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IMPLANTABLE HEART ASSIST SYSTEM
Field Of The invention

The present invention relates generally to a system for assisting the heart and, in particular, to an
extracardiac pumping system and a method for supplementing the circulation of blood through the patient using a
minimally invasive procedure.

: . Background Of The Invention . _

During the fast decade, congestive heart failure (CHF) has burgeoned into the most important public health
problem in cardiovascular medicine. As reported in Gilum, R.F., £pidemiology of Heart Failure in the U.S., 126 Am.
Heart J. 1042 (1893), four hundred thousand (400,000} new cases of CHF are diagnosed in the United States
annuaglly. The disorder is said to affect nearly 5 milion 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 vate for patients with congastive 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
Hsart Study Subject, 88 circﬁlation 107.(1893)). This disorder yapresents the most common discharge diagnosis
for patients over 65 years of age. Although the incidence of most cardiovascular disorders has decrsased aver 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 dia of an acute myccardial infarction (heart attack) survive,
and as the population ages. _ _

CHF manifests itself primarily by exertional dyspnea (difficult or labored breathing) and fatigue. Three
paradigms are used to describe the causes and therapy of CHF. The first views this condition in terms of altered
pump function and abnormal circulatory dynamics. Other models describe it largely in terms of altered myocardial
celiular ‘performance or of aitered gene expression in the cells of the atrophied heart. In its broadest sense, CHF
can be defined as the inability of the heart to pump blood throughout the bady at the rate needed to maintain
adequate blood flow, and many of the normal functions of the body. .

- To address CHF, many types of cardiac assist devices have been developed. A cardiac or circulatory assist
device is one that aids the falling heart by incraasing its pumping fuuction 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 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 LVAD - Left Ventricular Assist Device. With reference to Figure 1 herein, one
example of a LVAD 2 is shawn. 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 sortic arch 8, bypassing the aortic valve. In this
application, the feft ventricle stops functioning and does not contract or expand. The [aft veniricle 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
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pumping blood at cardiac rates. With an LVA!J. oxygenated blood circulation is established sufficient to satisfy the
demand of the patiant’s organs. " S

Another type of chrqhic heart assist system is shown in U.S. Patent No. 5,267,840 to Moulder. Moulder
describes a pump implanted into the proximal descending aorta to assist in the circulation of blood through the aorta.

In addressing acute CHF, two types of heart assist devices have been used. One is counterpulsatory in
nature and is exemplified Iﬁ_ an intra-aonicibal!oun pump (IABP). With an IABP, the balloon is collapsed during
isovolumic contraction, prnviding‘ a reduced p’res"sure against which the heart must pump blood, thereby reducing the
load on the heart during systnle. The balloon is then upanded forcing blood omnidirectionally through the arterial
system. Another example of tlns first type empluys one ot more coliapsible chambers in which blood flows passively
into the chamber during sys;o_le, as is shown in U.S. Patent No. 4,240,409 to Robinson et al. The chamber is then
collapsed and the blood fm@ibly réturned to the aorta, These devices simulate a chamber of the heart and depend
upon an inflatable bladder td"effecmate pumping action, requiring an external pneumatic driver, -

A second type of acute assist device utilizes an extracorporeal pump, such as the Biomedicus centrifugal
pump, to direct blood thruugh:the patient whfle surgery is performed on the heart. In one example, described in U.S.
Patent No. 4,968,293 to Nalson, the heart assist system employs a centrifugal pump in which the muscle of the
patient is mounted to add pulsauity to the blood flow. -The Nelson device is used to bypass a portion of the
descending aorta. o ' :

Another device, shuwn in U.S. Patent No, 4,080,958 to Bregman et al., utilizes an inflatable and cnﬂapsuble
bladder to assist in blood pe;f,u_smn during heart trauma and is intended to supplement a conventional heart-lung
machine by imparting pulsatilﬁ' actuation. In ‘the primary embodiment disclosed in Bregman, the balloon is controlled
to maintain sufficient pressu’@ at the aortic font during diastole to ensure sufficiont bloed perfusion to the coronary
arteries. In an alternative emhodiment. a low resistance outlet from the aorta to the inferior vena cava is provided
to reduce the aortic prassure dunng systole, thus, reducing the. hemodvnamlc (oad on the left ventricle.

Other devices, such as that shown in U.S. Patent No. 4,034,742 to Thoma, depend upon interaction and
coordination with a mechan_»:al pumping chamher containing a movable- pqmpmg diaphragm. These devices are
intended primarily for appindtion proximate the heart and within the patient’s thorax, requiring major invasive surgery.

Many CHF devices ére acutely used in the perioperative period. For example, U.S. Patent No. 4,985,857
to Arnold discloses a perinpé_raﬁwe device to pump blood at essentially cardiac rates during surgery when the heart
has failed or has been stdpp_éad to perform m'irdiac surgery. The Amold system temporarily replaces the patient’s
heart and fung temporarily anﬁ-pumps blood at cardiac rates, typically 5 to 6 I_iterxlmin. Like all systems that bypass
the heart and the lungs, an';'o:xygenator is reﬁuirsd.- Of course, with any syétem that includes an oxygenator, such
as the conventional heart-lung machine, the :patiant cannot be ambutatory.

With early IABP devices, a polyurethans. balloon was mounted-on a vascular catheter, inserted into thg

' femoral artery, and positioned in the descending aorta just distal to the left subclavian artery. The balloon catheter

was connected to a pump cgjnsule that pumped helium or carbon dioxide into- the balloon during diastole to inflate
it. During isovolumic contraction, i.e., during the brief time that the aortic valve is closed and the left ventricle
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" continues to contract, the g"ﬁ;:"ilsed to actuate the balloon was rapidly‘?ﬁiﬁiidrwn to deflate the balloon. This

reduced the pressure at the aortic root when the aortic valva opened. In contrast, during diastole, the balloon was
inflated, causing the diastolic 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).

The major advantage in such a counterpulsation device was systolic deflation, which lowered the intra-aartic
volume and ;pressure, reducing both afterload and myocardial oxygen consumption. In other words, when the balloon
is infiated, it creates an artificially higher pressure in the aorta, which has the ancillary benefit of greater perfusian
through-the coronary arteries. When the balloon defiates, just before the aortic valve opens, the pressure and volume

-of the aorta decrease, refieving some of the hemodynamic burden on the heart. These physiologic responses improved

the patient's’ cardiac output and corenary circulation, temporarily improving hemodynamics. In general,
counterpulsation with an 1ABP can augment cardiac cutput by ahout 15%, this being frequently sufficient to stahiﬁzé
ihe patient’s hemodynamic status, which might otherwise rapidly deteriorate. When there is evidence of more
efficient 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 fer deterioration.

Until 1979, all IABP catheters were inserted via surgical cutdown, generaily 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 expaditious institution of therapy and expansion of clinical applications. Inflation and deflation of
the balloon, however, requires a pneumatic pump that is sufficiently 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.

‘As discussed above, a variety of ventricular assist pumping machanisms have been designed. Typically
associated with LVADs are valves that are used in the inlet and outlet conduits to insure unidirectional blood flow.
Given the close proximity of the heart, unidirectional flow was necessary to avoid inadvertent backfiow into the
heart. “ The use of such valves also minimized the thrombogenic potential of the LVAD device.

Typically, the pump associated with older LVADs was a bulky pulsatile flow pump, of the pusher plate or
diaphragm style, such as those manufactured by Baxtor Nnvacu; or TG, respectively. Given that the pump was
implanted within the chest andjor abdominal cavity, major invasive surgery was required. The pumps wers typically
driven through a percutaneous driveline by a portabls external console that monitors and reprograms functions.

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 dasiu;l
of an axial pump has been miniaturized to about the size of a pencil eraser, although other designs are larger.
D;aspite its small size, an axial pump may be sufficiently powerful to produce flows that approach thase used with
older LVADs. Even with miniaturized pumps, however, the pump is typically introduced 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 percutansous fines.
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All of these heart assist systems referred to above serve one or both of two ebjectives: (1) to improve the
performance of a patient's bi_:_’éra’tive-but-di#gased heart from the minimum, classified as 'NY_HAc Class IV, to
practically normal, classified as LorO; 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, vnl_li_nig,i and heat dissipation 'até required. o

Many of these heart '_a:_ssist systems have several general features in common: 1) the devices are cardiac
in nature; ie., they are pla_él_u?' directly within or adjacent to tha' heart, or within one of the primary vessels
‘associated with the heart (ajoﬁa), and are often attached to the ieart: andfor aorta; 2] the devices attempt to
reproduce pnlsatile' biood flow n_:aturally found ih ‘the mammillary circulatory system and; therefore, require valves to
prevent backfiow; 3) the dm_liqé_s ara driven from external consoles, nftel; triggemd by the electrocardiogram of the
patient; and 4) the size of the blood pump, including its associated connectors and accessories, is generally
unmanageable within the aﬁg@d_mv and physiology of the recipient. Due to having one or more of these features,
‘the prior art heart assist da\m:es afa' limited in their effectiveness andlur_'piaclicality. it would be advantageous to
employ a heart assist systen_f 'g_ﬁat avoids major invasive surgery and also avoids the use of peripheral equipment that
severely restricts a patient’s mMmant. ' '

' - 8y _The Invention - - .

The object of the present invention is to add’resé the aspect of CHF that results from altered pump fum:tiqr!
and abnormal circulatory dynamu:s while overcoming the limitations of prior art heart assist systems. Without
functioning as a bypass to one or mare of a patient‘s organs, the present invention comprises an extracardiac
pumpmg systam for supplamantmg the clrculatlon of blood through the patlent without any component thersof heing
connected to the patient’s heart or primary vessel. - Thus, it is extracardiac i in nature. With the ability to be applied
within a minimally invasive mcedurs, the present invention signifi cantly- improves the condition of the patient
suffering from CHF, re‘s'ult'ini;';in the patient feeling much better, even-ﬁherg CHF continues. An ancillary but
important benefit of the p'rééent invention-is the .ahility to apply the pies&nt invention in such a way as to also
reduce the pumping load on tha heart, thereby potentially permitting the heart to recover during use. With the
present invention, no hulky pump. valves or oxygenator -are required, and’ no thoracic invasion with major cardiac
surgery is required. Indeed ‘a significant advantage of the present invention is its simplicity while achieving

extraordinary results in lmprmnng the condition of a patient suffering fmm CHF.

The extracardiac system of the presem invention preferably compnsos a rotary pump configured to pump
bload through the pauent at subcardwc rates, i.e., at a flow rate signiflcantly below that of the patient's heart.
Other types of pumps may be effective as well - Pumpmu the bloud tends to rovitalize the blood to a certain extent
by imparting kinetic and potentlal energy to the blood dlschamed from tlle pump. importantly, the preferred pump
for ths present invention pqmpmn ‘system is one that requires a relatively low amount of energy input, w_h_en
compared to prior art pmnpsdesngued to pump at cardiac rates. The pump may be implanted or not, depending upon
the capability, practicality, d_:f need of the patient to be ambulatary. - |
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The present systﬁm also comgprises an inflow conduit fluidly cn.iii‘i:iﬁﬁito the pump, to direct blood to the
pump from a first peripheral blood vessel, and an outfiow conduit fluidly ,chupled to the pump, to direct blood from
the pump to a second peripheral blood vessel. The connection of the inflow and outflow conduits to the blood
vessels is performed subcutaneously; not so deep as to invul\(e major invasive surgery. In other mrds, minimally
subdermal. This permits application of the connections in a minimally-invasive procedure. _Préferalily, the connections
to the blood vessels are just below the skin or just below the first 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.

- - In one embodiment of the extmﬁatdiac system, the pump is a continuous flow andjor pulsatile pump that
is implantable and is used to connect two peripheral arteries, such as the femoral artery at the inflow and the left
axillary artery at the outflow, although other peripheral biood vesséls are contemplated, including other arteries andjor
veins, as well as any singular andjor cumulative combination thereof. An alternative emhodiment employs a rotary
pump .that is controllable in a synchronous copulsating or counterpulsating fashion, or in some oﬁt~of-phase
intermediate thereof. In one application, it is contemplated that the present invention may be applied such that the
heart experiences a reduced pressure at the aortic root during systole, thus reducing the hemodynamic burden on
the heart and, thus, permitting the heart to recover. _

It is contemplated that, where the entire system of the present invention is implanted, .that.it be implanted
subcutaneously without the nead for major invasive surgery and, preferably, sxtrathoraﬁcally. For example, the pump
may be implanted in the groin area, with the inflow conduit attached to the femaral or iliac artery pfoximate thereto
and the outflow conduit attached to the axillary artery proximate the shoulder. It is contemplated that the outflow
conduit be applied by tunnelling it under the skin from the pump to the axillary artery. Where implanted, the pump
is prefarably powered by an implantable battery that may be recharged externally by an RF induction system or
replaced periodically. _ . .

The present invention also comprises a method for supplementing the circulation of blood in the patient and
potentially reducing the pumping load 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 configurad to pump blood at volumetric rates
that are on average subcardiac, wherein the pump has an inflow and outflow conduit attached theréto; connacting
a distal end of the inflow conduit to the first peripheral bicod veséel with a minimally-invasive surgical procedure to
permit the flow of biood to the pump from a first peripheral blood vessel of the patie:it; implanting the inflow conduig
subcutaneously; connecting a dista end of the outflow conduit to the second peripherai biood vessel with 3 minimally-
invasive surgical procedure to permit the flow of blood away from the pump to a second peripheral blood vessel of

- the patient; and operating said pump to perfuse blood through the patient’s circulatery system. In one specific

application, the pump is capable of synchronous control wherein the step of operating the pump includes the step§
of beginning discharge of blaod out of the pump during isovolumic contraction and discontinuing discharge of blood
when the aortic valve closes following systole. Depending upon the patient and the specific arrangement of the
present system, this specific method results in radu_cnd after-load on the heart while aiso supplementing circulation.
For example, in one embodiment, the first and second blood vessels are the femoral and axillary arteries, respectively.
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In an alternative methnd of applvmq the present invention, the pump is not implanted and the inflow and
outflow conduits are connectad to the first and second blood vessels percutaneously, using a readily-removable
connactar, such as a cammla,_ga connect the distal ends of each conduit to the blood vessels,

An important advantahe of the présent invention is that it utiizes the benefits of an IABP, without the
reqmrement of ext:acorpureal eqmpment or the need to have a balloon or similar implement partially obstructing a
blood vessel. The present mventmn thus offers simplicity and long-term use.

- Bnef Description Of The Drawings

These and other featum and advamages of the invention will now be described with reference to the
drawings, which are intended ;o ilustrate and not to fimit the invention. '

Figure 1is a scheﬁaftié view of a cardiac assist device, known as a left ventricular assist device, showing
a bypass from the apex of fﬁ§ left ventricle to the aortic arch;

Figure 2is a schemﬁé view of a first embadiment of the present invention, shown applied to a patient’s

' circulatory system.

Figure 3 is a schematic view of a second embodiment of the prasent invention, shown applied to a patient’s
circulatory system. ' ' ' '

Figure 4 i is a schematxc view of a vanatmn of the first embodiment of Figure 2. shown implanted into a

Figure S is a schenié_tic view of a third embodiment of the present invention, shown applied to a patient’s
circulatory system. o

Figura G is a schematu: view of a fourth embodiment of the present invention, shown applied to a patieat’s

 circulatory system.

- Detailed Description Of The Preferred gmbodgmg

Tummu now to the drawmgs provided herain, a more detailed description of the embodiments of the present
invention is prnwded below It should be noted, however, that while some embodiments have all of the advantages

identified herein, other emhodimants may only realize some but not all of the advantages.

~ The present mvemmn provides a haart assist systom that is extracardiac in nature. In other words, the
present invention supplaments ‘blood perfusmn. without the need to merfar.e directly with the heart and aorta. Tllus,
no major mvaswe sumery is necessary to use the present invention. In soms circumstances, the present invention
also lessens the hemotlynamu: burden on the heart by raducing the ptessure at the aortic rout during systole.
With reference tp .Eggnre 2, a first embodiment of the present’ ‘invention 10 is shown applied to a patient
12 having an ailing heart 14 and an aorta 16, from which pesipheraf braéhiooephalic blood vessals extend, including
the right subclavian 18, thé'right carotid 20, the left carotid 22, and the left axillary 24. Extonding from the
descendmu aorta is another set of penphsral bload vessels, the ieft and right femoral arteries 26, 28.
~ The first emhndment 10 cnmpnses a pump 32 having a2n inlst 34 and an outlet 36 for connection of
flexible conduits tlmato. “The pump 32 is preferably a rotary pump, either an axial type or a centrifugal type,
although other typas 6f pumps may be used, whether commercially-available or customized. In either case, the pump
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 should be sufficiently small tii"?iia":implanted subcutaneously and _preferably’éﬁfféthoracicallv, 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 inadverteat backflow through the pump andfor through the inflow conduit
would not harm the patient.

Regardiess of the style chosen, the pump 32 of the present invention is sized to pump blood at subcardiac
veolumetric rates, less than about 50% of the flow rate of an average healthy heart, although flow rates above that
may be effective. Thus, the pump 32 of the present invention is sized and configured to discharge bicod at
volumetric flow rates anywhere in the range of 0.1 to 3 liters per minute, depending upon the application desired
andfor 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, particularly those with minimal lavels 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 one embodiment, the pump selacted is a continuous flow pump so that blood perfusion through the
circulation system is continuous. in an alternative embodiment, the pump selected has the capability of synchronous
actuation; i.e., it may be actuated in a pulsatiie mode, either in copulsating or counterpuisating fashion,

For copulsating action, it is contemplated that the pump 32 would be actuated to discharge blood generally
during systole, beginning actuation, for example, during isovelumic contraction before the aortic valve apens or as
the aortic valve opens. The pump would be static while the aertic vaive is closed.following systole, ceasing
actuation, for example, when the aortic valve closes. o

For counterpulsating actuation, it is contemplated that the pump 32 would be actuated generally during
diastole, ceasing actuation, for example, before or during isovolumic contraction. Such an application would permit
andfor enhance coronary blood perfusion. In this application, it is contemplated that the pump would be static during
the balance of systole after tha 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 bloed is flowing therethrough.

It should be recognized that the designations ;:opnlsaﬂnn-aﬁd counterpulsating are general identifiers and
are not fimited to specific points in the patient’s heart cvcle.-wim 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 stilt be synchronous, depending upm;

~ the specific 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 isovelumic axpansion.
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
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oxygenating the organs. Where the patient’s heart beats regularly, but weakly, synchronous pulsation of the
extracardiac pump may be preferred. ' :

The pump 32 is driven by an-electric motor 40 and is contmllerj preferably by a programmable controller
42 that is capable of actuatinj’fhe pump in pulsatile fashion, where desired, and also of controlling the speed of
the pump. For synchmnuus"'.céiltml, the patient’s heart would preferably be monitored with an EKG in which
feedback would be pmvidad"_th?qontrnller 42 The controller 42 is prsférably programmed by the use of. external
means. This may be ancnmpliihed. for example, using RF telemetry circuits of the type commonly used within

-implantable pacemakers and 'def_iﬁrillatnrs. The controlier may also be autoregulating to permit automatic regulation

of the speed, andjor regulatidn'éf the synchronous-or a-synchronous pulsation of -the pump, based upon feedback
from ambient sensors monitoring: paramaters, such as pressure or the patient’s EKE. It is also contemplated that
a reverse-direction pump be liti_liied; if desired, in which the controller is papahle of reversing the direction of either
the motor or the impellars.of' tlge pump. Such a pump might be used whafe it is desirable to have the option of

* teversing the direction of cir_c_iuﬁtion betwaen two peripheral blood vessels;

Power to the motor '40 and controller 42 is provided by a battery 44 that is preferably rechargeable by
an external induction source {not shown), such as an RF induction coil t_ﬁat may be electromagnetically coupled to
the battery to induce a charge t:lierein. The pump can be temporarily stopped during recharging with no appreciable

“life threatening effect, henglisg_ ‘the system only supplements the heart, rather than substituﬁng.for the heart.

While the contmliér 42 and battery 44 are préferablv pre-aséémhled to. the pump 32 and implanted
therewith, it is also contemplated that the pump 32 and motor 40 be mplanted at one location and the controller
42 and battery 44 be mplanted in a separate location. {n one alternative afrannsmant, the pump 32 may be drwen

- externally through a percutaneous drive fine. In anothgr alternative, the pump, moter and controller may be implanted

and powered by an extracoibnreal battery. In the latter case, the battery could be attached to the side of the
nauent to permit fully ambulatory movement. -

The inlst 34 of the pump 32 is preferably connected to a flexible inflow conduit 50 and a fiexible outflow
conduit 52 to direct blood flow from one peripheral blood vessal to another. The inflow and outflow conduits 50,
52 may, for example, be for_n_wd from Dacron, Hemashield or Gortéx ﬁnterials, although ather materials may be

' suitable. In some cases, the inflow and/or outflow conduits may come commescially already attached to the pump.

Where it is desired to inpléipt'.th:s pump 32 and the conduits 50, 52, it is preferably that the inner diameter of the
conduits be less than 25 mm, although diameters slightly larger may be effective.
In one preferred application of the present invention, the first embodiment is applied in an arterial-arterial

-fashion; for example, as _é femoral-axillary bypass, as is shown in Figure 2.. It should be appreciated by ane of

ordinary skill in the art that en axillary-femoral bypass would aiso be effective using the embodiments described
herein. Indeed, it should be recognized by one of ordinary skill in the an that the present invention might be applied
to any of the peripheral blood vessels in the patient.

The inflow com_lmt 50 has a first proximal end 56 that connects with the iniet 34 of the pump 32 end a
second distal end 58 that connects with a first peripheral blood vessel, which is preferably the left femoral artery
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26 of tha patient 12, althouj tha right femoral artery or any other penphéml artery may be acceptable. In one
application, the connection between the inflow conduit 50 and the first blood vessel is via an end-to-side

" anastomosis, althaugh a side-to-side anastomesis connection might be used mid-stream of the conduit where the

inflow conduit were connected at its second end to an additional blood vessel (not shown).

Similarly, the outflow conduit 52 has a first proximal end 82 that connects to the outlet 36 of the pum;i
32 and a second distal end 64 that connects with a second peripheral blood vessel, preferably the left axillary artery
24 of the patient 12, although the right axiliary artery, or any other peripheral artery, would be acceptable. In one
application, the connection between the outflow conduit 52 and the second blood vessel is via an end-to-side
anastomosis, aithouph a side-to-side anastomosis connection might be used mid-stream of the conduit where the
outflow conduit were connected at its second and to yet another blood vessel (not shown). Preferably, the autflow
conduit is attached to the second blood vessel at an angle that results in the predominant flow of blood out of the

- pump proximally toward the aorta and heart, such as is shown in Figure 2.

It is preferred that appfication of the present invention to the peripheral blood vessels be accomplished
subcutaneously; i.e., at a shallow depth just below the skin or first muscle layer so as to avoid major invasive
surgery. [t is also preferred that the present invention be applied extrathoracically to aveid the need to invade tlu;
patient’s chest cavity.

- Where desired, the entire extracardiac system of the present invention 10 may be implanted within the
patient 12. In that case, the pump 32 may be implanted, for example, into the groin area, with the inflow conduit
50 connected subcutaneously to, for example, the femoral artery 26 proximate the pump 32. The outflow conduit
waould be tuanelled subcutaneaasly through to, for example, the left axillary artery 24. In an alternative arrangement,
the pump 32 and associated drive and controller could be temporarily fastened to the exterior skin of the patieni,
with the inflow and outflow conduits 50, 52 connected percutaneously. In either case, the patient may be
ambulatory without restriction of tethered lines. . '

' It is contemplated that, where an anastomosis connaction is not desired, a spacial connector may be used
to connect the conduits 50, 52 to the peripilaral blood vessels. With reference to Figure 3, a second embodiment
of the present invention is shown, wherein the inflow conduit 50 and outflow conduit 52 are connacted to the
peripheral blood vessels via first and second connectars 88, 70 each comprising three-opening fittings. [n the
preferred embodiment, the connectors 68, 70 comprise an intra-vascular, Qenerally_-tee—shaped fitting 72 having a
proximal end 74, a distal end 76, and an angled divergence 78 permitting connection to the inflow and outflow
conduits 50, 52 and the blood vessels. The proximal and distal ends 74, 75 of the fittings 72 permit connection
to the blood vessel into which the fitting is positioned. The angle of the divergence 78 of the fittings 72 may be
90 degrees or less from the axis of flow through the blood vessel. -In another embodiment, the connectors 68, 70
are slgeves (not shown) that surround and attach to the outside of the peripheral blood vessel where, within tha
imerior of the sleeve, a port to the blood vesssl is provided to permit blood flow from the conduits 50, 52 when
they are connected to the connectors 68, 70, respectively. Other types of connectors having other configurations
are contemplated that may avoid the need for an anastomosis connection or that permit connection of the conduits
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to the blood vessels. Itis coatemplated that a connection to the blood vessels might be made via a cannula, wherem
the cannula is implanted, aloug with the inflow and outflow cenduits. :

The advantage of qls_mte connectors is their potential application to patients with chronic CHF. A
connector eliminates a need for an anastomosis connection between the conduits of the present invention system
and the peripheral biood vess@ls_ ‘where it is desired to remove andfor repl_ai:e- tha system more than one time. The
connectors could be applied t'n' ihe first and second blood vassefs semi-pefn_nananﬂy. with an end cap applied to the
divergence for later quick—connd;tion of the presenf jnvention system ta the patient. In this regard, a patient might
experignce the benefit of the présent invention periodically, without having to reconnect and redisconnect the conduits
from the blood vessels via an-anistomosis procedure each time. Each time it is desired to. implament the present
invention, the end caps would be removed and the conduit attached to the connectors guickly,

In the preferred embodiment of the connecter 70, the di'vergam:a 78 is oriented at an acute angie
sugnif' cantly less than 80° fmm the axis of the fitting 72, as shown in Figure 3, so that a majority of the blood
flowing through the outflow’ condult 52 into the biood vessel (a.g., left a:nllary 24) flows in a direction proximally
toward the heart 14, rather than in the distal direction. In an alternative embadiment, the proximal end 74 of the

" fitting 72 may have a- dlameter farger than the diameter of the distal end 78, without need of having an angled

divergence, to achieve the same result.
With or without ; “connector, with blood flow directed proximally toward the aorta, the result may be
concurrent flow down the descending aorta, which will result in the reduction of pressure at the aortic root. '_|'I|us,

- the present invention may b_é applied so to reduce the afterioad on the batient-’s heart, permitting at least partial if

not complate CHF recovery, while supplementing blood cireulation. er_'néurrent flow depends upon the phase of

- operation of the pulsatile 'ﬁ,ump' and the choice of sacond blood vessel to which the outflow conduit is connected.

While the present invention may be applied to create an arterial-arterial bypass, given the nature of the
present invention, ie., suppla;hantatinn of circulation to meet organ demand, a venous-arterial bypass may also be
used. For exampls, with reféience to Figure 4, one embodiment of the present invention 10. may be applied to the
patient 12 such that the inflow conduit 50 is connected to a peripheral \)ein. such as the left femoral vein 80. In
this arrangemant, the nntﬂp’w conduit 50 may be connected to one af the peripheral arterias, such as the left axillary
24. Arterial-venous arrangements are -cantemplated as wel. In tﬁnse venous-arterial cases where the inflow is
connected to 3 vein and-ih_‘e outflow is connected to an artery, the pump 32 should be sized to permit flow
sufficiently small so that diygan-deﬁcient blood does not rise to unaci:ept_able lavels: in the arteries. It should h_t_;
appreciated that the cnnnid:iions to the peripheral veins could be byé-nﬁe or more methods described above for
connecting to a peripheral artery. [t should also be appreciated that the present invention could be appfied as a
venous-venous bypass, wherein the inflow and outflow are connected to separate peripheral veins. In addition, an
alternative emhadiment'comprises two discrete pumps and conduit arrangements, one being applied as a venous-
venous bypass, and the other as an arterial-arterial bypass.

A partial axternal. application of the present invention is contemplated where a patient’s heart failure is
acute; i.e., is not expected to last long, or in the earlier stages of heart faikire (where the patient is in New York
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Heart Association Classificatiéii (NYHAC) functional classes 1t or W), Withi#éférence to Figure 5, a third embodiment
of the present invention 1lﬂ is applied percutaneously to a patient 112 to bypass between two peripheral blood
vessels wherein a pump 132 and its associated motor and controls are eniplnyed extracorporeally. The pump 132
has an inflow conduit 150 and an outflow conduit 152 associated therewith for connection to two peripheral blood
vessals. The inflow canduit 150 has a first end 156 and second end 158 wherein the second end is connected to
a first peripheral blood vessel (e.g., femoral artery 126) by way of a cannula 180. The cannula 180 has a first end
182 sealably connected 1o the second end 158 of the inflow conduit 150. The cannula 180 also has a second end
184 used to pierce the skin or first layer of muscle through surgical opening 186 and te pierce the blood vessel
source (e.g., femoral artery 126). _ _ . o

. Similarly, the outflow conduit 152 has a first end 162 and second end 164 wherein the second end is
connected to a second peripheral blood vessel {e.g., left axillary artery 124) by way of a cannula 180. Like the
inflow cannula, the outflow cannula 180 has a first end 182 sealably connected to the second end 164 of the
outflow conduit 152. The outflow cannula 180 also has a second end 184 used to pierce the skin or first layer
of muscle through surgical opening 190 and to pierce the second blood vessel (e.g., left axiffary artery 124). By use
of a percutaneous application, the present invention may be applied temporarily without the need to implant any
aspect theresf or to make anastomosis connections to the blood vessels. '

An alternative variation of the third embadiment may be used where it is desired to treat a patient
periodically, but for shart periods of time sach occasion and without the use of special connectors. With this
variation, it is contemplated that the second ends of the inflow and outflow conduits be more permanently connected
to the associated blood vessels via, for example, an anastomosis connection, wherein a portion of each conduit
proximate to the blood vessel connection is implanted percutaneously with a removable cap enclosing the externally-
exposed first end (or an intervening end thereof) of the conduit external to the patient. When it is desired to provide
a circulatory bypass to supplement blood flow, the removable cap on each exposed percutaneously-positionad cqndixi;
could be removed and the pump (or the pump with a length of inflow andjor outflow conduit attached thereto}
inserted between the exposed percutaneous conduits. In this regard, a patient may experience the benefit of the:
present invention periodically, without having to reconnect and radi_sconnel:t the conduits from the blood vessels each
time.

Another embodiment of the present invention includes a plurality of inflow andfor outflow conduits, For
example, with reference to Figure 6, a fourth embodiment of the present invention 210 includes a pump 232 in fluid
communication with a plurality of inflow conduits 250A, 250B and a plurality of outflow conduits 252A, 2528B.
Each pair of conduits converges at a generally Y-shaped convergence 206 that converges the flaw at the inflow end
and diverges the flow at the cutflow end. Each conduit may be connected to a separate peripheral blood vessel,
although it is possible to have two connections to the same blood vessel at remote locations. In one arrangement,
all four conduits ara connected to peripheral arteries. Alternatively, one or more of the canduits could be connectgd
to veins. In the application shown in Figure 6, inflow conduit 250A is connected to left femoral artery 226 while
inflow conduit 2508 is connected ta left femoral vein 278. Outflow conduit 2524 is connected to left axillary artery
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224 whils outflow conduit 252B is connected to left carotid artery 222. It should be nated that the connections
of any or all of the conduits to the blood vessels may be via an anastomosis connection o via a special connector,
as described above. In addition, the embodiment of Figure 6 may be appliad to any combination of peripheral blood
vessels that would best suit the patient’s'cundition. For example, it may be desired to have one inflow conduit and
two outflow conduits or vice versa. Finally, it should be noted that more than two conduits may be used on the
inflow or outflow side, where the number-of inflow nomluits: is not ne&essarilv equal to tﬁe number of outflow

- conduits, -

While the above description has explained the inventive features of the invention as applied to various
embadiments, it will be understood that the variations in the form and details of the -apparatus or method may be
made by those nf'urdinarv'skﬂl in the art without departing from the spirit of the invention. The scope of the
invention is indicated by the appended claims herein, however, not by the foregoing description.
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WHAT IS CLAIMED IS:
1. - Anextracardiac pumping system for supplementing blood circulation through a patient experiencing

congestive heart failure without any component thereof being connected to the patient’s heart, the extracardiac
system comprising: _

a pump configured to pump blood through the patient at subcardiac velumetric rates, said pump
having an average flow rate that, during normal operation thereof, is substantially below that of the
patient’s heart when healthy; _

an inflow conduit fluidly coupled to the pump to direct blood to the pump from a first peripheral

" blood vessel, the inflow conduit having a first end sized and cenfigured to couple to the first peripheral
blood vessel; and, '

an outflow conduit fluidly coupled to the pump to direct blood from the pump to a second
peripheral blood vassel, the outflow conduit having a first end sized and configured to couple to the second
pgripheval biood vessel.

2. The extracardiac pumping system of Claim 1, wherein the connection of the first ends of the
inflow and outflow conduits to the bloed vessels may be made subcutansously to permit application of the
connactions i an minimafly-invasive procedure.

3. The extracardiac pumping system of Claim 1, wherein the pump is configured to circulate blood
at an average volulﬁetric rate of less than about 2.6 litersimin.

4 The extracardiac pumping system of Claim 3, wherein the pump circulates blood at an average
volumetric rate of less than about 0.5 liters)minute.

5. The extracardiac pumping system of Claim 1, wherein the pump has a maximum sustained flow
rate that is less than ahout 3 litersjmin.

6. The extracardiac pumping system of Claim 1 further comprising at least one additional inflow
conduit, each of the inflow conduits having a first end configurad to connect to a peripheral blood vessel.

7. The extracardiac pumping system of Claim 1 further comprising at lsast one additional eutflow
conduit, each of the autflow conduits having a first end configured to connect to a peripheral bleed vessel.

8. The extracardiac pumping system of Claim 1, wherein the pump is a pulsatile pump.

8. The extracardiac pumping system of Claim 8, further comprising a control circuit to synchronously
actuate the pump so as to begin pumping during isovelumic contraction and discontinue pumping about when the
aortic valve closes.

10. The extracardiac pumping system of Claim 9, further comprising a control circuit to synchronously
actuate the pump during diastole and to discontinue actuation of the pump while the aortic valve is open to provide
counterpulsating blood flow between the first and second peripheral blood vessels. _

1. The extracardiac pumpinp system of Claim 10, wherein use of the pumping system in the patient
would reduce the pumping load on the patient’s heart by reducing the pressure at the aortic root before the aertic
valve is opened for reduced hemodynamic burden during systole.

ae
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12, The extracardiac pumping system of Claim 1, wherein the pump is a continuous-flow pump.

13. The extracardiac pumping system of Claim 1, wherein. the pump, inflow conduit and outflow
canduit are sized and configured to be implantable using a minimally-invasive surgical procedure.

14.  The extracardiac pumping system of Claim 13 further comprising an implantable battery.

15. The extracardiac pumnping system of Claim 14 further comprising an induction coil configured to
electromagnetically couple to the hattary for charging the battery following implantation of said battery and pump.

16. The extracardiac pumping system of Claim 1, wherein the inflow or cutflow conduit comprises
flexible tubing having an inner diameter that is less than 25 millimeters.

17.  The extracardiac pumping system of Claim 1 further comprising a_connector for affixing to one
of the peripheral bload vessel and for connecting to one of the conduits. '

18. The extracardiac pumping system of Claim 17, wherein the connector has a divergence of less
than 90 degrees so that a majority of the blcod pumped into the peripheral vessel may be directed proximally toward
the heart whan the system is in use.

19 A msathod for supplementing the cicculation of blood through the patient without connecting any
component to the patient’s heart, the method comprising the steps of:

connecting a distal end of an inflow conduit of é pump to a first peripheral blood vessel to permit
the flow of blood to the pump from the first peripheral blood vessel, said pump configured to pump blood
at volumetric rates that are on average subcardiac;
connecting a distal end of an outflow conduit of the pump to a second peripheral blood vesse) to
permit the flow of blood away from the pump to the second peripheral blood vessel; and
' operating said pump to perfuse blood through the patient’s circulatory system.

20. The method of Claim 19, wherein the pump is a rotary pump.

21.  The method of Claim 19, wherein the pump is implanted.

22, The method of Claim 19, wherein the distal ends of the inflow and outflow conduits are joined
to the first and second blood vessels, respectively, via ond-to-side anastomasis connections.

23.  The method of Claim ‘18, wherein the distal ends of the inflow and outfiow conduits are joined
to the first and second blood vessels, respectively, via a cannula.

24. The method of Claim 23, wherein the connection is made so as to result in a percutaneous
application.

25. The methad of Claim 18, wherein the method results in an arterial-arterial bypass.

26. The mathod of Claim 25, wherein the method results in a femoral-axillary bypass.

27. The method of Claim 25, wherein the connection between the distal end of the inflow conduit and
the first peripheral blood vessel is made with a cannula.

28. The method of Claim 25, wherein the connection between the distal end of the inflow conduit and
the first peripheral blood vessel is made with an anastomosis connection. .



10

15

20

O o

-15-

WO 99/19010 PCT/US98/21424

29. The method of Claim 25, wherein the inflow and outflow conduit distal ends are connected to a
femoral artery and an axillary artery, respectively. '

30. The method of Claim 19, wherein the step of operating the pump comprises pulsatile actuation
of-the pump. ’

31 The method of Claim 30, wherein the step of pulsatile actuation comprises actuating the pump
in a generally copulsating fashion. _

32, The method of Claim 31, wherein the pump is controlled so as to begin actuation during isovolumic

contraction,

33. The method of Claim 30, wherein the step of pulsatile actuation comprises actuating the pump
in a generally counterpulsating fashion.

3. The mathod of Claim 30, wherein the pump is actuated in a pulsatile fashion so as to reduce the
pressure at the aortic root.

35. The method of Claim 18, wherein the pump is actuated in 2 continuous fashion so as to reduce
the pressure at the aortic root.

36. The method of Claim 19, wherein the method results in an venous-arterial bypass.

37. The method of Claim 19, wherein the method results in an arterial-venous bypass.

38. The method of Claim 19, wherein the method results in an venous-venous bypass.

39. The method of Claim 19. further comprising the step of connecting an intervening length of conduit
between the distal end of the inflow conduit and the pump.

40, The me;hud of Ciaim 19, further comprising the step of connecting an intervening length of conduit
between the distal end of the outflow conduit and the pump.



