intercept with the transmural
pressure axis and 4 (in ml) is the volume eonstant. Eisstance
(E, the reciprocal of capacitance, is defined by

»]
Py

..... {2}
iy
where Ey = P/ is the zero-volume elastance {mmHghnl), By
substituting Kqg. 2 into Eg. I, the transmural pressure
gradient across elastance 1s given by p = Ed. Viscoelastance
{12}, which relates vahune change in the elastie compartment
to energy lost, is characterized by a linear resistance in series
with the elastanee i the case of a vasenlar compartment, In
the case of a contracting chamber, {1 is represented as a
nonlinear resistance that is directly propertional to the
chamber prassures on the hasis of the work hy Shroff et 2l (270,

The right atrium (RA}L right ventricle (BRV3, left atrium
(LAY, and left ventricle (IV) are each madeled as g time-
varving elastance (300 A time-varying elastance varies over
the cardiae cyele aecording to an exponential charge-
dischavge waveform and s characterized by a baseline and av
amplitude component. For example, the TV elastance is given
by

E[‘.H{l g M} 4 E]\.[, 0= o=

_(Gl\' e El\'i_s} @ tag i E]vh 3(

o
where ¢, 18 the LV elastance evalnated at end gjection. The
elustance waveforms for other cardiac chambers are defined
in a similar fashion. A volume dependency is applied to the
ventricular elastances so that nonlinearity of the Starling
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curves and load dependency of myocardial contraction can be
represented. This is accomplished by scaling the ventricular
elagtance by a factor derived fram the end-diastolic ventricu-
lar volume, as deseribed previously {34).

In Fig. 1 the pulmanary circulation beging at the pulmo-
nary valve (node 9) and ends at the left atrium (node 20}, The
civciit segment from node 15 1o node 19 18 s special provigion
for the pulmenary capillary wedge pressure (py.. ). By setting
conductance {gy, ) = 0, flow ceases in this segment and py.
measured at node 16 should refiect the LA pressure.

Inuterventricular sepfum. Ihrect pressure coupling between
the RV and LV through the interventricudar septwm is
characterized by use of the model developed by Maughan et
al. {201, Their model consists of three elastic compartments,
I addition to the RY and LV freewall compartments {e,., and
21}, shift of the septum is also represented by an elastic
compartment (£, ). Under this assumption, the LV pressure is
the sum of the effective LV elastance times volume and the
“cross-talk” pressure from the RV

P = &V, Ry, {4}
+ ¢ ) and &, = E.k,. Similarly, the BV

Py * ér.':-'vr'\' + kh’p%\r (&)

where &, = e dF, + e} and 4. = EJk, Because the
cross-talk gains (k, and &y, ) ean be computed from the three
elastances (e, e., ¢., aad ., the transseptal pressure
coupling can be represented completely by B, Maughan et al.
measured B, inisolated canine hearts that were free from the
pericardial influence and had abont the same ventricular
glastances as those in our model. Thus it should be suitable to
adopt thenr experimental data directly Lo owr model; the value
af 45.9 mmHg/m] is assigned to B

Pericardium. In addition to transseptal pressure coupling,
valume coupling exists among all chambers in the pericar-
dium. In our medel, pericardial dynamics are represented by
a pericardial compartment with an exponential pressure-
volume relationship. The pericardial pressure (pg.) is con-
trolled by the total chamber volume in the pericardinm
aceording Lo the expouential relationship. This pressure
exerts on all cardiac chambers through the free walls of atria
and ventrigles. The total fluid valvwe in the pericardium (v}
13 the sum of the volume of the heart chambers (Vi § and the
pericardial fuid volume (V]

VJR‘ = Vieart + Vpn ((})
Vieast 18 given by

wnoyr ey

Vioart T e TV TV (7

This formuda is similar to but slightly different from that
employed by Bevar et al, (11 Our formula includes V. and
excludes the myocardial velume, because the change in
myocardial volume relative to the total heart volume is
negligibly small. The pressure-volume relationship in the
pericardion is an exponential function (1, 2)

pi’x‘. = K[J&gf‘lé\:]"' Vet {8}

The volume offset (V01 35 set at 380 ml, the volume constant
() is set at 40 mi, and K, is set at 1. These parameter
values are determined on the basis of the perieardial pressure-
volume relationships reported by Freeman and LeWinter
(e,

H1503

Intrathoracic pressure. The respiratory effect on hemody-
namics ig represented as a time-varying intrathoracic pres-
sure. A regpiratory cycle has a pertod of 5 5, comprising 2 s of
inspiration and 3 s of expiration. On the basis of data reported
by Guytou {12}, intrathoracic pressure (p; }is assumed Lo vary
over time according to an exponential charge-discharge wave-
form with a baseline (P} of ~ 3.7 mmHg and an amplhitude
(Piat of 1.8 mmHg. In other words, p, varies from ~3.7
mmHg during expiration to 5.5 mmHBg during inspiration.
The intrathoracic pressure is incorporated into the electrical
analog by applying p;,. directly te all compartments in the
thorax, which inchude venae cavae, right heart, pulmonary
arculation, left heart, and acrta.

Baroreflex control of feart rate. Sinoaortic baroreflex con-
trof of heart rate is approximated by a first-order relationship
between the cardiac period and the systolic aortic pressure.
As arterial prassure decreaseas, haart rate is incraasaed by tha
singasrtic baroreflex {6}, The relationship between heart rate
and arterial pressure is generally nonlinear. However, within
the normal range of arterial pressure variation, a linear
appraximeation to the relatianship between heart rate and
arterial pressure should be acceptable. Further support for
the validity of this assumption comes from the preduct of
heart rate and aystolic arterial peak pressure. This product
hag been used as an index for myoscardial oxygen consumption
{23}, which is based on the implicit agsumption of an inverse
relationship between heart rate and systolie arterial peak
pressure for a given level of myocardial oxygen consumption.
In the present model the following first-order relationship
between the cardiac period (1)) and the systolic aortic pres-
sure is used te characterize the barareflex contral of heart
rate
T = Gy, Bystolie p,, — 120} + 0.855 () (9)
where the barorefies gain ((n,,,. ) is set at 0.005 s/mmig. The
coefficients in the above equalion are determined by assam-
ing the following two reference peints: heart rate is 70

inereases to 85 beats/min at systolic py, = 90 mmHg,

State-space representation qnd numerical solution. The
electrical analog is an effective means for constructing the
madel, Integrating various mechanisms into chreulntory dy-
namics, and relating model parameters to their physical
meanings, The ansleg model s alse used to derive the
mathematical model in the form of a state-space representa-
tion that characterizas the ingtantanecus dynamies for the
entire system. For the present model the state-space represen-
tation comprises 28 differential equations obtained by a nodal
analysis of the analog circuit, State variables include the
volume of every elastance and the flow through every iner-
tanca. The state {(differential) equation for aach state variable
ta derived on the basis of eontinuity of flows at the appropriate
noede in the circuit. The 28 nodes corvesponding to the 28 state
equations are marked by circled numbers i Fig. 1. The 28
state equations and the nedal analysis technique are given in
the aprENDIX, The state equations are nomerically integrated
by use of a second-order Runge-Kutta method at a time step of
1 ms. The nonlinear elements, including clastances and
valves, are updated at a time step of 5 ms. This choice of the
order and parameters for the numerical method has provided
mumnerical stability and an appropriate compromise between
round-off error and truncation error on the basis of our
previous experiences with similar models. The model-based
simulation software was written campletely in the C lan-
guage and runs on any Macintosh-type computer (Apple
Computer, Cupertino, CA).
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Parameter identification. Identification of the parameters
in the electrical analog is accomplished in two steps. In the
first step, the model parameters are grossly estimated in
terms of the physiological range or the order of magnitude for
the parameter value. The vascular registances and inertonces
are calenlated on the basis of fluid dynamic laws and the
dimensions of the anatomic compartments thet the indi-
vidual sections of the mode! represent (31). The valve param-
eters (an inertance, a lineay registance, and a Bernonlli term
for each vaive) are determined on the basis of a previeus
study using Dappler echocardiographic data (34). In the
second step, the model parameters are fine tuned in the
dynamic situations with the siwulation running continu-
ously. The model parameters are teratively adjusted within
their physiological ranges while the resulting pressure and
flow waveforms in the entire system are monitored. A major
determinani of the circulatory dynamics is the vascular
elagtance, which is nonhinear and specified by two parameters
{Ey and P). The volume at each section of the lumped-
parameter cirenit s mamly controlled by the elastance. Table
1 summarizes the volumes in different parts of the circulatory
system reported by Engelberg and DuBois (9 and Guyton
{12). The volume distribution provides crucial information for
determining the elastances. For each elastance, E, and @ are
iteratively adjusted until a reasonable representation for the
hemodynamic waveforms and the average voluine stored in
the elastance is achieved. The vohune constant & is generally
ot the same order of magnitude as the volume in the
elagtance, which is 4 useful rule of thumb for identifying @.
The resulling volume distribution represented by the model
it alse shown in Table 1. The baseline elastances for the
contracting chambers are also determined on the basia of
volume distribution in the heart. The viscoelastic terms are
on the order of 1072 mmHg- s -ml™! on the basis of the degree
of damping of the pressure waveforms, The propartionality
constant for the pressure-dependent internal chamber resis-
tance is set at 5 X 1079 ghnl, winch is three times smaller than
that determined by Shroff et al. (27} in cannulated canine
ventricles. A smaller value is more appropriate here, because
the valve device in our model accounts {or a significant
portion of the fow-dependent components at the outfow tract
of a contracting chamber. This proportionality constant is
applied to all four cardiae chanibers. The values of all model
parameters that have been identified to define the baseline
hemodynamics in this study are given in Fig. 1.

Sensttivity analvsis of model porameters. A sensitivity
analysis 13 conducted to determine how the simulated heme-
dynamics are affected by each model parameter individually.

Table 1. Model representation of blood volume
distribution in human circulatory sysiem

Biood Voheme Madel
Diistriination Bepresentation
G Yalume,t ml Variahles Valume, mk
Heart 7 350 L~ 351
Pulmonary cireulation 9 454 ¥l 438
Puimonary artevies 2.8 114 ¥ pua 78
Pulmonary capillaries 1.3 (5153 Ve 150
Pulmanary veins 8.4 2 v 213
Systemtic arteries i3 G Vau + Vs TV, 186
Systemic capillaries 7 350 None &
Systemic veins 64, 3,200 Vit W 2,628

Bee CGlossary for definition of abbreviations. *Based on data
reported by Engelberg and DuBoeis (91 and Guyton (120 * Based on
assumplien that total bleod volume is 5,000 ml
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The sensitivity is guantified by computing a gain factor
avcording to

sensitivity gain

% change of affected (hemodynamic) index (10

% change of affecting (model) parameter

The hemodynamic indexes include heart rate; cardiac output;
systolic/diastolic p,,; end-diastelic BV {p.), IV {p.) and
pulmopary arterial pressures (pp,) and RV (v} and LV
volumes {v),}; and mean RA (p.,} and LA pressures {p),) and
total pulmonary (v}, total cardiac (v, ), and systemic
venous blood volumes (v,). These 14 parameters are chosen
because they are routinely measured in elinics or they are
magor determinants of the physinlogical state of the cardiovas-
cular systemn. The model parameters include all parameters
shown in Fig. 1 and the variahles in Egs, & and 2. Eighty-five
maodel parameters are included in the sensitivity study In
each case, the model parameter 15 perturbed by a 10%
increase from its control value. Before the hemodynamic
indexes are recarded, the simulation s allowed to run fox
gseveral cardiac eycles until the initial transients subside. The
individual contribution of pericardial and transsepial cou-
pling to hemodynamics 18 alse studied hy removing pericar-

Iatter case, a large value is assigned to E, in the actual
stmulation, )

Venows return. The flow source (Q ) returns a constant flow
into the venous reservoir represented by E,. Buffered by the
lurge volume of the venous reservoir, Q. exerts its effect on the
cardiac output over a relatively long period of time. Instead of
Q,, &.. which iz the flow through venous inertance (L., ), should
he considered as the venous return in this model on the
cyele-by-cycle basis. Because at steady state Q. must be equal
to mean g, and cardiac output, @, does provide an extra
degree of freedom for controlling the preload. However, this
degree of freedam is mainly related to the setting of the
venous pressure and has only a minor effect on the cardiac
output, as demonstrated later. The procedurs for setting Q. in
the simulations of the disease conditions is as follows. After
the change in & circulatory parameter, @, is initially main-
tained at control, Le, 833 mle or B Ifmin. The initial
transients caused by the parameter change usnally subside
within the first 10 cardiac cycles. Then the difference between
Q. and mean q, eauses a charge or a discharge of the venous
reserveir. Accordingly, the venous pressure increases or de-
creases and drives the cardiac output closer to @, The change
in cardiac output oceurs very gradually. To define the operat-
ing peint for @, in a consistent way, we allow the simulation to
run for 50 cardiac cycles after the change in a mode! param-
eter. At this point Q. is set equal to the cardiac output to
ensure a steady state.

Model-based stiedy of cardiovascalar physiology, The model-
Bbased study consists of two parts. First, the model param-
eters arve adjusted to fit chinical data. The chinical data include
the pressure measurements in the right and left heart from a

atient who has undergone vardiac catheterization and the
pulsed-Doppler echocardiographic recordings of transmitral
and pulmonary venous flow velocities from a previous study
{34). These data were ariginally recorded in hard-copy forms
and scanned Into a digital computer for comparison with the
maodel-geperpted waveferms. Second, the moedel is used to
predict the hemodynamic conseguences by adjusting model
parameters that correspond to the causes of various disease
conditions. The following conditions are studied: mitral valve
stenosis (MBS), mitral regurgitation, LHE, right heart failuve
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{(RHFY, cardiac tamponade, pulsus paradosus, and the Val-
salva maneuwver. These simulations are intended for acute
situations without the chronie adaplation effects, such as
enlargement and hypertraphy of atria and ventricles.

RESULTS

Baseline hemodynamics. Figure 2 shows the pres-
sures, Sows, and volumes in the right and left heart for
normat physiclogy. These waveforms are generated by
the model with parameter values given in Fig. 1. The
wave shapes are generally in accord with in vive data.
Specifically, atrial pressures (p., and p.) show the
characteristic shapes of the a wave, ¢ wave, x descent, v
wave, and y descent, For trapstricuspid flow (&) and
transmitral flow (g, ), the E and A waves are accu-
rately represented. For venous return fiow (..} and
pulmonary venous flow (G, ), the bimodal wave shape
(8 and D) and the end-diastolic flow reverse are consis-
tent with in vivo obgervationg (5), The wave shapes for
flows through the pulmonary valve (g, ) and the aortic
valve {q,. ) are also accurate. Table 2 shows the hemody-
namic indexes computed from the model-generated
waveforms. This simulation defines the baseline hemo-
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Fig. 2. Simulated baseline hemodynamics for right heart (A ) and lefy
heart {8). See Glaszary for definition of abbreviationas.

dynamics and is used as confrol in the subsequent
studies.

Sensifivity analysis. The simulated hemodynamics
are ingensitive te mest individual moedel parameters.
The result of the sensitivity analysis is summarized in
Table 3, in which only those model parametfers with at
least one gain =0.1 are listed. Medel parameters with
all gains <-0.1 are considered insensitive and are
excluded from Table 3 in an effort to reduce the large
amount of data. Inertance (L), R, and {2 values in the
model are generally insensitive, with all gains <0.1,
The only exception is systemic afterload resistance
(.3, which is a major determinant of cardiac oufput
and aortic pressure. The vascular capacitances are also
insensgifive with the exception of preload capacitances
for right heart (E,, ®.) and left heart (B, Pp.)
Contractility of the heart is defined by the elastance
haselines and amplitudes of the atrin and veniricles;
these parameters are relatively sensitive. Pericardial
volume offset (V 4} and intratheracic pressure baseline
(P} are sensitive, whereas G,,,,, and E, are not.

Model fit to clinical data. Figure 3A shows six
pregsure waveforms chtained from the catheterization
record for a 80-yr-old female patient with severe mitral
regurgitation and congestive heart failure. The model
parameters are adjusted to provide a simultaneous fit
ta all six waveforms (Fig. 3B} Figure 4 shows the
puised-Doppler echocardiographic recordings of trans-
mitral and pulmenary venous fiow-velocity waveforms
obtained from a previous study {34}, Patients A, B, and
C represent normal LV function, significant LV dysfunc-
tion (Tunctional clags IT-111}, and severe LV dysfunction
{fanctional class IV}, respectively. Superimposed on the
puised-Doppler recordings are the corresponding wave-
forms generated by the present model. The waveforms
from the previous left heart model are also included to
provide a reference for the absence of the right heart
dynamics. Compared with the previcus model, the
present model provides a slightly improved fit, espe-
cially to the pulmonary venous fHow-velocity wave-
forms.

Venous return, Figure BA shows the cardiac output
over 100 cardiac cycles alter the parameter change for
each disease condition. To evaluate the choive for the
operating points of venous return, §, wag maintained
af cantrol, i.e. 5 Vmin, over these 100 cycles. The
vertical bars mark the peints after 50 cardiac cycles
where the disease conditions are defined. In Fig. 58
these operating points are also shown on the cardiac
ocutpul vs, mean g, Curves.

Mitral valve abnormalities. Mitral valve abnormali-
ties are simulated by changing the mitral valve area
(A} in the model. For control, A,,. = 4 em? when the
mifral valve opens and zere when the mitral valve
closes. In clinical situations, M3 is considered mild for

this study a severe case of MBS ig simulated by reducing
open A, from 4 to 1 cm?® As shown in Fig. 64, the model
predicts the typical hemodynamic consequences of MS,
t.e., the increase in diastolic LA-LV pressure gradient
and transmitral E-wave flow deceleration time. Data in
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Table 2. Hemodynamic indexes for controf and percent changes relative to control for MS, MR,

RHE, LHF, and cardiac tamponade

Ead-Diastohie Mean
Heart. Cardiae  Swstolic  Phastele
R’&Lﬂ (}ULPU1~ Tran P P Pl p]\:z ¥ix Vi P Pla “-[|:|| Wi ¥
Control
0 50V 122 75 6.3 9.3 9.8 120 133 5.3 8.1 452 375 2,785
beats/min min mmidg  nmily mmlg smnHy omlly ml ml  mmllg wmmidg mmig wl m}
S Thange relative to condrol

ME 8 - 8 -9 -4 15 -5 & I -1h 3 74 23 7 b}
MR 26 - 3 28 - 28 178 162 1760 -8 21 213 232 52 19 22
LETF miild 8 - 2 - wo - 7 48 57 54 H 14 57 658 21 11 ]
LHF severe 26 -26 -27 -149 131 139 131 - 18 38 174 163 42 19 19
I{IIF m J.Ed “'? ..... ‘;? ..... 10 ..... ; ,12 ..... 8 ..... 2 25 ..... 14 ‘n‘:"O ..... 4 ..... 2 6 5
BHI severs e - v - a2 - 11 97y - 8 4 53 32 116 2 0 11 15
Tamponade i -3 wd 27 251 1ar 131 -4t -l 3 162 4> - 47 27

ME, milral stenosis; REF and LHE, right and left heart Faflure; MR, mitral regurgitation. See Glossary for definition o other abbreviatfons.

Table 2 show that the effect of M3 propagates backward
to the right heart, increasing end-diastolic p,, by 60%
and mean py, by 30%.

MR is simulated by increasing the closed A, from 0
to 1 em®, As shown in Fig, 6B, the model predicts the
large v wave in py, typically associated with MR, Data
in Table 2 show that end-diastolic py, increases by 162%
and end-diastolic vy, increases by 21%. The decrease in
systemic arterial pressure canses a baroreflex increase
in heart rate from 70 beats/min (contrel) to 88 beats/
min (26%;). Cardiac ontput decreases by 34%. The effect
of ME is extended to the pulmonary circulation and the
right heart. Damming of blood 1n the pulmonary sys-
tem is evidenced by the increase in mean v, by 52%.
Mean right atrial pressure rises from 5.3 munllg (con-
trol) ta 17 mmHg (213%). The venaus blaod valume alsa
increases by 22%.

LHE LEF is simulated by decreasing LV conbractil-
ity. In the simulation, LV elastance amplitude (E,,,) is
reduced from 6.0 to 3.0 mmHg/mi (50% reduction) in a
mild cage of LHYF and to 1.5 mmHg/ml (75% reduction)
in a severe case of LHF. Figure 7A shaws the hemody-

Table 3. Sensitivity analysis in terms of gain computed as
by percent change of affecting purameter (rows)

namic waveforms resulting from gevere LHFE. Mean py,
rises from 8.1 to 21 mmHg (1624}, and end-diastolic py,
riges from 9.3 to 22 mmHMHg (139%). Heart rate increases
from 70 to 88 beats/min. The effect of LHF propagates
backward to the right heart und causes an increase in
mean p,, from 5.3 te 15 mmHg (174%) Mean vy,
increases from 452 to 642 mi (42%:). Mean v, increages
from 2,765 to 3,290 ml {19%:). Cardiac output decreages
from 5.0 to 3.7 I/min (-~ 26%}. The left heart is enlarged,
whereas the right beart is suppressed, as evidenced by
the volume waveforms in Fig. 7A. For mild LHF the
hemedynamic consequences are much less serious.
End-diastolic p, rises moderately from 9.3 ta 15 mmHg
(57%} and mean p,, from 5.3 t6 8.9 mmHg (67%).

RHF, RHF iz simulated by decreasing RV contractil-
ity. In the simulatien, RV elastance amplitude {E,..) 18
reduced from 1.2 {0 0.6 mmHg/m! (50% reduction} in a
mild cage of REF and to 0.3 mmHg/ml (75% reduaction)
in a severe case of RHF. Figure 7B shows the hemody-
namic waveforms resuiting from gevere RHE The right
heart can no longer sustain normal cardiac output
{—17%:). However, the hemodynamic conseguence is

percent change of affected index (columnsg) divided

End-Thastelc Mean
Heart Cardine Syatolie Diagtolic
Rate {)Utpilt Pan Pau P Pr P W Wi e B ¥l Vst N
B, - 6.3 - 0.6 0.3 0.4 (3.2 0.3 0.1 {2 -1 I 63 a1 0. 0.1
Eun L1 0 { 3] .6 8.3 4 .l {} 0.8 0.4 .2 a1l - 0.1
o, g - olr - 02 - 0.1 -1.8 —-0.8 0.8 - a6 - &1 -23 - 1.0 —.4 ~{.4 0.2
By .1 0.1 01 3] 0.2 0.2 0.2 & & 0.2 02 - 0.3 0 3
P 4] a a 4] ¢ 0 ¢ ¢l & 0.1 it 0.1 {3 &
Feaa =01 a1 0 { .1 .1 0.1 { i 0 11 0.1 { i}
Ern -1 a1 a1 0 £ (U5 0 £ 0.1 0.1 0 [ 0l {
e 01 0.1 .1 L I 1 0.3 a2 - 03 0l -1 13 .t £ 0
. 01 -1 -{.1 =1 1 T 04 ~{0.3 LU T 0.2 03 - 4 =12 - 01 0.1
OIS .1 0.1 (.1 0 i 0.1 a 4] 0 ¢ £ a 0 O
Eye 2.1 1 1 { 0.1 0.1 0.2 0.4 o - o 0.3 0.1 - 0
o 0.1 1 0.1 0 [ I 0.2 - .3 01 - 0.2 8 - 0.2 R = E O
FAEN L 135 0.2 -3 -(5.1 0.7 G i1 .3 8} 0.7 .2 gl &
Vi -2 .2 3.2 .1 SN} 0.2 - Eh 1 0.6 4.6 -fhd 4] 0.1 0.6 3
Py 0 3] .1 { 0z 0.2 0.2 0.1 ¢ 0.2 0.2 0.1 —ixd 3]

See (Flossary for definition of abbreviations.
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generally less severe than that of severe LHF. Mean p,,
rises from 5.3 to 11 mmHg (116%), and heart rate
inereases from 79 to 83 beats/min (19%). Mean v,
increases from 2,765 to 3,180 1) (15%:). The right heart
is enlarged, whereas the left heart is suppressed, as
evidenced by the volume waveforms in Fig. 8. For
mild RHF, mean p,, rises from 5.3 to 8.0 mmHg (50%)
and cardiac output is slightly decreased from 5.0 to 4.7
Vmin (T
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Cardiac tamponade. In clinical sitnations the symp-
toms of cardiac tamponade usually appear when Vi,
exeeeds 150 m) (5, 10}, In the simulation, acute cardiac
tamponade is induced by increasing V,, from 30 ml in
contrel to 300 ml. Figure 8 shows the steady-state
hemadynamic waveferms after the increase in V.
Pericardial pressure (p,) increases from the normal

four cardiac chambers is significantly suppressed from

Patient C

0.4 0.6

Time {5}

08 10 0.2

Time (s}

Fig. 4. Pulsed-Doppler echocardiographic recordings from 3 patients on which are superimposed waveforms Btled
with present madel and previous maodel, which does not include right heart dynamies,
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Fig 5. Cardiac vutpui over 100 cardiac cyeles after change of model
parameter with cardiac cycles shown on log seale (A) and cardiac
output vs. mean right atrial pressure {B). VYenous flow source was
maintained at control. Vertieal bars, points after 50 cardiac evelas at
which various disease conditions were defined: mitral stenosis (MS),
mitral regurgitation (MR}, left heart failure (LHF), right heart
failure (RHF, and cardiac tamponade.

a total of 375 ml (conirol} to 199 ml (—47%). Cardiac
tamponade is evidenced by the equalization of end-
diastohi¢ Prs, Pres Py Pray and py,.. Mean p,, rises from 5.3
to 21 mmHg (300%). Damming of bloed in the pulmo-
nary circulation and systemic veins is evidenced by the
increase in mean vy, from 452 to 637 ml (41%) and
mean v, from 2,765 to 3,512 ml (27%). Heart rate
increases from 70 to 102 beaits/min (45%). Cardiac
output decreases from 5.0 £0 3.2 Vmin (—36%:).
Pulmonary captllary wedge pressure. The waveforms
of Py in the above simulations are shown in Fig. 8 for
comparisen. The p, for centrol is also shown. Compared
with pp, Py 18 delayed by 100 ms and its dynamic
magnitude is damped by 2 mmilg. These parameters
are within the range of in vive data (17), which show
2- to 4-mmHg damping and 100- to 150-ms delay in the
Ppw-
pPquus paradoxus. The condition of pulsus paradoxus
is present when the inspirafory fall of systelic arterial
pressure (IFSAP) exceeds 10 mmHg (25). Pulsus para-
doxus is a condition often associated with cardiac
tamponade., The simulation of pulsus paradoxus is
accomplished by inducing cardiac tamponade (V,, =
300 mb) and changing the intrathoracic pressure ampli-
tude (P} from — 1.8 mmHg {control} to —~ 8 mmHg. The
latter is based on experimental observations in dogs
(25) showing an increased intrathoracic pressure dur-
ing cardiac tamponade. The respiratory effect on p,, is
shown in Fig. 10A for control (1FSAP = 5 mmlig) and in
Fig. 108 for pulsus paradoxus (IFSAP = 13 mmHg), In

RIGHT-LEFT HEART INTERACTION

the case of pulsus paradexus, the pulse pressure (sys-
tolic-diastolic pressure difference) is 27 mmHg during
expiration and falls to 19 mmHg during inspiration.
The transseptal coupling has no effect on pulsus para-
doxus: When the transseptal coupling is removed dur-
ing pulsus paradoxus, IFSAP remains unchanged.
Valsalva maneuver, Simulation of the Valsalva maneu-
ver is accomplished by increasing p, to 40 mmHg
during a prolenged expiration peried of 10 s. Figure
16C shows the p,, along with p,, before, during, and
after the Valsalva maneuver. The four phases of the
Valgalva maneuver are demonstrated by the model-
generated p,, waveform: I} A transient rise cccurs at
the onset of the forced expiration. 2) Arterial pressure
pulses are suppressed during the strain period, and the
baroreflex causes heart rate te increase. 3} A transient
decrease occurs at the release of the intrathoracic
pressure, 4} Arterial pressure rises above the normal
level and the baroreflex causes bradycardia.
Transseptal and pericardial coupling. In Fig, 11 the
hemodynamic consequences of removing transseptal or
pericardial coupling are shown by use of the pressure-
volume loops for the four cardiac chambers. The shapes
of the pressure-volume loops for control are accurately
represented for veniricles {30) and atria (18). The
pressure-volume loops are aitered slightly by removing
transseptal coupling, significantly by removing pericar-
dial coupling, and drastically by inducing cardiac tam-
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Fig. 8. Hemodynamices for mitral valve abnormalities: mitral steno-
sig was simulnted by decreasing open mitral valve area from 4 to
em® (4), and mitral regurgitation was simulated by increasing closed
mitral valve area from 9 te 1 em? (B} See Glossary for definition of
abbreviations.
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ponade. In Table 4 the coupling effects on the hemody-
namic indexes are shown as percent changes with
respect to control, Santamore and Burkhoff {24} incorpo-
rated a higher level of transseptal coupling in their
model of the canine heart by assigning £, = 20 mmHg/
ml. To compare with their data, we alzo reduce K, from
45.9 to 20 mmHg/ml and include the resuit in Table 4.

DISCUSSION

A comprehensive model of cardiopulmeonary circuia-
tion has been developed by incorporating hemodynam-
ics, respiratory effects, pericardial dynamics, and
barorefiex control inte a single integrated model. Sev-
eral modeling methods based on previcus work have
been adopted in the present study: The electrical
analog is an extension of our previous models (32, 34),
and the approach can be traced to the early work by
Snyder et al, (29); the pericardial volume coupling is
bhased an data reported by Freeman and LeWinter (10}
and is similar to a model employed by Beyvar et al. (1}
the transseptal pressure coupling is based on the work
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Fig. 8. Bemodynamics for cardiac tamponade induced by increasing
pericardial fluid volume from 30 ml (control) to 300 ml. Operating
range on pericardial pressure-volume curve is shown at boftam right
for contral and cardiac tampouade, See Glossary for deflnition of
abbreviations.

by Maughan et al. {(20); the exponential presszure-
volume relationship for vascular capacitance is based
on data reported by Dahn et al. {7); and the baroreflex
model, as a first-arder approximation to the relation-
ship between heart rate and systelic arterial pressure,
is derived from the result by Rebinson (23}
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Fig. 9. Simulated pp.. for various physiological conditions specified in
Table 2. For control, p, {dashed line} is also shown. See Glossory for
definition of abbreviations.
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Fig. 10. Simulations of respiratory effects on
aortic pressure For contrel (4), pulsus para.
doxus (B, and Valsalva maneuver (€1 Model
demonstrates 4 phases of Valsalva maneaver:
It transient vise, 21 suppressed pulses, 3}
trangient deerease, and 4} reflex bradycardia,
See Glossary for definition of abbreviations.

Pregsure {mmkg}
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The significance of the present model lies in its
ability to generate a broad spectrum of hemodynamic
waveforms for transient and steady-state and for nor-
mal and pathological physiology. Versatility and accu-
racy of the madel should be attributed to the use of
state-space representation ss a common platform for
integrating the various modeling metheds. The state-
space representation completely characterizes the sys-
tem’s dynamics with the 28 state equations. The nonlin-
ear, time-varying, and contro} elements are indirectly
incorporated through the coeflicients of the stite equa-
tions, mstead of direct exertion on the state variahles
themselves, We carefully avoid modifying state vari-
ables directly, because such a modification is likely to
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Fig. 11, Effects of removing transseptal coupling (B, — =), removieg
pericardial conpling (R, = ), and cardiac tamponade (V,,, = 300 mb
on pressure-volume loops in 4 cardize chambers. SBee Glossary for
definition of abbreviations.

create a discontinuity, resulting in numerical instabil-
ity. The coefficients of the stalte equations are con-
stantly updated at a time step of 5 ms, while the state
variables are numerically integrated at a time step of 1
ms according to the physical principles from which the
state equations are derived. It is demonstrated that
these state equations can propagate freely and accu-
rately through time without suffering from numerical
problems.

Although the model has been developed with a broad
scope and may have many other applications, the
present. study is focused on the right-left heart interac-
tion. The purpose of the model-based study is to charac-
terize quantitatively the causal relationships between
several circulatory parameters and their hemodynamic
consequences and to predict the hemodynamic wave-
forms under various disease conditions involving the
right-left heart interaction. The validity of the model is
supported by 7) its accurate representation of the
baseline hemodynamics in various parts of the cireula-
tory system, 2} its gaed fit to clinically measured
pressure and flow-velocity waveforms, and 3) s cor-
rect prediction of the hemodynamic consequences in
response to the changes in circulatory variables for
mitral abnermalities, heart failures, cardiac tampon-
ade, and the Valsalva maneuver. The various disease
conditions are chosen not only because they involve the
right-left heart interaction but also because a useful
comprehensive model should stand the challenge of
stretching its representation over a broad physiological
range, Specific findings pertaining to the right-left
heart interaction and limitations of the model are
discussed as follows.

Three mechanisms are implemented in the model for
the right-left heart interaction: I} hemodynamic cou-
pling via the pulmonary creulation, 2} volume coupling
among the chambers in the pericardium, and 3} pres-
sure coupling through the interventricular septum.
The present study provides simulation data to charae-
terize the individual coupling mechanisms in a quanti-
tative way. The transseptal coupling affects the hemody-
namic indexes =2% (Table 43, Whereas the total heart
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Table 4. Effect of septal and pericardial coupling on hemodynamics

Tad-Diastolic Mean
Heart. Cardiac Syslolic Hastolic
Radoe Ouiput Ban Pas P 3] P Vi V) Pea P ¥t [ v,
a) By -1 (0 ¢! ] i - 2 2 i - 2 i - -1 1] &
W K,=0 - 8 7 12 3 -8 53 =3 7 18 203 -2 -1 18 -4
eVt b -8 9 12 4 8 - g 15 17 - 243 B @ 17 - d
AV E, =20 0 Q a 3 -1 3 i - 2 @ g 4 1 4] £

Values are expressed in percent, &, septal conpling removed; b, paricardial coupling removed; ¢, septal and perteardial coupling removed; d,

septal coupling inersased. See lossary for definition of ahbreviations,

volume remains unchanged, the transseptal coupling
shifts a small amount of RV volume to the LV: end-
diastolic p;, and mean py, are also slightly increased.
When the transseptal coupling is increased, an addi-
tional 3% increase is cheerved in end-diastolic p, and
Pps- The direction and magnitude of these hemody-
namic changes are genarally in agreement with the
findings by Santamore and Burkhoff (24). In cantrast,
the pericardial coupling has a more prominent effect on
the baseline hemodynanncs, The pericardial compres-
sion reduces total heart volume by 189, cardiac outpui
by 7%, and systolic p., by 12% and increases end-
diastolic p,, by 8% and mean p,, by 20%. The pressure-
volume loops in Fig. 11 further illustrate the instanta-
neous effects of transseptal and pericardial coupling on
the four cardiac chambers.

The simulations of RHF and LHF show that dam-
ming of bloed in the pulmenary and systemic venous
reservoir is a direct hemodynamic consequence of reduc-
ing veniricular contractility. In the case of mild LHF
with 50% reduction of LV contractility, mean p, rises
from 8.1 to 14 mmHg. This result is generally consis-
tent with the model prediction by Burkhoff and Tyberg
(2}, which showed an increase in mean vy, from 12to 15
mmEg with 50% reduction of LV end-systolic elastance.
in the case of severe LHF with 75% reduction of IV
contractility, our medel shows that mean v, and v,
increase by 42 and 19%, respectively; mean p), and g,
also increase drastically by 162 and 174%, respectively.
These drastic ¢hanges in hemodynamics are predicted
by cur model without involving the mechanism af
reflex-mediated decrease in vascular capacity, as sug-
gested previously (2). The large increases in the venous
pressures are attributed in part to the nonlinearity of
vascular capacitances; L.e., pressure is an exponential
function of vascular volume. The simulations of MS and
MR further demonstrate how left heart abnormalities
extend their influences to the right heart. In patients
with chronic mitral aboormalities, the LA and LV
elastances are often modified by enlargement and/or
hypertrophy. The chrenic adaptation is not considered
in the present study in an attempt to isolate the
hemodynamic conseguences of changing a single vari-
able, i.e., the mitral valve area.

Cardiac tamponade, a potentially Tatal condition
characterized by the equalization of all pressures in the
cardiac chambers at end diasteole, is often caused by
pericardial diseases (5). The characteristic hemody-
namie waveforms for cardiac tamponade are accurately
predicted by the model with an increase in V,,, from 30
to 300 ml. As shown in Fig. 8, at end diastole all

chamber pressures converge within a range of 2 mmHg,
The ventricular pressures p,. and p;, show the pattern
of early-diastolic dip followed by middiastoelic plateau,
typically chserved in patients with cardiac tamponade
(17). All flows into and out of the heart diminish during
diastole, because the early-diastolic increase in vy,
significantly elevates the pericardial compression on all
cardiac chambers.

The p,, provides a unique possibility to access left
heart dynamies by right-sided catheterization. In clini-
cal sttuations it is practically easier to perform catheter-
ization on the right side than on the left side of the
circulation, The present model includes a sgpecial sec-
tion to simulate the p,,. This is accomplished by
separating a small partion af the pulmenary vessels
distal to the p,, catheter from the rest of the pulmonary
circulation, As flow into this section ceases, the pres-
sure measured through the pulmonary capillaries and
veins should reflect the LA pressure. For all simula-
tions in this study, p,. always follows py,, showing the
appropriate damping and delay. The p,, waveforms
summarized in Fig, 9 demonstrate the shapes and
variations of the a wave, x descent, v wave, and v
descent typically chserved in the in vivo situations. In
MS the absence of y descent reflects the reduced rate of
transmitral fow. In MR the characteristic large v wave
is predicted. In cardiac tamponade the aqually elevated
a and v waves, the rapid x descent, and the disappear-
ance of y descent are accorately predicted.

The exact mechanism of pulsus paradoxus is still
unciear (21). Ahypothesis has been formed on the basis
of leftward motions of the interventricular septum
during inspiration: Inspiration increases venocus re-
turn, which in turn increases right heart veolume.
Because of the septal and pericardial coupling, left
heart volume is suppressed and systemic arterial pres-
gure falls. Our model shows that pericardial effusjon
suppresses the left heart volume more than the right
heart volume (higher right heart volume curves in Fig.
8 and upward shift of the RV pressure-volume loop in
Fig. 11}, which reflects the experimental abservations
by Ditchey et al. (8}, However, pericardial effusion
alone is not sufficient to cause pulsus paradoxus, nor
does transseptal coupling contribute to the occurrence
of pulsus paradoxus. The simulation of pulsus para-
doxus (Fig. 108} is accomplished by, in addition to
inducing cardiac tamponade, changing the py, from
1.8 te —8 mmHg. The inerease in p, magnitude
during cardiac tamponade ig evidenced in the experi-
mental data reported by Shabetai et al. (258). Intratho-
racic pressure can vary over a hroad range, and its
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magnitude can easily be increased by a stronger breath-
ing effort. Because acute cardiac tamponade is fre-
quently associated with dyspnea {35}, it is hypothesized
an1 the basis of the simulatian result that the increasein
the py magnitude contributes in part to the occurrence
of pulsus paradoxus. This hypothesis for the mecha-
nism of pulsus paradoxus should merit further investi-
gations,

The Valsalva maneuver, forced expiration against a
closed glottis, is used clinically to differentiate mur-
murs, assess baroreflex function, and evaluate heart
failure (11). The four phases of the Valsalva maneuver
are aceurately simulaied by the model. The simulation
18 siraply accomplished by holding the intrathoracic
pressure to 40 mmHMHg during a 10-g period. In contrast,
the hemodynamic consequences as shown by the pg,
waveform in Fig. 10C are quite complex and involve
several mechanisms. After the transient rise (phase 1),
the increased pressure in the cardiovascalar system
guickly dissipates. This can be explained by, referring
to the electrical analog in Fig. 1, the fact that p, is
coupled to the eardiovascular system through vascular
and chamber capacitances. The ability of these capaci-
tances to absorb the intrathoracic pressure depends on
how effectively they can redistribute blood volumes in
the compliant chambers and vessels. The arterial pres-
gsure continues to deecline below the normal level, be-
cause the venous return is held back and the pulmo-
nary regervoir is gradually depleted by the slevated
intrathoracic pressure {grhase 2). The baroreflex causes
heart rate to increase, from 70 beats/min {control) to 86
beats/mun in our simulation. The release of the intratho-
racic pressure causes the transient increase {phase 3},
which again ig quickly absorbed by the cardiovascular
capacitances. After the release, arterial pressure in-
creases above the normal level as a result of the surge
from the retained venous return. The baroreflex causes
heart rate to decrease to 81 beats/iin (phase 4}, In vivo
data sometimes showed even higher arterial pressure
elevation and more prominent bradycardia during phase
4 (11}, This may be attributed to the buroreflex-
mediated increase in arterial resistance, which is not
included in the present model,

Although the present model with its 74 elements may
seem rather complex, the model representation has
heen simplified as much as possihie during the model
development process. The degree of complexity is dic-
tated by the number of various compartments essential
to the model vepresentation. For the purpose of study-
ing the right-left heart interaction, some compartments
may be less significant than others. For example, the
coronary circulation could have been excluded, because
the caronary flaw accounts for <5% of the cardiac
output. However, we chose to include the ecoronary
model, because it 18 readily available from a previous
study (33} and should be useful for future research
involving coronary-vertricular interaction. The section
for p,.. also contributes Hitle to the overall hemodynam-
tcs. This section is included because of cur interest in
assessing left-sided dynamies with right-sided catheter-
ization, as discussed above.

RIGHT-LEFT HBEART INTERACTION

We chose a four-element basic meodel for cach compart-
ment: K, L, capacitance, and (). Many other models (3,
15, 24} exclude L and/or {}, which 1s probably justified
by their relatively small contribution ta the overall
hemodynamics. The sensifivity analysis in this sfudy
also confirms that the R, L, and ) are relatively
insensitive. However, these parameters are important
[or generating the correct shapes of pressure and flow
waveforms in the local compartments. The nonlinear
resistance governed by Bernoulli’s law is important for
the dynamics of the heart valves. The nonlinear vascu-
lar capacitance, especially in low-pressure veins and
capillaries, 1s important for characterizing the hemody-
namic aspect of the right-left heart interaction. Al-
though it is difficult to prove the uniqueness of the
model representation for a given hemodynamic condi-
tion, each model parameter is associated with a well-
defined hemodynamic consequence, and we have never
experienced any problem with ambiguity in adjusting
the mode] parameters. The results of sensitivity analy-
sis summarized in Table 3 also provide a valuable
guideline for tuning the model parameters to a certain
physiological condition.

The present medel dees not represent the entire
cardiovascular system. As shown by the volume distri-
butions in Table 1, the systemic arteries and veins are
only partially represented; the systemic capillaries are
compietely excluded in the model. Because of the
distributive nature of the systemic peripheral circula-
tion, this omission shouid have only mivimzl effects on
the central circulation. The arteriovenous coupling is
significantly simplified by adjusting @, in a semiauto-
matic way. For the simmulation of the disease conditions,
@, was set equal to the cardiac output at the point when
the simulation ran continucusly for 50 cardiac cycles
after the change of a model parameter. Because the
systemic venous reservoir is about six to seven times
larger than the total pulmonary reservoir, the change
in venous return caused by the imbalance between
Q. and the present cardiac ouipul oceurs very grady-
ally. As shown 1n Fig. 5, cardiac output 18 mainly
contrelled by the intrinsic condition of the heart and is
relatively insensitive to Q.. The choice of @, determines
the velume of the vencus reservoir and the preload
pressure. Setting Q. in our model is analogous to the
preload management for cardiac patients, i.e., to adjust
the operating point along a Starling curve {cardiac
output vs. venous pressure} by controlling the patient’s
fluid volame. Apprapriate moedeling of the arteriove-
nous interaction must include the complex mechanisms
for nenrohumoral regulation and fivid exchanges with
the lymphatic system and interstitial space (13). We
chose not to close the loop in the present circulatory
model, because the development of the arteriovenous
model would require much more work and is beyond
the scope of the present study.

Limitations of the model. Baroreflex control of heart
rate is represented in the model by use of a simple
first-order relationship between the cardiac period and
the sysiolic p,,. Although this simpiified mechanism
seams effective 1o predict the changes in heart raie far
the various disease conditions under investigation, the
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nearohormonal control of cardiovascular dynarmces (13}
ig far more sophisticated than that considered in the
present model. This hmitation may affect the simula-

tions of puisus paradoxus and the bradycardia phase of

the Valsalva maneuver. Another limitation is concerned
with the lumped-parameter representation of the pul-
monary circulation. Although the total volume of the
pulmoenary circulation is accurately represented in the
model, the distribution of bleod among the pulmonary
arteries, capillaries, and veins does not match exactly
the in vivo data (Table 1). The phenomenon of pressure
wave propagation in the pulmouary circulation cannot
be characterized in the pregent model. This limitation
may be related to the mincr discrepancy between
measured and model-fitted p,, during diastole (Fig. 3},
which can be explained by the lack of reflection waves
in the lumped-parameter model. To represent the wave
propagation. would require a model of much higher
order, as shown by Poliack et al. (22}

Conclusions. A mathematical model has been devel-
oped to characterize the right-left heart interaction
with a broad spectrum of hemodynamic waveforms for
normal and pathological physiology. The modei pradicts
various characteristic changes in pressure and flow
waveforms as direct hemodynamic conseguences. The
pericardial coupling has a significant effect (up to 20%)
and the fransseptal coupling has a minor effect (up to
2% on baseline hemodynamics, Aceurate simulations
are demonstrated in fitting ciinical pressure and Deopp-
ler-echocardiographic data and in characterizing MS,
MR, LHF, RIH¥, cardiac tamponade, pulsus paradoxus,
and the Valsalva maneuver. The medel-based simuala-
tion should be useful for quantitative studies of cardio-
pulmonary dynamies. The model, with its comprehen-
sive, phenomenological, and versatile nature, should
also be uselnl for tutorial purpoeses. As a direction for
future research the model can provide a platform to
integrate more sophigticated mechanisms for neurohor-
monal regulation of the cardiovascular dynamics,

APPENDIX

The dynamics of the model shown in Fig. 1 are completely
characterized by the following 28 state equations
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To demonstrate how the state equations are derived, the
derivation of the first two state equations is given as follows.
At node T in Fig. 1 the continuity of flows requires

where €, 15 the flow into node 1, dv,/d¢ is the ffow from node 1
to the venous reservoir represented by E., and 4, is the flow
from node 1 to L, By rearranging terms in the abave equation
with the derivative term on the lefi-hand side, we obtain state
Eq Al

At node 2 we have

IE b, + 0, L N W Ry /R
...... (; s —_— | e R4 L e i .
dt v dt e )\-‘. Wy ¢ I].j ¥

where the right-hand side is the flow through R, computed as
the pressure gradient divided by the resistance. By extracting
dq/di o the left-hand side, we obtain state Eg. A2

The rest. of the state equations can be derived in a similar
way. Notice that some equations are dependent on others. For
example, Eg. AZ has two derivative terms on is right-hand
gide that must be frst delermined by Egs. AT and A3. To
resolve the dependency among the equations at each step of
the pumerical integration, the mdependent eguations are
evaluated before the dependent equations. There are 14
independent equations, Le., Bgs. A1, A3 A5 A7, A9 ATl ALS,
AlB, Al8 AZ20, AZ2, A24, A26, and A28, the other 14
equations are dependent.
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