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(57) ABSTRACT 

A bypass conduit and related methods include implanting a 
bypass in the heart between a heart chamber and an at least 
partially occluded artery to directly flow blood from the 
chamber to the artery. The bypass conduit is configured to 
have a higher resistance to blood flow in a first direction than 
in a Second direction without any active flow control mecha 
nism. The bypass conduit may have a first end defining a first 
opening and a Second end defining a Second opening and a 
wall extending between the two ends that defines a lumen 
extending between the two openings. The ends and the wall 
of the conduit are configured to have a higher resistance to 
blood flow in a first direction than in a second direction. A 
method of bypassing an at least partially occluded artery 
includes determining a resistance to blood flow of the artery 
at a location of an at least partial occlusion and Selecting a 
conduit having a configuration based on the resistance to 
blood flow of the artery at the location of the at least partial 
occlusion. The method further includes implanting the con 
duit in a heart wall between the heart chamber and the artery 
downstream of the at least partial occlusion to directly flow 
blood between the chamber and the artery. 
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CONDUT DESIGNS AND RELATED METHODS 
FOR OPTIMAL FLOW CONTROL 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims the benefits of priority of 
provisional application Serial No. 60/153,205, filed Sep.10, 
1999, the entire disclosure of which is hereby incorporated 
by reference herein. 

FIELD OF THE INVENTION 

0002 This invention relates to an apparatus and method 
for implanting a conduit to allow communication of fluids 
from one portion of a patient's body to another. The inven 
tion more particularly relates to a blood flow conduit 
implanted in a heart to allow direct flow communication 
between a heart chamber and a vessel and/or between two 
vessels. Even more particularly, the invention relates to left 
Ventricular conduit designs and configurations, and methods 
for optimizing conduit designs, for controlling the flow of 
blood through the conduit to achieve a direct bypass of an 
occluded coronary artery and for optimizing total blood flow 
through coronary arteries with variations in proximal occlu 
SOS. 

BACKGROUND OF THE INVENTION 

0.003 Coronary artery disease is a major problem in the 
U.S. and throughout the world. In fact, about 1.1 million 
“open heart procedures are performed each year, and cur 
rent estimates are that approximately 4.8 million people 
Suffer from Some degree of congestive heart failure. 
0004. When coronary arteries or other blood vessels 
become clogged with plaque, the i results are at the very 
least impairment of the efficiency of the heart's pumping 
action. More Severe results include heart attack and/or death. 
In Some cases, clogged arteries can be unblocked through 
minimally invasive techniques Such as balloon angioplasty. 
0005. In more difficult cases, a Surgical bypass of the 
blocked vessel is necessary. 
0006. In a bypass operation, one or more arterial or 
venous Segments are harvested from the body and then 
Surgically inserted between the aorta and the coronary artery. 
0007. The inserted vessel segments, or transplants, act as 
a bypass of the blocked portion of the coronary artery and 
thus provide for a free or unobstructed flow of blood to the 
heart. More than 500,000 bypass procedures are performed 
in the U.S. every year. 
0008 Coronary artery bypass grafting (CABG) has been 
used for more than 30 years. 
0009 Initially, the saphenous vein (SV) served as the 
principal conduit for coronary bypass, but Studies over the 
last dozen years have shown a 35-40% increase in 10-year 
patency rate or the internal thoracic artery (ITA) compared 
with SV. The SV, in fact, has only been shown to have a 
10-year patency rate of 50%. Since the mid 1980's, not only 
the ITA, but also the alternative arterial conduits have been 
increasingly used. These conduits include the gastroepiploic 
artery (GEA), inferior epigastric artery (IEA), and radial 
artery (RA), which have been used primarily as Supplements 
to both the right and left ITA. 
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0010 Although the use of arterial conduits results in 
demonstrably better long-term patency, use of arteries in 
place of the SV often requires complex technical challenges, 
Such as free grafts, Sequential anastomosis, and conduit-to 
conduit-anastomosis. Some of the reasons for the difficulty 
in using arterial conduits reside in the fact that they are much 
more fragile than the SV and therefore easier to damage, and 
due to their Smaller size, easier to occlude completely or 
partially through technical error during grafting. 
0011 Such coronary artery bypass Surgery, however, is a 
very intrusive procedure that is expensive, time-consuming 
and traumatic to the patient. The operation requires an 
incision through the patient's Sternum (sternotomy), and the 
patient being placed on a bypass pump So that the heart can 
be operated on while not beating. A vein graft is harvested 
from the patient's leg, another highly invasive procedure, 
and a delicate Surgical procedure is required to piece the 
bypass graft to the coronary artery (anastomosis). Hospital 
stays Subsequent to the Surgery and convalescence periods 
are prolonged. 

0012. As mentioned above, another conventional treat 
ment is percutaneous transluminal coronary angioplasty 
(PTCA) or other types of angioplasty. However, such vas 
cular treatments are not always indicated due to the type or 
location of the blockage, or due to the risk of the emboli 
formation. 

0013. One bypass technique employs a stent introduced 
through the myocardial wall from an adjacent coronary 
artery to provide a direct bypass conduit between the left 
Ventricle and the adjacent coronary artery. In one embodi 
ment, this technique includes the delivery of a transmyo 
cardial bypass shunt in a collapsed, reduced-profile configu 
ration, which requires radial expansion Subsequent to 
delivery in a bore pre-formed in the myocardial wall. The 
Stent may extend completely through the myocardium to 
establish a blood flow path or conduit directly from the left 
Ventricle to a coronary artery, downstream of a vascular 
obstruction or occlusion in a proximal part of the artery. 
0014. The configurations of these direct bypass conduits, 
which can be in the form of stents or shunts, or other similar 
devices, have had promising results in performing as a direct 
blood flow path from the left ventricle to the coronary artery. 
However, there is a continuing need for improved bypass 
methods and conduits configured to control and optimize 
coronary blood flow, especially to prevent or hinder loSS of 
blood in the artery due to backflow during diastole, and for 
conduits that are more precisely adapted to the level of 
arterial occlusion experienced by a particular patient. 

SUMMARY OF THE INVENTION 

0015 The advantages and purpose of the invention will 
be set forth in part in the description which follows, and in 
part will be obvious from the description, or may be learned 
by practice of the invention. The advantages and purpose of 
the invention will be realized and attained by means of the 
elements and combinations particularly pointed out in the 
appended claims. 

0016. An aspect of the present invention includes a 
bypass conduit for implantation in a heart to bypass an at 
least partially occluded artery. The bypass conduit includes 
a first end defining a first opening and a Second end opposite 
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the first end defining a Second opening. A wall extends 
between the first and Second ends and defines a lumen 
extending between the first and Second openings. The ends 
and the wall of the conduit are configured Such that the 
conduit has a greater resistance to blood flow in a first 
direction than in a Second direction. 

0.017. Another aspect of the present invention includes a 
bypass conduit for implantation in a heart to bypass an at 
least partially occluded artery. The bypass conduit includes 
a first end defining a first opening and a Second end opposite 
the first end defining a Second opening. A wall extends 
between the first and Second ends and defines a lumen 
extending between the first and Second openings. The con 
duit is configured to have a greater resistance to blood flow 
in a first direction than in a Second direction without any 
active flow control mechanism. 

0.018 Yet another aspect of the invention includes a 
method of bypassing an at least partially occluded artery, 
comprising determining a resistance to blood flow of the 
artery at a location of an at least partial occlusion and 
Selecting a conduit having a configuration based on the 
resistance to flow of the artery at the location of the at least 
partial occlusion. The method further comprises implanting 
the conduit in a heart wall between a heart chamber and the 
artery downstream of the at least partial occlusion to directly 
flow blood between the chamber and the artery. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0019. The accompanying drawings, which are incorpo 
rated in and constitute a part of this specification, illustrate 
embodiments of the invention and together with the descrip 
tion, Serve to explain the principles of the invention. 

0020 FIG. 1 is a schematic view of a heart showing the 
left and right coronary artery circulation; 

0021 FIG. 2 is a schematic diagram of the lumped 
parameter model computer code, with emphasis on the 
coronary circulation, according to an aspect of the present 
invention; 

0022 FIG. 3 is a graph of the left ventricular and aortic 
preSSures through one cardiac cycle, as computed by the 
model; 

0023 FIG. 4a is a graph of capillary volume (dotted line) 
and venous volume (Solid line) versus time, as obtained from 
the lumped parameter computer model of FIG. 2 according 
to an aspect of the invention; 

0024 FIG. 4b is a graph of capillary volume (dotted line) 
and venous volume (solid line) versus time obtained from 
previous computations, 

0025 FIG. 5a is a graph of the flow to capillaries (dotted 
line) and the flow to veins (Solid line) versus time, as 
obtained from the lumped parameter computer model of 
FIG. 2 according to an aspect of the invention; 

0026 FIG. 5b is a graph of the flow to capillaries (dotted 
line) and the flow to veins (Solid line) versus time, as 
obtained from previous computations, 

0.027 FIG. 6a is a graph of various hemodynamic param 
eters obtained from experiments performed in a dog with an 
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occluded artery and a bypass conduit implanted in the heart 
wall to directly flow blood from the left ventricle to the 
artery; 

0028 FIG. 6b is a graph showing the results obtained 
using the computer program to model the coronary circula 
tion in a human having a totally occluded coronary artery 
with a bypass conduit implanted in the heart wall to directly 
flow blood from the left ventricle to the artery; 
0029 FIG. 7 is a graph showing the relation between the 
conduit resistance and the flow rate through the conduit 
when the coronary artery is totally occluded; 
0030 FIG. 8a is a graph of the computed flow rate versus 
time for a relatively low value of compliance of the coronary 
artery according to an aspect of the invention; 
0031 FIG. 8b is a graph of the computed flow rate versus 
time for a relatively high value of compliance of the coro 
nary artery according to an aspect of the invention; 
0032 FIG. 9 is a graph of average flow rate versus 
conduit resistance for various Stenotic resistances computed 
from the computer model according to an aspect of the 
invention; 

0033 FIG. 10 is a graph of average flow rate versus 
conduit resistance ratio for various Stenotic resistances com 
puted from the computer model according to an aspect of the 
invention; 

0034 FIG. 11 is a cross-sectional view of a choke 
conduit according to an aspect of the invention; 
0035 FIG. 12a is a graph of coronary flow rate versus 
inverse resistance ratio for a heart implanted with a choke 
conduit and having a coronary artery with a relatively low 
compliance as computed by the lumped parameter model 
according to an aspect of the invention; 

0036 FIG. 12b is a graph of coronary flow rate versus 
inverse resistance ratio for a heart implanted with a choke 
conduit and having a coronary artery with a relatively high 
compliance as computed by the lumped parameter model 
according to an aspect of the invention; 
0037 FIG. 13 is a schematic diagram of the geometry 
and boundary conditions used to perform a fluid dynamic 
analysis of a conduit according to an aspect of the invention; 
0038 FIG. 14a is a perspective view of a mesh model of 
a conduit used for a fluid dynamic analysis according to an 
aspect of the invention; 
0039 FIG. 14b is a perspective view of a mesh model of 
a conduit used for a fluid dynamic analysis according to 
another aspect of the invention; 
0040 FIG. 15a is a vector velocity plot of the fluid 
dynamic analysis performed for the conduit shown in FIG. 
14a, 

0041 FIG. 15b is a vector velocity plot of the fluid 
dynamic analysis performed for the conduit shown in FIG. 
14b, 

0042 FIG. 16a is a cross-sectional view of a conduit 
having an asymmetrical flow resistance with a backward 
flow resistance greater than a forward flow resistance 
according to an aspect of the invention; 
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0.043 FIG. 16b is a cross-sectional view of a conduit 
having a symmetrical flow resistance of approximately 
1.147 PRU according to an aspect of the invention; 
0044 FIG. 16c is a cross-sectional view of a conduit 
having a funnel configuration which was used in experi 
ments according to an aspect of the invention; 
004.5 FIG. 17a is a cross-sectional view of a 90 degree 
entry experimental Setup for testing conduits according to an 
aspect of the invention; 
0046 FIG. 17b is a cross-sectional view of a 30 degree 
entry experimental Setup for testing conduits according to an 
aspect of the invention; 
0047 FIG. 17.c is a cross-sectional view of a stent only 
experimental Setup for testing conduits according to an 
aspect of the invention; 
0.048 FIG. 18a is a graph of experimental results of flow 
Versus preSSure corresponding to experiments using the 
conduit of FIG. 16a 
0049 FIG. 18b is a graph of experimental results of flow 
Versus preSSure corresponding to experiments using the 
conduit of FIG. 16b, 
0050 FIG. 18c is a graph of experimental results of flow 
Versus preSSure corresponding to experiments using the 
conduit of FIG. 16c. 
0051 FIG. 19 is a table containing various experimental 
results of flow resistance ratios for the conduits and Setups 
of FIGS. 16a-16c and 17a-17c, respectively; 

0.052 FIG. 20 is a cross-sectional view of an embodi 
ment of a conduit having an asymmetrical flow resistance 
with the backward resistance higher than the forward resis 
tance according to an aspect of the invention; 

0053 FIG. 21 is a cross-sectional view of another 
embodiment of a conduit having an asymmetrical flow 
resistance with the backward resistance higher than the 
forward resistance according to an aspect of the invention; 

0.054 FIG. 22 is a cross-sectional view of yet another 
embodiment of a conduit having an asymmetrical flow 
resistance with the backward resistance higher than the 
forward resistance according to an aspect of the invention; 

0055 FIG. 23 is a cross-sectional view of an embodi 
ment of a conduit having an asymmetrical flow resistance 
with the backward resistance higher than the forward resis 
tance according to an aspect of the invention; 

0056 FIG. 24 is a cross-sectional view of another 
embodiment of a conduit having an asymmetrical flow 
resistance with the backward resistance higher than the 
forward resistance according to an aspect of the invention; 

0057 FIG. 25 is a cross-sectional view of an embodi 
ment of a conduit having an asymmetrical flow resistance 
with the backward resistance higher than the forward resis 
tance according to an aspect of the invention; 

0.058 FIG. 26 is a cross-sectional view of yet another 
embodiment of a conduit having an asymmetrical flow 
resistance with the backward resistance higher than the 
forward resistance according to an aspect of the invention; 
and 

Oct. 30, 2003 

0059 FIG. 27 is a table of results and parameters of 
experiments in dogs using different bypass conduit configu 
rations. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0060. Through various aspects of the present invention, it 
has been determined that for Some levels of coronary 
occlusion, a conduit having an asymmetrical flow resistance 
may be necessary in order to provide a beneficial blood flow 
through the artery. AS used herein, an asymmetrical flow 
resistance means that the resistance to flow through the 
conduit in one direction is different than the resistance to 
flow through the conduit in the opposite direction, and 
Symmetrical flow resistance means that the resistance to 
flow through the conduit is the same in both directions. In 
the cases where a coronary artery is completely occluded, it 
has been found that a conduit having a Symmetrical flow 
resistance produces an increase in mean blood flow through 
the coronary artery. The blood flow through the coronary 
artery decreases as the Symmetrical flow resistance 
increases. On the other hand, in certain cases where the 
coronary artery is not totally occluded, as will be explained, 
a conduit having a Symmetrical flow resistance may not 
improve the amount of blood flow through the coronary 
artery that is already able to pass through the partial occlu 
Sion, and thus will provide no benefit to a patient. 
0061 Although conduits that resist flow more strongly in 
the direction from the coronary artery to the left ventricle are 
desirable for any level of arterial stenosis, including totally 
occluded, in certain cases of partial occlusions, it is pre 
ferred that the implanted conduit have a high enough asym 
metrical flow resistance in order to transition from a non 
beneficial situation (i.e., the implanted conduit results in less 
total coronary flow than would be experienced without the 
conduit) to a beneficial one (i.e., the implanted conduit 
increases total coronary flow to more than it would be 
without a conduit). In other words, a conduit that allows or 
more easily permits forward systolic flow from the left 
ventricle to the artery but prevents or hinders diastolic 
backflow from the artery to the ventricle is desired, and in 
certain cases of Stenosed arteries there exists a preferred, 
threshold target ratio of resistance of diastolic backflow to 
the resistance of systolic forward flow in order to achieve 
beneficial results in total coronary flow when the direct 
bypass conduit is implanted in the heart. 
0062 Furthermore, it is desirable to provide such a 
conduit having an asymmetrical flow resistance without the 
use of Valves or other mechanical or moving parts due to the 
Small dimensions of the conduits and corresponding valve 
and other mechanical flow control mechanisms. Such active 
movable or other articulating devices may be complicated 
and/or expensive to manufacture, particularly on the Small 
Scales required in contexts Such as passing blood directly 
from the left ventricle to the coronary artery, for example. 
Also, an increased risk of thrombosis may result from 
irregular Surfaces associated with Such valves and other 
mechanical flow control mechanisms. Thus, in designing 
conduits to optimize fluid or blood flow through them, the 
design or configuration of conduits according to the inven 
tion preferably is Such that the conduit automatically, or 
passively, achieves flow control without microvalves, check 
Valves, or other active or movable devices and parts. Such 
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passive flow control devices can be designed into the 
geometry, configuration, or other characteristics, including 
implantation geometry and the like, of the conduit Such that 
flow is biased in one direction. Thus, flow within and/or 
completely through the conduit may occur in either direction 
(whether simultaneously or severally), but net or mean flow 
in the desired direction can be maximized by maximizing 
flow in that direction and/or minimizing flow in the opposite 
direction. Passive flow control devices may comprise Vari 
ous conduit configurations, as will be explained in more 
detail with reference to FIGS. 16a and 20-26, Such as, for 
example, taperS in the lumen or a changing inner diameter 
of the conduit, taperS and/or radii of curvature at the 
openings of the conduit, the angle of insertion of the conduit 
with respect to the axis of the coronary artery, and other 
Similar conduit design characteristics or implantation char 
acteristics. 

0.063 Thus, in certain embodiments according to the 
present invention, flow control is achieved by maximizing 
flow through the conduit in one direction, preferably from 
the left Ventricle to the coronary artery, and minimizing flow 
through the conduit in the opposite direction, preferably 
from the coronary artery to the left ventricle. Since the flow 
rate is a function of friction, drag, turbulence, and other fluid 
dynamic parameters, it is convenient for the purposes of this 
application to discuss flow rate through the conduit in terms 
of resistance of the conduit to Such flow. In other words, in 
certain embodiments of the bypass conduits according to the 
present invention, it is preferred to have a low conduit 
resistance in the forward direction from the left ventricle to 
the coronary artery (also called the Systolic flow resistance), 
and a higher resistance in the backward direction from the 
coronary artery to the left ventricle (also called the diastolic 
flow resistance). 
0064. As mentioned above and explained in more detail 
Shortly, computer Simulation and experimentation has 
shown that the characteristics producing optimized flow rate 
in the coronary artery may depend on the degree of occlu 
Sion in the artery. Thus, preferably the conduit design or 
implantation configuration should be Selected in each case 
such that flow rate through the conduit is controlled to 
enhance total coronary flow, thereby enhancing perfusion of 
the heart tissues. It has been determined that, where a 
proximal occlusion is only partial, the total flow rate in the 
distal coronary artery may or may not be increased by the 
placement of a conduit. If the conduit resistance is Symmet 
ric, i.e., the same in both the forward and backward direc 
tions, total flow may actually decrease when a bypass 
conduit is implanted in the heart wall due to a relatively high 
diastolic backflow through the conduit from the coronary 
artery to the left ventricle. In Such cases, a patient may not 
benefit from placement of the bypass conduit. If the conduit 
resistance is asymmetrical, however, Such that diastolic flow 
resistance is higher than Systolic flow resistance, the total 
distal coronary flow may increase in Such cases. The 
increase in total flow may be large enough Such that for 
levels of occlusion for which placement of a conduit having 
Symmetrical resistance are detrimental, the placement of a 
conduit having an asymmetrical flow resistance may pro 
duce a benefit to the patient due to an overall increase in total 
coronary flow. Moreover, computer Simulations have shown 
that conduits designed to have an asymmetrical flow resis 
tance ratio of backward resistance to forward resistance of 
approximately 2 produce beneficial results in flow through 
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certain degrees of partially occluded arteries. Experimental 
results have shown that conduits can be designed to pas 
Sively achieve asymmetrical flow resistance ratios near a 
value of 2. 

0065 Computer Simulation 
0066 An aspect of the present invention relates to a 
computer model designed to Simulate the physiological 
System dynamics of the cardiovascular System, including 
Simulating the System dynamics of a cardiovascular System 
in which a coronary bypass conduit with various character 
istics has been implanted in the heart wall to directly flow 
blood from the left ventricle to the coronary artery. The 
computer model can thus be used to predict the hemody 
namic effects of a bypass using various types of conduits 
having different characteristics according to the invention. 
Moreover, as will be explained, by performing parametric 
Studies utilizing the computer model, it has been determined 
that modifying conduit designs and characteristics depend 
ing on the degree of occlusion of the artery optimizes blood 
flow through the coronary artery. 

0067 FIG. 1 shows a schematic of a heart H with blood 
flowing up through the aortic valve AV (as indicated by the 
arrow) into the right coronary artery RCA and the left 
coronary artery LCA. As shown in FIG. 1, the blood travels 
into various branches of the coronary arteries and ultimately 
feeds the heart wall muscle. Thus, when an artery becomes 
occluded, blood is prevented or hindered from flowing 
through the artery to the heart wall muscle, which receives 
almost its entire nutritive blood Supply from the arteries. 
0068. As shown in FIG. 2, the computer code of the 
present invention is based on a lumped parameter model of 
the total cardiovascular circulation, with emphasis on the 
coronary circulation. ESSentially, the model according to the 
invention inserts the coronary circulation and bypass circu 
lation into an existing model of the cardiovascular System, 
previously developed by Davis. See Davis, T. D. “Teaching 
physiology through interactive simulation of hemodynam 
ics, MIT M.S. Thesis, Cambridge, Mass. 1991. the complete 
disclosure of which is incorporated herein by reference. The 
existing model includes arterial, venous, and pulmonary 
circulations and Simulates autoregulation functions Such as 
the baroreceptor reflex for short term control of blood 
preSSure and the cardiopulmonary refleX for control of blood 
Volume. One reason for implementing the coronary circu 
lation in a complete cardiovascular (CV) model is that the 
barorefleX and cardiopulmonary refleX can be utilized to 
examine a variety of realistic conditions that might be 
experienced by patients after coronary bypass Surgery. In 
addition, it permits the Study of how the Surgically altered 
system will perform in conjunction with the rest of the 
circulation. 

0069. Kirchoffs Equation is applied to each of the nodes 
of the lumped parameter model shown in FIG. 2, which 
yields a matrix equation in the form: 

0070 where p represents the vector of compartmental 
preSSures, A represents the time constants for exchange 
between compartments, and b is the input to the System. 
Detailed expressions of the model equations and the mean 
ing of the various expressions used in these equations can be 
found in Appendix A. From the description of the computer 
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model herein, including the model shown in FIG. 2, the 
expressions of the computational procedure of Appendix A, 
and their corresponding written descriptions, one skilled in 
the art of computer modeling and/or programming can 
devise the appropriate Software and/or code to perform the 
computer Simulation according to the present invention. 

0071. In FIG. 2, diodes are used to ensure unidirectional 
flow. Each compartment, or Volume adapted to contain or 
flow blood, is characterized by an inflow resistance R 
measured in peripheral resistance units (PRU) with a unit of 
mmHg-S/ml, a compliance C, which is the change in Volume 
asSociated with a given change in preSSure and essentially is 
a measure of the flexibility of the compartment, with a unit 
of ml/mmHg, a volume at Zero transmural pressure V. (zero 
pressure filling volume, ZPFV) with a unit of ml, and an 
outflow resistance R, again measured in PRU. Transmural 
preSSure acroSS the pulmonary capacitance varies according 
to intra-thoracic pressure. AS can be seen, the model also 
includes different flow resistance values, R. and R, 
according to flow direction for the conduit or Shunt. Actu 
ally, even for an implanted conduit in the form of a Straight 
tube with a constant inner diameter (i.e., a Symmetrical 
resistance conduit), the resistance in case of forward direc 
tion (from the left ventricle to the coronary artery) and the 
backward direction (from the coronary artery to the left 
ventricle) may not be exactly equal. However, the forward 
and backward resistances are assumed to be equal in the case 
of Such a Symmetrical resistance conduit for the purposes of 
the experiments and Studies presented herein. The various 
parameter values for each node, along with the Source from 
which Some of the values were determined, can be found in 
Appendix B. “Davis, 1991 refers to Davis, T. D., “Teaching 
physiology through interactive simulation of hemodynam 
ics,” MIT M.S. Thesis, Cambridge, Mass. 1991. “Ursino, 
1998” refers to Ursino, M., “Interaction between carotid 
baroregulation and the pulsating heart: a mathematical mod 
el,Am. J. Physiol., 275, H1733-H1747, 1998. “Schreiner, 
1989” refers to Schreiner, W., et al., “Simulation of coronary 
circulation with Special regard to the venous bed and coro 
nary sinus occlusion, J. Biomed. Eng., 12, 429443. 

0.072 Because the blood flow through the coronary cir 
culation is relatively Small in comparison to the total circu 
lation of blood through the System, the coronary circulation 
has a relatively minor effect on the overall circulation. In 
contrast, the aortic and left ventricular preSSures determined 
from the overall circulation become one of the main inputs 
into the coronary circulation portion of the model. FIG. 3 
illustrates the left ventricular and aortic preSSures through 
one cardialc cycle, as computed by the model. 

0073. The portion of the left ventricle pressure forming 
the peak (from about 39 seconds to 39.2 seconds in the 
figure) corresponds essentially to Systole. 

0074 FIGS. 4a-6b show a comparison of results 
obtained from the present computer model with results 
obtained from previous computations and experiments. 
FIG. 4a is a graph of capillary volume (dotted line) and 
venous Volume (Solid line) versus time, as obtained from the 
lumped parameter computer model, and FIG. 4b is a graph 
of capillary volume (dotted line) and venous volume (Solid 
line) versus time obtained from previous computations. 
FIG. 5a is a graph of the flow to capillaries (dotted line) and 
the flow to veins (solid line) versus time, as obtained from 
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the lumped parameter computer model, and FIG. 5b is a 
graph of the flow to capillaries (dotted line) and the flow to 
veins (Solid line) versus time, as obtained from previous 
computations. The results shown in the graphs correspond 
ing to the previous computations were obtained from 
Schreiner, W. et al., “Simulation of coronary circulation with 
Special regard to the venous bed and coronary Sinus occlu 
sion, J. Biomed. Eng., 12, pp. 429–43 (1990). The time 
periods shown in these figures correspond to the cardiac 
cycle period shown in FIG. 3. 
0075 Moreover, the results shown in FIGS. 4a-5b cor 
respond to the Simulation and computation of coronary 
circulation in a normal State, that is, without occlusions and 
without a bypass conduit directly inserted in the heart wall 
(R=0 and R=OO). Thus, these results serve as a verification 
of the computer model when used for modeling the flow in 
a normal State. 

0076. As can be seen in FIGS. 5a and 5b, during systole 
the flow rate to the coronary capillaries decreases due to the 
increased resistance resulting from the contraction of myo 
cardial muscle, whereas flow through the coronary veins 
increases due to compression of the capillaries and Small 
veins. The change of capillary and venous Volume, as shown 
in FIGS. 4a and 4b, varies in a manner similar to the flow 
rate variations shown in FIGS. 5a and 5b. In the present 
Simulations, however, peak Systolic pressure is not Sustained 
for as long a time period as in the previous computations. 
This results in a relatively narrower band of reduced capil 
lary flow rate, as shown in FIG. 5b. 
0077. To further verify the computer model, the coronary 
flow and conduit, or shunt, flow were simulated for a human 
having a totally occluded left anterior descending coronary 
artery with a bypass conduit implanted in the heart wall to 
directly flow blood from the left ventricle to the coronary 
artery. The bypass conduit modeled was a constant diameter 
tube having an asymmetrical flow resistance of 1.147 PRU. 
The Simulated results were compared to experimental results 
in a dog with a totally occluded artery and a bypass conduit 
having a Symmetrical flow resistance of approximately 
1.147 PRU implanted in the heart and configured to directly 
flow blood from the left ventricle to the artery. 
0078 FIG. 6a is a graph of various hemodynamic param 
eters obtained from experiments performed in a dog with a 
totally occluded coronary artery and a bypass conduit in the 
form of a tube of constant inner diameter with a symmetrical 
flow resistance implanted in the heart wall at an entry angle 
in the coronary artery of 90 and configured to directly flow 
blood from the left ventricle to the coronary artery. The flow 
rate through the shunt is represented by the line correspond 
ing to Q, and the flow rate through the occluded coronary 
artery is represented by the line corresponding to Q. 
007.9 FIG. 6b is a graph showing the results obtained 
using the computer program to model the coronary circula 
tion in a human having a totally occluded coronary artery 
with a bypass conduit having a Symmetrical flow resistance 
(i.e., Simulating the constant diameter conduit used in the 
experiments) implanted in the heart wall to directly flow 
blood from the left ventricle to the coronary artery, as 
described above. To model a totally occluded artery, the 
value of R is set to infinity. The results shown in FIG. 6b 
are the flow rate through the shunt (Q) and the flow rate 
through the artery (Q). AS can be seen in both the results 
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obtained from experiment and from the computer Simula 
tion, a large back flow, shown by the negative flow rate 
through the coronary artery and a Smaller negative flow rate 
through the shunt, occurs during diastole due to the corre 
sponding decreased pressure in the left ventricle. 
0080. After verifying the accuracy of the computer 
model, as shown in FIGS. 4a-6b, the model was used to 
perform a Series of parametric Studies simulating the effects 
on the coronary circulation of bypass procedures by varying 
conduit characteristics and level of occlusion in the coronary 
artery. A portion of the parametric Study focused on assum 
ing a conduit or shunt resistance R, independent of the 
direction of flow through the conduit, i.e., a Symmetrical 
resistance. The Poiseuille flow assumption was used to first 
obtain a reference value of the conduit, or shunt, resistance 
for a conduit having a diameter of 2 mm and a length of 2 
cm. Under this assumption, the flow rate in the conduit is 
given by the following expression: 

Q = tD'AP AP 
T 128 puL T Rh 

0.081 where Q is the flow rate in the conduit, and D, AP, 
and it represent diameter, pressure drop through the conduit 
length, and fluid Viscosity, respectively. From the relation 
above, the expression for the conduit, or shunt, resistance 
thus becomes 

128 ul 
Rh = TD4 

0082) Using the length and diameter of a typical shunt 
discussed above and a fluid viscosity of 0.03 kg/m-s, which 
represents blood, the calculated conduit resistance is 
approximately 1.147 PRU. 

0083) To establish the relation between the conduit resis 
tance and the flow rate through the conduit when the 
coronary artery is totally occluded, a preliminary computa 
tion was made and the results are shown in FIG. 7. Before 
performing these Simulations, the values for the coronary 
artery resistances, R. (coronary arterioles resistance) and 
R. (coronary capillaries resistance), were determined. To 
determine these flow resistance values, a normal resting total 
coronary flow of 1 ml/sec is assumed, representing flow 
through an unoccluded, non-bypassed left anterior descend 
ing artery (LAD). However, as the location of the implanted 
bypass conduit generally will be placed approximately 2/3 of 
the way down the LAD, it is assumed that the total coronary 
flow will be 2/3 times the normal flow given above. Thus, the 
baseline flow rate used to determine R and R is 0.667 
ml/sec, again representing the flow through an unoccluded, 
non-bypassed artery at a point approximately 2/3 of the way 
down the vessel. The R and R values were first altered 
until this baseline flow rate of 0.667 ml/sec was achieved in 
an unoccluded LAD, i.e., the Stenotic resistance equal to 
Zero. Both resistance values were then increased five-fold to 
reflect a maximally-dilated State of the peripheral vascular 
bed in patients with chronic, moderate to Severe obstructions 
So that the maximal flow, with no occlusion and no bypass 
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conduit implanted, would be 3.3 ml/sec. The values were 
determined, after Several trials, to be R=16.5 and R= 
1.65. These values were used throughout the computer 
Simulations. 

0084. The model was then run to simulate the flow in a 
totally occluded artery having a Symmetrical resistance 
bypass conduit implanted. As the results in FIG. 7 are for a 
totally occluded artery, the flow rate shown in the figure 
represents both the flow through the shunt and the flow in the 
artery distal the occlusion. FIG. 7 shows that the calculated 
flow rate having a Symmetrical flow resistance and 
implanted in a totally occluded artery decreases as the 
conduit resistance increases. Thus, as the resistance of the 
conduit approaches infinity, essentially representing a Situ 
ation in which no conduit is implanted, the flow rate through 
the artery approaches Zero. This result makes Sense Since 
there is no blood flow through the total occlusion and also 
no blood flow through the conduit. 
0085 FIGS. 8a and 8b show results of the computer 
simulated flow rate for a lower value (C=0.005) and a 
higher value (C=0.05) of compliance of the coronary 
artery. The results obtained by altering the compliance of the 
artery show that while the peak positive and negative flow 
rates corresponding to the higher compliance are larger than 
that of those corresponding to the lower compliance value, 
the net flow rate during one cardiac cycle does not show 
Significant differences between the two cases. 
0086) Next, the conduit flow resistance was varied and 
the model was run to explore the effect on total flow in the 
artery. The shunt resistances were varied for various values 
of stenotic resistances, as shown in FIG. 9. The first extreme 
Stenotic resistance value simulated, R=45 PRU, corre 
sponds to a relatively low grade Stenosed artery. 

0087. The second extreme stenotic resistance value simu 
lated, R=oo, corresponds to a totally occluded artery. AS can 
be seen in FIG. 9, as the symmetrical resistance of the 
bypass conduit increases for a totally occluded artery, the 
flow rate through the coronary artery distal to the occlusion 
decreases. On the other hand, for a Stenosed artery with a 
resistance value of 45 PRU, as the symmetrical resistance of 
the bypass conduit increases, the distal flow rate through the 
coronary artery also increases, essentially reaching an 
asymptote at a value of Slightly over 1 ml/sec as the conduit 
resistance approaches infinity. Thus, through the-use of the 
model, it has been determined that while a bypass conduit 
having a symmetrical flow resistance may increase the distal 
flow rate in a totally occluded artery, it does not help the 
distal flow rate in the artery for certain degrees of partial 
occlusion. That is, any increase in flow through the artery 
that occurs during Systole as a result of the bypass conduit 
is not enough to increase the total coronary flow because of 
the loSS of flow through the bypass conduit that occurs 
during diastole. 
0088. The results of the computer model shown in FIG. 
9 also show another important discovery. At a critical 
Stenosis resistance value of approximately 76 PRU the flow 
rate appears to remain Substantially constant regardless of 
the conduit resistance. Overall, then, for Stenotic resistances 
higher than the critical value, it may be desirable to implant 
the bypass conduit having a Symmetrical resistance. How 
ever, for Stenotic resistances lower than the critical value, 
implanting a bypass conduit having a Symmetrical flow 
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resistance may lower the total flow through the artery and 
thus may not be desirable. In other words, there may exist 
different optimal conduit configurations, yielding different 
and asymmetrical conduit resistances and ratios of resistance 
to backflow to resistance to forward flow greater than 1, 
according to whether the proximal coronary artery is totally 
occluded or partially occluded. It should be noted that using 
Poiseuille's equation, a resistance of 45 PRU represents 
approximately a 74% diameter reduction, 76 PRU represents 
approximately a 77% reduction, and 100 PRU represents 
approximately a 79% reduction, based on estimated diam 
eters of the coronary artery corresponding to the location of 
the occlusion. The typical average diameter of an unoc 
cluded left anterior descending coronary artery is approxi 
mately 3 mm. 

0089. Yet another parametric study using the lumped 
parameter computer model included simulating the distal 
coronary artery flow for bypass shunts having various flow 
resistance ratios, i.e., a ratio of the resistance to backflow to 
the resistance of forward flow. In this portion of the study, 
the forward and backward resistances of the conduits were 
varied for different levels of Stenotic resistance with a goal 
of obtaining normal blood flow through the LAD, which is 
about 1 ml/sec at rest. That is, the conduits modeled for this 
parametric Study included shunts having asymmetrical flow 
resistances Such that the diastolic flow resistance (i.e., in the 
direction from the coronary artery to the left ventricle) was 
higher than the Systolic flow resistance (i.e., in the direction 
from the left ventricle to the coronary artery). These types of 
devices are referred to throughout this application as choke 
devices, and can be in the form of a conduit, shunt, or Stent, 
or the like. An example of Such a choke conduit is shown in 
FIG. 11, where the shunt has a tapered shape from a 
relatively Small diameter opening in flow communication 
with the left ventricle to a relatively larger diameter opening 
in flow communication with the coronary artery distal the 
occlusion. 

0090. As in the parametric study shown in FIG. 9, the 
coronary blood flow for the case of bypass conduits having 
asymmetrical flow resistances also was Simulated for 
Stenotic resistances in PRU of 45, 76, 100, and OO, respec 
tively. The results of the simulation are shown in FIG. 10. 
AS can be seen from the graph, as Stenotic resistance 
decreases, the flow rate increases. Moreover, for each 
Stenotic resistance value Simulated, as the ratio of backward 
to forward resistance increases, the mean flow rate increases. 
However, the incremental increase in flow rate is leSS as the 
resistance ratio increases. AS also can be seen from the graph 
shown in FIG. 10, for a partially occluded artery with a 
Stenotic resistance of 45 PRU, a bypass conduit having a 
resistance ratio of approximately 2 yields a flow rate of 
about 1 ml/Sec, which, as discussed above, represents about 
the normal flow rate through a non-occluded, non-bypassed 
artery. Furthermore, for each value of Stenotic resistance, 
there exists a value of the ratio of backward to forward 
conduit resistance above which the flow exceeds that which 
would be obtained without implanting a bypass conduit. The 
maximum mean flow, however, is generally always achieved 
with the largest values of the resistance ratio. Thus, in 
designing a conduit to optimize blood flow through the 
artery, for certain degrees of occlusion, it is desirable to 
implant a conduit having a resistance ratio of backward to 
forward flow as large as possible. 
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0091 FIGS. 12a and 12b show the effect of the compli 
ance of the coronary artery on the choke conduit Simulation. 
In FIG. 12a, the lower compliance, i.e., capacitance (C= 
0.005 ml/mmHg) results are shown and in FIG. 12b, the 
higher compliance, i.e., capacitance (C=0.05 ml/mmHg) 
results are shown. In the graphs in FIGS. 12a and 12b, the 
resistance ratio plotted is the inverse of that in FIG. 10, that 
is, the ratio of forward flow resistance to backward flow 
resistance. However, the conduits modeled in this study are 
the same as those in FIG. 10 in that the resistance to 
backward flow is higher than the resistance to forward flow. 
The results of the simulation in FIGS. 12a and 12b show 
that as the compliance, or capacitance, of the artery 
increases, the flow rate in the artery is higher than for a lower 
compliance of the artery at the same bypass conduit resis 
tance ratio. Also, the gradient of the flow rate increase is 
Steeper for the case of higher compliance than for the case 
of lower compliance. Thus, to the extent that compliance can 
be controlled, Some additional gains in coronary flow may 
be achieved by increasing the compliance. 
0092. In addition to performing parametric studies using 
the lumped parameter computer model, a three-dimensional 
fluid dynamic computation analysis for a bypass conduit 
design similar to that shown in FIG. 11 was performed. The 
purpose of this fluid dynamic analysis was to examine the 
influence of geometry of the device to optimize total coro 
nary perfusion. The Simulation was performed using a 
commercially available finite element package, ADINA 
(Automatic Dynamics Incremental Nonlinear Analysis). A 
mixed displacement/pressure-based finite element formula 
tion was used to Solve the governing fluid dynamic equa 
tions. For the boundary condition, the Simulation results 
from the lumped parameter model of the coronary circula 
tion with the artery totally blocked were used. The time 
varying pressures and flow rates at the left Ventricle obtained 
from the lumped parameter model Simulation were applied 
to the bypass conduit inlet boundary. The governing equa 
tions used for the fluid dynamic analysis are the Navier 
Stokes equations for Viscous incompressible flow obtained 
from the principles of conservation of mass and momentum. 
0093. As mentioned above, a three-dimensional model 
(as shown, for example, in FIGS. 14a and 14b) was used to 
simulate blood flow in the coronary bypass conduit. Two 
implant angles, 30 and 90, as measured with respect to the 
direction of blood flow in the coronary artery, were modeled. 
Each conduit included a tapered configuration from a rela 
tively small diameter in flow communication with the left 
Ventricle to a relatively larger diameter in flow communi 
cation with the coronary artery. AS explained above, this 
tapered configuration forms a choke conduit having an 
asymmetrical flow resistance. The detailed geometry and 
boundary conditions are illustrated schematically in FIG. 
13. The fluid modeled was blood having a viscosity of 0.003 
kg/(m-s) and a density of 1000 kg/m. For the boundaries 
E-F and B-C, the time-dependent pressure boundary condi 
tions derived from the System simulation of the coronary 
circulation were imposed. In obtaining the boundary condi 
tions from the lumped parameter model Simulation, an 
infinite value for the Stenotic resistance was used. 

0094. The surface mesh of the bypass conduits used for 
the fluid dynamic analysis are shown in FIGS. 14a and 14b. 
FIG. 14a shows the bypass conduit angled at 90 to the 
direction of blood flow in the coronary artery, while FIG. 
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14b shows the bypass conduit angled at 30 to the direction 
of blood flow in the coronary artery and angled to direct the 
blood downstream of the occlusion. The results of the fluid 
dynamic analysis are shown in the Velocity vector plots of 
FIGS. 15a and 15b. These results correspond to a point in 
the cardiac cycle when left Ventricle reaches approximately 
its peak pressure and correspond to each of the bypass shunt 
geometries shown in FIGS. 14a and 14b, respectively. For 
the 90 case shown in FIG. 15a, a strong recirculating 
region near the interSection of the conduit with the coronary 
artery results from the separation of blood flow from the 
wall. On the other hand, for the 30 case shown in FIG. 15b, 
there is no Separation except in the region corresponding to 
the location of the occlusion. Since recirculating regions or 
regions of low shear StreSS are often associated with throm 
bus or clot formation, the Smaller angle would be beneficial 
in preventing occlusion of the shunt. 
0.095 Experiments with Various Bypass Conduit Con 
figurations 

0096. As the simulation of coronary blood flow using the 
lumped parameter model indicates, to optimize total coro 
nary artery flow for certain levels of partially occluded 
arteries, it is preferable to implant a bypass conduit having 
an asymmetrical flow resistance. That is, the preferred 
bypass conduit in these cases of Stenosed arteries will have 
a greater resistance to diastolic flow through the conduit 
from the coronary artery to the left ventricle than to systolic 
flow through the conduit from the left ventricle to the 
coronary artery. It is desirable, according to an aspect of the 
invention, that the bypass conduits having Such asymmetri 
cal flow resistances do not require the use of Valves and 
other mechanical flow control mechanisms. Rather, it is 
preferable to obtain Such asymmetrical flow resistances 
through the use of passive flow control mechanisms. Such as 
the geometrical configuration of the conduit, the geometry 
of the implant of the conduit, and other like characteristics. 
0097. To determine whether the geometries and design 
characteristics of various conduits could produce the desired 
asymmetrical flow resistances, a Series of experiments were 
conducted using various conduit flow path configurations 
and implant configurations. The experiments included test 
ing the various conduit configurations shown in FIGS. 
16a-16c. The conduit configuration shown in FIG. 16a 
includes a Smaller diameter opening in flow communication 
with the left Ventricle and a larger diameter opening in flow 
communication with the coronary artery. Tests were con 
ducted on a conduit according to the configuration FIG. 16a 
with Smaller diameters of 0.040 in. and 0.052 in. Both of 
these conduits had a larger diameter of 2 mm and a length 
of 2 cm. 

0098. Both the 0.040 in. and 0.052 in. Smaller diameter 
conduits of FIG. 16a taper inward slightly from the left 
ventricle with a radius of curvature R at the inwardly tapered 
portion of 0.010 inches. After tapering inward slightly, the 
conduits then taper outward at an angle as of 4, as measured 
with respect to the longitudinal axis of the conduit, to the 
larger diameter end of the conduits. The conduit configura 
tion shown in FIG. 16b has a constant inner diameter of 2 
mm and a length of 2 cm. The conduit configuration shown 
in FIG. 16c has a larger diameter opening in flow commu 
nication with the left ventricle tapering to a Smaller diameter 
opening in flow communication with the coronary artery. 
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The larger opening has an inner diameter of 6 mm, the 
Smaller opening has an inner diameter of 2 mm, and the 
length of the conduit is 2 cm. 

0099. The total resistance of a given bypass conduit 
implanted between the left ventricle and coronary artery 
results from the Sum of three component resistances. The 
first resistance corresponds to the resistance occurring in the 
transition Zone of the flow path between the ventricle and the 
lumen of the conduit. The Second resistance corresponds to 
resistance to flow of the lumen itself. The third resistance 
corresponds to the resistance to flow occurring at the tran 
Sition between the lumen flow path and the coronary artery. 
Thus, aside from varying the configuration of the lumen of 
the conduit, varying the configurations of the various tran 
sition Zones between the conduit and the left ventricle and 
the conduit and the coronary artery may influence the 
backward and forward resistances of the conduit. 

0100 FIGS. 17a-17c show three different test setups 
used in the experiments resulting in various transition Zone 
configurations. FIG. 17a shows a test setup used to simulate 
a right angle junction between the artery, represented by the 
flow path CA in the figure, and the conduit flow path C 
(designated "90 deg entry” in the results shown in FIGS. 
18a-18c and 19). FIG. 17b shows a test setup used to 
Simulate a 30 degree junction between the artery CA and the 
conduit flow path C (designated “30 degentry” in the results 
shown in FIGS. 18a-18c and 19). FIG. 17c shows an 
idealized test Setup which has no junction at all (designated 
“stent only” in the results shown in FIGS.18a-18c and 19). 
Each of the various transition Zone configurations shown in 
FIGS. 17a-17c were not necessarily tested with each of the 
conduit configurations shown in FIGS. 16a-16c. 

0101. In each experiment, the conduit flow paths were 
machined into a polycarbonate block. For the 90 degree and 
30 degree entry Setups, the conduit flow path to be tested was 
connected between two reservoirs, R1 and R2, as shown in 
FIGS. 17a and 17b, respectively. A section of silicone 
rubber tubing T was used to make one of the connections and 
a clamp CP was placed on the tubing to respectively permit 
and prevent or hinder flow through the conduit flow path. A 
plug P was placed in the coronary artery upstream of the 
junction between the conduit and the artery. Initially, one of 
the reservoirs was filled with enough water to prime the flow 
path and the other was filled with enough water to achieve 
the desired initial pressure acroSS the flow path. Initial water 
levels in each reservoir were recorded. For each of the test 
Setups the pressure at the inlet of the conduit was calculated 
as AP=pgh. The silicone rubber tubing T was then 
unclamped and a timer was started. Between 20 and 100 mls 
of water was allowed to flow through the stent. After this 
water flowed through the stent flow path, the tube T was 
clamped and the time Stopped and final water levels in each 
reservoir were recorded. This proceSS was repeated until the 
water levels in each reservoir were close enough to one 
another that the resultant flow was 20 ml/min or less. Data 
was entered into a spreadsheet and flow rates and average 
preSSure differentials for each data point were calculated. 

0102) Results of the experiments are shown in FIGS. 
18a-18c and 19. FIGS. 18a-18c show plots of pairs of lines 
corresponding to forward and backward, or reverse, flow 
Versus pressure for a specific conduit flow path configuration 
or artery junction setup. Thus, in FIG.18a, the results of the 
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experiment obtained using a conduit flow path configuration 
as shown in FIG. 16a are shown. In this graph, conduit flow 
path geometry for the 90 degree entry setup (FIG. 17a) and 
the conduit only setup (FIG. 17c) included a smaller open 
ing inner diameter of 0.052 in., whereas for the 30 degree 
entry setup (FIG. 17b) the Smaller opening inner diameter 
was 0.040 in. The 0.052 in. inner diameter was necessary 
due to fabrication requirements of those configurations. The 
Smaller inner diameter for the 30 degree entry case results in 
a greater overall resistance. As shown in FIG. 18a, in each 
case, the resulting forward or “to artery' flow is greater than 
the reverse or “to ventricle' flow for a given pressure. If all 
of the conduit flow path configurations used to obtain the 
results in FIG. 18a were the same, curves for the 30 degree 
entry case would be expected to lie between the conduit only 
and the 90 degree entry case. These results show that, while 
the degree of asymmetry is relatively Small, tapered conduits 
can be designed with asymmetric flow resistance, and that 
the more favorable configurations are those that have a 
relatively Small diameter on the Ventricular Side compared to 
that on the end attached to the coronary artery. Rounding at 
the ends of the conduit, especially at the Ventricular end, 
help to reduce the pressure drop during forward flow, as does 
a Smooth entry into the coronary artery. The trade-off is that 
the tapered shunts with asymmetric resistance might also 
have a higher mean flow resistance. The analysis helps to 
take all these factors into account to determine the optimal 
configuration for a given Situation. 

0103). Similar results as those in FIG. 18a are shown in 
FIGS. 18b and 18c for the conduit flow path configurations 
corresponding respectively to FIGS. 16b and 16c. The 
results of the so-called “funnel configuration' shown in 
FIG. 16c are plotted in FIG. 18c. As shown in this figure, 
this conduit flow path configuration resulted in the lowest 
overall mean resistance. Additionally, the flow rate through 
the conduit remained approximately the Same for both 
directions, that is, toward the Ventricle and toward the artery. 
An experiment with the funnel configuration for a 30 degree 
entry was not performed due to the relatively Symmetric 
resistances resulting with the 90 degree entry and conduit 
only setups. Thus, FIG. 18c only contains two pairs of 
plotted lines. 

0104 FIG. 18b shows the flow versus pressure results for 
the conduit flow path configuration of FIG. 16b. This 
conduit configuration is in the form of an essentially Straight 
tube having a constant 2 mm inner diameter. Experiments 
using this conduit flow path configuration were only per 
formed for the 30 degree and 90 degree setups. As can be 
seen from the graphs of flow versus pressure in FIG. 18b, 
when the Straight tube enters the artery at a 30 degree angle 
to the direction of blood flow in the artery, a noticeable 
difference in flow rate between the forward (i.e., to artery) 
and backward (i.e., to Ventricle) flow directions results. 
Although the difference is not as pronounced as in the flow 
path configuration of FIG. 16a, it is measurable. Further 
more, the overall flow resistance of the Simple tube con 
figuration is lower than that of the configuration of FIG. 
16a. For the 90 degree setup, the simple tube flow path 
configuration of FIG. 16b resulted in little difference in flow 
rate between the forward and backward flow directions. This 
Small asymmetry in resistance is likely associated with the 
turbulence formed by the jet of blood entering the ventricle, 
leading to asymmetry in the resistance to flow. 

Oct. 30, 2003 

0105 The computer simulated parametric flow studies 
discussed above characterized the Simulated conduit models 
in terms of flow resistance ratios, in addition to the overall 
conduit resistance. More specifically, the flow resistance 
ratio is the ratio of the resistance to backward flow from the 
coronary artery to the left ventricle during diastole to the 
resistance to forward flow from the left ventricle to the 
coronary artery during Systole. From the computer Studies, 
it was determined that a large resistance ratio produces the 
greatest distal coronary artery flow rate for any level of 
Stenosis or for total occlusion of the artery. However, when 
the coronary artery is partially occluded to a level Such that 
the stenotic resistance is 45 PRU, the asymmetric resistance 
can make the difference between a bypass conduit that may 
not benefit the patient and one that would. A bypass conduit 
having a resistance ratio of at least approximately 2 can thus 
be expected to result in a relatively good perfusion of the 
heart tissue. 

0106 Using the graphs in FIGS. 18a-18c, rough calcu 
lations of the experimentally measured resistance ratioS can 
be made. Since the flow VS. preSSure curves are slightly 
non-linear, the ratio is a relatively weak function of flow 
rate. For consistency, resistance ratios are calculated at 100 
ml/min and 200 ml/min for each set of experimental results 
contained in FIGS. 18a-18c. These flow rates are chosen 
Since they represent rough approximations to the average 
and peak arterial flow rates. The results of the resistance 
ratio calculations are found in tabulated from in FIG. 19. It 
should be noted that for the 30 degree entry case of the 
conduit flow path configuration of FIG. 16a, a flow rate of 
200 ml/min was slightly beyond the upper end of what could 
be achieved with the experimental Set up and the relatively 
high flow resistance of the conduit with a 0.040 in. Smaller 
opening inner diameter. Therefore, the resistance ratio was 
calculated at a flow rate of 150 ml/min instead. In reviewing 
the tabulated results shown in FIG. 19, the highest calcu 
lated resistance ratio was 1.6, which corresponded to the 
conduit configuration of FIG. 16a and the conduit only 
configuration. AS mentioned above, however, this Setup is an 
idealized situation and one that cannot be achieved when the 
conduit is implanted into the heart, as there will be a junction 
between the conduit and the coronary artery. However, this 
configuration achieved the highest resistance ratio of those 
configurations tested and this resistance ratio approached the 
desired value of 2 and thus is a promising result. 
0107 The tabulated results of FIG. 19 also show that 
resistance ratios of 1.2 and 1.3 were obtained for the flow 
path configurations of FIG. 16a with a 90 degree entry setup 
and a 30 degree entry Setup, respectively. For the Simple tube 
configuration (i.e., "Constant I.D.), the tabulated results 
show that for the 30 degree entry Setup, resistance ratioS of 
up to almost 1.4 can be obtained. Overall, the experiments 
show that a measurable difference in flow resistance as a 
function of direction of flow in the conduit can be obtained 
without the need of a check valve or the like. Rather, the 
conduit can be designed and implanted Such that a passive 
flow control is achieved by varying characteristics Such as, 
for example, the degree of taper of the conduit, the diameters 
of the Ventricle and artery openings, and the geometry of the 
implantation of the conduit in the heart wall between the left 
Ventricle and coronary artery. The experimental results also 
Seem to indicate that, in general, higher resistance ratioS may 
come at the expense of higher overall flow resistances. This 
should be considered when choosing a conduit design. 
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0108 Further experiments were performed to examine 
the effects of different Stent (or conduit) resistances on actual 
coronary blood flow. The conditions and results of these 
experiments are shown in FIG. 27. A choke device having 
a higher reverse flow resistance (ie, diastolic flow resis 
tance) than forward flow resistance (i.e., Systolic flow resis 
tance) was tested with the coronary artery pressure similar to 
the left ventricle pressure, i.e., high in Systole and low in 
diastole. Using this choke device, coronary blood flow was 
almost equal to flow under baseline conditions (39.97 
ml/min versus 143.49 ml/min). Using a conduit having a 
mild Symmetric resistance, total coronary blood flow 
decreased to 27.71 ml/min. However, negative diastolic flow 
was almost Zero. These results also confirm that mean 
coronary blood flow can be significantly increased through 
the use of an asymmetric conduit. 

0109) Conduit Configurations for Passive Flow Control 
0110 AS has been discussed above, one of the advantages 
of certain embodiments of the conduits of the present 
invention is that they can be designed to passively optimize 
fluid or blood flow through them. That is, the design or 
configuration of a conduit may be Such that it passively 
achieves flow control without microvalves, check valves, or 
other active or movable devices that stop flow through the 
conduit, either partially or completely, during at least a 
portion of the cardiac cycle. Such passive flow control can 
be designed into the geometry, configuration or features of 
a conduit So that it biases flow in one direction or the other. 
Thus, flow within and/or completely through the conduit 
may occur in either direction (whether simultaneously or 
severally), but net flow in the desired direction can be 
maximized by maximizing flow in that direction and/or 
minimizing flow in the opposite direction. Such passive flow 
control mechanisms may comprise, for example, tapers in 
the lumen or a changing inner diameter of the conduit, tapers 
and/or radii of curvature at the openings of the conduit, the 
angle of insertion of the conduit with respect to the axis of 
the coronary artery (or direction of blood flow in the artery), 
and other Similar conduit design characteristics or implan 
tation characteristics. 

0111 AS discussed above, in one preferred embodiment, 
flow control is achieved by maximizing flow through the 
conduit in one direction (preferably from the left ventricle to 
the coronary artery), but minimizing flow through the con 
duit in the opposite direction. In other words, in one embodi 
ment, it is advantageous to have a low conduit resistance in 
the forward direction (from the left ventricle to the coronary 
artery), but a higher resistance in the opposite direction. In 
that Sense, the conduit acts as a type of choke device having 
a higher reversed flow resistance or diastolic resistance than 
the forward flow or systolic resistance. 

0112 Referring to FIG. 20, a schematic, cross-sectional 
view a conduit 2000, designed to achieve flow optimization 
under certain circumstances, and which has an asymmetrical 
flow resistance, is shown. In this case, the conduit 2000, 
implanted in the heart wall HW, generally is curved with a 
varying wall thickness, and has a proximal end 2004 con 
figured to extend into the left ventricle LV. A distal end 2008 
curves So that its exit is approximately transverse to the 
direction of flow in the distal portion of the coronary artery 
CA. In this context, the term “distal' is used with respect to 
direction of desired flow and represents a location down 
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stream from a given point in the flow path. It will be 
observed that the proximal portion of the conduit 2000 
shown in FIG. 20 preferably extends into the left ventricle 
LV to take into consideration the changing wall thickness of 
the myocardium. Thus, the proximal portion of the conduit 
2000 may extend into the ventricle LV roughly 5%-30% to 
accommodate for Such changing wall thicknesses. During 
Systole, the myocardium HW contracts, thus increasing the 
thickness of the myocardium. The conduit 2000 of FIG. 20 
is designed to accommodate Such a thickening Such that its 
entrance 2012 will be approximately flush with the internal 
surface of the myocardium HW during systole. 
0113 Also, the proximal end 2004 of the conduit 2000 at 
the entrance 2012 is shaped So as to have a high radius of 
curvature, which is approximately 72 of the difference 
between the diameter at the exit 2016 and the diameter of the 
conduit 2000 at the entrance 2012, i.e. ROC (D-D)/2, as 
shown in FIG. 20. This curvature tends to reduce flow losses 
(or in other words, decreases resistance to flow) at the 
entrance 2012 as flow enters from the ventricle, thereby 
maximizing flow through the conduit during Systole. At the 
Same time, the decreased diameter at the entrance 2012 
increases the resistance to reverse diastolic flow at that 
location by producing a high Speed turbulent jet that dissi 
pates energy on entry into the Ventricular chamber, thus 
tending to decrease negative flow through the conduit 2000 
or flow from the coronary artery CA back into the ventricle 
LV. Thus, the proximal portion of the conduit 2000 is 
designed So as to achieve an abrupt expansion resulting in 
large exit losses and consequently high resistance to dias 
tolic flow. In addition, the wall thickness of the conduit 2000 
varies by a taper (0) of approximately 4, thus producing the 
differences in entrance and exit diameters. This degree of 
taper tends to minimize losses in a gradual conical expan 
Sion region. 

0114) At the distal end 2008, on the other hand, flow 
losses are minimized, So as to minimize flow resistance. 
Such exit losses are essentially Zero because the exit diam 
eter of the conduit 2000 approximates or matches the 
diameter of the coronary artery CA. Moreover, during 
diastolic flow, there will be losses at the exit of the conduit 
2000, thus increasing the resistance to such negative flow. 
The curved configuration of the distal end 2008 of the 
conduit 2000 also minimizes flow loss during diastole 
resulting from proximal flow through a partial occlusion. In 
other words, the distal end 2008 of the conduit 2000 can be 
constructed So as to allow a proximal flow passing a partial 
occlusion and contributing to the flow through the conduit 
2000 to produce an advantageous total coronary flow rate. 
Examples of Such distal end configurations that allow a 
proximal flow passing a partial occlusion to contribute to the 
flow through the conduit are described in PCT/US99/20484, 
filed Sep. 10, 1999 and published Mar. 23, 2000 as WO 
00/15146, the disclosure of which is incorporated by refer 
ence herein. Such distal designs for the conduit 2000 are 
described elsewhere herein and are compatible with the 
conduit of FIG. 20. Moreover, the conduit 2000 can be 
constructed from a rigid or flexible material, it may be a 
Solid wall or lattice structure (e.g., Stent-like) as described 
below. 

0115 Thus, the conduit 2000 of FIG. 20 is designed so 
as to optimize total flow rate by designing a certain flow 
resistance through the conduit 2000 in accordance with the 
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conditions indicated by the patient. In the case of conduit 
2000, this design is preferred at least when patient indica 
tions are total or near total proximal coronary artery occlu 
Sion. 

0116 FIG. 21 illustrates a similar embodiment to the 
conduit of FIG. 20., the conduit 2100 in FIG. 21 having a 
distal end 2108 that does not extend into the coronary artery 
CA. For the embodiment of the conduit in FIG. 21, the 
radius of curvature at the entrance 2108 is approximately 72 
of the difference between the diameter D of the coronary 
artery CA and the diameter of the conduit 2100 at the 
entrance 2112. The advantage in this design is that it does 
not obstruct flow coming from the partially obstructed artery 
upstream of the conduit. 
0117 FIG. 22 illustrates another embodiment in which a 
conduit 2200, like the conduits described in FIGS. 20 and 
21 above, has a proximal end 2212 with a lumen diameter 
Smaller than that at the distal end 2216. In this embodiment, 
the conduit preferably has a Substantially constant wall 
thickness Such that the outer wall and inner wall diameter of 
the conduit taper in size, preferably in a linear fashion, from 
the distal end 2216 to the proximal end 2212. The conduit 
2200 is provided at an angle in the heart wall to bias blood 
flow in a downstream direction into the coronary artery CA. 
More particularly, the conduit is positioned Such that its 
longitudinal axis is at an angle a1 to the perpendicular of the 
heart wall in the left Ventricle, and at an angle a2 to the axis 
of blood flow in the coronary artery. Angle a2 preferably is 
an acute angle to bias the blood flow downstream. For 
example, in one preferred embodiment, the angle a2 may be 
about 30 to bias blood flow downstream. 

0118 FIG.23 illustrates another embodiment in which at 
least a portion of the conduit and/or the lumen therein is 
tapered and angled to bias blood flow. Proximal end 2312 of 
tapered conduit 2300 is further provided with flanges, or 
bumps, 2302 that extend outward into the ventricle and over 
the heart wall HW to Secure the conduit 2300 to the heart 
wall. The distal end 2316 is flared Such that the end 2306 of 
the conduit is Somewhat rounded and opens nonlinearly 
outward, and the lumen increases in diameter toward the 
distal end 2306. In the embodiment shown, the end 2306 
does not extend into the coronary artery, although it will be 
appreciated that in this and other embodiments, Such exten 
sions are contemplated. FIG. 24 illustrates another embodi 
ment in which the lumen, after increasing linearly in diam 
eter from the proximal end 2302, maintains a constant 
diameter or even decreases slightly in diameter near the 
distal end 2306", while simultaneously curving the blood 
flow path to bias blood flow downstream into the artery. 
0119 FIG. 25 illustrates a further embodiment in which 
a conduit 2500, such as the conduit 2000 shown in FIG. 20, 
is disposed in the heart wall at an angle to bias blood flow 
downstream into the coronary artery CA. The conduit 2500 
may have a distal end 2508 that extends into the coronary 
artery CA, as described above. Alternatively, the distal end 
2608 can be substantially coextensive with the heart wall, 
Such as the conduit 2600 shown in FIG. 26. 

0120 FIG. 16a, described above with reference to the 
“Experiments with Various Bypass Conduit Configurations” 
section, illustrates a conduit 1600 having a proximal end 
1602 and a distal end 1604 and a lumen 1606 defined by an 
inner wall 1608 extending therethrough. The lumen 1606 is 
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designed Such that the opening at the proximal end 1602 into 
the heart chamber or left ventricle LV has a smaller diameter 
than the opening at the distal end 1604. In one embodiment, 
the proximal opening has a throat, or inner, diameter of 
0.040 inches (1.016 mm) or 0.052 inches (1.3208 mm), and 
the distal opening has a diameter of about 2 mm. In the 
embodiment shown, the length of the lumen 1606 between 
the proximal end and the distal end is about 2 cm. AS 
illustrated, the lumen 1606 preferably tapers and decreases 
in diameter away from the proximal end 1602. This decrease 
in lumen diameter is preferably determined by the inner wall 
1608 curving concave inward toward the central axis X of 
the lumen. As illustrated in FIG. 16a, this curvature can be 
defined by the radius of curvature R, which in one embodi 
ment, is about 0.010 inches (0.254 mm). 
0121. After the decrease in diameter away from the 
proximal end 1602, the lumen diameter preferably increases 
toward the distal end 1604. More preferably, the lumen 
diameter increases linearly toward the distal end 1604. As 
illustrated in FIG. 16a, the increase in diameter is deter 
mined by an angle as relative to the central axis X of the 
conduit. In one embodiment, the angle as is about 4 degrees. 
0.122 Although the conduit illustrated in FIG. 16a is 
shown with a constant wall thickness, it will be appreciated 
that other conduits having the Same or Similar inner lumen 
dimensions are contemplated having other Outer wall con 
figurations. For example, the Outer wall may have a constant 
diameter over part or the entire length of the conduit, Such 
as in the embodiments described above. It will also be 
appreciated that although the proximal end 1602 is shown as 
being approximately flush with the heart wall in the left 
Ventricle, the conduit may extend into the Ventricle as 
described in the embodiments above. Furthermore, the con 
duit 1600 is shown in FIG. 16a as being positioned in the 
heart wall at an angle a-4 of about 90 degrees relative to the 
axis of coronary artery flow. It will be appreciated that the 
angle a-4 may be varied as discussed above to bias blood flow 
downstream away from the blockage BL. 
0123. In the conduit designs of the preferred embodi 
ments, a geometry giving a resistance ratio of Ventricle to 
artery flow of approximately 2 is preferred, as was deter 
mined from the lumped parameter model parametric Studies. 
In general, the preferred conduit design makes it harder for 
fluid to flow toward the ventricle as it is to flow toward the 
artery. AS the experiment results have shown, a conduit of 
essentially the design of FIG. 16a with a throat diameter of 
about 0.052 inches at a 90 degree angle of entry a4 to the 
axis of the coronary artery achieves a flow resistance ratio of 
approximately 1.2. The same design having a 0.040 inch 
throat diameter at a 30 degree angle of entry a4 achieved a 
flow resistance ratio of approximately 1.3. Experimentation 
has also shown that to maximize the flow ratio, higher 
overall resistance is desired. 

0.124 Moreover, a conduit having a constant inner lumen 
diameter with an angle of entry a4 of about 90 degrees 
achieved a flow resistance ratio of approximately 1.2. The 
Same conduit provided at an angle of entry a-4 of about 30 
degrees achieved a flow resistance ratio of approximately 
1.4. Thus, decreasing the angle of entry alone can achieve 
good flow biasing. 

0.125 Overall, a relatively small diameter at the ventricle 
will generate considerable turbulence as flow enters the 
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Ventricle. ASSociated with the turbulence is a large loss of 
energy coupled with a lack of pressure recovery, i.e., pres 
Sure at the entry point inside the shunt is approximately 
equal to Ventricular pressure. A gradual taper from the 
Ventricle to the artery is expected to minimize flow Separa 
tion and turbulence inside the conduit, thereby minimizing 
the loSS of energy and allowing for pressure recovery when 
flow passes in the forward direction. The taper also leads to 
high wall shear Stresses on back flow and low Shear Stresses 
on forward flow, again producing a favorable resistance 
ratio. Matching the diameters of the conduit and the artery 
at the artery Side of the conduit, and reducing the angle 
between them also minimizes energy and preSSure drops 
corresponding to forward flow. Using typical estimates of 
preSSure losses associated with the taper, which can be 
obtained from standard fluid dynamic textbooks (e.g., Fluid 
Mechanics, Frank M. White, WCB/McGraw Hill, 1999, pp. 
370-374) indicates that resistance ratios of about 2 are 
possible to achieve for bypass conduits in accordance with 
the present invention. However, Such textbook values typi 
cally are obtained for conditions in which the flow rates, or 
Reynold's numbers, are considerably higher and therefore 
do not correspond directly to the predictions of the current 
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computer simulations or the actual experimental results 
obtained. This also demonstrates the usefulness of finite 
element calculations to model the flow through the conduit. 

0126. It will be understood that this disclosure, in many 
respects, is only illustrative. Changes may be made in 
details, particularly in matters of Shape, size, material, 
number and arrangement without exceeding the Scope of the 
invention. For example, the degree of taper, angle of implan 
tation, diameters of left ventricular and arterial openings, 
wall thickness, and other similar characteristics of the con 
duits may be modified depending on Such factors as the 
degree of occlusion of the artery being bypassed and the 
thickness of the heart wall, for example. Accordingly, the 
Scope of the invention is as defined in the language of the 
appended claims. 

0127. Other embodiments of the invention will be appar 
ent to those skilled in the art from consideration of the 
Specification and practice of the invention disclosed herein. 
It is intended that the Specification and examples be con 
sidered as exemplary only, with a true Scope and Spirit of the 
invention being indicated by the following claims. 
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Appendix A: Detailed formulation of the coronary 
it circulation analysis 

In this section, we present the detailed expressions of the computational procedure to 
simulate coronary circulation. The schematic diagram of the computational code is represented 
in Fig. 2. : 

Variables: 
P : 

Subscripts: 
li 
lv 
lo 

pV 
th 

Pressure (unit: mmHg) 
Flow rate (unit: ml/sec) 
Resistance (unit: mmHg sec/ml a PRU) 
Compliance (unit: ml/mmHg) 
Diode or check valve 
Volume (ml) 

Left ventricle inflow 
Left ventricle 
Left ventricle outflow 

Systemic arteries 
Stenosis of coronary arteries 
Bypass connection from left ventricle 
Shunt connection from left ventricle 
Shunt forward direction 
Shunt backward direction 
Coronary arterioles 
Coronary capillaries 
Intra-myocardium 
Coronary veins 
Extarcoronary arterioles 
Extracoronary veins 
Right atrium 

Right ventricle inflow 
Right ventricle 
Right ventricle outflow 

: Pulmonary arteries 
Pulmonary veins 
lntrathoracic 

the respective compartments are thus 

49 

The coronary circulation consists of three compartments: the coronary arteries, the 
coronary capillaries and the coronary veins. The effects of myocardial muscle contraction or 

i relaxation is produced by temporal variations in the bias pressure Pim.(t). The flow rates between 
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: . U Vy 

(P - P.), R if P. > P. (1) 4, 10 otherwise 
: 

(P - P) / R if P > F, 
R 9i t otherwise (2) 

. 

q = (P, - P) / R. (3) 
I 

i 
: R Ror if F, > P 

: = (P - P) / R. 4. -(i.-P. R. {{... if P < P. (4) 
i 

.. : (F - F) / R if P > P. 
coa - Rule) otherwise (5) 

(R, + f1 W.) 

For the shunt resistance in Eq. 4, the resistance values of the shunt can be changed 
according to the direction of flow. The forward and backward resistances are shown in Fig. 2. In 
Eq. 5, 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 
approaches 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. 5 reduces backward flow to zero as the capillary volume 
approaches zero. For flow into the veins and right atrium, a similar approach can be applied, 
producing the following two equations. 

(P - P.) 

(* f.') (6) 
CC R. R. otherwise - 

(R, + ff ) i 

- (a ) - if P. > P aff if R - , 7 
lcov if (P. - ...) (7) 

ov 

if P > Pov 

otherwise 

deca (P, - P.)/ R. (8) 

q = (P - P.)f R. (9) 

(10) law offices 

in NECAN, HENDERSON, 
FARABow, GARRE I, i. 
8 DUNNER, ...P, 
30 C I street, N. w. 

WAS Hi Ngton, oc aodos : 
2d2 - 4 Oa - addO 

(P. - P.) f R if P. > P. 
q = O otherwise 
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P - P) / R if P. D. P. q.- ...) / R if P. D. (11) 
O . otherwise 

q = (P - F), R, (12) 

| The state form of the node equations can be written in terms of these flow rates. 

(a) Conservation of mass at the left ventricular node yields: i 

It To -- 9. (13) 

dP. where g. = C(P.-P.)=C- (P - P. (14) dit 

align - 4a - (P - F) dC(t)/d (15) : 
dt C(t) i 

(a) At the systemic arteries node : 

dia = q + q, (16) 

P 
where q = C. (17) 

al, -9, (9, td.) (18) 
dt C 

(b) At the coronary artery node : 

g 9th =4 on 4 (1 9) 

dP 
where -C f 20 9 coa c) d ( ) 

a.o. (9, it 9a)-9a (21) 
d C 

Citi 

(c) At the coronary capillaries node : 

9 coa doned (22) 
law offices 

ECAN, HENDERSON, ; d(P. -- P.) 
ARABOw, GARRETT, where q = Co. (23) 

dt 3 DUNNER, L.L.P. 
loo I street, N. w. 
ri Neston, oc 2 odds 
232 -48 - a d 
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dP. 
df 

Capillary volume can be obtained by the relation. 
i. 

(d) Mass conservation at the coronary veins node : 

.. Coc (P. - Fap) 

4c - geoy + 9 ov 

where 
dP COW 

CW dt 

dP. - (loc 4kov 

dt Cov 
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(24) 

(25) 

(26) 

(27) 

(28) 

: For the capillary veins, venous pressure is calculated from the pressure-volume relation: 

- 0 a ( - ) P = VC e or cow (29) 

corresponding to a volume-dependent compliance, defined as the derivative of Voy with respect 
: to Pov : 

Here, V. i. cw 

up to 
C. cow 

is slope of the change in compliance. 

(e) Mass conservation at the extra-coronary veins node : 

(f) 

4-ca - 4-cy 4er 

ar C. fe 9ecy YC dt 

dP. = 3c - it 
dt C 

At the right atrium node : 

(1+d)'e', 's 

are the reference venous volume and compliance, respectively, and o is the 
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(31) 
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as + q = 9, 4. (34) 

: dP 
where q = C- (35) dt 

dP 4cow + 1c - qi : 7 COW c 1. 6 : 

dt Ca (36) 

(g) At the right ventricle node : 

By the same procedure with Eq. 15, we can get the equation for the right ventricle node. 

d. 9, 9, - (P - F) dC.(I)/al 
dt C(t) (37) 

(h) At the pulmonary arteries node : 

all - 4 - 9 p. (38) 
dt C pa 

(i) At the pulmonary veins node : 

d us 9. (39) 
dt C 

i 

i 
i 

t 
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Appendix B Parameter values 

Compartment Rin (PRU) Rout (PRU) C(ml/mmHg) Vo (ml) Sources 

| Left heart 0.01 (R) 0.006 0.4 - 10 5 Davis, 1991 
Systemic arteries 0.006 (Ro) 1.6 75 Davis, 1991 
Extra-coronary (Reac) 90 2450 Ursino, 1998 
Veins 1.00 0.05 (R) 

i Coronary arteries (Reay) Schreiner, 1989 | 
Coronary capillaries 13.5 0.4 0.0 Schreiner, 1989 

| Coronary veins (variable) (Rcoa) 0.2S 25 Schreiner, 1989 
13.5 1.37 (Variable) 

Right atrium (Rcoa) (Rcoc) 31.0 25 Ursino, 1998 
t; Right heart 1.37 0.6 (Rcov) 1.2 - 20 15 Davis, 1991 
Pulmonary arteries (Rco) 4.3 90 Davis, 1991 
Pulmonary veins 0.0025 (Ra) 8.4 490 Davis, 1991 

0.003 
0.0025 (Ra) (R) 

i: 0.003 0.08 (R) 
;: (Rro) 0.01 (R) 

0.08 (R) 

Stenosis Resistance : Variable 
Bypass resistance Rby = 0.0001 
Intramyocardium Pimp(t) = 0.75xPlv(t) 
Pressure 

Total blood volume V = 5000 ml 
Reference coronary v0 - 25ml 
venous volume cov : 
Reference coronary 
venous volume C = 0.25 ml/mmHg 
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What is claimed is: 
1. A bypass conduit for implantation in a heart to bypass 

an at least partially occluded artery, comprising: 
a first end defining a first opening; 
a Second end opposite the first end and defining a Second 

opening, and 
a wall extending between the first and Second ends 

defining a lumen extending between the first and Sec 
ond openings, wherein Said ends and Said wall are 
configured Such that the conduit has a greater resistance 
to blood flow in a first direction than in a second 
direction. 

2. The bypass conduit of claim 1, wherein the conduit is 
configured to be implanted in a heart wall with the first 
opening configured to be in flow communication with the 
left ventricle and the Second opening configured to be in 
flow communication with the artery at a location down 
Stream from the occlusion. 

3. The bypass conduit of claim 2, wherein the ratio of the 
resistance to blood flow through the conduit from the artery 
to the left ventricle to a resistance to blood flow through the 
conduit from the left ventricle to the artery is greater than 
approximately 1.1. 

4. The bypass conduit of claim 2, wherein a ratio of a 
resistance to blood flow conduit from the artery to the left 
ventricle to a resistance to blood flow through the conduit 
from the left Ventricle to the artery is approximately 2. 

5. The bypass conduit of claim 1, wherein the artery has 
a resistance to blood flow of at least approximately 45 
mmHg Sec/ml to approximately 76 mmHg Sec/ml at a 
location of an occlusion. 
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6. A method of bypassing an at least partially occluded 
artery, comprising: 

determining a resistance to blood flow of the artery at a 
location of an at least partial occlusion; 

Selecting a conduit having a configuration based on the 
resistance to blood flow of the artery at the location of 
the at least partial occlusion; and 

implanting the conduit in a heart wall between a heart 
chamber and the artery downstream of the at least 
partial occlusion to directly flow blood between the 
chamber and the artery. 

7. The method of claim 6, wherein the selecting includes 
Selecting a conduit having a higher resistance to blood flow 
in a direction from the artery to the chamber than in a 
direction from the chamber to the artery when the resistance 
to blood flow of the artery at the location of the at least 
partial occlusion ranges from approximately 45 mmHg 
sec/ml to 76 mmHg sec/ml. 

8. A bypass conduit for implantation in a heart to bypass 
an at least partially occluded artery, comprising: 

a first end defining a first opening; 
a Second end opposite the first end defining a Second 

opening, and 
a wall extending between the first and Second ends 

defining a lumen extending between the first and Sec 
ond openings, wherein Said conduit is configured to 
have a greater resistance to blood flow in a first 
direction than in a Second direction without any active 
flow control mechanism. 

k k k k k 


