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A shunt from the left ventricle to the left anterior descending artery is being developed for 

coronary artery occlusive disease, in which the shunt or conduit connects the the left ventricle 

(LV) with the diseased artery directly at a point distal to the obstruction. To aid in assessing 

and optimizing its benefit, a computational model of the cardiovascular system was developed 

and used to explore various design conditions. Computational fluid dynamic analysis for the 

shunt hemodynamics was also done using a commercial finite element package. Simulation 

results indicate that in complete left anterior descending artery (LAD) occlusion, flow can be 

returned to approximately 65% of normal, if the conduit resistance is equal for forward and 

reverse flow. The net coronary flow can increase to 80% when the backflow resistance is infinite. 

The increases in flow rate produced by asymmetric flow resistance are enhanced considerably 

for a partial LAD obstruction, since the primary effect of resistance asymmetry is to prevent 

leakage back into the ventricle during diastole. Increased arterial compliance has little effect on 

net flow with a symmetric shunt, but considerably augments it when the resistance is asymmetric. 

The computational results suggest that an LV-LAD conduit will be beneficial when the 

resistance due to artery stenosis exceeds 27 PRU, if the resistance is symmetric. Fluid dynamic 

simulations for the shunt flow show that a recirculating region generated near the junction of 

the coronary artery with the bypass shunt. The secondary flow is induced at the cutting plane 

perpendicular to the axis direction and it is in the attenuated of coronary artery. 
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I. In troduct ion  

Current methods for treating coronary artery 
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disease, using either coronary artery bypass graft 

(CABG) or coronary angioplasty, are generally 

successful and continue to be improved. Despite 

the excellent success of these methods, a signifi- 

cant number of patients experience repeated oc- 

clusion and ultimately reach a state in which they 

have few remaining alternatives. The persistence 

of this patient subgroup despite the most recent 

advances in existing methods has motivated the 

search for entirely new treatment modalities, in- 
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cluding TMR (transmyocardial  revascularization) 

(Frazier et al., 1999). 
Recently, direct shunt implantation from the 

left ventricle (LV) to the L A D  (LV-LAD)  has 

been proposed as an alternative, and is now being 

investigated widely using experimental approa- 

ches (Tweden et al., 2000; Suehiro et al., 2001 ; 

Boekstegers et al., 2002 ; de Zeeuw et al., 2004). 

As shown in Fig. 1, this method bypasses the re- 

gion of obstruction using a direct shunt between 

the left ventricle (LV) and the region distal to 

the obstructed vessel, considered the LAD artery 

here. The success of  this approach is based on the 

hypothesis that the forward flow generated during 

cardiac systole exceeds the reverse flow, from the 

coronary arteries into the left ventricle, during 

diastole. Tweden et al.(2000) proposed a basic 

mechanism for this device in an animal experi- 

ment. Boekstegers et a1.(2002) delineated a valve 

- l ike mechanism during diastole for this proce- 

dure. Suehiro et a1.(2001) investigated the global 

cardiac function when this device was implanted 

in dogs. de Zeeuw et a1.(2004) also examined 

experimentally whether the augmented coronary 

compliance would improve the net forward shunt 

flow in a cardiac cycle. Although much useful 

experimental data concerning this method has 

been obtained, the conditions for optimal coro- 

nary artery perfusion remain unclear. 

Many computational  studies that explain the 

coronary hemodynamics for the normal coronary 

circulation have been conducted. Computat ional  

approaches can be an effective means to delineate 

the coronary circulation in normal or patho- 

logical states. Beyar et a1.(1989, 1993) provided 

computational  results for the transmyocardial  

coronary flow patterns during normal and ische- 
mic conditions, which are complex and relative- 

ly inaccessible to measurements. Schreiner et al. 

(1990) used a mathematical model to represent 

the vascular bed of the left coronary circulation 

as arterial, capillary, and venous compartments. 

Rooz et al. (1985) delineated the epicardial  coro- 

nary blood flow, including the presence of  ste- 

noses and aortocoronary bypasses. 

Due to the complexity of  animal testing, and 

the natural variabili ty experienced in biological 

experiments, there is a need to develop rapid, sys- 

tematic analysis and optimization methods. Here, 

we develop a computational  model to explore dif- 

ferent design conditions in the case of a L V - L A D  

conduit. Our goal was to identify promising ap- 

proaches that might then be evaluated further in 

experiments on test animals. We consider the di- 

mensions of the connecting conduit, the benefits 

of producing asymmetric flow resistance through 

it, and the effects of variation in the arterial com- 

pliance. The computat ional  simulation of blood 

flow through the bypass shunt is also presented in 

this study. A commercial finite element package is 

used to study the detailed flow patterns within the 
shunt and adjacent artery and to identify regions 

of flow separation. 

2. Methods 

The proposed procedure introduces a direct 

connection between the left ventricle and a distal 

segment of  the obstructed artery by inserting a 

direct shunt between the left ventricle and the 

coronary artery through the myocardium (Fig. 

1). For  optimal design of the shunt, it is necessary 

to investigate the effect of  local parameters, such 

as the shunt angle 0 and shunt diameters D~ and 

]:)2. The shunt or conduit  may be a simple tube of 

uniform internal diameter, or shaped so that it 

creates conditions favoring flow into the coronary 

arterial segment rather than in the reverse direc- 

tion, as shown in the figure (in this case, the shunt 

diameter on the coronary artery side, D2, is wider 

Bhmd flo~s from LV 

1/ 

LV-LAD 
Heart wall . } '  ~1_.~,~:,:, ~ --~ . . . . . . . . .  g shunl 
Myocardlum) 

81(10(I 0 z Bkrod ~ ~lello,', I~, 
flow ~ . 

Occluded LAD / 

Fig. 1 Schematic of the proposed surgical procedure 
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than on the ventricle side, D~). 

To investigate the hemodynamic effects of con- 

duit insertion, we implemented a computational 

code capable of simulating the dynamics of the 

coronary circulation. We compared the model 

predictions with available experimental data to 

validate the simulation. 

In general, the hemodynamics of vessels can be 

represented by the relationship between blood 

pressure and blood flow rate in the cardiovascu- 

lar system. In a lumped model, the hemodynamic 

elements of the coronary system are expressed as 

a series of equivalent elements in an electric cir- 

cuit, as shown in Fig. 2. Each compartment is 

characterized by an inflow resistance, R~, ex- 

pressed in peripheral resistance units (I P R U =  

1 mmHg.s /ml) ,  an external pressure (or biased 

pressure) to vessel wall in mmHg, the compliance 

or, in the electrical analogy, a capacitance, C, in 

ml/mmHg, and an outflow resistance, Ro. In our 

model, the basic coronary circulation consists of 

three compartments : the coronary arteries, coro- 

nary capillaries, and coronary veins, as shown in 

Fig. 3. The input data for the coronary system are 

the aortic, right atrium, and left ventricle pres- 

sures that were given in our previous model of the 

entire cardiovascular (CV) system (Heldt, et ai., 

2002 ; Shim et al., 2002). In order to simulate the 

effects of an LV-LAD shunt, the left ventricle is 

connected to the LAD via a pair of resistor-diode 

pairs, one to convey flow from the LV to the 

LAD ("forward" flow) and another to convey 

flow from the LAD to the LV ("reverse" flow). 

Diodes are introduced to ensure unidirectional 

flow through each pathway. Different resistance 

values can be assigned to each path to examine 

the potential benefit of directional asymmetry in 

flow resistance (Fig. 3). The application of Kirch- 

hoff's law to each node in the lumped parameter 

hemodynamic model leads to the following dif- 

ferential equation for mass conservation. 

Extomal  ~ Biased pressure Pn,a~ 
pressure 

Comphanl  ~ Comphance C 
vessel  wall 

/ - 

/ P' "i 
Blood in *' P i 

O., ~ / ",\. j '  

Fig. 2 
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/ \  

I i Blood OU! 
F O,~, 

/ 

Blood vISCOUS resistance ~ Resistance R 

(a) Hemodynamic elements of a blood vessel 

Node 

p, R~ p,  Ro Po  

O'" Vo Q .... 

(b) Equivalent electric circuit 

Electrical analog of vascular hemodynamic 

elements 

Fig. 3 
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Schematic of a lumped parameter model of the coronary circulation with a bypass shunt connecting the 
left ventricle to the coronary artery (ao : aorta, coa : coronary arteries, coc : coronary capillaries, coy : 
coronary veins, ra : right atrium, Iv : left ventricle, st : stenosis, imp : intra-myocardium) 
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where 

d V  
(It = Q m - Q ~ t  (I) 

Q= ( P , - P o ) / R  (2) 

(P -Pb ,a s )  = V / C  (3) 

In these equations, V is the volume of  a compart- 

ment, Q is the flow rate, P is the pressure, Pblas is 

the external squeezing on the vessel wall, and C is 

the capacitance. A new volume can be calculated 

from the flow rates derived using Equation (2). 

After obtaining the volume, the pressures at the 

nodes are calculated using Equation (3). Appli-  

cation of this formula to the other nodes leads to 

a matrix equation of the form : 

d p / d t - - A p + b  (4) 

Here, p is the vector containing all the compart- 

mental pressures, A represents the time constants 

for the exchange between compartments, and b is 

the input to the system. This initial value problem 

of ordinary differential equations is solved using 

a fourth order Runge-Kut ta  method, yielding the 

pressures within each compartment and the flows 

between compartments, both as functions of time. 

A more detailed presentation of  the model and 

the associated equations can be found in Appen- 

dix A for the coronary vessel network. The values 

for each of  the model parameters, and how they 

are selected, are discussed later and in Table I. 

The reference value of conduit  resistance is ob- 

tained by assuming Poiseuille flow (fully deve- 

loped, steady, and laminar) .  This should be view- 

ed as a rough estimate of  the actual flow resist- 

ance through the reference conduit, since the 

effects of unsteadiness, flow separation, and small 

variations in internal geometry (among other fac- 

tors) could exert a significant influence on this 

value. The flow rate, Q, through the conduit (or 

shunt) under this assumption is expressed as 

follows : 

A2AP (5) 
Q= 8 x~L 

Here, A,  Ap ,  ,u, and L represent the cross-sec- 

tional area, pressure drop, fluid viscosity, and 

conduit  length, respectively. From this relation, 

we can estimate the conduit resistance : 

R ~ h = - ~  -- 8 x, uL 
A' (6) 

Using typical values for the conduit diameter 

( D = 2  mm), length ( L = 2 c m ) ,  and blood vis- 
cosity (,u=0.003 k g / ( m . s ) ) ,  the calculated re- 

sistance is 1.146 PRU (Tweden et al., 2000). In 

this study, we want to simulate the flow in the 

distal LAD. Any L V - L A D  shunt will generally 

be placed about 2/3 of the way down the vessel. 

The estimated flow rate was approximately 0.667 

ml/sec (Tweden et al., 2000) due to the existence 

of the small arteries in the proximal LAD. Since 

normal values for the LAD flow rate are in the 

range of  1 ml/s,  we adjusted the coronary arterio- 

lar resistance, Rcoa, and coronary capillary resist- 

ance, R,~:, until the baseline flow rate was 2/3 

of  the total LAD flow rate, or approximately 

0.667 ml/sec in the absence of  any constriction 

(Schreiner et al., 1990). The ratio of  arteriolar to 

capillary resistance was taken to be 10 and as- 

sumed to be constant. Since our interest is in 

Table I Parameter estimation for the computational model of the coronary circulatmn 

Compartment R,, (PRU) Rout (PRU) C (ml/mmHg) V0 (ml) Sources 

Coronary arteries Variable 13.5 (Rcoa) 0.003 0.0 Schreiner et al., 1990 
Coronary capillaries 13.5 (Rcoa) 1.37 (Root) 0.4 25 Schreiner et al.. 1990 
Coronary veins 1.37 (R~:) 0.6 (Reov) 0.25 3.4 Schreiner et al., 1990 

Resistance due to stenosis 
Bypass shunt resistance 

Intra-myocardium Pressure 

Reference coronary venous volume 
Reference coronary compliance 

Vartable 
Variable 

Pap(t) =0.75 ×P,v(t) 

V°v=25 mi 
C~v=0.25 ml/mmHg 

Schreiner et al., 1990 
& Beyar, 1993 
Schreiner et al., 1990 
Schreiner et al., 1990 
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simulating advanced disease, we assumed that the 

peripheral bed was dilated maximally, which we 

estimated to correspond to the case in which the 

resistance was reduced to 20% of normal. Conse- 

quently, the flow rate through the unobstructed 

vessel was 3.33 ml/s, which is five times as large 

as the assumed normal flow rate when there is no 

proximal obstruction. The values of the arteriolar 

and capillary resistance that produced this flow 

rate were Reoa=13.5 PRU and Ro~=1.35 PRU, 

respectively• 

3. Results  and Discussion 

Since blood flow through the coronary circula- 

tion is small relative to the total circulation, the 

coronary circulation has little influence on the 

overall distribution of blood flow (Feigl, 1989). 

Therefore, we assume that the aortic and left ven- 

tricular pressures obtained using our previous 

computational code of the cardiovascular sys- 

tem are the main determinants of coronary blood 

flow. 

The aortic and left ventricle pressures obtained 

from our previous model of the cardiovascular 

system (Shim et al., 2002) are represented in Fig. 

4. During systole, the coronary capillary flow 

rate decreases due to the increased resistance res- 

ulting from myocardial contraction, whereas flow 

through the coronary veins increases due to com- 

pression of the capillaries (Fig. 5(a)) .  For the 

purpose of verification, we simulated the coro- 

nary circulation in a normal state and compared 

our results with the published results of Schreiner 

et a1.(1990). The capillary and venous volumes 
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Fig. 4 Temporal variation in the left ventricular and 
aortic pressures obtained from our previous 
cardiovascular system model (Shim et al., 
2002) 
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Table 2 The minimum and maximum values of the capillary and venous blood volumes 

1 1 6 3  

This study Schreiner et ai. (1989) 

Minimum value 0.09 ml 0.08 ml 
Capillary blood volume 

Maximum value 1.18 ml 0.94 ml 

Minimum value 20.97 ml 20.80 ml 
Venous blood volume 

Maximum value 22.46 ml 22.15 ml 

vary in a manner similar to the flow rate variation [ 

shown in Fig. 5 (b). The temporal variation in the a00 

patterns of the capillary and venous volumes is 
150 

comparable to that in Fig. 5(c) in Schreiner et 
A 

a1.(1990). The minimum and maximum blood ~ 100 

volumes of the capillary and veins in our study E ~0 

are also similar to those reported in Schreiner et 

a1.(1990), as represented in Table 2. o ~ ° 

For a fully occluded LAD, we compared our ~ -s0 
¢. 

computational results with experimental mea- =o 
O -100 

surements in a dog, following placement of a con- o 

duit, executed by Suehiro et ai.(2001). They .is0 

performed this experiment for 27-32 kg dogs with -200 

a heart rate of 131-1-10 bpm (beats per minute). 

In the simulation, we assumed a 30 kg dog with a 
F i g .  6 

heart rate of 121 bpm. The computed aortic pres- 

sure and coronary arterial flow ( q ~ )  are shown 

in Fig. 6, with the experimental results. Except for 

the duration of systole in some parts, all the flow 

and pressure data were in good agreement with 

the experimental results. 

In our simulations, we varied the resistance of 

the stenosis, R~t, to simulate conditions ranging 

from total occlusion (Rst =co)  to completely 

open and healthy (Rst=0).  Fig. 7 shows the flow 

rates in the case with total occlusion. Here, the 

subscripts 'sh' and 'coa' correspond to the conduit 

and coronary arterioles, respectively. The numer- 

ical results show a large peak in the forward flow 

during systole and a smaller, but still significant, 

negative flow during diastole, essentially out-of  

phase with the coronary artery flow in an unob- 

structed system. In case of the normal coronary Fig. 7 

circulation, blood flow in the coronary artery is 

lower during systole as compared to diastole 

(Fig. 5(a)) .  The reason for this is strong com- 

pression of the left ventricular muscle around the 

intramuscular coronary vessels during cardiac 

contraction. During diastole, the cardiac muscles 

i 
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tic pressure compared with the dog experi- 
ment by Suehiro et al.(2001) during one 
cardiac cycle 
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Computed flow rates of the LAD (Qooa) and 
shunt (Qsh) with the proximal LAD totally 
occluded and the conduit in place 

relax and no longer impede blood flow through 

the ventricular capillaries, so that blood flows 

more freely. Unlike the normal coronary circula- 
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Variation m the average LAD flow rate as a 

function of condmt resistance with the coro- 

nary artery totally occluded. Here, (Rsh)ref is 

the reference shunt resistance (=  1.146 PRU) 

when the diameter and length of the shunt are 

2 mm and 2 cm, respectively 

tion, the coronary blood flow is synchronized 

with the LV pressure (high coronary flow in high 

LV pressure) in case of the L V - L A D  shunt with 

coronary artery occluded because of the direct 

connection from the LV to the coronary artery. 

An initial series of computations were per- 

formed to establish tile relation between conduit 

resistance and flow rate through the conduit (Fig. 

8). In this case, the LAD is fully occluded. Ac- 

cording to the figure, the increase in conduit re- 

sistance induces a decrease in the net flow rate 

through the conduit, as one would expect. Conse- 

quently, this plot indicates that the minimum con- 

duit resistance produces the greatest flow with 

LAD occlusion. We also found that distal vessels 

must be dilated maximally for effective myocar- 

dial perfusion. 

To test the effect of the compliance of the coro- 

nary artery, we performed calculations for two 

values of compliance, as represented in Fig. 9 : a 

normal value (0.003 ml/mmHg) and a higher 

value (0.03 ml /mmHg).  The peak positive and 

negative flow rates with the higher epicardial 

capacitance are larger than those with the lower 

epicardial capacitance. However, the net (cycle- 

30 
t . t .  

-2 , I I 
6 7 
T i m e  (sec )  

(a) Ceoa =0.003 
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Fig. 9 

I i I [ i i 
1 2 
T i m e  ( s e c )  

(b) Ccoa =0.03 

Temporal variation in the LAD flow for two 

different arterial compliances 

averaged) flow rate during one cardiac cycle is 

nearly identical in these t~ o cases. Blood is sim- 

ply shunted into and out of the arterial capaci- 

tance. 

Since any blood that returns to the LV during 

diastole is essentially lost to the coronary circula- 

tion, it would seem advantageous to design a con- 

duit tube that favors forward flow over reverse 

flow. As shown in Fig. l, the L V - L A D  conduit 

might be tapered, with a smaller diameter at the 

side of the LV. This would produce a resistor 

with low forward (into the coronary artery) re- 

sistance and a higher reverse (out-of  the coronary 

artery) resistance. 

Fig. l0 shows that flow rate increases as the 
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resistance in several cases o f  stenotic resist- 

ance. Note that a stenosis resistance o f  15, 

27, and 45 PRU represents a diameter re- 

duct ion o f  about 66, 71, and 74% respec- 

twely. Here, Rsh is in PRU. 16 

1 . 4  

A 

stenosis resistance decreases, going from one 

curve to the next. For any given stenosis severity, E 
,.... 

1 .2  

as the resistance ratio increases, the flow rate also 2 
increases. However, the rate of increase slows as 3o 1 

the ratio increases further. We conducted para- r_ 
8, 

metric studies varying the ratio of backward re- ~ 0s 

sistance to forward resistance (the resistance ra- 

tio), as presented in Fig. I 1. One interesting find- 06 

ing can be extracted from the combined results of 

Figs. 10 and I1. In Fig. 10, it is clear that if 0.4 

R~t = 15 PRU, the patient is better off without an 

LV-LAD conduit, since the flow rate is greatest Fig. 12 

for Rsh approaching infinity. By contrast, Fig. I 1 

shows that this same patient benefits considerably 

from the placement of a conduit if the resistance 

ratio is large. For example, if Rback/Rtor = 10, the 

LAD flow rate is nearly 1.5 ml/s, which is much 

greater than the non-shunt  flow of about 1 ml/s. 

It remains to be seen if a conduit with such large 

asymmetry can be produced. 

To assess the effect of the compliance of the 

coronary artery in the case of asymmetric resist- 

ance, normal and high-capacitance cases were 

compared (Fig. 12). Higher capacitance leads to 

somewhat greater flow rates at the same resistance 

- - -E . - - - -  R,t = 15 . ~,LJ 
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R ~ =  k I R , , ,  

LAD flow rate as a function of the ratio of 
backward resistance to forward resistance, 
Rb~¢~/Rfo~. Here, R~h is in PRU 
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<3 C¢,~ = 0 .003  (norma l  case)  
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L A D  f low rate as a funct ion o f  the resistance 

ratio RbacJRfor. Here, Ceoa is in ml/mmHg 

ratio and the gradient of the increase in flow rate 

is much steeper than that of the normal capaci- 

tance. 

Since the fluid dynamics within the shunt is 

important for the hemodynamics aspects of the 

device, we have therefore presented more detail- 

ed, three-dimensional computations to assess the 

flow patterns in a shunt with a constant diameter. 

A commercial finite element package ADINA 

(Automatic Dynamics Incremental Nonlinear 
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Z / 

Fig. 13 Schematic of the computational model and 
the surface mesh at 45* shunt angle. The 
total number of nodes and elements used in 
this model are 13923 and 65173, respectively 

nary artery with the left ventricle. An unstructur- 

ed tetrahedral mesh is used having four velocity 

and four pressure nodes. Fig. 14(a) depicts the 

velocity vectors at the symmetric cutting plane as 

a function of the shunt angle at the time of maxi- 

mum inlet flow rate in. A large recirculating re- 

gion can be seen near the junction. The velocity 

vectors in the cross-sectional planes at the pro- 

ximal and at the distal part of the occluded 

coronary artery are shown in Fig. 14(b), showing 

significant secondary flow. This indicates the for- 

mation of two counter-rotating vortices in the 

artery. This secondary flow is attenuated as it 

moves into downstream. 

(a) The symmetric plane X=O 

(b) The cutting plane of constant Y 

Fig. 14 Velocity vectors 

Analysis) (Bathe et al., 1995) is employed to si- 

mulate the fluid dynamics• For the boundary con- 

ditions we utilize the simulation result of coro- 

nary circulation with the artery totally blocked. 

The time varying pressures and flow rates at the 

left ventricle are applied to the shunt inlet boun- 

dary. Maximum Reynolds number in the shunt 

during a cardiac cycle is about 300 where Rey- 

nolds number is based on the shunt diameter and 

mean velocity in the inlet. The computational 

model in this study is depicted in Fig. 13 showing 

the bypass shunt connecting the occluded coro- 

4. C o n c l u s i o n s  

In this study, we determined the computational 

results for the hemodynamics of a conduit con- 

necting the left ventricle and left descending coro- 

nary artery. To delineate the effect of the conduit, 

we implemented a computational code that can 

simulate the system dynamics of the coronary 

circulation after inserting the conduit. Many crit- 

ical cases were evaluated using this code, and we 

compared these results with available numerical 

and experimental data. Parametric studies of the 

simulation following insertion surgery were con- 

ducted. The computational results showed that 

the minimum shunt resistance produces the grea- 

test flow with LAD occlusion. Moreover, distal 

vessels must be dilated maximally for effective 

myocardial perfusion. For a shunt with symmetric 

resistance, stenoses with a resistance less than 27 

PRU (<71% diameter reduction) do not benefit 

from shunt placement• In all situations with a 

symmetric resistance in which a shunt is bene- 

ficial, the greatest benefit is derived with the 

smallest resistance. We conducted parametric stu- 

dies varying the ratio of the backward resistance 

to the forward resistance. These studies indicated 

that the flow rate increases as the stenosis resist- 

ance decreased, going from one curve to the next. 

For any given stenosis severity, the flow rate 

increased with the resistance ratio. However, the 

rate of increase slows as the ratio increases fur- 

ther. 
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Appendix A:  Detailed formulation 
of the coronary circulation analysis 

In this section, we present the detailed expres- 
sions used in the computational procedure to si- 
mulate coronary circulation. A schematic dia- 
gram of the computational code is represented in 
Fig. 3. 

V a r i a b l e s  

P : Pressure (mmHg) 
q : Flow rate (ml/sec) 
R : Resistance (mmHg sec /ml=PRU)  
C " Compliance (ml/mmHg) 
D : Diode or check valve 
V : Compartmental volume (ml) 

S u b s c r i p t s  

Iv : Left ventricle 
a o  : 

st : 

by : 
sh : 
for : 
back : 
con 
coc : 

Aortaa 

Stenosis of  coronary arteries 
Bypass connection from the left ventricle 
Conduit connection from the left ventricle 
Conduit forward direction 
Conduit backward direction 
Coronary arterioles 
Coronary capillaries 
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imp " ln t ra-myocardium 

cov ' Coronary veins 

ra " Right atrium 

The coronary circulation consists of  three com- 

partments : the coronary arteries, capillaries, and 

veins. The effects of myocardial  muscle contrac- 

tion or relaxation are produced by temporal vari- 

ation in the bias pressure Pimp (t). Therefore, the 

flow rates between the respective compartments 
are : 

qst = ( P , -  P~t)/Rst (A I ) 

.[¢Rsh=Rfor if P~v>P~t (A2) ( Pw Pst) /R~. qsh 
t Rsh = Rback if P,v < P,t 

{ ( P o x -  Pox) /R¢o~ if P ~ > P o x  

q~,~= ( P ~ . - P o x )  (A3) 
(Reoa + fl/V2ox) otherwise 

For the conduit resistance in Eq. A2, the resist- 

ance values of the conduit  can be changed ac- 
cording to the direction of flow. The forward and 

backward resistances are shown in Fig. 2. In Eq. 

A3, the flow rate to capillaries may be either 

forward (i.e., qcoa>0) or retrograde, depending 

on the sign of the pressure gradient. However, 

reverse flow ceases as the capillary volume ap- 

proaches zero, since nothing then remains to be 

squeezed out. Moreover, as the capillary vessels 

are compressed, their resistance increases and 

they will throttle the flow. Accordingly, for a 

negative pressure gradient, Eq. A3 reduces back- 

ward flow to zero as the capillary volume ap- 

proaches zero. The constant ,5 ' =  1 (unit : mmHg. 

s - l .ml  -l)  is adopted from the paper of  Schreiner 

et a1.(1990). For flow into the veins and right 

atrium, a similar approach can be applied, pro- 

ducing the following two equations. 

(Pox-P~ov) 
i f Pox > P~o~ 

(Rox+ I/V2coc) (A4) 
qox = (Pox- P¢op) 

otherwise 
R o x + B / V ~ v  

(Pco~-P~)  
if P~ov > Pra 

(R~ov+ g / V ~ )  (A5) 
qc°v= (Po~v--Pra) 

otherwise 
ncov 

The state form of the node equations can be 

written in terms of these flow rates. 

(a) Conservat ion  of mass  at the coronary 
artery node 

qa + qsh = qcoa + q~oa ( A 6 ) 
where 

*° 

dVcoa 
q~o~=C~o~ dt (A7) 

dF'¢o~ (q~t + qsh) -- q¢o~ 
(A8) 

dt C~o~ 

(b) At the coronary capi l lar ies  node 
+ , 

qcoa=qox qox 

where 

(A9) 

d ( P o x -  P,mp) (A I O) 
q~ = C co, dt 

dPox _ q~o~-- q¢o¢ dPimp (A 1 I ) 
dt Cox q dt 

(e) Capi l lary volume can be obtained using 

the relat ion 

V¢o¢ = C¢o~ ( Pox - P imp  ) ( A 12) 

(d) M a s s  conservat ion  at the coronary veins  

node 

qox--  qcov + qcov ( A 13) 

where 

q~o~=C~o v dP~o~ (A 14) 
dt 

• dPco,~ _ qox-qcov (AI5) 
dt C~ov 

For the capillary veins, venous pressure is cal- 

culated from the pressure-volume relation : 

p - x r  r-0 ~a(v~-~)  (AI6)  
COY -- ¥COC~-~COV 

corresponding to a volume-dependent compli- 

ancc, defined as the derivative of Vcov with re- 

spect to Pcov: 

Ccov ( V~ov ) = dV,:o~ = C O ( - h e -  ~c vc...- v:.,) dP~o~ I + aV,:ov) 

(Ai7)  

Here, V°eov, C°cov are the rcferencc venous volume 
and compliance, respectively, and (7 is the slope of 

the change in compliance. 




