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(57) Abstract

A cardioplegia catheter (20) is configured to extend into the ascending aorta with a proximal portion of the shaft (26) extending into 
a left chamber of the heart through the aortic valve, and out of the heart through a penetration in a wall thereof. The cardioplegia catheter 
has an occlusion member (28) thereof. The cardioplegia catheter has an occlusion member (28) configured to occlude the ascending aorta 
between the brachycephalic artery, and the coronary ostia. An arterial return cannula delivers oxygenated blood to the arterial system 
downstream of the occlusion member, while cardioplegia fluid is delivered through a lumen in the cardioplegia catheter (20) upstream of 
the occlusion member to induce cardioplegia arrest.
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5 ANTEGRADE CARDIOPLEGIA CATHETER AND METHOD

FIELD OF THE INVENTION
This invention relates generally to catheters for 

use in medical procedures, and more specifically to a catheter

10 system for inducing cardioplegic arrest and maintaining 

circulation of blood.

BACKGROUND OF THE INVENTION 

Cardiac surgery is conventionally performed with the

15 patient's heart stopped and with circulation of blood

maintained by extracorporeal cardiopulmonary bypass, a state 

known as cardioplegic arrest. Cardioplegic arrest

conventionally requires the creation of a large incision in 

the chest, known as a sternotomy or thoracotomy, to expose the

20 heart and great vessels of the thorax. Through this large 

incision, a steel clamp, called a cross-clamp, is placed 

around the aorta between the coronary arteries, which deliver 

blood to the heart muscle, and the brachiocephalic artery, 

which delivers blood to the head and neck. The clamp is

25 closed so as to collapse the aorta, thereby partitioning the 

heart.and coronary circulation from the remainder of the 

arterial system downstream of the cross-clamp. Pharmaceutical 

agents may then be delivered into the coronary arteries or 

aorta upstream of the cross-clamp so as to arrest cardiac

30 function. Circulation of blood is maintained throughout the 

body by placing a venous drainage cannula in a major vein or 

in the right side of the heart to withdraw venous blood, 

routing the blood to an extracorporeal oxygenator, and pumping 

the blood back into the arterial system through a cannula

•35 positioned in a major artery, typically in the aorta just 

downstream of the cross-clamp.

While cardiopulmonary bypass with cardioplegic 

arrest is currently the gold standard for performing most
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cardiac surgical procedures, conventional techniques suffer 

from several drawbacks. Important among these are the high 

degree of pain and trauma, risk of complications and long 

recovery time which result from median sternotomy and other

5 types of gross thoracotomy. Furthermore, the use of a cross

clamp on a calcified or otherwise diseased aorta can produce 

serious complications such as embolization of plaque, 

potentially leading to stroke and other neurological problems.

In US Reissue Patent No. Re35,352 to Peters, which 

10 is assigned to the assignee of the present invention and is

hereby incorporated herein by reference, it is suggested that 

the use of a cross-clamp to achieve cardioplegic arrest could 

be avoided through the use of an endovascular balloon 

occlusion catheter positioned from a femoral artery into the

15 ascending aorta. A balloon at the distal tip of the occlusion 

catheter can be expanded to occlude the aorta between the 

coronary arteries and brachiocephalic artery, and cardioplegic 

fluid then delivered through a lumen in the catheter into the 

aorta upstream of the balloon so as to arrest the heart.

20 Cardiopulmonary bypass is established by placing arterial and 

venous cannulae in a femoral artery and femoral vein, 

respectfully, and routing the patient 1s blood through an 

extracorporeal oxygenator and pump.

While the endovascular technique proposed in the

25 Peters patent is useful in many cardiac surgeries to avoid the 

need for median sternotomy and aortic cross-clamping, the 

technique can have disadvantages in some situations. For 

example, in patients with severe peripheral vascular disease, 

the balloon occlusion catheter may be difficult to introduce

30 into the femoral arteries and to advance transluminally into 

the ascending aorta.

Another technique for inducing cardioplegic arrest 

without the use an aortic cross-clamp is proposed in U.S 

Patent No. 5,312,344 to Grinfeld. This technique involves the

• 35 placement of a balloon occlusion catheter into the ascending 

aorta directly through a puncture in the aortic wall. The 

balloon occlusion catheter has an occlusion balloon at its 

distal tip which is used to occlude the aorta between the
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coronaries and the brachiocephalic artery. The catheter 

further includes an arterial return lumen through which blood 

may be delivered into the aorta downstream of the balloon, 

eliminating the need for a separate arterial return cannula.

5 The Grinfeld technique, however, also suffers from a

variety of disadvantages. First, because the catheter is 

introduced through the ascending aortic wall, the technique 

requires dissection and retraction of the various tissues 

surrounding the ascending aorta to expose the vessel. This is

10 particularly difficult if the procedure is to be performed 

minimally-invasively through trocars or small incisions, 

without a median sternotomy or other gross thoracotomy. In 

addition, many patients who receive cardiac surgery have some 

degree of aortic calcification or other aortic disease. In

15 such patients, it is undesirable to puncture the aortic wall 

with a catheter as taught by Grinfeld, as this could embolize 

plaque, initiate or aggravate an aortic dissection, or create 

other problems. Finally, in Grinfeld's technique, because 

oxygenated blood is returned to the arterial system through a

20 lumen within the aortic occlusion catheter itself, should the 

surgeon desire to remove the occlusion balloon from the aorta 

due to a balloon puncture or other problem, the patient must 

first be re-warmed and weaned from extracorporeal

cardiopulmonary bypass before the balloon can be removed,

25 lengthening the procedure considerably.

What is needed therefore, are devices and methods

for inducing cardioplegic arrest and maintaining circulation 

of oxygenated blood which do not require median sternotomy or 

other gross thoracotomy and which eliminate the need for

30 aortic cross-clamping, but which overcome the disadvantages of 

known endovascular balloon occlusion devices. The devices and 

methods should be useful in patients having severe peripheral

• vascular disease as well as in those having aortic 

calcification, without creating a high risk of embolization,

• 35 aortic dissection, or other complications. The devices and

methods should further avoid the need to directly access the

aorta and the associated need to dissect and retract the

surrounding tissues. Moreover, the devices and methods should
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optionally allow occlusion of the aorta to be discontinued and any occlusion 
device to be removed from and replaced in the aorta without weaning the 
patient from cardiopulmonary bypass.

This invention relates generally to catheters for use in medical
5 procedures, and more specifically to a catheter system for inducing 

cardioplegic arrest and maintaining circulation of blood.
Any discussion of documents, acts, materials, devices, articles or the 

like which has been included in the present specification is solely for the 
purpose of providing a context for the present invention. It is not to be taken

10 as an admission that any or all of these matters form part of the prior art base 
or were common general knowledge in the field relevant to the present 
invention as it existed in Australia before the priority date of each claim of 
this application.

15
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30

Summary of the Invention
In a first aspect, the invention provides for a method of inducing 

cardioplegic arrest comprising:
forming a penetration in a wall of a left chamber of the heart; 

positioning a cardioplegia catheter through the penetration into the left 
chamber of the heart;

forming a seal between the wall of the heart and the cardioplegia 
catheter to inhibit leakage of blood through the penetration;

advancing a distal end of the cardioplegia catheter in the direction of 
blood flow from the left chamber of the heart, through the aortic valve and 
into the ascending aorta;

expanding an occlusion member on the cardioplegia catheter so as to 
occlude the ascending aorta downstream of the coronary ostia and upstream 
of the brachiocephalic artery;

delivering cardioplegic fluid through the coronary vasculature to the 
myocardium so as to arrest cardiac function; and

circulating oxygenated blood in the patients arterial system
downstream of the occlusion member.

In a second aspect, the invention provides for a cardioplegia catheter
when used in the method according to the first aspect, the catheter
comprises:
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a shaft with a distal end, a proximal end, an opening near the distal 
end, a port at the proximal end, and an inner lumen fluidly connecting the 
port and the opening, a distal portion of the shaft being configured to extend 
into the ascending aorta with a proximal portion of the shaft extending into a 
left chamber of the heart through the aortic valve and out of the heart through 
a penetration in a wall thereof; and

an occlusion member mounted to the shaft distally of the opening and 
configured to occlude the ascending aorta between the brachiocephalic artery 
and the coronary ostia.

In another aspect, the invention provides for a catheter system when 
used in the method according to the first aspect, the system comprises:

a cardioplegia catheter including:
a shaft with a distal end, a proximal end, an opening near the distal 

end, a port at the proximal end, and an inner lumen fluidly connecting the 
port and the opening, a distal portion of the shaft being configured to extend 
into the ascending aorta with a proximal portion of the shaft extending into a 
left chamber of the heart through the aortic valve and out of the heart through 
a penetration in a wall thereof; and

an occlusion member mounted to the shaft distally of the opening and 
configured to occlude the ascending aorta between the brachiocephalic artery 
and the coronary ostia; and

a guiding device for guiding the distal portion of the shaft into the 
ascending aorta from the left chamber of the heart.

In a further aspect, the invention provides for a catheter system when 
used in the method according to the first aspect, the system comprises:

a cardioplegia catheter including:
a shaft with a distal end, a proximal end, an opening at the distal end, a 

port at the proximal end, and an inner lumen fluidly connecting the port and 
the opening, a distal portion of the shaft being configured to extend into the 
ascending aorta with a proximal portion of the shaft extending into a left 
chamber of the heart through the aortic valve and out of the heart through a 
penetration in a wall thereof; and

an occlusion member mounted to the shaft distally of the opening and
configured to occlude the ascending aorta between the brachiocephalic artery
and the coronary ostia;
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a source of cardioplegic fluid in communication with the port at the 
proximal end of the shaft; and

a blood flow device positionable in an artery downstream of the 
occlusion member for maintaining circulation of oxygenated blood in the

5 patient's arterial system.
In yet another aspect, the invention provides for a catheter system 

when used in the method according to the first aspect, the system comprises:
an arterial return cannula having a distal end and a proximal end, a 

return lumen extending therebetween, a return opening at the distal end in
10 communication with the return lumen, a return port at the proximal end in 

communication with the return lumen, and a catheter port at the proximal 
end in communication with the return lumen, the return port being 
configured for connection to a source of arterial blood; and

a cardioplegia catheter including:
15 a shaft slidably positionable through the catheter port and return

lumen of the arterial return cannula, the shaft having a distal end, a proximal 
end, a first opening at the distal end, a first port at the proximal end, a first 
lumen fluidly connecting the first port and the first opening, a second 
opening at the distal end, a second lumen in communication with the second

20 port and at least a second port in communication with the second lumen; and 
an occlusion member mounted to the shaft distally of the first opening

and proximally of the second opening and configured to occlude the 
ascending aorta between the brachiocephalic artery and the coronary ostia.



10

is"

2-0

The invention provides catheter systems and methods 
for inducing cardioplegic arrest that overcome many of the 
disadvantages of known techniques. The systems and mechods of 
the invention facilitate endovascular occlusion of the 
ascending aorta, delivery of cardioplegic fluid, venting the 
aortic root, monitoring of aortic root pressure, and 
circulation of oxygenated blood through the patient's arterial 
system without the need for median sternotomy, aortic cross
clamping, or direct access to or puncture of the aorta. If 
peripheral vascular disease makes endovascular access through 
peripheral vessels difficult, the systems and methods of the 
invention may be utilized without such access. Optionally, 
the systems and methods of the invention further allow aortic 
occlusion to be discontinued and occlusion devices to be 
removed from the aorta without weaning the patient from 
cardiopulmonary bypass.

In a first embodiment, the invention provides a 
cardioplegia catheter for inducing cardioplegic arrest that 
comprises a shaft with a distal end, a proximal end, an 
opening near the distal end, a port at the proximal end, and 
an inner lumen fluidly connecting the port and the opening. A 
distal portion of the shaft is configured to extend into the 
ascending aorta with a proximal portion of the shaft extending 
into a left chamber of the heart through the aortic valve and 
out of the heart through a penetration in a wall thereof. An 
occlusion member is mounted to the shaft distally of the 
opening and configured to occlude the ascending aorta between 
the brachiocephalic artery and the coronary ostia. In a 
preferred embodiment, the cardioplegia catheter is configured
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to be introduced through the wall of the heart into the left 

atrium, from which it is advanced through the mitral valve 

into the left ventricle, and through the aortic valve into the 

ascending aorta. The shaft is long enough to extend out of

5 the heart and out of the chest when the distal end is

positioned in the ascending aorta, preferably being about 25- 

75 cm in length.

The occlusion member is preferably a balloon, and an 

inflation lumen extends through the shaft in communication

10 with the interior of the balloon for delivering an inflation 

fluid into the balloon. The occlusion member may 

alternatively be a collapsible one-way valve with one or more 

movable leaflets, an umbrella-like expanding membrane, or 

other mechanical occlusion device.

15 The cardioplegia catheter of the invention may

further include a sealing device for sealing the penetration 

in the wall of the heart around the shaft to inhibit blood 

flow therethrough. The sealing device preferably comprises a 

purse string suture that may be applied to the wall of the

20 heart around the penetration. The purse string suture may

then be tensioned to seal the penetration around the catheter 

shaft.

In order to facilitate positioning the distal end of 

the cardioplegia catheter in the ascending aorta from a left

25 chamber of the heart, a distal portion of the catheter may be 

preshaped in an appropriate shape that the catheter naturally 

assumes in an unbiased, unrestrained condition. For

embodiments positioned via the left atrium, the shaft may be 

preshaped such that the distal end is maneuverable around the

30 sharp turn from the mitral valve toward the aortic valve. In 

such a shape, a distal portion of the catheter shaft is 

preferably disposed at an angle between about 20 and 90 

degrees relative to a proximal portion of the shaft. In order 

to facilitate introduction of a cardioplegia catheter having

• 35 such a shape, a relatively stiff obturator may be placed in an 

inner lumen of the catheter to straighten the shaft during 

introduction, the obturator being withdrawn from the catheter 

as it is advanced into the aorta.
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As an alternative or supplement to a preshaped 
shaft, the invention further provides a guiding device for 
guiding the distal end of the shaft into the ascending aorta. 
In one embodiment, the guiding device comprises a guidewire

5 positionable in the ascending aorta from the left chamber of 
the heart. In another embodiment, the guiding device 
comprises a stylet removably positionable in a lumen within 
the shaft, the stylet having an end portion for shaping the 
shaft. The stylet may have a shaping mechanism for shaping

10 the end portion, whereby an actuator at a proximal end of the 
stylet may be actuated so as to cause the stylet to assume a 
suitable shape, thereby imparting the shape to the
cardioplegia catheter. The shaping mechanism may comprise 
steering wires, push rods, or other mechanisms suitable for

15 changing the shape of the stylet.
In a further embodiment the guiding device comprises

a flow directed catheter positionable through a lumen in the 
shaft and having an expandable member at its distal end 
configured to be carried by blood flow into the ascending

20 aorta. Once the flow-directed catheter has been positioned in 
the ascending aorta, the cardioplegia catheter may be slidably 
positioned over the flow-directed catheter. Alternatively, 
the flow directed catheter may have an inner lumen through 
which a guidewire is first positioned into the ascending

25 aorta, the flow-directed catheter then being withdrawn and the 
cardioplegia catheter positioned over the guidewire into the 
ascending aorta.

A source of cardioplegic fluid is usually connected 
in communication with the port at the proximal end of the

30 shaft, allowing cardioplegic fluid to be delivered through the 
inner lumen into the ascending aorta upstream of the occlusion 
member to arrest the heart. Preferably, the inner lumen is 
configured to deliver a cardioplegic fluid containing blood at 
a rate of at least 150 ml/min and a pressure less than about

• 35 350 mmHg, the inner lumen having a cross-sectional area of at
least about 2.2 mm2 between the port and the opening.

Arterial blood circulation may be maintained in 
various ways. In one embodiment, the cardioplegia catheter
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includes a delivery opening distal to the occlusion member, a 

delivery port at the proximal end of the shaft, and a delivery 

lumen extending between the delivery port and the delivery 

opening. The delivery lumen may be configured to provide

5 return of oxygenated blood to the aorta downstream of the 

occlusion member as a substitute for or a supplement to a 

separate arterial return cannula. As the sole conduit for 

return of blood to a patient under full cardiopulmonary bypass 

the delivery lumen is configured to deliver blood at a rate of

10 at least about 4 liters/min at a pressure no more than about 

350 mmHg, usually having a cross-sectional area of at least 
about 3 0 mm2 .

In alternative embodiments, return of arterial blood 

may be provided by one or more arterial cannulae positioned

15 independently of the cardioplegia catheter. In one

embodiment, an arterial return cannula is slidably positioned 

through the delivery lumen in the cardioplegia catheter, 

allowing the arterial return cannula to be placed in any of 

various positions relative to the occlusion member, and

20 allowing the occlusion member to be withdrawn from the aorta 

without removing the arterial return cannula. In another 

embodiment, the arterial cannula is placed in parallel with 

the cardioplegia catheter through the left atrium, left 

ventricle and aortic valve, and the cardioplegic catheter has

25 an occlusion member that conforms around the cardioplegia

cannula to occlude the ascending aorta. Alternatively, the 

arterial return cannula may have a lumen configured to allow 

the cardioplegia catheter to be slidably positioned through 

it. The cardioplegia catheter has a blood return lumen

30 extending distally of the occlusion member and at least one 

inlet port in its sidewall through which blood may enter the 

blood return lumen from the arterial return cannula. In 

alternative embodiments, an arterial return cannula is placed 

in a peripheral vessel selected from the femoral, iliac,

-35 subclavian or axillary artery. In a particular embodiment,

the arterial cannula is configured to extend into or near the 

aortic arch from the peripheral artery, allowing arterial
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blood to be returned such that flow through the aorta and its 

branches is in an antegrade direction.

The cardioplegia catheter of the invention 

preferably includes a pressure monitoring device coupled to

5 the shaft for monitoring pressure in the ascending aorta

proximal to the occlusion member. Usually, a pressure opening 

is provided in the shaft proximal to the occlusion member, a 

pressure port is disposed at the proximal end of the shaft, 

and a pressure lumen extends between the pressure port and the

10 pressure opening. A pressure monitoring device may be coupled 

to the pressure port at the proximal end of the shaft so as to 

measure pressure in the aortic root during the procedure.

A method of inducing cardioplegic arrest according 

to the invention comprises the steps of: forming a penetration

15 in a wall of a left chamber of the heart; positioning a

cardioplegia catheter through the penetration into the left 

chamber of the heart; forming a seal between the wall of the 

heart and the cardioplegia catheter to inhibit leakage of 

blood through the penetration; advancing a distal end of the

20 cardioplegia catheter in the direction of blood flow from the 

left chamber of the heart, through the aortic valve and into 

the ascending aorta; expanding an occlusion member on the 

cardioplegia catheter so as to occlude the ascending aorta 

downstream of the coronary ostia and upstream of the

25 brachiocephalic artery; delivering cardioplegic fluid through 

the coronary vasculature to the myocardium so as to arrest 

cardiac function; and circulating oxygenated blood in the 

patient's arterial system downstream of the occlusion member.

In a preferred embodiment, the step of circulating

30 comprises positioning an arterial cannula in an arterial 

location downstream of the occlusion member, the arterial 

cannula being independently positionable relative to the 

occlusion member. The arterial cannula is usually positioned 

in a peripheral artery selected from a femoral artery, iliac

35 artery, subclavian artery or axillary artery. the step of

sealing preferably comprises placing a purse string suture in 

the wall of the heart around the penetration.
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The step of advancing preferably comprises sliding 
the cardioplegia catheter over a guiding device positioned in 
the left chamber of the heart and extending into the ascending 
aorta. The guiding device may comprise a guidewire, flow- 
directed catheter, stylet, or other device as described above.

The method is preferably practiced without a median 
sternotomy or other form of gross thoracotomy, i.e., with the 
patient's sternum and ribs substantially intact. In some 
cases, it may be desirable to form a small incision between 
the ribs, known as a mediastinotomy or mini-thoracotomy, which 
in some circumstances may involve the cutting or removal of 
one or more of the costal cartilages which connect the ribs to 
the sternum. In any event, the incision or opening formed in 
the patient's chest may be as small as practicable under the 
circumstances of the case, generally being smaller than the 
hands of the surgeon, usually having a length of less than 
about 8 cm, and preferably having a length of less than about 
6 cm, with a width not much wider than the distance between 
the ribs, e.g., about 20-30 mm. In a particularly preferred 
embodiment, the cardioplegia catheter will be placed through a 
cannula , trocar or other retractor placed within an
intercostal space between the ribs, and guided into the heart 
using long-handled thoracoscopic instruments positioned in the 
chest via intercostal access ports. The surgeon may visualize 
the interior of the chest either directly through such access 
ports, or using a thoracoscope and video camera. Placement of 
the occlusion balloon in the ascending aorta may be visualized 
using transesophageal echocardiography or fluoroscopy.

A further understanding of the nature and advantages 
of the invention will become apparent from the following 
detailed description taken in conjunction with the drawings.
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Throughout this specification the word "comprise", or variations such 
as "comprises" or "comprising", will be understood to imply the inclusion of a 
stated element, integer or step, or group of elements, integers or steps, but not 
the exclusion of any other element, integer or step, or group of elements,

5 integers or steps.

Brief Description of the Drawings
Figure 1 is a side cross-sectional view of a cardioplegia catheter

according to the invention.
Figure 2 is a transverse cross-section of the cardioplegia catheter of 

Figure 1 taken along line 2-2.
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Figure 3A is a partial cross-section of a patient's 

heart illustrating the positioning of the cardioplegia 

catheter of Figure 1.

Figure 3B is a schematic view of a cardiopulmonary 

5 bypass system and associated catheters used in a patient’s

body in conjunction with the cardioplegia catheter of 

Figure 1.

Figure 4 is an elevational view of an outer wall of 

a patient's heart illustrating the placement of a purse-string

10 suture around a penetration therein.

Figures 5-7 are partial cross-sections of a 

patient's heart illustrating the introduction of the 

cardioplegia catheter of Figure 1 into the ascending aorta.

Figure 8 is a side view of a cardioplegia catheter 

15 according to the invention in a second embodiment thereof.

Figure 9 is a transverse cross-section of the 

cardioplegia catheter of Figure 8 taken along the lines 9-9.

Figure 10 is a partial cross-section of a patient's 

heart illustrating the positioning of the cardioplegia

20 catheter of Figure 8.

Figures 11-14 are partial cross-sections of a 

patient's heart illustrating various embodiments of arterial 

return cannulas according to the invention.

Figure 15 is a side partial cross-section of a 

25 further embodiment of a cardioplegia catheter system according

to the invention.

Figure 16 is a transverse cross-section of the 

cardioplegia catheter system of Figure 15 taken along line 

16-16 .

30 Figure 17 is a partial cross-section of a patient's

heart illustrating the use of the cardioplegia catheter system 

of Figure 15 .

■ Figure 18 is a partial cross-section of a patient's

heart illustrating a further embodiment of a cardioplegia

' 35 catheter system according to the invention.
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DESCRIPTION OF THE PREFERRED EMBODIMENT 

Referring to Figure 1, a first embodiment of a

cardioplegia catheter according to the invention will be 

described. Cardioplegia catheter 20 has a shaft 22 having a

5 distal end 24 and a proximal end 26. An occlusion balloon 28 

is attached to shaft 22 near distal end 24 by adhesive bonding 

or other known technique. One or more radiopaque bands or

. markers 29 are provided on shaft 22 adjacent occlusion balloon 

28 to permit fluoroscopic imaging of the catheter within the

10 aorta.

Shaft 22 has a plurality of lumens, as shown in 

Figure 2. A first lumen 30 extends from a first port 32 at 

proximal end 26 to a first opening 34 proximal to occlusion 

balloon 28. A second lumen 38 extends from a second port 40

15 at proximal end 26 to a second opening 42 proximal to

occlusion balloon 28. The positions of first and second 

openings 34, 42 are selected such that the openings will be 

disposed within the ascending aorta downstream of the aortic 

valve when occlusion balloon 28 is disposed between the

20 brachiocephalic artery and the coronary arteries, as described 

more fully below. First and second openings 34,42 are 

preferably positioned within about 1 cm from the proximal end 

of occlusion balloon 28. A pressure monitoring device may be 

connected to second port 40 for monitoring pressure in the

25 aortic root through second lumen 38.

First lumen 30 and first opening 34 are dimensioned

to allow cardioplegic fluid to be delivered at sufficient 

rates to induce cardioplegic arrest effectively and rapidly. 

Usually, first lumen 30 will be configured for delivery of a

30 cardioplegic fluid containing blood, which has been shown to 

more effectively protect the myocardium while the heart is 

arrested. In such cases, it is important that first lumen 30 

allow the cardioplegic fluid to be delivered at sufficient 

rates to rapidly flow from the aortic root into the

35 coronaries, perfuse the myocardium, and arrest the heart, 

without requiring the fluid to be delivered at excessive 

pressures which could damage the blood cells contained in the 

fluid. Preferably, first lumen 30 will permit delivery of
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cardioplegic fluid at rates of at least about 150 ml/min and 

at pressures no more than about 350 mmHg. Thus, first lumen 

30 usually has a transverse cross-sectional area of about 2.0

3.0 mm2, and preferably about 2.4-2.8 mm2, between first port

5 32 and first opening 34.

A third lumen 44 extends from a third port 46 to a

third opening 48 distal to occlusion balloon 28, usually being 

at distal end 24 of shaft 22. As shown in Figure 1, occlusion 

balloon 28 may be configured to extend beyond the distal end

10 of shaft 22 in an inflated configuration, but includes a

central passage 49 communicating with third opening 48 such 

that third opening 48 communicates with the aortic lumen 

distally of the occlusion balloon. Third lumen 44 is usually 

configured to deliver oxygenated blood into the aorta at rates

15 sufficient to sustain the patient on full cardiopulmonary 

bypass with the heart stopped, without reaching such high 

pressures as to cause excessive hemolysis, preferably allowing 

blood flow rates of at least about 4 liters/min at pressures 

no higher than about 350 mmHg. Third lumen 44 therefore has a
20 cross-sectional area of at least about 20 mm2, and preferably 

about 30-60 mm2, between third port 46 and third opening 48, 

although the necessary cross-sectional area will vary 

depending upon the length of the catheter. Alternatively, as 

described more fully below, a separate arterial return cannula

25 may be placed in an artery downstream of occlusion balloon 28 

to return oxygenated blood to the patient instead of or as a 

supplement to arterial return through third lumen 44, in which 

case third lumen 44 may have a cross-sectional area that is 

significantly smaller.

30 An inflation lumen 50 extends from an inflation port

52 to an inflation opening 54 disposed within the interior of 

occlusion balloon 28. A source of inflation fluid, such as

• saline (preferably mixed with a radiopaque contrast agent) may

be delivered through inflation lumen 50 into the interior of

- 35 occlusion balloon 28 to inflate the balloon.

Preferably, occlusion balloon 28 is a compliant,

elastic material such as silicone, urethane, or latex and is 

bonded to shaft 22 by adhesive, thermal, or solvent bonding.
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Occlusion balloon 28 is configured to expand to a size 

sufficient to engage the inner wall of the aorta and fully 

occlude the aortic lumen to block blood flow through it. The 

compliance of the balloon allows it to be expanded to a range

5 of diameters so as to occlude aortas of various size, usually 

being inflatable to an outer diameter of at least about 20 mm 

and preferably about 20-40 mm for adult patients. Occlusion 

balloon 28 has an axial length (parallel to the longitudinal 

axis of shaft 22) short enough to allow it to occlude the

10 ascending aorta without blocking either the brachiocephalic

artery or the coronary arteries, preferably having a length in 

a range of about 20-50 mm for adult patients.

Figures 3A-3B illustrate the cardioplegia catheter 

of Figures 1-2 in use in a patient's heart. With occlusion

15 balloon 28 positioned in the ascending aorta AA between

brachiocephalic artery BA and coronary arteries CA, shaft 22 

extends through aortic valve AV, left ventricle LV, mitral 

valve MV and a puncture P in the wall of left atrium LA. 

Preferably, shaft 22 extends out of the patient's chest

20 through a percutaneous incision, trocar sleeve or other small 

access port (not shown) placed in an intercostal space between 

the ribs, without creating a median sternotomy or other type 

of gross thoracotomy.

Once the cardioplegia catheter is positioned as

25 shown, the patient may be placed on cardiopulmonary bypass,

whereby blood is withdrawn from a vein through venous cannula 

51, directed via venous line 53 to an extracorporeal

cardiopulmonary bypass system 55 for oxygenation, and pumped 

via arterial return line 57 back into the aorta through third

30 port 46, third lumen 44 and third opening 48. Preferably,

venous cannula 51 extends transluminally from a femoral vein 

FV through the inferior vena cava and into the right atrium to 

remove blood from the heart. Cardiopulmonary bypass system 55 

may be of known construction, including a pump for applying

. 35 negative pressure to venous cannula 51, an oxygenator for

oxygenating the withdrawn blood, a bubble trap for removing 

air bubbles from the blood, and an additional pump for 

returning the blood to the arterial system. Other components



WO 98/47558 PCT/US98/08174
14

and features of cardiopulmonary bypass systems that may be 

employed in the system of the present invention will be 

apparent to those of skill in the art.

Occlusion balloon 28 may then be inflated to occlude 

5 ascending aorta AA, and cardioplegic fluid may be delivered

from a pressurized fluid source 59 through first port 32, 

first lumen 30 and first opening 34 to perfuse the myocardium 

via coronary arteries CA, thereby arresting cardiac function. 

Preferably, cardioplegic fluid source 59 is configured to

10 deliver a cardioplegic fluid comprising blood plus a

cardioplegic agent such as potassium chloride, which has been 

found to optimally protect and preserve the myocardium during 

the procedure. Pressure in the aortic root may be monitored 

through second lumen 38 and second opening 42, which are

15 connected to a pressure monitoring system 61 outside the 

patient's body. Venting of the aortic root proximally of 

balloon 28 may be accomplished by turning a valve 63 so that 

first lumen 30 is in communication with blood filtering and 

recovery module 65 instead of cardioplegic fluid source 59.

20 Blood, fluids and any embolized materials removed from the 

aorta are filtered by module 65 and the filtered blood is 

returned to the body via cardiopulmonary bypass system 55.

In an additional aspect of the invention, 

illustrated in Figure 3B, a pulmonary artery catheter 69 and

25 coronary sinus catheter 71 are utilized in conjunction with 

cardioplegia catheter 20. These catheters may be introduced 

transluminally into the heart from a peripheral vein such as 

internal jugular vein JV. Pulmonary artery catheter 69 is 

advanced from right atrium RA through the tricuspid valve TV,

30 right ventricle RV and pulmonary valve PV into the pulmonary

artery PA. The catheter is connected at its proximal end to a 

pump or other fluid aspiration device. Any blood or fluids 

not removed by venous cannula 51 that reach the pulmonary 

artery may be removed through pulmonary artery catheter PV,

-35 thereby keeping the heart adequately vented. Blood removed

through pulmonary artery catheter 69 may be returned to blood 

filter/recovery module 65 for treatment and return to the body 

via cardiopulmonary bypass system 55. Other aspects of
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pulmonary artery catheters suitable for use in conjunction 
with the present invention are described in copending 
application Serial No. 08/415,238, filed March 30, 1995, which 
is incorporated herein by reference.

5 Coronary sinus catheter 71 is advanced from jugular
vein JV and right atrium RA into the coronary sinus CS, 
through which blood ordinarily drains from the coronary 
arteries and veins into the right side of the heart. Coronary 
sinus catheter 71 preferably includes a main lumen extending

10 through its length to an opening at its distal end, allowing 
cardioplegic fluids to be delivered from a pressurized fluid 
source 73 to the myocardium in a retrograde manner via the 
coronary veins. To facilitate this process, coronary sinus 
catheter 71 preferably includes a balloon 75 at its distal tip

15 configured to occlude the coronary sinus during delivery of
cardioplegic fluids. Balloon 75 is inflated by delivery of a 
fluid such a saline from a syringe 77 or other suitable 
inflation device via an inflation lumen in communication with 
balloon 75. In this way, cardioplegic fluid may delivered

20 through the coronary sinus catheter 71 either in conjunction
with cardioplegic fluid delivery through cardioplegia catheter 
20, or as a substitute for delivery through cardioplegia 
catheter 20. Other aspects of coronary sinus catheters 
suitable for use in conjunction with the present invention are

25 described in US patent no. 5,558,644, which is incorporated 
herein by reference.

A preferred technique of positioning cardioplegia 
catheter 20 in the ascending aorta is shown in Figures 4-6.
In this technique, a purse-string suture 60 is placed in the

30 left atrial wall W around the intended site of catheter
introduction, as shown in Figure 4. Suture 60 may be placed 
using well-known techniques, and is preferably placed using 
thoracoscopic instruments introduced through small incisions, 
trocar sleeves or other intercostal access ports not requiring

■35 a gross thoracotomy. The left atrium may be accessed via
access ports in the 3rd, 4th or 5th intercostal spaces on the 
right lateral or right anterior side of the chest. If 
desired, the heart may be repositioned within the chest to
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improve access using thoracoscopic retraction instruments 

introduced through access ports between the ribs. Once purse

string suture 60 has been placed in wall W, a small incision 

or puncture P is formed in wall W so as to be encircled by

5 suture 60, and a flow-directed catheter 64, shown in Figure 5, 

is inserted through puncture P. The free ends 62 of suture 60 

may then be tensioned so as to form a seal between wall W and 

the outer wall of flow-directed catheter 64. Preferably, a 

suture tensioner 66 is used to maintain tension on suture ends

10 62, which may consist of a tube 68 having an inner lumen 70

through which ends 62 may be passed. Lumen 70 is dimensioned 

to frictionally engage suture ends 62 so as to maintain 

adequate tension on suture S to create a hemostatic seal 

around catheter 64.

15 Once positioned in the left atrium LA, as shown in

Figure 5, flow-directed catheter 64 is advanced through the 

mitral valve MV into left ventricle LV, and through aortic 

valve AV into the ascending aorta AA. To assist such 

positioning, flow-directed catheter 64 has an expandable

20 member 66 at its distal end which, when expanded, is carried 

by the flow of blood through the heart into the ascending 

aorta. Expandable member 66 is usually a balloon that is 

inflated with fluid introduced through an inflation lumen (not 

shown in Figure 5) extending through the flow-directed

25 catheter into the interior of the balloon. Expandable member 

66 may be inflated in the left atrium LA, from which blood 

will carry it through the mitral and aortic valves into the 

aorta. Flow-directed catheter also includes a guidewire lumen 

(not shown in Figure 5) through which a guidewire 68 may be

30 positioned either during or after flow-directed catheter is 

positioned in ascending aorta AA. Guide wire 68 is advanced 

through flow-directed catheter 64 until its tip is in 

ascending aorta AA, and flow-directed catheter is then removed 

from the patient, leaving guidewire 68 in position in the

■ 35 heart. As the flow-directed catheter is removed from left

atrial wall W, purse-string suture S is tensioned to maintain 

a hemostatic seal around guidewire 68.
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As shown in Figure 6, the proximal end of guidewire 

68 is then placed in third lumen 44 in cardioplegia catheter 

22 outside the heart, and cardioplegia catheter 22 is slidably 

advanced over guidewire 68 through puncture P, mitral valve

5 MV, and aortic valve AV into ascending aorta AA. Guidewire 68 

is then removed from third lumen 44, leaving cardioplegia 

catheter 20 in the position of Figure 3.

As an alternative to the use of a guidewire, 

cardioplegia catheter 20 may be configured to be advanced into

10 the ascending aorta AA directly over flow-directed catheter 

64, as shown in Figure 7. In this embodiment, flow-directed 

catheter 64 need not have a guidewire lumen, allowing it to he 

smaller and more flexible. Once cardioplegia catheter 20 has 

been slidably advanced over flow-directed catheter 64 into

15 ascending aorta AA, expandable member 66 is deflated and the 

flow-directed catheter is withdrawn from third lumen 44.

As may be seen in Figure 3, shaft 22 of cardioplegia 

catheter 20 must be shapable into a curve of very small radius 

in order to extend through both the aortic valve AV and mitral

20 valve MV, a distal portion of the shaft which extends through 

the aortic valve being at an angle of around 100-170 degrees, 

preferably about 110 to 150 degrees, relative to the proximal 

portion of the shaft which extends through the mitral valve. 

Preferably, shaft 22 will be reinforced in at least the region

25 of this curve with a wire winding (not shown) embedded in its 

outer wall to prevent the shaft from kinking. Suitable wire- 

wound shafts and methods of manufacturing such shafts are 

described in copending application Serial No. 08/664,716, 

filed June 17, 1996, which is incorporated herein by

30 reference.

In addition to wire winding or other form of 

reinforcement, shaft 22 may be preshaped in a curve to 

facilitate positioning the catheter through the mitral and 

aortic valves. The preshaped portion of the shaft will

35 preferably be shaped such that a distal portion of the shaft 

is disposed at an angle of about 90-150 degrees relative to 

the proximal portion of the shaft. The curve will usually be 

disposed about 4-8 cm from the distal end of shaft 22 for use



WO 98/47558 PCT/US98/08174
18

in adult patients. When introducing cardioplegia catheter 20 

through puncture P, a stylet (not shown) may by positioned in 

third lumen 44 to straighten the preshaped portion. The 

stylet is gradually withdrawn from the catheter as it is

5 advanced through the mitral valve into the left ventricle.

As another alternative, cardioplegia catheter 20 may

have a generally straight shaft 22, but a steerable or 

shapable stylet may be provided which is removably 

positionable in first lumen 30 or third lumen 44. In a

10 shapable embodiment, the stylet is a malleable material which 

permits it to be inelastically shaped into the desired 

configuration, then placed into a lumen in shaft 22 to impart 

such shape to the shaft. Once distal end 24 of cardioplegia 

catheter 20 has been placed through the mitral valve, the

15 shaped stylet may be placed in either of lumens 30 or 44 to 

orient distal end 24 in a suitable position for advancement 

through the aortic valve. In a steerable embodiment, the 

stylet includes a steering mechanism such as one or more pull 

wires extending through a lumen in the stylet and fastened to

20 its distal end, offset from the radial center of the stylet.

By exerting tension on the pull wires, the distal end of the 

stylet may be deflected into a curved or bent shape. In this 

way, once cardioplegia catheter 20 has been advanced through 

the mitral valve, the stylet may be inserted in lumen 44 and

25 deflected so as to re-orient distal end 24 of shaft 22 in a

suitable orientation for advancement through the aortic valve.

As a further alternative, cardioplegia catheter 20 

itself may include a steering mechanism for steering the 

distal end of shaft 22 through the mitral and aortic valves.

30 For example, one or more pull wires may extend through a lumen 

in shaft 22 and be fastened near distal end 24, offset from 

the radial center of the shaft. By tensioning the pull wires, 

the distal portion of the shaft be deflected into a curved or 

bent shape suitable for placement from the mitral valve

•35 through the aortic valve.

A second embodiment of a cardioplegia catheter 80

according to the invention is illustrated in Figures 8-10. 

Cardioplegia catheter 80 is in many respects similar to
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cardioplegia catheter 20 of Figures 1-7, having a flexible 

shaft 82, an occlusion member 84 at the distal end of shaft 

82, a first lumen 86 extending from a first port 88 to a first 

opening 90 proximal to occlusion member 84, a second lumen 92

5 extending from a second port 94 to second opening 96 proximal 

to occlusion member 84, and a third lumen 98 extending from a 

third port 100 to a third opening 102 distal to occlusion 

member 84. Occlusion member 84 is preferably an occlusion 

balloon, inflated by means of inflation fluid delivered

10 through an inflation lumen 104 extending from an inflation 

port 106 to an inflation opening 108 within the occlusion 

balloon.

Unlike the previous embodiment, cardioplegia 

catheter 80 further includes a ventricular balloon 110 spaced

15 proximally from occlusion member 84 and first and second

openings 90, 94. The position of ventricular balloon 110 on 

shaft 82 is selected such that it will be disposed in the left 

ventricle adjacent the aortic valve when occlusion balloon 84 

is in the ascending aorta between the brachiocephalic artery

20 and the coronary arteries, usually being positioned about 4-8 

cm proximally of occlusion balloon 84 for use in adult 

patients. Ventricular balloon 110 is inflated via a second 

inflation lumen 112 extending from a second inflation port 114 

at the proximal end of the shaft to a second inflation opening

25 in shaft 82 within the ventricular balloon. The balloon will 

preferably be inflatable to a diameter of about 2-4 cm to 

facilitate occlusion of the ventricular outflow tract at the 

around the annulus of the aortic valve.

Cardioplegia catheter 80 of Figures 8-9 is shown in

30 position in a patient's heart in Figure 10. The catheter may 

be introduced from a puncture P in the left atrium LA, through 

the mitral valve MV, left ventricle LV, and aortic valve AV in 

the manner described above in connection with Figures 4-7.

When ventricular balloon 110 is positioned in the left

• 35 ventricle LV, it may be inflated so as to prevent further 

advancement of cardioplegia catheter 80 into the aorta. 

Ventricular balloon 110 is seated within the left ventricular 

outflow tract in engagement with the ventricular wall around
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the annulus of the aortic valve. With cardiopulmonary bypass 

established and oxygenated blood being returned to the 

arterial system via third lumen 98 or through a separate 

arterial cannula, occlusion balloon 84 is expanded to occlude

5 the ascending aorta AA, preventing arterial blood from

reaching the coronary arteries CA. Cardioplegic fluid is then 

delivered through first lumen 86 into the aorta proximal to 

occlusion balloon 84, from which the fluid may flow into the 

coronary arteries to perfuse the myocardium and arrest the

10 heart. It may be seen that, with shaft 82 extending through 

aortic valve AV, some cardioplegic fluid could flow around 

shaft 82 through the aortic valve leaflets into the left 

ventricle LV. Advantageously, ventricular balloon 110 

occludes the left ventricular outflow tract around the aortic

15 valve annulus, preventing flow of fluid into the left 

ventricle .

The invention provides a number of different 

alternatives for returning oxygenated blood to the patient's 

arterial system downstream from the occlusion member of the

20 cardioplegia catheter. In one embodiment, described above,

oxygenated blood is returned to the aorta through third lumen 

44 in cardioplegia catheter 20 or third lumen 98 in

cardioplegia catheter 80. This has the advantage of 

eliminating the need for a separate arterial cannula and the

25 associated arterial incision through which the cannula would 

be placed. However, in some cases, it may be desirable to 

decouple the arterial return device from the cardioplegia 

catheter so that if the need arises to remove the occlusion 

member from the ascending aorta, it can be rapidly removed

30 without removing the arterial cannula, which would require the 

patient to be weaned from cardiopulmonary bypass. To provide 

this advantage, a separate arterial cannula may be used in

- addition to or instead of the third lumen in the cardioplegia

catheter.

■35 In one embodiment, shown in Figure 11, an arterial

return cannula 120 is slidably positioned through third lumen 

44 in cardioplegia catheter 20. Arterial return cannula 120 

is configured to deliver oxygenated blood into the aorta at
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rates sufficient to sustain the patient on full 
cardiopulmonary bypass with cardioplegic arrest, having a 
blood flow lumen and one or more outlets 122 at its distal end 
124 with dimensions similar to those described above in

5 connection with third lumen 44 of the cardioplegia catheter.
In use, cardioplegia catheter 20 is first positioned in the 
ascending aorta in the manner described above. Arterial 
return cannula 120 is then slidably advanced through third 
lumen 44 until distal end 122 is positioned in ascending aorta

10 AA. Arterial return cannula 120 is connected at its proximal 
end to the extracorporeal cardiopulmonary bypass circuit so as 
to receive oxygenated blood and deliver it into the aorta. 
Occlusion balloon 28 may then be inflated to occlude the 
ascending aorta, and cardioplegic fluid delivered through

15 first lumen 30 to arrest the heart. Should the need arise to 
remove occlusion balloon 28 from the aorta during the 
procedure, occlusion balloon 28 is deflated, and cardioplegia 
catheter 20 slidably retracted over arterial cannula 120, 
which may continue to deliver blood into the arterial system.

20 In an alternative embodiment, shown in Figure 12, an
arterial return cannula 130 is configured for introduction in 
a femoral or iliac artery. Arterial return cannula 130 may be 
short, e.g. 4-10 cm, so as to extend only into the iliac or 
abdominal aorta, but is preferably at least about 80 cm long

25 so as to extend into the thoracic aorta or aortic arch as
shown. In this way, blood may be returned to the aorta near 
the vessels at the top of the arch that deliver blood to the 
head and neck, and allowing blood to flow in the natural, 
antegrade direction through the aorta, iliac and femoral

30 arteries. Arterial return cannula 130 is again configured to 
deliver blood at sufficient rates to support the patient on 
full cardiopulmonary bypass with the heart arrested, 
delivering flows of at least about 4 liters/min at pressures 
no higher than 350 mmHg. Arterial return cannula 130 has an

-35 inner lumen and outlets 132 at its distal end 134 with
dimensions sufficient to provide such flows. At the same 
time, arterial return cannula 130 has outer dimension small 
enough to be positionable in a femoral artery of limited
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diameter. Usually, arterial return cannula 130 has an inner 
lumen with cross-sectional area of at least about 30 mm2, 

preferably about 40-70 mm2, and an outer diameter of no more 

than about 8 mm, preferably about 6-7 mm, for use in adult 

patients. Of course, if oxygenated blood is also returned 

through third lumen 44 of cardioplegia catheter 20, arterial 

return cannula 130 may have a smaller lumen.

In a further embodiment, illustrated in Figure 13, 

an arterial return cannula 140 is configured for placement in 

a subclavian or axillary artery and advanced into or near the 

aortic arch. In this way, arterial blood may be returned to 

the aorta near the top of the aortic arch so as to flow in an 

antegrade direction. Arterial return cannula has an inner 

lumen in communication with one or more openings 142 near its 

distal end 144, and preferably has a length of about 10-50 cm, 

an outer diameter of about 6-7 mm, and an inner lumen with 
cross-sectional area of about 30-50 mm2 to deliver oxygenated 

blood at sufficient rates to sustain the patient on full 

cardiopulmonary bypass .

In another embodiment, shown in Figure 14, an 

arterial return cannula 150 is configured to be placed 

thoracoscopically into the ascending aorta through an aortic 

puncture AP. Blood leakage through aortic puncture AP may be 

avoided by placing a purse-string suture (not shown) around 

the puncture similar to suture S placed in the left atrial 

wall, as described above in connection with Figure 7.

Arterial return cannula 150 is configured to direct oxygenated 

blood in a downstream direction in the aorta, having an inner 

lumen communicating with at least one outlet 152 at its distal 

end 154. The inner lumen of arterial return cannula 150 has 
a cross-sectional area of about 30-50 mm2 so as to deliver 

blood at sufficient flows to maintain full cardiopulmonary 

bypass with the heart stopped. Arterial return cannula 150 

further has a length of at least about 20 cm so as to extend 

out of the chest through a small incision, trocar sleeve, or 

access port in an intercostal space, without creating a gross 

thoracotomy.
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An additional embodiment of a cardioplegia catheter 

system according to the invention is shown in Figures 15-17.

In this embodiment, cardioplegia catheter system 160 includes 

an arterial return cannula 162 having a return lumen 164, a

5 return opening 166 at its distal end and a return port 168 at 

its proximal end. A catheter port 170 is in communication 

with return lumen 164 at the proximal end of arterial cannula 

162 and includes a hemostasis valve 172 for sealing around a 

catheter shaft positioned in the catheter port. Hemostasis

10 valve 172 may be any of a variety of well known types, 

comprising, for example, a pair of parallel compliant 

elastomeric disks 174, 176, one having an axial slit (not 

shown) for sealing when the catheter shaft is absent, and one 

having a round axial hole (not shown) for sealing around the

15 catheter shaft. Return port 168 includes a hose barb 178 for 

connection to standard tubing from an extracorporeal 

cardiopulmonary bypass circuit to receive oxygenated blood. A 

seal 179, which may be an elastomeric O-ring, is mounted near 

return opening 166 for sealing around a catheter shaft

20 positioned therethrough.

A cardioplegia catheter 180 is slidably positionably

positionable through catheter port 170, return lumen 164 and 

return opening 166. Cardioplegia catheter 180 has a 

multilumen shaft 182 and a balloon 184 mounted near its distal

25 end configured to occlude the ascending aorta. Shaft 182

includes a first lumen 186 extending from a first opening 188 

just proximal to balloon 184 to a first port (not shown) at 

the proximal end of the shaft. A pressure lumen 190 extends 

from a pressure opening 192 just proximal to balloon 184 to a

30 pressure port (not shown) at the proximal end of the shaft.

An inflation lumen 194 extends from an inflation opening 196 

within balloon 184 to an inflation port (not shown) at the

■ proximal end of the shaft.

A blood lumen 198 extends from a blood outlet 200 at

• 35 the distal end of shaft 182 to a plurality of blood inlets 202 

in the sidewall of shaft 182 in a proximal region thereof. 

Blood inlets 202 are positioned so as to be within return 

lumen 164 when balloon 184, first opening 188 and pressure



WO 98/47558 PCT/US98/08174
24

opening 192 are disposed distally of the distal end of 

arterial return cannula 162. In this way, blood flowing 

through return lumen 164 flows into blood inlets 202 and 

through blood lumen 198 into the aorta distally of balloon

5 184. Blood lumen 198 is preferably configured to provide

sufficient blood flow for full cardiopulmonary bypass with 

cardioplegic arrest, dimensioned to provide flows of at least 

4 liters/min at pressures not exceeding 350 mmHg.

The positioning of cardioplegia catheter system 160 

10 in the heart and ascending aorta is illustrated in Figure 17.

Usually, cardioplegia catheter 180 will first be positioned in 

arterial return cannula 162 and the two will placed through a 

penetration P in the left atrium LA (sealed by a purse-string 

suture), advanced through the mitral valve MV, through the

15 aortic valve AV, and into the ascending aorta AA. A guide

wire, stylet, or flow-directed catheter may be used to assist 

placement, as described above. Arterial blood flow is 

initiated through return port 168, from which the blood flows 

through blood lumen 198 and blood outlet 200 into the aorta.

20 Balloon 184 is then inflated so as to occlude ascending aorta 

AA. A cardioplegic agent may then be delivered through first 

lumen 186 and first opening 188 so as to arrest the heart.

When it is desired to remove cardioplegia catheter 

180 from the ascending aorta, it may be slidably withdrawn

25 from return lumen 164 while arterial return cannula 162

remains in place, at which time blood flowing into return port 

168 will flow directly through return lumen 164 into the 

aorta, thereby continuing to maintain circulation of

oxygenated blood in the patient.

30 It should be understood that as an alternative to

the embodiment illustrated, a single blood inlet port in 

communication with blood lumen 198 at the proximal end of 

cardioplegia catheter 180 may be provided in place of blood 

inlets 202. The oxygenated blood return line may be connected

35 both to this blood inlet port and to return port 168 of the

arterial cannula, preferably in series with a two-way valve to 

allow selective direction of blood flow between either port.

In this way, when cardioplegia catheter 180 is positioned in
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return lumen 164, blood may be directed to the blood inlet 

port at its proximal end so as to flow into the aorta distally 

of balloon 184. When the cardioplegia catheter is removed, 

blood may be directed to flow through return port 168 to

5 continue flow into the aorta through arterial return cannula 

160 .

Figure 18 illustrates still another embodiment of a 

cardioplegia catheter system according to the invention. 

Cardioplegia catheter system 210 includes a tubular sheath 212

10 having distal end 214 configured for placement through a 

penetration P in the left atrium LA. Sheath 212 has an 

opening 216 at its distal end 214 and first and second ports 

218, 220 at its proximal end, each of which preferably has a 

hemostasis valve (not shown) for sealing around a catheter

15 shaft positioned therethrough. An arterial return cannula 222 

is slidably positionable through first port 214 and sheath 212 

and has a distal end 224 which may be advanced into the 

ascending aorta AA through mitral valve MV and aortic valve 

AV. Arterial return cannula 222 has a return opening 226 at

20 its distal end, a return port 228 at its proximal end, and a

return lumen (not shown) therebetween through which oxygenated 

blood may be delivered into the aorta.

Cardioplegia cannula 230 may be constructed 

similarly to cardioplegia cannula 20 described above in

25 connection with Figures 1-3, having a balloon 232 for

occluding the ascending aorta, a cardioplegia/venting opening 

234 and pressure opening 236 proximal to balloon 232, and an 

inflation opening 238 within balloon 232, along with

associated lumens and proximal ports 240, 242, 244 in

30 communication with openings 234, 236, 238, respectively. A 

distal opening 246 and corresponding lumen are optionally 

provided to assist placement of the cardioplegia cannula over 

a guidewire or flow-directed catheter.

After arterial return cannula 222 has been

35 positioned through sheath 212 and advanced into ascending 

aorta AA, cardioplegia catheter 230 is slidably introduced 

through second port 220 in sheath 212 and advanced through the 

heart into the ascending aorta AA. Balloon 232 is then
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inflated to occlude the ascending aorta AA between the 

brachiocephalic artery BA and coronary arteries CA, with 

distal end 224 of arterial return cannula 222 extending 

distally of balloon 232 to maintain flow of oxygenated blood

5 into the arterial system. The compliance of balloon 232

allows it to conform around the shaft of the arterial return 

cannula to fully occlude the ascending aorta. Should 

cardioplegia catheter 230 need to be removed, balloon 232 is 

simply deflated and the catheter is retracted from sheath 212,

10 with arterial return maintained by arterial return cannula 

222 .

While the above is a complete description of the 

preferred embodiments of the invention, various alternatives, 

modifications, substitutions and equivalents may be used

15 without departing from the scope of the invention, which is 

defined by the appended claims.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:-
1. A method of inducing cardioplegic arrest comprising: 

forming a penetration in a wall of a left chamber of the heart;
positioning a cardioplegia catheter through the penetration into the left

5 chamber of the heart;
forming a seal between the wall of the heart and the cardioplegia 

catheter to inhibit leakage of blood through the penetration;
advancing a distal end of the cardioplegia catheter in the direction of 

blood flow from the left chamber of the heart, through the aortic valve and
10 into the ascending aorta;

expanding an occlusion member on the cardioplegia catheter so as to 
occlude the ascending aorta downstream of the coronary ostia and upstream 
of the brachiocephalic artery;

delivering cardioplegic fluid through the coronary vasculature to the 
15 myocardium so as to arrest cardiac function; and

circulating oxygenated blood in the patient's arterial system 
downstream of the occlusion member.
2. The method of claim 1 wherein the step of circulating comprises 
positioning an arterial cannula in an arterial location downstream of the

20 occlusion member, the arterial cannula being independently positionable 
relative to the occlusion member.
3. The method of claim 2 wherein the arterial cannula is positioned in a 
peripheral artery selected from a femoral artery, iliac artery, subclavian artery 
or axillary artery.

25 4. The method of claim 3 wherein the arterial cannula is transluminally 
positioned from the peripheral artery to an arterial location proximate the 
aortic arch.
5. The method of any one of the preceding claims wherein the step of 
sealing comprises placing a purse string suture in the wall of the heart around

30 the penetration.
6. The method of any one of the preceding claims wherein the step of 
positioning comprises placing the cardioplegia catheter in a left atrium of the 
heart, the step of advancing comprising advancing the cardioplegia catheter 
through the mitral valve, left ventricle and aortic valve into the ascending
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7. The method of any one of the preceding claims wherein the step of 
advancing comprises sliding the cardioplegia catheter over a guiding device 
positioned in the left chamber of the heart and extending into the ascending 
aorta.

5 8. The method of any one of the preceding claims wherein the patient's 
sternum remains substantially intact during each of said steps.
9. The method of claim 1 wherein the cardioplegia catheter is positioned 
into the patient's chest through an access device positioned between two ribs.
10. The method of claim 9 or claim 10 wherein the access device

10 comprises a body positionable between the ribs having sufficient rigidity to 
retract adjacent tissue and having a central opening through which the 
cardioplegia catheter is positioned.
11. The method of claim 8 further comprising visualizing the heart during 
at least a portion of said steps by means of a scope positioned in the chest.

15 12. A cardioplegia catheter when used in the method according to any one
of the preceding claims, the catheter comprising:

a shaft with a distal end, a proximal end, an opening near the distal 
end, a port at the proximal end, and an inner lumen fluidly connecting the 
port and the opening, a distal portion of the shaft being configured to extend

20 into the ascending aorta with a proximal portion of the shaft extending into a 
left chamber of the heart through the aortic valve and out of the heart through 
a penetration in a wall thereof; and

an occlusion member mounted to the shaft distally of the opening and 
configured to occlude the ascending aorta between the brachiocephalic artery

25 and the coronary ostia.
13. The cardioplegia catheter of claim 12 further comprising a sealing 
device for sealing the penetration in the wall of the heart around the shaft to 
inhibit blood flow therethrough.
14. The cardioplegia catheter of claim 13 wherein the sealing device

30 comprises a purse string suture applicable to the wall of the heart around the 
penetration.
15. The cardioplegia catheter of claim 12 wherein the shaft is at least 25 
cm in length.
16. The cardioplegia catheter of claim 12 wherein the distal portion is
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in the 
a left 
heart.

ascending aorta with the proximal end extending through 
ventricle, a mitral valve and a left atrium of the

10

17 The cardioplegia catheter of claim IX further
comprising a guiding device for guiding the distal end of the 
shaft into the ascending aorta with the proximal end extending 
through a left ventricle, a mitral valve and a left atrium of 
the heart.

18 The cardioplegia catheter of claim lj wherein
the guiding device comprises a guidewire positionable in the 
ascending aorta from the left chamber of the heart.

20

2$

IR The cardioplegia catheter of claim 17 wherein
the guiding device comprises a stylet removably positionable 
in a lumen within the shaft, the stylet having an end portion 
for shaping the shaft.

20 The cardioplegia catheter of claim 13 wherein 
the stylet has a shaping mechanism for shaping the end 
portion, the shaping mechanism having an actuator at a 
proximal end of the stylet.

21 The cardioplegia catheter of claim 17 wherein 
the guiding device comprises a flow directed catheter 
positionable through a lumen in the shaft and having an 
expandable member at a distal end thereof for being carried by 
blood flow into the ascending aorta.

XX The cardioplegia catheter of claim /2 further
comprising a source of cardioplegic fluid in communication 
with the port at the proximal end of the shaft.

23 The cardioplegia catheter of claim 12 wherein
the inner lumen is configured to deliver cardioplegic fluid at

3o a rate of at least about 150 ml/min and a pressure less than 
about 350 mmHg.

X4- The cardioplegia catheter of claim /2 wherein
the inner lumen has a cross-sectional area of at least about
2.2 mm2 between the port and the opening.

Κ if The cardioplegia catheter of claim 12 further
comprising a delivery opening distal to the occlusion member, 
a delivery port at the proximal end of the shaft, and a 
delivery lumen extending between the delivery port and the 
delivery opening.
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lb The cardioplegia catheter of claim Xi wherein
the delivery lumen is configured to deliver blood at 
sufficient rates to maintain the patient under full 
cardiopulmonary bypass with cardioplegic arrest.

i Π The cardioplegia catheter of claim 26 wherein
the delivery lumen is configured to deliver blood at a rate of 
at least about 4 liters/min at a pressure no more than about 
350 mmHg.

1? The cardioplegia catheter of claim 12- further
10 comprising a pressure monitoring device coupled to the shaft

for monitoring pressure in the ascending aorta proximal to the 
occlusion member.

'jFf The cardioplegia catheter of claim 28 further
comprising a pressure opening in the shaft proximal to the

1ST occlusion member, a pressure port at the proximal end of the 
shaft, and a pressure lumen extending between the pressure 
port and the pressure opening, the pressure monitoring device 
being in communication with the pressure port at the proximal 
end of the shaft.

& The cardioplegia catheter of claim ll further
comprising an arterial return catheter for returning 
oxygenated blood to an artery downstream of the occlusion 
member.

The cardioplegia catheter of claim wherein 
the arterial return catheter is independently positionable 
relative to the occlusion member.
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32. A catheter system when used in the method according to any one of 
claims 1 to 11, the system comprising:

a cardioplegia catheter including:
a shaft with a distal end, a proximal end, an opening near the distal

5 end, a port at the proximal end, and an inner lumen fluidly connecting the 
port and the opening, a distal portion of the shaft being configured to extend 
into the ascending aorta with a proximal portion of the shaft extending into a 
left chamber of the heart through the aortic valve and out of the heart through 
a penetration in a wall thereof; and

10 an occlusion member mounted to the shaft distally of the opening and
configured to occlude the ascending aorta between the brachiocephalic artery 
and the coronary ostia; and

a guiding device for guiding the distal portion of the shaft into the 
ascending aorta from the left chamber of the heart.

15 33. The catheter system of claim 32 wherein the shaft is at least 25 cm in
length.
34. The catheter system of claim 32 wherein the guiding device comprises 
a guidewire positionable in the ascending aorta from the left chamber of the 
heart.

20 35. The catheter system of claim 32 wherein the guiding device comprises
a stylet removable positionable in a lumen within the shaft, the stylet having 
an end portion for shaping the shaft.
36. The catheter system of claim 35 wherein the stylet has a shaping 
mechanism for shaping the end portion, the shaping mechanism having an

25 actuator at a proximal end of the stylet.
37. The catheter system of claim 32 wherein the guiding device comprises 
a flow directed catheter positionable through a lumen in the shaft and having 
an expandable member at a distal end thereof for being carried by blood flow 
into the ascending aorta.
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33 The catheter system of claim 37 wherein the
guiding device comprises a steering wire in the shaft of the 
cardioplegia catheter, the steering wire being fixed near the 
distal end of the shaft such that tensioning the steering wire

S’ changes the shape of the shaft.

10

If

The catheter system of claim 32. wherein the 
shaft is shapable such that a distal portion of the shaft is 
disposed at an angle of between about 20 and 90 degrees 
relative to a proximal portion of the shaft.

40 The catheter system of claim 31 further
comprising a source of cardioplegic fluid in communication 
with the port at the proximal end of the shaft.

4-1 The catheter system of claim further
comprising a delivery opening distal to the occlusion member, 
a delivery port at the proximal end of the shaft, and a 
delivery lumen extending between the delivery port and the 
delivery opening.

4-1 The catheter system of claim 4' wherein the
20 delivery lumen is configured to deliver oxygenated blood at

sufficient rates to maintain the patient under full 
cardiopulmonary bypass with cardioplegic arrest.

• · a a• · ·
• · a
·· a
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n The catheter system of claim 31 further
comprising a pressure monitoring device coupled to the shaft 
for monitoring pressure in the ascending aorta proximal to the 
occlusion member.

4-4- The catheter system of claim 43 further
comprising a pressure opening in the shaft proximal to the 
occlusion member, a pressure port at the proximal end of the

30 shaft, and a pressure lumen extending between the pressure
port and the pressure opening, the pressure monitoring device 
being in communication with the pressure port at the proximal 
end of the shaft.
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45. The catheter system of claim 32 further comprising an arterial return 
catheter for returning oxygenated blood to an artery downstream of the 
occlusion member.
46. The catheter system of claim 45 wherein the arterial return catheter is

5 independently positionable relative to the occlusion member.
47. A catheter system when used in the method according to any one of 
claims 1 to 11, the system comprising:

a cardioplegia catheter including:
a shaft with a distal end, a proximal end, an opening at the distal end, a

10 port at the proximal end, and an inner lumen fluidly connecting the port and 
the opening, a distal portion of the shaft being configured to extend into the 
ascending aorta with a proximal portion of the shaft extending into a left 
chamber of the heart through the aortic valve and out of the heart through a 
penetration in a wall thereof; and

15 an occlusion member mounted to the shaft distally of the opening and
configured to occlude the ascending aorta between the brachiocephalic artery 
and the coronary ostia;

a source of cardioplegic fluid in communication with the port at the 
proximal end of the shaft; and

20 a blood flow device positionable in an artery downstream of the
occlusion member for maintaining circulation of oxygenated blood in the 
patient's arterial system.
48. The catheter system of claim 47 wherein the blood flow device 
comprises an arterial return cannula positionable independently of the

25 occlusion member.
49. The catheter system of claim 48 wherein the arterial return cannula is 
slidably positionable through a lumen in the shaft extending from the 
proximal end to the distal end thereof.
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sro The catheter system of claim 43 wherein the
arterial return cannula is positionable in a femoral artery.

$·| The catheter system of claim SO wherein the
arterial return cannula is configured so that a distal end

S thereof may be positioned in the aortic arch with a proximal 
end extending transluminally to the femoral artery.

s-i The catheter system of claim 44 wherein the
arterial return cannula is positionable in a subclavian or 
axillary artery.

lo
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The catheter system of claim Si wherein the 
arterial return cannula is configured so that a distal end 
thereof may be positioned in the aorta with a proximal end 
thereof extending transluminally to the subclavian or axillary 
artery.

54 The catheter system of claim 48 wherein the 
arterial return cannula is configured to deliver blood at 
sufficient rates to maintain the patient under full 
cardiopulmonary bypass with cardioplegic arrest.

55 The catheter system of claim Γ4 wherein the 
arterial return cannula has a blood flow lumen through which 
blood is delivered to the artery, the blood flow lumen being 
configured to deliver blood at a rate of at least about 4 
liters/min at a pressure no more than about 350 mmHg.

The catheter system of claim 4S wherein the 
arterial return cannula has a return lumen and an outlet port 
at its distal end in communication with the return lumen, the 
cardioplegia catheter being slidably positionable in the 
return lumen with the occlusion member positioned distally of 
the outlet port, the cardioplegia catheter further having a 
blood lumen extending to a second opening distal to the 
occlusion member and at least a second port in communication 
with the blood lumen to allow blood flow into the blood lumen.
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57. The catheter system of claim 48 wherein the arterial return cannula has 
a distal portion configured to be positioned in the ascending aorta with a 
proximal portion of the arterial return cannula extending through the aortic 
valve, mitral valve and out of the heart through a penetration in a wall 
thereof.
58. The catheter system of claim 57 wherein the arterial return cannula is 
configured to extend into the ascending aorta generally parallel to the 
cardioplegia catheter, the occlusion member being configured to conform 
around the arterial return cannula to occlude the ascending aorta.
59. A catheter system when used in the method according to any one of 
claims 1 to 11, the system comprising:

an arterial return cannula having a distal end and a proximal end, a 
return lumen extending therebetween, a return opening at the distal end in 
communication with the return lumen, a return port at the proximal end in 
communication with the return lumen, and a catheter port at the proximal 
end in communication with the return lumen, the return port being 
configured for connection to a source of arterial blood; and

a cardioplegia catheter including:
a shaft slidably positionable through the catheter port and return 

lumen of the arterial return cannula, the shaft having a distal end, a proximal 
end, a first opening at the distal end, a first port at the proximal end, a first 
lumen fluidly connecting the first port and the first opening, a second 
opening at the distal end, a second lumen in communication with the second 
port and at least a second port in communication with the second lumen; and

an occlusion member mounted to the shaft distally of the first opening 
and proximally of the second opening and configured to occlude the 
ascending aorta between the brachiocephalic artery and the coronary ostia.
60. The system of claim 59 wherein the second port is disposed in a 
sidewall of the shaft to allow fluid flow from the return lumen to the second 
lumen when the shaft is positioned in the return lumen.
61. The system of claim 59 wherein a distal portion of the arterial return 
cannula is configured to extend into the ascending aorta with a proximal 
portion of the arterial return cannula extending into a left chamber of the 
heart through the aortic valve and out of the heart through a penetration in a 
wall thereof.
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62. The system of claim 59 wherein the catheter port includes a 
hemostasis valve for fluidly sealing around the shaft.
63. A method of inducing cardioplegic arrest, substantially as described 
with reference to the accompanying figures.

5 64. A cardioplegic catheter when used in the method according to any one 
of claims 1 to 11, substantially as described with reference to the 
accompanying figures.
65. A catheter system when used in the method according to any one of 
claims 1 to 11, substantially as described with reference to the accompanying
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