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(57) ABSTRACT 

An extracardiac pumping for supplementing the circulation 
of blood, including the cardiac output, in a patient without 
any component thereof being connected to the patient’s 
heart, and methods of using same. One embodiment of the 
intravascular extracardiac system comprises a pump with 
in?ow and out?ow conduits that are siZed and con?gured to 
be implantable intravascularly through a non-primary ves 
sel, whereby it may positioned where desired within the 
patient’s vasculature. The system comprises a subcardiac 
pump that may be driven directly or electromagnetically 
from within or without the patient. The pump is con?gured 
to be operated continuously or in a pulsatile fashion, syn 
chronous with the patient’s heart, thereby potentially reduc 
ing the afterload of the heart. In another embodiment, the 
system is positioned extracorporeally, with the in?ow con 
duit and out?ow conduit applied percutaneously to a non 
primary vessel for circulating blood to and from the non 
primary vessel or between the non-primary vessel and 
another blood vessel within the patient’s vasculature. 
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IMPLANTABLE HEART ASSIST SYSTEM AND 
METHOD OF APPLYING SAME 

RELATED APPLICATIONS 

[0001] This application is a continuation of US. applica 
tion Ser. No. 10/878,592, ?led Jun. 28, 2004, Which is a 
continuation of US. application Ser. No. 10/408,926, ?led 
Apr. 7, 2003, Which is a continuation of US. application Ser. 
No. 10/078,260, ?led on Feb. 15, 2002, now US. Pat. No. 
6,610,004, all of Which are incorporated herein by reference 
in their entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to a system 
for assisting the heart and, in particular, to an extracardiac 
pumping system and a method for both supplementing the 
circulation of blood through the patient and for enhancing 
vascular blood mixing using a minimally invasive proce 
dure. 

BACKGROUND OF THE INVENTION 

[0003] During the last decade, congestive heart failure 
(CHF) has burgeoned into the most important public health 
problem in cardiovascular medicine. As reported in Gilum, 
R. E, Epidemiology ofHeart Failure in the US, 126 Am. 
Heart J. 1042 (1993), four hundred thousand (400,000) neW 
cases of CHF are diagnosed in the United States annually. 
The disorder is said to affect nearly 5 million people in this 
country and close to 20 million people WorldWide. The 
number of hospitaliZations for CHF has increased more than 
three fold in the last 15 years. Unfortunately, nearly 250,000 
patients die of heart failure annually. According to the 
Framingham Heart Study, the 5-year mortality rate for 
patients With congestive heart failure Was 75 per cent in men 
and 62 per cent in Women (Ho, K. K. L., Anderson, K. M., 
Kannel, W. B., et al., Survival After the Onset of Congestive 
Heart Failure in Framingham Heart Study Subject, 88 
Circulation 107 (1993)). This disorder represents the most 
common discharge diagnosis for patients over 65 years of 
age. Although the incidence of most cardiovascular disor 
ders has decreased over the past 10 to 20 years, the incidence 
and prevalence of congestive heart failure has increased at a 
dramatic rate. This number Will increase as patients Who 
Would normally die of an acute myocardial infarction (heart 
attack) survive, and as the population ages. 

[0004] CHF manifests itself primarily by exertional dys 
pnea (difficult or labored breathing) and fatigue. Three 
paradigms are used to describe the causes and therapy of 
CHF. The ?rst vieWs this condition in terms of altered pump 
function and abnormal circulatory dynamics. Other models 
describe it largely in terms of altered myocardial cellular 
performance or of altered gene expression in the cells of the 
atrophied heart. In its broadest sense, CHF can be de?ned as 
the inability of the heart to pump blood throughout the body 
at the rate needed to maintain adequate blood How, and 
many of the normal functions of the body. 

[0005] To address CHF, many types of cardiac assist 
devices have been developed. A cardiac or circulatory assist 
device is one that aids the failing heart by increasing its 
pumping function or by alloWing it a certain amount of rest 
to recover its pumping function. Because congestive heart 
failure may be chronic or acute, different categories of heart 
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assist devices exist. Short of a heart transplant, at least tWo 
types of chronic heart assist systems have been developed. 
One type employs a full or partial prosthetic connected 
betWeen the heart and the aorta, one example of Which is 
commonly referred to as a LVADiLeft Ventricular Assist 
Device. With reference to FIG. 1 herein, one example of a 
LVAD 2 is shoWn. The LVAD comprises a pump and 
associated valves 4 that draWs blood directly from the apex 
of the left ventricle 6 and directs the blood to the aortic arch 
8, bypassing the aortic valve. In this application, the left 
ventricle stops functioning and does not contract or expand. 
The left ventricle becomes, in effect, an extension of the left 
atrium, With the LVAD 2 taking over for the left ventricle. 
The ventricle, thus, becomes a loW-pressure chamber. 
Because the intent is to take over for the left ventricle, the 
LVAD operates by pumping blood at cardiac rates. With an 
LVAD, oxygenated blood circulation is established suf?cient 
to satisfy the demand of the patient’s organs. Under these 
circumstances, hoWever, continuous How may not be desired 
because the patient’s arterial system is deprived of pulsatile 
Wave ?oW, Which is bene?cial to certain parts of the patient. 

[0006] Another type of chronic heart assist system is 
shoWn in US. Pat. No. 5,267,940 to Moulder. Moulder 
describes a pump implanted into the proximal descending 
aorta to assist in the circulation of blood through the aorta. 
Because it is intended to pump blood ?oWing directly out of 
the heart, it is important that the Moulder device operate in 
a properly timed, pulsatile fashion. If it is not operated in 
direct synchronization With the patient’ s heart, there is a risk 
that the pump might cause “carotid steal phenomenon” 
Where blood is draWn aWay from the patient’s brain through 
the carotid arteries When there is insufficient blood in the left 
ventricle. 

[0007] In addressing acute CHF, tWo types of heart assist 
devices have been used. One is counterpulsatory in nature 
and is exempli?ed by an intra-aortic balloon pump (IABP). 
With an IABP, the balloon is collapsed during isovolumic 
contraction, providing a reduced pressure against Which the 
heart must pump blood, thereby reducing the load on the 
heart during systole. The balloon is then expanded, forcing 
blood omnidirectionally through the arterial system. Another 
example of this ?rst type employs one or more collapsible 
chambers in Which blood ?oWs passively into the chamber 
during systole, as is shoWn in US. Pat. No. 4,240,409 to 
Robinson et al. The chamber is then collapsed and the blood 
forcibly returned to the aorta. These devices simulate a 
chamber of the heart and depend upon an in?atable bladder 
to effectuate pumping action, requiring an external pneu 
matic driver. Moreover, they do not operate as a continuous 
?oW system, operating exclusively in pulsatile fashion. 

[0008] A second type of acute assist device utiliZes an 
extracorporeal pump, such as the Biomedicus centrifugal 
pump, to direct blood through the patient While surgery is 
performed on the heart. In one example, described in US. 
Pat. No. 4,968,293 to Nelson, the heart assist system 
employs a centrifugal pump in Which the muscle of the 
patient is utiliZed to add pulsatility to the blood How. The 
Nelson device is used to bypass a portion of the descending 
aorta. 

[0009] Another device, shoWn in US. Pat. No. 4,080,958 
to Bregman et al., utiliZes an in?atable and collapsible 
bladder to assist in blood perfusion during heart trauma and 



US 2006/0270894 A1 

is intended to supplement a conventional heart-lung machine 
by imparting pulsatile actuation. In the primary embodiment 
disclosed in Bregman, the balloon is controlled to maintain 
su?icient pressure at the aortic root during diastole to ensure 
su?icient blood perfusion to the coronary arteries. In an 
alternative embodiment, a loW resistance outlet from the 
aorta to the inferior vena cava is provided to reduce the 
aortic pressure during systole, thus, reducing the hemody 
namic load on the left ventricle. 

[0010] Other devices, such as that shoWn in Us. Pat. No. 
4,034,742 to Thoma, depend upon interaction and coordi 
nation With a mechanical pumping chamber containing a 
movable pumping diaphragm. These devices are intended 
primarily for application proximate the heart and Within the 
patient’s thorax, requiring major invasive surgery. 

[0011] Many CHF devices are acutely used in the perio 
perative period. For example, U.S. Pat. No. 4,995,857 to 
Arnold discloses a perioperative device to pump blood at 
essentially cardiac rates during surgery When the heart has 
failed or has been stopped to perform cardiac surgery. The 
Arnold system temporarily replaces the patient’s heart and 
lung and pumps blood at cardiac rates, typically 5 to 6 
liters/min. Like all systems that bypass the heart and the 
lungs, an oxygenator is required. Of course, With any system 
that includes an oxygenator, such as the conventional heart 
lung machine, the patient cannot be ambulatory. 

[0012] With early IABP devices, a polyurethane balloon 
Was mounted on a vascular catheter, inserted into the femo 
ral artery, and positioned in the descending aorta just distal 
to the left subclavian artery. The balloon catheter Was 
connected to a pump console that pumped helium or carbon 
dioxide into the balloon during diastole to in?ate it. During 
isovolumic contraction, i.e., during the brief time that the 
aortic valve is closed and the left ventricle continues to 
contract, the gas used to actuate the balloon Was rapidly 
WithdraWn to de?ate the balloon. This reduced the pressure 
at the aortic root When the aortic valve opened. In contrast, 
during diastole, the balloon Was in?ated, causing the dias 
tolic pressure to rise and pushing the blood in the aorta 
distally toWards the loWer part of the body (on one side of 
the balloon) and proximally toWard the heart and into the 
coronary arteries (on the other). 

[0013] The major advantage in such a counterpulsation 
device Was systolic de?ation, Which loWered the intra-aortic 
volume and pressure, reducing both afterload and myocar 
dial oxygen consumption. In other Words, When the balloon 
is in?ated, it creates an arti?cially higher pressure in the 
aorta, Which has the ancillary bene?t of greater perfusion 
through the coronary arteries. When the balloon de?ates, 
just before the aortic valve opens, the pressure and volume 
of the aorta decrease, relieving some of the hemodynamic 
burden on the heart. These physiologic responses improved 
the patient’s cardiac output and coronary circulation, tem 
porarily improving hemodynamics. In general, counterpul 
sation With an IABP can augment cardiac output by about 
15%, this being frequently su?icient to stabiliZe the patient’ s 
hemodynamic status, Which might otherWise rapidly dete 
riorate. When there is evidence of more e?icient pumping 
ability by the heart, and the patient has moved to an 
improved class of hemodynamic status, counterpulsation 
can be discontinued, by sloWly Weaning While monitoring 
for deterioration. 
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[0014] Until 1979, all IABP catheters Were inserted via 
surgical cutdoWn, generally of the femoral artery. Since 
then, the development of a percutaneous IABP catheter has 
alloWed quicker, and perhaps safer, insertion and has 
resulted in more expeditious institution of therapy and 
expansion of clinical applications. In?ation and de?ation of 
the balloon, hoWever, requires a pneumatic pump that is 
su?iciently large that it must be employed extracorporeally, 
thereby restricting the patient’s movements and ability to 
carry out normal, daily activities. IABP devices are, thus, 
limited to short term use, on the order of a feW days to a feW 
Weeks. 

[0015] As discussed above, a variety of ventricular assist 
pumping mechanisms have been designed. Typically asso 
ciated With LVADs are valves that are used in the inlet and 
outlet conduits to insure unidirectional blood ?oW. Given the 
close proximity of the heart, unidirectional ?oW Was neces 
sary to avoid inadvertent back?oW into the heart. The use of 
such valves also minimiZed the thrombogenic potential of 
the LVAD device. 

[0016] Typically, the pump associated With older LVADs 
Was a bulky pulsatile ?oW pump, of the pusher plate or 
diaphragm style, such as those manufactured by Baxter 
Novacor or TCI, respectively. Given that the pump Was 
implanted Within the chest and/or abdominal cavity, major 
invasive surgery Was required. The pumps Were typically 
driven through a percutaneous driveline by a portable exter 
nal console that monitors and reprograms functions. 

[0017] Alternatively, rotary pumps, such as centrifugal or 
axial pumps, have been used in heart assist systems. With 
centrifugal pumps, the blood enters and exits the pump 
practically in the same plane. An axial pump, in contrast, 
directs the blood along the axis of rotation of the rotor. 
Inspired by the Archimedes screW, one design of an axial 
pump has been miniaturized to about the siZe of a pencil 
eraser, although other designs are larger. Despite its small 
siZe, an axial pump may be su?iciently poWerful to produce 
?oWs that approach those used With older LVADs. Even With 
miniaturized pumps, hoWever, the pump is typically intro 
duced into the left ventricle through the aortic valve or 
through the apex of the heart, and its function must be 
controlled from a console outside the body through percu 
taneous lines. 

[0018] All of these heart assist systems referred to above 
serve one or both of tWo objectives: (1) to improve the 
performance of a patient’s operative-but-diseased heart from 
the minimum, classi?ed as NYHAC Class IV, to practically 
normal, classi?ed as I or 0; or (2) to supplement oxygenated 
blood circulation through the patient to satisfy organ 
demand When the patient’ s heart is suffering from CHF. With 
such systems, extreme pumping and large amounts of 
energy, volume, and heat dissipation are required. 

[0019] Many of these heart assist systems have several 
general features in common: 1) the devices are cardiac in 
nature; i.e., they are placed directly Within or adjacent to the 
heart, or Within one of the primary vessels associated With 
the heart (aorta), and are often attached to the heart and/or 
aorta; 2) the devices attempt to reproduce pulsatile blood 
?oW naturally found in the mammalian circulatory system 
and, therefore, require valves to prevent back?oW; 3) the 
devices are driven from external consoles, often triggered by 
the electrocardiogram of the patient; and 4) the siZe of the 
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blood pump, including its associated connectors and acces 
sories, is generally unmanageable Within the anatomy and 
physiology of the recipient. Due to having one or more of 
these features, the prior art heart assist devices are limited in 
their effectiveness and/or practicality. 

[0020] Many of the above identi?ed prior art systems, 
generally referred to as Mechanical Circulatory Assist 
Devices, are not the only means, hoWever, used to treat 
patients With congestive heart failure (CHF). Most CHF 
patients are prescribed as many as ?ve to seven different 
drugs to ameliorate their signs and symptoms. These drugs 
may include diuretics, angiotensin converting enZyme 
(ACE) inhibitors, beta-blockers, cardiac glycosides, and 
peripheral vasodilators. The rationale for pharmacological 
intervention in heart failure include minimizing the load on 
the heart, improving the pumping action of the heart by 
enhancing the contractility of the muscle ?bers, and sup 
pression of harmful neurohormonal compensatory mecha 
nisms that are activated because of the decreased pumping 
function of the heart. 

[0021] Noncompliance With What is often a complex drug 
regime may dramatically adversely affect the recovery of a 
CHF patient leading to the need for hospitaliZation and 
possibly morbidity and mortality. In addition, ACE inhibi 
tors and diurectics can cause hypotension, Which leads to 
decreased organ perfusion or an increasing demand on the 
heart to pump more blood. This leads to an inability, in many 
cases, to prescribe the most effective dosage of ACE inhibi 
tors and a less than optimum outcome for the patient. 
Patients suffering from CHF With the underlying cause of 
mitral valve insuf?ciency have been able to have their 
diuretics reduced folloWing surgical repair of their mitral 
valve. This is due to an increased cardiac output and arterial 
pressures (as a result of the correction of the problem) 
resulting in more effective organ perfusion. With the reduc 
tion in the use of diuretics and the resultant hypotension, 
more effective dosages of ACE inhibitors can be used With 
more favorable outcomes. In addition, it is easier for the 
patient to folloW a less complex drug regime, eliminating the 
costly and life threatening risks associated With noncompli 
ance. 

[0022] When blood ?oW through the coronary arteries 
falls beloW the level needed to provide the energy necessary 
to maintain myocardial function, due often to a blockage in 
the coronary arteries, a myocardial infarction or heart attack 
occurs. This is a result of the blockage in the coronary 
arteries preventing blood from delivering oxygen to tissues 
doWnstream of the blockage. The closer the blockage is to 
the coronary ostia, hoWever, the more severe and life threat 
ening the myocardial infarction. The farther the location of 
the blockage is from the coronary ostia, the smaller the area 
of tissue or myocardium that is at risk. As the energy stored 
in the affected area decreases, myocardial cells begin to die. 
The larger the area that dies due to the loss of oxygen, the 
more devastating the infarction. To reduce the area at risk, 
at least tWo knoWn options are to either increase the oxygen 
supply to the affected area or decrease the energy demands 
of the heart to prolong energy stores until the blockage can 
be removed or reduced. One particular method to increase 
blood ?oW, thereby increasing delivery of oxygen to the 
affected area, is through a technique called retroperfusion. 
This is accomplished by passing a cannula into either the 
right or left ventricle (depending on the area of the blockage) 
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and perfusing oxygenated blood retrograde up the coronary 
artery on the doWnstream side of the blockage. Another 
method is to use drugs to increase the force of contraction of 
the myocardium, creating increased blood ?oW across the 
blocked area. Yet another method is to use drugs, such as 
pentoxifylline, aspirin, or TPA (tissue plaminogen activator), 
to reduce the viscosity of (thin out) the blood, inhibit platelet 
aggregation, or lyse thrombi (clots), respectively, thus, 
alloWing more blood to pass by the blockage. The goal of all 
of these methods is to increase the delivery of oxygen to the 
tissue at risk. 

[0023] The alternative option mentioned above is to 
reduce the energy demands of the myocardium and increase 
the amount of time before irreversible damage occurs. This 
can be accomplished by reducing the Workload of the left 
ventricle (Which is the largest energy-consuming portion of 
the heart). An IABP is placed into the aorta and used as 
described above, resulting in a decreased afterload on the 
heart and increased perfusion of the coronary arteries and 
peripheral organs. An alternative Way to reduce myocardial 
oxygen demand is to reduce the volume of blood the left 
ventricle must pump. This can be accomplished by reducing 
the load on the left ventricle, such as in a cardiopulmonary 
bypass or use of an LVAD. Unloading the left ventricle 
decreases the energy requirements of the myocardium and 
increases the amount of time before irreversible damage 
occurs. This provides an opportunity to more effectively 
remove or decrease the blockage and salvage myocardial 
function. To be successful, each of these techniques must be 
implemented Within a short amount of time after the onset of 
a myocardial infarction. The disadvantage, hoWever, is that 
each of these techniques can only be performed in an 
emergency room or hospital setting. Unless the patient is 
already in the hospital When the myocardial infarction 
occurs, there is usually some level of irreversible damage 
and subsequent loss of myocardial function. 

[0024] It Would be advantageous, therefore, to employ a 
heart assist system that avoids major invasive surgery and 
also avoids the use of peripheral equipment that severely 
restricts a patient’s movement. It Would also be advanta 
geous to have such a heart assist system that can be 
employed in a non-hospital setting for ease of treating acute 
heart problems under emergency conditions. 

SUMMARY OF THE INVENTION 

[0025] The object of the present invention is to address the 
aspect of CHF that results from altered pump function and 
abnormal circulatory dynamics While overcoming the limi 
tations of prior art heart assist systems. Without functioning 
as a bypass to one or more of a patient’s organs, the present 
invention comprises an extracardiac pumping system for 
supplementing the circulation of blood through the patient 
Without any component thereof being connected to the 
patient’s heart or primary vessels. Thus, it is extracardiac in 
nature. With the ability to be applied Within a minimally 
invasive procedure, the present invention signi?cantly 
improves the condition of the patient suffering from CHF, 
resulting in the patient feeling much better, even Where CHF 
continues. By supplementing the pumping action of the 
heart, in lieu of replacing it, the various embodiments of the 
present invention take advantage of the pulsatile action of 
the heart, despite its Weakened condition, to effectively 
deliver blood to body organs that bene?t from pulsatile 
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delivery of oxygenated blood. As a result, the present 
invention is capable of being operated in a continuous ?oW 
fashion or, if desired, in a pulsatile ?oW fashion. 

[0026] An ancillary but important bene?t of the present 
invention is the ability to apply the present invention in such 
a Way as to also reduce the pumping load on the heart, 
thereby potentially permitting the heart to recover during 
use. With the present invention, no bulky pump, valves or 
oxygenator are required, and no thoracic invasion With 
major cardiac surgery is required. Indeed, a signi?cant 
advantage of the present invention is its simplicity While 
achieving extraordinary results in improving the condition 
of a patient suffering from CHF. It is contemplated that the 
present invention be applied such that the heart experiences 
a reduced pressure at the aortic root during systole (after 
load) and/ or a reduced left ventricular end diastolic pressure 
(pre-load), thus reducing the hemodynamic burden or Work 
load on the heart and, thus, permitting the heart to recover. 

[0027] The extracardiac system of the present invention 
preferably comprises, in several embodiments, a rotary 
pump con?gured to pump blood through the patient at 
subcardiac rates; i.e., at a ?oW rate signi?cantly beloW that 
of the patient’s heart. Other types of pumps or ?oW gener 
ating mechanisms may be effective as Well, including but not 
limited to rotating means, e.g., an Archimedes screW or 
impeller housed Within an open or closed housing, either of 
Which may be cable driven or shaft driven. Pumping the 
blood tends to revitalize the blood to a certain extent by 
imparting kinetic and potential energy to the blood dis 
charged from the pump. Importantly, the preferred pump for 
the present invention pumping system is one that requires a 
relatively loW amount of energy input, When compared to 
prior art pumps designed to pump at cardiac rates. The pump 
may be implanted corporeally or more speci?cally intravas 
cularly, or it may be positioned extracorporeally, depending 
upon the capability, practicality, or need of the patient to be 
ambulatory. 

[0028] The present invention also comprises, in several 
embodiments, an in?oW conduit ?uidly coupled to the 
pump, to direct blood to the pump from a ?rst blood vessel, 
either the aorta or a ?rst peripheral or non-primary vessel, 
either directly or indirectly through another blood vessel, 
Wherein insertion of the pump and/or in?oW conduit is 
through a non-primary blood vessel. The invention further 
comprises an out?oW conduit ?uidly coupled to the pump, 
to direct blood from the pump to a second blood vessel, 
either the aorta or a second peripheral or non-primary blood 
vessel, Whether directly to the second vessel or indirectly 
through the ?rst or other peripheral or non-primary blood 
vessel. The connection of the in?oW and out?oW conduits to 
the respective blood vessels is performed subcutaneously; 
not so deep as to involve major invasive surgery. In other 
Words, minimally subdermal. This permits application of the 
connections in a minimally-invasive procedure. Preferably, 
the connections to the blood vessels are just beloW the skin 
or just beloW the ?rst layer of muscle, depending upon the 
blood vessels at issue or the location of the connection, 
although slightly deeper penetrations may be necessary for 
some patients or for some applications. 

[0029] In one embodiment, the present invention is con 
?gured so that it may be applied at a single cannulated site 
and comprises, for example, a multi-lumen catheter having 
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at least one lumen as an in?oW lumen and a second lumen 
as an outlet lumen. The multi-lumen catheter has an in?oW 
port in ?uid communication With the in?oW lumen. With this 
embodiment, blood may be draWn into the in?oW port of the 
?rst lumen from a ?rst peripheral or non-primary blood 
vessel site, either the blood vessel into Which the multi 
lumen catheter is inserted or a different blood vessel. The 
output of the pump directs blood through a second (outlet) 
port at the distal end of the second lumen that may be located 
in a second peripheral or non-primary vessel site. This 
method accomplishes the same bene?cial results achieved in 
the previously described embodiments, but requires only a 
single cannulated site, rather than tWo such sites. It should 
be appreciated that the multi-lumen catheter could be used 
in a manner Where the out?oW of the cannula is directed to 
the ?rst vessel, While the in?oW is draWn from the second 
vessel. Further still, it should be appreciated that in one 
application the in?oW lumen could be positioned to draW 
blood from a peripheral or non-primary vessel at the site of 
entry into the patient While the out?oW could be positioned 
in the aorta, proximate an arterial branch. 

[0030] The pump of the present invention may be a 
continuous ?oW pump, a pulsatile pump, and/or a hybrid 
pump that is con?gured to generate ?oW in both a continu 
ous and pulsatile format. The pump may be implantable and 
is used to ?uidly connect tWo blood vessels, such as the 
femoral artery at the in?oW and the left axillary artery at the 
out?oW, although other peripheral or non-primary arterial 
and venous blood vessels are contemplated, as Well as any 
singular and/or cumulative combination thereof. An alter 
native embodiment employs both a continuous ?oW and a 
pulsatile ?oW pump connected in parallel or in series and 
operating simultaneously or in an alternating fashion. Yet 
another alternative embodiment employs a rotary pump that 
is controllable in a synchronous copulsating or counterpul 
sating fashion, or in some out-of-phase intermediate thereof. 

[0031] It is contemplated that, Where the entire system of 
the present invention is implanted, that it be implanted 
subcutaneously Without the need for major invasive surgery 
and, preferably, extrathoracically. For example, the pump 
may be implanted in the groin area, With the in?oW conduit 
attached to the femoral or iliac artery proximate thereto and 
the out?oW conduit attached to the axillary artery proximate 
the shoulder. It is contemplated that the out?oW conduit be 
applied by tunneling it under the skin from the pump to the 
axillary artery. Alternatively, the pump and conduits may be 
applied intravascularly through a non-primary blood vessel 
in a subcutaneous application. In such an embodiment, the 
pump is siZed and con?gured to be positioned Within or pass 
through a non-primary vessel and introduced via a percuta 
neous insertion or a surgical cutdoWn With or Without 
accompanying in?oW and out?oW conduits. The pump may 
be enclosed Within a conduit through Which blood may be 
directed, an open housing having a cage-like arrangement to 
shield the pump blades from damaging the endothelial 
lining, or a closed housing having an inlet and outlet to 
Which in?oW and out?oW conduits may be respectively 
attached. 

[0032] Where implanted, the pump is preferably poWered 
by an implantable poWer source, such as for example a 
battery, that may be regenerated externally by an RF induc 
tion system or be replaced periodically, and/or a self 
generating poWer source that, for example, draWs energy 
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from the human body (e.g., muscles, chemicals, heat). The 
pump may alternatively be powered by a rotatably driven 
cable extending and controlled extracorporeally. 

[0033] The present invention also comprises a method for 
supplementing the circulation of blood in the patient and 
potentially reducing the Workload on the heart of a patient 
Without connecting any component to the patient’s heart. 
The inventive method comprises the steps of implanting a 
pump con?gured to generate blood ?oW at volumetric rates 
that are on average subcardiac, Wherein the pump may have 
an in?oW and out?oW conduit attached thereto and may be 
enclosed in an open or closed housing; ?uidly connecting a 
distal end of the in?oW conduit to a ?rst peripheral or 
non-primary blood vessel With a minimally-invasive surgi 
cal procedure to permit the How of blood to the pump from 
the ?rst peripheral or non-primary blood vessel of the 
patient; implanting the in?oW conduit subcutaneously; ?u 
idly connecting a distal end of the out?oW conduit to a 
second peripheral or non-primary blood vessel With a mini 
mally-invasive surgical procedure to permit the How of 
blood aWay from the pump to the second blood vessel of the 
patient; and operating said pump to perfuse blood through 
the patient’s circulatory system. Where the peripheral blood 
vessel is the axillary artery, the step of connecting the distal 
end of the out?oW conduit may be performed in such a 
manner that a suf?cient How of blood is directed toWard the 
hand to avoid limb ischemia While ensuring that suf?cient 
How is directed toWard the aorta Without damaging the 
endothelial lining of the axillary vessel. The same concerns 
for avoiding limb ischemia and damage to the endothelial 
lining Would apply, hoWever, regardless of the selection of 
second peripheral or non-primary blood vessel. 

[0034] In one speci?c application, the pump is capable of 
synchronous control Wherein the step of operating the pump 
includes the steps of beginning discharge of blood out of the 
pump during isovolumic contraction and discontinuing dis 
charge of blood When the aortic valve closes folloWing 
systole. Depending upon the patient and the speci?c 
arrangement of the present system, this speci?c method 
results in reduced afterload and/or preload on the heart While 
also supplementing circulation. For example, in one appli 
cation, the ?rst and second blood vessels are the femoral and 
axillary arteries, respectively; or the femoral artery and the 
aorta, respectively. Numerous other combinations may be 
equally effective to achieve the bene?ts of the present 
invention. 

[0035] In an alternative method of applying the present 
invention, the pump is not implanted and the in?oW and 
out?oW conduits are ?uidly coupled to the ?rst and second 
blood vessels percutaneously, using a readily-removable 
connector, such as a cannula, to connect the distal ends of 
each conduit to the blood vessels. 

[0036] An important advantage of the present invention is 
that it utiliZes the bene?ts of an IABP, Without the require 
ment of extracorporeal equipment or the need to have a 
balloon or similar implement partially obstructing a blood 
vessel. In addition to the bene?ts of an IABP, it also offers 
the bene?t of reducing the preload on the heart. The present 
invention thus offers simplicity and long-term use. 

[0037] Another important advantage of the present inven 
tion is its potential to enhance mixing of systemic arterial 
blood, particularly in the aorta, and thereby deliver blood 
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With a higher oxygen-carrying capacity to organs supplied 
by arterial side branches off of the aorta. This overcomes the 
problem of blood streaming in the descending aorta that may 
sometimes occur in patients suffering from loW cardiac 
output or other ailments resulting in loW blood How. The 
lack of mixing of the blood Within the descending aorta that 
may result from blood streaming could lead to a higher 
concentration of red blood cells and nutrients in the central 
region of the aorta and a decreasing concentration of red 
blood cells closer to the aortic Wall. This could result in 
loWer hematocrit blood ?oWing into branch arteries from the 
aorta. Where it is desired to address the potential problem of 
blood streaming, a method of utiliZing the present invention 
may include taking steps to assess certain parameters of the 
patient and then to determine the minimum output of the 
pump that ensures turbulent How in the aorta, thereby 
enhancing blood mixing. One embodiment of that method 
includes the step of determining the Reynolds number and 
the average Womersley number for the How through the 
descending aorta before and/or after applying the present 
inventive system to the patient and adjusting the pump 
accordingly. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0038] These and other features and advantages of the 
invention Will noW be described With reference to the 
draWings, Which are intended to illustrate and not to limit the 
invention. 

[0039] FIG. 1 is a schematic vieW of a cardiac assist 
device, knoWn as a left ventricular assist device, shoWing a 
bypass from the apex of the left ventricle to the aortic arch; 

[0040] FIG. 2 is a schematic vieW of a ?rst embodiment 
of the present invention, shoWn applied to a patient’s cir 
culatory system. 

[0041] FIG. 3 is a schematic vieW of a second embodi 
ment of the present invention, shoWn applied to a patient’s 
circulatory system. 

[0042] FIG. 4 is a schematic vieW of a variation of the ?rst 
embodiment of FIG. 2 shoWn implanted into a patient; 

[0043] FIG. 5 is a schematic vieW of a third embodiment 
of the present invention, shoWn applied to a patient’s cir 
culatory system. 

[0044] FIG. 6 is a schematic vieW of a fourth embodiment 
of the present invention, shoWn applied to a patient’s cir 
culatory system. 

[0045] FIG. 7 is a schematic vieW of an in?oW L-shaped 
connector, shoWn inserted Within a blood vessel. 

[0046] FIG. 8 is a schematic vieW of a ?fth embodiment 
of the present invention employing a multi-lumen catheter 
for single site application to a patient. 

[0047] FIG. 9 is a schematic vieW of a sixth embodiment 
of the present invention shoWing a reservoir and a portable 
housing for carrying a portion of the invention directly on 
the patient. 

[0048] FIG. 10 is a schematic vieW of a variation of the 
third embodiment of FIG. 5, shoWn applied to a patient’s 
circulatory system. 
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[0049] FIG. 11 is a schematic vieW of an application of the 
embodiment of FIG. 2 in Which the in?ow conduit and 
out?ow conduit are applied to the same non-primary blood 
vessel. 

[0050] FIG. 12 is a schematic vieW of a seventh embodi 
ment of the present invention employing an intravascular 
pump inserted through a non-primary vessel in Which the 
pump is enclosed in a protective housing Without in?oW and 
out?oW conduits. 

[0051] FIG. 13 is a schematic vieW of an eighth embodi 
ment of the present invention employing an intravascular 
pump inserted through a non-primary vessel in Which the 
pump is housed Within a conduit having an inlet and an 
outlet. 

[0052] FIG. 14 is a schematic vieW of a variation of the 
eighth embodiment of FIG. 13 in Which an additional 
conduit is shoWn adjacent the conduit housing the pump, and 
in Which the pump comprises a shaft mounted helical thread. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0053] Turning noW to the draWings provided herein, a 
more detailed description of the embodiments of the present 
invention is provided beloW. It should be noted, hoWever, 
that While some embodiments have all of the advantages 
identi?ed herein, other embodiments may only realiZe some 
but not all of the advantages. 

[0054] The present invention provides a heart assist sys 
tem that is extracardiac in nature. In other Words, the present 
invention supplements blood perfusion, Without the need to 
interface directly With the heart and aorta. Thus, no major 
invasive surgery is necessary to use the present invention. 
The present invention also lessens the hemodynamic burden 
or Workload on the heart by reducing the pressure at the 
aortic root during systole (afterload) and/or reducing left 
ventricular end diastolic pressure and volume (preload). 

[0055] With reference to FIG. 2, a ?rst embodiment of the 
present invention 10 is shoWn applied to a patient 12 having 
an ailing heart 14 and an aorta 16, from Which peripheral 
brachiocephalic blood vessels extend, including the right 
subclavian 18, the right carotid 20, the left carotid 22, and 
the left axillary 24. Extending from the descending aorta is 
another set of peripheral blood vessels, the left and right 
femoral arteries 26, 28. 

[0056] The ?rst embodiment 10 comprises a pump 32, 
having an inlet 34 and an outlet 36 for connection of ?exible 
conduits thereto. The pump 32 is preferably a rotary pump, 
either an axial type or a centrifugal type, although other 
types of pumps may be used, Whether commercially-avail 
able or customiZed. In either case, the pump should be 
su?iciently small to be implanted subcutaneously and pref 
erably extrathoracically, for example in the groin area of the 
patient, Without the need for major invasive surgery. 
Because the present invention is an extracardiac system, no 
valves are necessary. Any inadvertent back?oW through the 
pump and/or through the in?oW conduit Would not harm the 
patient. 

[0057] Regardless of the style or nature chosen, the pump 
32 of the present invention is siZed to generate blood ?oW at 
subcardiac volumetric rates, less than about 50% of the How 
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rate of an average healthy heart, although ?oW rates above 
that may be effective. Thus, the pump 32 of the present 
invention is siZed and con?gured to discharge blood at 
volumetric ?oW rates anyWhere in the range of 0. l to 3 liters 
per minute, depending upon the application desired and/or 
the degree of need for heart assist. For example, for a patient 
experiencing advanced congestive heart failure, it may be 
preferable to employ a pump that has an average subcardiac 
rate of 2. 5 to 3 liters per minute. In other patients, particu 
larly those With minimal levels of heart failure, it may be 
preferable to employ a pump that has an average subcardiac 
rate of 0. 5 liters per minute or less. In yet other patients it 
may be preferable to employ a pump that is a pressure Wave 
generator that uses pressure to augment the How of blood 
generated by the heart. 

[0058] In one embodiment, the pump selected is a con 
tinuous ?oW pump so that blood perfusion through the 
circulation system is continuous. In an alternative embodi 
ment, the pump selected has the capability of synchronous 
actuation; i.e., it may be actuated in a pulsatile mode, either 
in copulsating or counterpulsating fashion. 

[0059] For copulsating action, it is contemplated that the 
pump 32 Would be actuated to discharge blood generally 
during systole, beginning actuation, for example, during 
isovolumic contraction before the aortic valve opens or as 
the aortic valve opens. The pump Would be static While the 
aortic valve is closed folloWing systole, ceasing actuation, 
for example, When the aortic valve closes. 

[0060] For counterpulsating actuation, it is contemplated 
that the pump 32 Would be actuated generally during dias 
tole, ceasing actuation, for example, before or during iso 
volumic contraction. Such an application Would permit 
and/or enhance coronary blood perfusion. In this applica 
tion, it is contemplated that the pump Would be static during 
the balance of systole after the aortic valve is opened, to 
lessen the burden against Which the heart must pump. The 
aortic valve being open encompasses the periods of opening 
and closing, Wherein blood is ?oWing therethrough. 

[0061] It should be recogniZed that the designations copul 
sating and counterpulsating are general identi?ers and are 
not limited to speci?c points in the patient’s heart cycle 
When the pump begins and discontinues actuation. Rather, 
they are intended to generally refer to pump actuation in 
Which the pump is actuating, at least in part, during systole 
and diastole, respectively. For example, it is contemplated 
that the pump might be activated to be out of phase from true 
copulsating or counterpulsating actuation described herein, 
and still be synchronous, depending upon the speci?c needs 
of the patient or the desired outcome. One might shift 
actuation of the pump to begin prior to or after isovolumic 
contraction or to begin before or after isovolumic expansion. 

[0062] Furthermore, the pulsatile pump may be actuated to 
pulsate asynchronously With the patient’s heart. Typically, 
Where the patient’s heart is beating irregularly, there may be 
a desire to pulsate the pump asynchronously so that the 
perfusion of blood by the extracardiac pumping system is 
more regular and, thus, more effective at oxygenating the 
organs. Where the patient’s heart beats regularly, but 
Weakly, synchronous pulsation of the extracardiac pump 
may be preferred. 

[0063] The pump 32 is driven by a motor 40 and/or other 
type of drive means and is controlled preferably by a 














