US 20050228212A1

(19) United States

(12) Patent Application Publication
Aboul-HOSn et al.
(54) PULMONARY AND CIRCULATORY BLOOD

application No. 09/231,320, filed on Jan. 13, 1999,

FLOW SUPPORT DEVICES AND METHODS
FOR HEART SURGERY PROCEDURES

now Pat. No. 6,532.964, which is a continuation-in

part of application No. 09/079,836, filed on May 15,
1998, now Pat. No. 6,395,026.

(75) Inventors: Walid Najib Aboul-Hosn, Sacramento,
CA (US); William Russell Kanz,
Sacramento, CA (US)

Correspondence Address:
RYAN KROMHOLZ & MANION, S.C.
POST OFFICE BOX 266.18

MILWAUKEE, WI 53226 (US)

(73) Assignee: A-Med Systems, Inc.
(21) Appl. No.:
11/142,721
(22) Filed:
Jun. 1, 2005
Related U.S. Application Data

(60) Continuation of application No. 10/021,549, filed on
Dec. 12, 2001, now abandoned, which is a division of

(10) Pub. No.: US 2005/0228212 A1
(43) Pub. Date:
Oct. 13, 2005

Publication Classification

(51) Int. Cl." ...................................................... A61M 1/12
(52) U.S. Cl. ................................................... 600/16; 604/9
(57)

ABSTRACT

Pump and cannula Systems inserted through the right Side
and/or left Side of the heart provide protection against
collapse of the heart chambers and Veins and arteries and
provide Supplemental blood flow through Same to enable
beating heart bypass Surgery on all vessels of the heart,
including lateral and posterior vessels. The invention elimi

nates the use of cardiopulmonary bypass (CPB) machines.

The invention further provides Stents adapted for protecting
from vein, artery, atrium and/or Ventricle collapse during
beating heart bypass Surgery.
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PULMONARY AND CIRCULATORY BLOOD
FLOW SUPPORT DEVICES AND METHODS FOR
HEART SURGERY PROCEDURES
RELATED APPLICATIONS

0001. This application is a continuation of co-pending
application Ser. No. 10/021,549, which is a divisional of
application Ser. No. 09/231,320, filed Jan. 13, 1999, now
U.S. Pat. No. 6,532,964, which is a continuation-in-part of
application Ser. No. 09/079,836, filed May 15, 1998, now
U.S. Pat. No. 6,395,026.
FIELD OF THE INVENTION

0002 The present invention is directed to related appa
ratus Systems, equipment and methods for heart Surgery
procedures.
BACKGROUND OF THE INVENTION

0.003 Major heart surgery has been accomplished by
procedures that require full cardiopulmonary bypass (CPB),

and complete cessation of cardiopulmonary activity. Open
heart Surgery typically requires Significant hospitalization
and recuperation time for the patient. The average mortality
rate with this type of procedure is low, but is associated with
a complication rate that is often much higher compared to
when cessation and CPB are not required. While very
effective in many cases, the use of open heart Surgery to
perform various Surgical procedures Such as coronary artery

bypass grafting (CABG) is highly traumatic to the patient.

These procedures require immediate postoperative care in an
intensive care unit, a period of hospitalization for at least
Several days, and an extended recovery period. In addition,
open heart procedures require the use of CPB which con
tinues to represent a major assault on a host of body Systems.
For example, there is noticeable degradation of mental
faculties following Such Surgeries in a significant percentage
of CABG patients. This degradation is commonly attributed
to cerebral arterial blockage and emboli from debris in the
blood generated by the use of CPB during the Surgical
procedure. At the Same time, the dramatic increase in the life
expectancy of the general population has resulted in patients
that are more likely to be older and in poor health, with less
cardiovascular, Systemic, and neurologic reserve needed to
recover from the trauma caused by the use of CPB. As a
consequence, inflammatory, hemoStatic, endocrinologic,
and neurologic Stresses are tolerated to a much lesser degree
by a significant number of patients today, and play a more
significant role in CPB-induced morbidity.
0004. The CABG procedure generally involves open
chest Surgical techniques to treat diseased vessels. During
this procedure, the Sternum of the patient is cut in order to
Spread the chest apart and provide access to the heart.
During surgery the heart is stopped, and by the use of CPB
blood is diverted from the lungs to an artificial oxygenator.
In general CABG procedures, a Source of arterial blood is
then connected to a coronary artery downstream from the
occlusion. The Source of blood is often an internal mamary
artery, and the target coronary artery is typically among the
anterior or posterior arteries which may be narrowed or
occluded. The same or similar CPB procedure is used in
conjunction with other cardiac Surgical procedures, Such as
value repair or replacement and heart transplant.
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0005 The combined statistics of postoperative morbidity
and mortality continue to illustrate the Shortcomings of
CPB. The extracorporeal shunting and artificially induced
oxygenation of blood activates a System wide roster of
plasma proteins and blood components in the body including
those that were designed to act locally in response to
infection or injury. When these potent actors are dissemi
nated throughout the body without normal regulatory con
trols, the entire body becomes a virtual battleground. The
adverse hemostatic consequences of CPB also include pro
longed and potentially excessive bleeding. CPB-induced
platelet activation, adhesion, and aggregation also contribute
to a depletion in platelet number, and is further compounded
by the reversibly depressed functioning of platelets remain
ing in circulation. The coagulation and fibrinolytic Systems
both contribute to hemostatic disturbances during and fol
lowing CPB. However, the leading cause of morbidity and
disability following cardiac Surgery is cerebral complica
tions. Gaseous and Solid micro and macro emboli, and leSS

often perioperative cerebral hypoperfusion, produce neuro
logic effects ranging from Subtle neuropSychologic deficits
to fatal Stroke. Advances in computed tomography, magnetic
resonance imaging, ultrasound, and other imaging and diag
nostic techniques have added to the understanding of these
complications. But with the possible exception of periop
erative electroencephalography, these technologies do not
yet permit real time Surgical adjustments that are capable of
preventing emboli or Strokes in the making. Doppler and
ultrasound evaluation of the carotid artery and ascending
aorta, and other diagnostic measures, can help identify
Surgical patients at elevated risk for Stroke and are among
the growing list of pharmacologic and procedural measures
for reducing that risk.
0006 CPB also affects various endocrine systems,
including the thyroid gland, adrenal medulla and cortex,
pituitary gland, pancreas, and parathyroid gland. These
Systems are markedly affected not only by inflammatory
processes, but also by physical and biochemical Stresses
imposed by extracorporeal perfusion. Most notably, CPB is
now clearly understood to induce euthyroid-sick Syndrome
which is marked by profoundly depressed triiodothyronine
levels persisting for days following cardiothoracic Surgery.
The efficacy of hormone replacement regimens to counteract
this effect are currently undergoing clinical investigation. By
contrast, levels of the StreSS hormones epinephrine, norepi
nephrine, and cortisol are markedly elevated during and
following CPB, and hyperglycemia is also possible.
0007 Alternatives to CPB are limited to a few commer
cially available devices that may further require major
Surgery for their placement and operation Such as a Sterno
tomy or multiple anastomoses to vessels or heart chambers.
For example, Some present day devices used in CPB may
require a Sternotomy and an anastomosis to the ascending
aorta for placement. The main drawbacks of these devices
include their limited circulatory capacity, which may not
totally Support patient requirements, and their limited appli
cation for only certain regions of the heart, Such as a left
ventricular assist device. Other available devices that permit
percutaneous access to the heart Similarly have disadvan
tages, Such as their limited circulatory capabilities due to the
Strict size constraints for their positioning even within major
blood vessels. Moreover, the relative miniaturization of

these types of devices present a high likelihood of mechani
cal failure. In further attempts to reduce the physical dimen
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Sions for cardiac circulatory apparatus, the flow capacity of
these devices is significantly diminished.
0008. During cardiac Surgery, the heart is either beating,
in which case the heart continues to circulate the blood

through the lungs to maintain the patient, or immobilized
entirely in which case oxygenation and circulation of blood
to maintain the patient requires use of CPB. Bypass Surgery
on a beating heart has been limited to only a Small percent
age of patients requiring the Surgical bypass of an occluded
anterior heart vessel. These patients typically could not be
placed on CPB and were operated on while the heart was
kept beating. These patients are at risk of having to be placed
on CPB on an emergency basis in the event the heart stops
or becomes unstable or is damaged during the Surgical
procedure on the beating heart. Meanwhile, patients requir
ing Surgery on posterior or lateral heart vessels and whose
hearts must be immobilized and placed on CPB often suffer
major Side effects as previously described.
0009. The medical community is currently performing
more beating heart bypass Surgery in an effort to avoid the
use of artificial heart-lung machines. The need is increasing
for apparatus Systems, methods and associated equipment to
enhance the capability and Versatility of beating heart Sur
gery and to avoid CPB procedures in any heart Surgery. The
current trend toward thoracoscopic methods of performing
bypass Surgery, without opening the chest cavity, have
resulted in limited Success and applicability primarily due to
the limited number of heart vessels which can be accessed

through thorascopic methods. A major limitation of thoras
copic bypass Surgery methods is due to the fact that only the
anterior heart vessels are accessible for Surgery. More
importantly, even open chest Surgery providing full access to
the heart also requires CPB when bypass Surgery is per
formed on the lateral or posterior vessels of the heart, due to
the fact that in conventional procedures the heart must be
Stopped when it is lifted or rotated from its normal position
and manipulated for Surgical access to the various heart
vessels. Obviously, the heart is also stopped when valve
repair or replacement is performed and when heart trans
plant is performed.
SUMMARY OF THE INVENTION

0.010 The present invention provides apparatus systems
and methods which enable any cardiac Surgical procedure to
be performed while using the patient's lungs, or at least one
lung, for blood oxygenation. This invention enables the
Surgeon to perform any beating heart, Still heart or heart
transplant procedure without the use of CPB or other exter
nal blood oxygenation equipment or procedure. In its main
aspect, this invention enables Such non-CPB heart Surgery
by providing device Systems and methods to assure contin
ued pulmonary blood flow through the patient's lungs or
lung and circulatory flow of the oxygenation pulmonary
blood through the patient's body at sufficient levels to
Sustain the patient during the Surgery, regardless of whether
the heart is beating with Sufficient output, beating with
insufficient or partial output or is Stopped.
0.011 This invention provides for internal and/or external
device Systems for carrying out the methods of this inven
tion, which device Systems are Selected and used by the
Surgeon depending on the cardiac Surgical procedure to be
performed on the patient. The Systems of this invention
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include three basic Systems which can be employed indi
vidually or in various combinations to meet the needs of a
particular Surgical procedure. Each of these Systems can be
selected and employed in the left side or the right side of the
heart, either individually or in combination with another of
the systems of this invention. As further illustrated in the
description of the invention and exemplified in the drawings
herein, the device Systems can be positioned for optimal
blood flow protection and/or augmentation, i.e., blood
intake/inlet positioned in the vein, the atrium or the Ventricle
and the output/outlet positioned in the Ventricle or artery.
0012. The first system of this invention comprises a pump
and cannula System wherein the cannula is adapted for
insertion through the interior of the heart and/or heart valves
to an artery. The right Side is through the tricuspid valve
and/or pulmonary valve into the pulmonary artery; the left
Side is through the bicuspid valve and/or aortic valve into the
aorta. The pump is adapted as a miniaturized blood pump So
it can be positioned close to the heart, either in the open
chest cavity or at least in the Sterile Surgical field, thus
providing a minimum priming Volume. Alternatively, this
System can also be adapted to be inserted into the heart in
closed chest procedures through the chest wall as part of a
thorascopic procedure, through the femoral vein, the jugular
vein or any appropriate access point in the venous System.
In these instances the pump is adapted to be positioned as
close to the body insertion point as possible in order to keep
priming Volume to a minimum; for that reason thorascopic
or jugular access is preferred when a closed chest procedure
is elected. This pump and cannula System is optimally used
in both the right and left Sides when bypass Surgery is
initiated, and is employed particularly when the beating
heart will need to be lifted, rotated or otherwise manipulated
to access lateral or posterior blood vessels, when the heart
outflow is cut off by a collapse or kink in the heart chambers
or in the veins or arteries, or when the heart is stopped for
Valve Surgery, internal Surgery or other reason. This System
is also desirable in any heart Surgery procedure, even for
anterior vessel bypass, when lifting or manipulating of the
heart is not anticipated. This applies to both open chest and
minimally invasive procedures. This System being put in
place in the heart before the cardiac Surgery begins, thus
assures that the patient will at all times during the Surgery
have adequate pulmonary blood flow through the lungs and
circulatory blood flow throughout the body and will avoid
the necessity of being placed on a CPB machine in the event
of an unexpected failure of the beating heart to Sustain
adequate pulmonary or circulatory blood flow during beat
ing heart Surgery. This System allows the heart to continue
to beat and provide pulmonary and circulatory blood flow to
the extent it is capable, until there is a collapse, kink,
arrhythmia or arrest, which decreases or stops the blood flow

output by the heart. When that occurs, the pump(s) in either

or both sides of the heart is/are engaged to Supplement the
heart produced blood flow or replace the blood flow so that
the pulmonary and circulatory blood flows are maintained at
a sufficient level to Sustain the patient for the duration of the
Surgery. By having this System in place at the beginning of
the beating heart Surgery, even for anterior vessel Surgery
when no need is anticipated, it can merely be engaged or
turned on to provide pump assisted blood flow if needed on
an unexpected or emergency basis, thus assuring that emer
gency CPB procedures are avoided. Thus, this System
assures that the patient's lungs are utilized for oxygenation
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of the blood during the entire Surgical procedure, even if an
unexpected interruption in blood flow from the beating heart
occurs. The system can be also utilized for still heart or
stopped heart CABG procedures, where the heart has been
Stopped by infusing drugs into the patient's heart, Such as
cardioplegia or utilizing any other drug that is available that

provides the same function. The pump(s) and cannula(s)
provide Sufficient pulmonary blood circulation to utilize the
patients lungs for oxygenation and Sufficient circulatory
blood flow to the body. In this regard, it is noted that one
lung is normally Sufficient to Sustain the patient during
Surgery. In Some procedures the Surgeon prefers to collapse
one lung to provide additional Space inside the chest cavity
in which to work. This System accommodates Such proce
dure while Sustaining the patient on one lung throughout the
Surgery and avoiding a CPB machine. Likewise, it is Some
times desired by the surgeon to shrink down the heart by
evacuating blood from one or more chambers of the heart,
also to provide additional Space within the chest cavity in
which to work. This System likewise accommodates Such
procedure, because the pump and cannula System Sustain
adequate pulmonary and circulatory blood flow throughout
the Surgical procedure. In this System of this invention the
pump in each Side is a variable output pump from Zero to
maximum and is controlled automatically or manually in
response to appropriate measurement of blood pressure,
blood flow, blood oxygen level, blood CO2 level and/or
other desired parameter.

0013 In a second system of this invention, beating heart

Support is provided to prevent kinking, collapse or undue
restriction of blood flow through the beating heart while the
heart is manipulated during Surgery. This System of devices
comprises cannulas and/or Stents adapted to be placed in the
heart chambers and in the venous and arterial vessels

proximate to the heart and in those areas or Zones where
collapse or kinking during manipulation of the beating heart
during Surgery is likely to cause restriction in desired
pulmonary and/or circulatory blood flow. The devices are
placed as desired before or during Surgery to allow the
beating heart to provide at least a minimum but Sufficient
pulmonary and circulatory blood flow during Surgery. Even
when kinking, restriction or collapse of a vein, artery or
heart chamber occurs during Surgery, the beating heart is still
provided a protected passageway equal to the inside diam
eter of the cannula or Stent through which the heart can
provide blood flow. In this system no pump is provided and
the blood flow is provided solely by the beating heart. By
protecting the blood path from restriction or collapse, this
System assures the output of the beating heart is available at
all times during the Surgery to Sustain the patient during
Surgery with Sufficient pulmonary and circulatory blood
flow. AS is apparent, this System is adapted for use exclu
Sively in beating heart procedures. The various types of
cannulas/Stents with and without check valves and the

placement thereof are described in detail below. AS men
tioned above in connection with the first system of this
invention, this Second System can be used in conjunction
with procedures involving collapsing one lung and/or par
tially reducing the size of the beating heart to provide
additional Space in the chest cavity in which the Surgeon can
work.

0.014. The third system of this invention is similar to the
above first System in that it comprises a pump and cannula
System but is adapted to be placed external of the heart
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instead of internal in the heart. In this System an intake
cannula is adapted for receiving blood from the vein, atrium
or ventricle and for passing the blood to the pump, where the
blood is passed to an outlet cannula adapted to pass the
blood into the artery, all external of the heart. The pump and
cannula combinations of this System can be adapted for use
in minimally invasive procedures, but are optimally adapted
to be miniaturized for placement within the chest cavity or
at least within the Sterile Surgical area to provide a minimum
priming Volume of the pump and cannula System. This
System is optimally used in open chest procedures where the
heart will be Stopped, Such as for value repair or replace
ment, Septum repair or heart transplant. AS mentioned above
in connection with the first system of this invention, this
third System can be used in conjunction with procedures
involving collapsing one lung and/or reducing the size of the
heart by partially or Substantially evacuating one or more
chambers of the heart to provide additional Space in the chest
cavity in which the Surgeon can work. AS is apparent, this
System employs the same type of variable output pump and
is controllable in the same manner as in the above first

System. This System is adapted to provide Sufficient pulmo
nary and circulatory blood flow in the patient during Surgery
by either Supplementing the beating heart output and/or
replacing or Substituting for the heart output. This System is
adapted to assure Sufficient pulmonary and circulatory blood
flow and to assure no need for a CPB machine or procedure.
0015 This invention further provides that the above three
Systems can be selected Separately for use in or for the right
Side and left Side of the heart for any particular procedure.
For example, the external third System might be used for the
right side, while the second or first system is used for the left
side, whereby the combination of the two provides sustained
and Sufficient pulmonary and circulatory blood flow during
the cardiac Surgical procedure in question. Conversely the
external third system might be used for the left side, while
the Second or first System is used for the right Side. One
skilled in the art can Select the appropriate combinations of
the Systems following the teaching herein for providing
sufficient pulmonary and circulatory blood flow, while
avoiding any need for a CPB machine or procedure. Any
combination of the three Systems could be used in a beating
heart, Still heart, or when the heart is in any condition there
between where the heart is slowed but not completely
Stopped during the Surgical procedure.
0016. The first and second systems and methods of this
invention enable beating heart bypass Surgery by providing
apparatus for protecting the right Side from collapse or other
restriction, Such as ineffective pumping due to heart muscle
StreSS or compression, in order to maintain at least partial
pulmonary blood flow through the beating heart, apparatus
for augmenting or Supplementing the pulmonary and/or
circulatory blood flow with a blood pump/cannulation Sys
tem having a minimum priming Volume and, optionally,
apparatus for Supporting the beating heart in a lifted or
manipulated position for bypass Surgical access to heart
vessels. When desired, the systems and methods of this
invention can optionally include apparatus for protecting the
left Side from collapse to maintain at least partial aortic
blood flow through the beating heart and apparatus for
Supplementing or augmenting the aortic blood flow with a
blood pump System having a minimum priming Volume.
However, in Some instances, the aortic circulatory blood
flow through the left side of the heart can be sufficiently
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maintained during beating heart Surgery without protecting
the left Side or Supplementing or augmenting the aortic
blood flow through the beating heart.
0.017. In reference to this invention, “right side” refers to
and includes the Vena cava veins, the right atrium, the right
Ventricle, the pulmonary artery and any combination or all
thereof and is referred to as providing the pulmonary blood
flow through the lungs. Similarly, “left side” refers to and
includes the pulmonary veins, the left atrium, the left
Ventricle, the aorta and any combination or all thereof, and
is referred to as providing the circulatory blood flow through
the body. Also, as used herein Vena cava includes Superior
and inferior Vena cava, pulmonary artery and vein includes
branches thereof and aorta includes the aortic vessels which

are near the heart and are exposed or manipulated during
open chest cardiac Surgery or are utilized during minimally
invasive cardiac Surgery.
0.018. A major obstacle to performing beating heart
bypass Surgery on lateral or posterior heart vessels is that
when the beating heart is lifted or manipulated to provide
Surgical access to the lateral or posterior heart vessels, the
right Side, i.e., the right atrium, or the right Ventricle, or both,
tends to collapse or diminish in pumping capacity and
pulmonary blood flow diminishes to an unacceptably low
level and/or the pulmonary artery tends to collapse, kink or
become otherwise unduly constricted while the heart is
displaced or manipulated. This invention provides apparatus
Systems and methods for protecting the right side and
through the lungs and for maintaining and/or Supplementing
pulmonary blood flow through the right Side and through the
lungs while the beating heart is lifted and manipulated for
full Surgical access to lateral and posterior heart vessels, thus
enabling unrestricted beating heart bypass Surgery.
0019. In one aspect, this invention provides a system for
preventing collapse of the Vena cava, right atrium, right
Ventricle and/or pulmonary artery during beating heart
bypass Surgery comprising a pump and cannula System
wherein the cannula portion is adapted for insertion through
he tricuspid valve, through the pulmonary valve and a
Sufficient length into the pulmonary artery to prevent col
lapse of the right atrium, right ventricle and/or pulmonary
artery and to maintain at best partial blood flow therethrough
by the beating hear pumping action while the beating heart
is lifted or displaced during Surgery. Access for insertion of
the cannula portion can be through the Vena cava, e.g., from
a femoral vein incision, through an incision in the wall of the
Vena cava or in the wall of the right atrium. If the cannula
is not inserted through the tricuspid valve, but only through
the pulmonary valve and into the pulmonary artery, acceSS
could be through an incision in the wall of the right ventricle
or reverse acceSS can be used by entering through an incision
in the wall of the pulmonary artery. Separate cannulas can be
employed, i.e., one introduced through the right atrium and
through the tricuspid valve but ending in the right Ventricle,
and a Second introduced by any desired access and begin
ning in the right ventricle and extending through the pull
monary valve and a desired length, according to this inven
tion, into the pulmonary artery. The pump portion of the
System is adapted for intake of blood upstream of the
pulmonary valve or upstream of the tricuspid valve and
output of blood into the right ventricle or into the pulmonary
artery while the beating heart is displaced during Surgery.
The pump System is preferably integral with the above
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cannula or cannulas, particularly in a concentric double wall
cannula configuration, or can comprise pump cannulas Sepa
rate from and in addition to the above cannulas which

protect the right Side from collapse. The optional cradle
System is adapted for Supporting the beating heart while the
heart is displaced and for providing Surgical access to lateral
or posterior heart vessels.
0020. In another aspect, this invention further provides an
optional embodiment which, in addition to the above System
for the right Side, a Separate pump and cannula System is
provided for the left side wherein the cannula portion is
adapted for insertion through the bicuspid valve, through the
aortic valve and a Sufficient length into the aorta to prevent
collapse of the pulmonary vein, left atrium, left ventricle
and/or aorta and to maintain blood flow therethrough by the
beating heart pumping action while the beating heart is lifted
or displaced during Surgery. AS indicated above for the right
Side, access for the left Side cannula or cannulas can be from

any desired upstream or downstream incision. One or two
cannulas may be employed for preventing collapse of the
left Side and the pump portion of the System, which may
have its separate cannulas, is adapted for intake of blood
upstream of the aortic valve or the bicuspid Valve and output
of blood into the left ventricle or the aorta while the heart is

displaced during beating heart Surgery.
0021 AS is apparent, either the right side system or the
left side system or both may be used for a particular patient
or procedure. Whether the cannula for pump output extends
into the pulmonary artery/aorta or extends only into the
respective ventricle will Similarly depend on the require
ments for a particular patient or procedure. In Some
instances the beating heart blood flow is impeded due to
partial compression, wrinkling or other distortion of the
Ventricle muscle. Although the muscle is working, it is
unable to both fill the ventricle with blood and expel or
pump the blood in Sufficient quantity. The pump System of
this invention can be used by positioning the pump cannula
output end in the ventricle to fill or preload the ventricle with
blood, So the heart muscle can then pump or expel the blood
from the Ventricle, even though the muscle is not in its
normal shape or position. In this aspect of the invention,
beating heart blood flow can be maintained while the heart
is displaced during Surgery without the necessity of the
cannula extending through the pulmonary/aortic valve. The
heart may be stopped by Short acting drugs that which Stop
the heart for a short period of time, or by electrical means
affecting the electrical conduction of the heart or neurologi
cal Systems or by use of electrical current to paralyze the
nerves responsible for heart beating. While the heart is

stopped, the pump(s) will deliver 100% of the necessary

blood pulmonary blood flow to and from the lungs and/or
100% of the necessary circulatory blood flow to and from
the body without any assistance from the heart. In the event
the heart is stopped, and particularly when the heart is

opened (Such as for valve Surgery), it is preferred to provide
a Seal by balloon sheath cannula, clamp or otherwise to

isolate the heart, or at least one Side of the heart, at the intake

cannula and output cannula So that the pumped blood is
directed from the vein to the artery without leakage or
backflow into the heart during the Surgery. This will enhance
the pulmonary and/or circulatory blood flow provided by the
pump in the pump and cannula System.
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0022. In another aspect, this invention provides a pump
and cannula System for use in heart Surgery wherein the
pump and its cannula System have a priming Volume leSS
than about 1,000 ml. Optimally, each individual pump/
cannula unit will have a priming Volume leSS than about 100
ml and preferably less than about 50 ml. In one preferred
embodiment, the pump and cannula System comprises con
centric intake and output conduits, a coaxial cannula,
adapted for insertion into a single incision. In another
preferred embodiment of this aspect of the invention, the
pump and cannula System comprise an intake cannula for
insertion in the upstream vessel or heart chamber and an
output cannula for insertion downstream into the pulmonary
artery or the aorta. In a further preferred embodiment of this
aspect the pump and cannula System comprises a miniatur
ized pump having a Sterile drive motor Suitable for place
ment of the pump including the drive motor close to the
chest and in the Sterile Zone, or preferably within the chest
cavity itself during the heart Surgery. In a further preferred
embodiment of this aspect a preferred pump is a reverse flow
pump and coaxial cannula combination having a minimum
priming Volume is used, but a cable driven axial flow pump
or other conventional blood pump can be used in this
invention.

0023. In another aspect, this invention provides a cannula
System for protecting Selected portions or all of the right side
from collapse during beating heart Surgery, an optional
cannula System for protecting Selected portions or all of the
left Side from collapse and optional pump and cannula
Systems for use with the right and/or left Side protection
cannulas, if needed to Supplement or augment the blood flow
provided by the beating heart. In Some patients all that may
be required is the protection cannula or cannulas in the right
Side to allow the beating heart to maintain Sufficient pulmo
nary and circulatory blood flow during the beating heart
bypass Surgery and it may not be necessary to use the pump
System to provide Supplemental pulmonary blood flow and
may not be necessary to protect the left Side or to provide
Supplemental circulatory blood flow. For Such patients, this
invention enables beating heart bypass Surgery without
artificial pumping of the blood and with minimum invasive
apparatus. In Some patients, beating heart bypass Surgery
can be started or attempted with only right Side protection

cannula(s) in place, then right side Supplemental pumping of
pulmonary blood flow added during the bypass Surgery (or
after the Surgery) by separately inserting the pump system
according to this invention. Likewise, left Side protection

cannula(s) and/or left side Supplemental pumping of arterial
blood can be added as needed during (or after) the bypass
Surgery by insertion of the cannula(s) and/or pump Systems
according to this invention. Thus, this invention provides
optional incremental apparatus that may be Selected by the
Surgeon and used only according to particular patient needs
in order to minimize the invasiveness of the bypass Surgery
procedure.
0024. In another aspect, this invention provides for beat
ing heart Surgery a valved cannula having an outside diam
eter adapted for positioning in the right Ventricle through the
pulmonary valve and in the pulmonary artery, having blood
inlet in the ventricle portion, a blood outlet in the artery
portion, a one-way valve or check Valve between the inlet
and outlet adapted to allow blood flow Substantially only in
one direction from the inlet toward the outlet and a posi
tioning lead attached to the cannula for holding the cannula
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in proper position in the heart and the pulmonary artery. This
pulmonary valve cannula is adapted to receive blood
through the inlet from the right ventricle when the right
Ventricle contracts and expel the blood through the outlet in
the pulmonary artery. The one-way valve is adapted to
prevent significant back flow of blood through the cannula
back into the right Ventricle. The cannula may be adapted
and sized to allow blood to flow between the pulmonary
Valve and the external Surface of the cannula when the right
Ventricle contracts and to allow the pulmonary valve to
Substantially Seal to the external Surface of the cannula and
prevent Significant back flow of blood around the cannula
back into the right ventricle, when the right ventricle
expands. The portion of the cannula contacting the pulmo
nary valve can be a different outside diameter than the
Ventricle portion or the artery portion of the cannula, or both.
It may be desirable in Some patients to have the outside
diameter of the cannula at the pulmonary valve contact
portion Smaller to allow the maximum beating heart blood
flow around the outside of the cannula when the pulmonary
Valve opens. In other patients it may be desirable to have a
larger diameter to maximize the beating heart blood flow
through the cannula as opposed to around the cannula. The
inlet and outlet can be conventional blood cannula configu
rations and/or can comprise orifices, Slits or other openings
at desired locations and intervals along portions of the length
of the cannula. The ends or openings can comprise baskets,
cages or other guards to prevent Suction of heart tissue or
blood vessel wall into the cannula. The internal valve in the

cannula can be any Suitable one-way or check valve, Such as
a flap valve, Slide valve, Spring loaded circular valve or ball
Valve, membrane Valve, duck bill valve or other design and
can be any material appropriate for a blood flow valve. The
positioning lead can be attached to the cannula in any
desired way and any desired location and adapted for
holding the cannula in position during use. The lead can also
be useful in inserting and guiding the cannula through the
appropriate vessel incision into proper position. The cannula
can be inserted with a guide wire/balloon arrangement from
an upstream incision.
0025. In another aspect, this invention provides for beat
ing heart Surgery a valved cannula having an outside diam
eter adapted for positioning in the right atrium through the
tricuspid Valve and in the right ventricle, having a blood inlet
in the atrium portion, a blood outlet in the Ventricle portion,
a one-way valve or check valve between the inlet and outlet
adapted to allow blood flow substantially only in one
direction from the inlet toward the outlet and a positioning
lead attached to the cannula for holding the cannula in
proper position in the heart. This tricuspid valve cannula is
adapted to receive blood through the inlet from the right
atrium and expel the blood through the outlet in the right
Ventricle when the right ventricle expands. The one-way
Valve is adapted to prevent significant back flow of blood
through the cannula back into the right atrium when the right
Ventricle contracts. The cannula is preferably adapted and
sized to allow blood to flow between the tricuspid valve and
the external Surface of the cannula when the right ventricle
expands and to allow the tricuspid valve to Substantially Seal
to the external Surface of the cannula and prevent significant
back flow of blood around the cannula back into the right
ventricle when the right ventricle contracts. The portion of
the cannula contacting the tricuspid valve can be a different
outside diameter than the atrium portion or the Ventricle
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portion of the cannula, or both. It may be desirable in Some
patients to have the outside diameter of the cannula at the
tricuspid valve contact portion Smaller to allow the maxi
mum beating heart blood flow around the outside of the
cannula when the tricuspid valve opens. In other patients it
may be desirable to have a larger diameter to maximize the
beating heart blood flow through the cannula as opposed to
around the cannula. The inlet and outlet can be conventional

blood cannula configuration and/or can comprise orifices,
Slits or other openings at desired locations and intervals
along portions of the length of the cannula basket or cage to
prevent heart tissue Suction. The ends or openings can
comprise baskets, cages or other guards to prevent Suction of
heart tissue or blood vessel wall into the cannula. The

internal valve in the cannula can be any Suitable one-way or
check valve, Such as a flap valve, slide valve, Spring loaded
circular valve or ball valve, membrane valve, duck bill valve

or other design and can be any material appropriate to a
blood flow valve. The positioning lead can be attached to the
cannula in any desired way and any desired location and
adapted for holding the cannula in position during use. The
lead can also be useful in inserting and guiding the cannula
through the appropriate vessel incision into proper position.
The cannula can be inserted with a guide wire/balloon
arrangement from an upstream incision.
0026. In another aspect of this invention, the above
pulmonary valve cannula and the above tricuspid valve
cannula may be combined or formed as a Single cannula
adapted to the position through both the tricuspid and
pulmonary valves with the respective check valves, inlets
and outlets properly positioned according to the functions
Set forth above for each. The advantages of this single
cannula configuration include Single incision, Single guide
wire and Single positioning lead.
0027. In another aspect, this invention provides apparatus
for Supporting and preventing collapse of the kink Zone in
the pulmonary artery. In addition to apparatus for Supporting
and preventing collapse of the right atrium and right ven
tricle, this invention provides a Separately adapted Stent to
prevent collapse or kinking of the pulmonary artery to
maintain blood flow through the pulmonary artery and/or
through the Stent during beating heart bypass Surgery. When
the beating heart is lifted and manipulated for Surgical acceSS
to the posterior or lateral blood vessels, the pulmonary artery
tends to fold or kink and restrict or Stop the beating heart
blood flow. A clamp or stabilizer can he applied to the
external Surface of the heart to take in the slack from the
heart muscle and allow the muscle to function and to

generate the contraction to eject blood even if the heart
muscle is wrinkled.

0028. As used herein the pulmonary artery “kink Zone” is
the portion of the pulmonary artery between the heart and
the lungs where the artery tends to fold, kink or restrict when
the beating heart is lifted or manipulated for Surgical acceSS
to the lateral or posterior heart vessels. This kink Zone is in
the portion of the pulmonary artery within about 15 cm from
the heart and usually within about 10 cm.
0029. In this aspect of the invention, the pulmonary
artery Stent is adapted to have diameter and length appro
priate to extend the length of the kink Zone and an appro
priate distance on either Side of the kink Zone to assure full
protection of the pulmonary artery during a beating heart
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Surgical procedure. The pulmonary artery Stent also com
prises a handle for inserting and withdrawing the Stent
through an appropriate incision. Typically the Stent will
further comprise a guide wire/balloon for placement of the
Stent in the proper position in the pulmonary artery. In Some
patients the pulmonary artery Stent may be all that is
required to protect the left Side during a particular beating
heart Surgical procedure. In other instances the beating heart
Surgery may require only the pulmonary artery Stent and the
above tricuspid valve cannula. In other instances, the use of
a pump and cannula System described above may be needed
to Supplement or augment the right Side flow of blood
produced by the beating heart during bypass Surgery.
0030 This invention further provides the above stent
adapted for positioning in other portions of the right Side to
prevent collapse or restriction in a similar "kink Zone' in the
Vena cava Veins, right atrium or right Ventricle and to
maintain pulmonary blood flow through the right Side while
the heart is displaced and manipulated during beating heart
bypass Surgery. AS is apparent, the above Stent may also be
adapted for positioning in the aorta, pulmonary veins, left
atrium and/or left ventricle to maintain aortic beating heart
blood flow during beating heart bypass Surgery.
0031 AS is apparent, this invention enables the use of
various combinations of the above aspects of this invention
to meet the requirements of a particular patient for the
Successful performance of beating heart or Still heart Surgery

while assuring that the patient's lungs (or lung) provides the

oxygenated blood to Sustain the patient through the Surgery
and that a CPB machine and procedure is avoided. Selective
use of the above Stents, cannulas and/or pump and cannula
Systems in their various configurations results in minimum
invasiveness and minimum contact of the blood with appa
ratus in or outside the body during beating heart bypass
Surgery. Thus, this invention enables all beating and Still
heart surgical procedures without the use of a CPB machine
by providing methods and apparatus Systems ranging from
one or more Stents placed to prevent restriction of blood flow
produced by the beating heart to pump and cannula Systems
placed through or around the entire right Side and through or
around the entire left side to both protect the beating heart
blood flow and to augment, Supplement or, when necessary,
temporarily replace the beating heart blood flow during the
Surgery.

0032. In preferred embodiments of this invention, the
cradle for Supporting the beating heart during beating heart
bypass Surgery can be a flexible film or mesh, or it can be a
rigid or Semi-rigid member with appropriate openings. The
cradle not only provides Support for the beating heart in the
desired and necessary position for Surgical access to heart
vessels, it also provides visual access to the appropriate heart
vessels on which the bypass Surgery is performed.
0033. In another aspect, this invention provides a method
for Sustaining Sufficient blood flow in the patient during
heart Surgery which comprises:
0034 inserting the cannula portion of a pump and
cannula System through the interior of one side of the
heart to extend the cannula into the artery or aorta;
and

0035 adjusting the pump output during the Surgery
to provide sufficient blood flow in the patient during
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the Surgery. The blood flow referred to in this method
can be the pulmonary blood flow through the lungs

(or lung) or the circulatory blood flow from the aorta

through the body. The cannula and pump system may
preferably be placed in and used in both sides of the
heart.

0036). In another aspect, this invention provides a method
for performing beating heart Surgery which comprises:
0037 inserting in the right side of the heart a can
nula or Stent adapted to protect the blood flow path
through the heart when the stented portion of the
heart is collapsed or kinked; and
0038 performing beating heart bypass Surgery

while the cannula(s) or Stent(s) is in place in the

heart. Such cannula or Stent may be placed in any
portion of or all of the right side of the heart before

the Surgery is performed. Likewise the cannula(s) or
Stent(s) may be placed also, or instead, in the left side

of the heart before the Surgery is performed.
0039. In another aspect, this invention provides a method
for performing heart Surgery which comprises:
0040 inserting the cannula portion of a pump and
cannula System through the tricuspid valve, through
the pulmonary valve and a Sufficient length into the
pulmonary artery to prevent collapse of the right
atrium, right ventricle or pulmonary artery when the
heart is lifted or displaced during Surgery;
0041 pumping blood from upstream of the pulmo
nary valve into the pulmonary artery whereby the
combined flow of blood through the pulmonary
artery produced by the beating heart and the pump is
Sufficient to Sustain the patient during Surgery; and
0042 optionally supporting the beating heart in a
cradle to provide Surgical access to the lateral or
posterior heart vessels.
0043. In another embodiment, this invention provides a
System for preventing collapse of the right atrium, right
Ventricle or pulmonary artery and maintaining blood flow
acroSS the pulmonary valve and into the pulmonary artery
during heart Surgery comprising:
0044) a cannula adapted for insertion through the
tricuspid valve, through the pulmonary valve and a
Sufficient length into the pulmonary artery to prevent
collapse of the right atrium, right ventricle or pull
monary artery while the beating heart is lifted or
displaced during Surgery;
0045 a pump and cannula system adapted for
removing blood from the Vena cava or the right
atrium and transporting the blood through a cannula
and into the pulmonary artery; and
0046 optionally a cradle for supporting the beating
heart while the heart is displaced during Surgery and
for providing Surgical access to lateral or posterior
heart vessels. The pump and cannula System can be
part of or utilize the cannula adapted for insertion, or
can be a separate pump and cannula external of the
heart.
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0047. In another aspect, this invention provides a method
for performing heart Surgery which comprises:
0048 connecting a pump intake tube through an
incision in the wall of the Vena cava or the right
atrium to remove blood from the vena cava or the

right atrium;
0049 connecting the pump outflow tube into the
pulmonary artery through an incision in the wall of
the pulmonary artery;
0050 pumping blood from the right atrium through
the pump into the pulmonary artery; and
0051 optionally supporting the beating heart in a
cradle during Surgery for Surgical access to the heart
vessels. When this method is used for still heart

Surgical procedures, the method further optionally
comprises isolating the heart to prevent Venus blood
flow into the heart and to prevent backflow of arterial
blood into the heart during at least a portion of the
Surgical procedure.
0052 AS is apparent, this invention provides and enables
various embodiments of methods for beating heart bypass
Surgery utilizing the various Selected combinations of the
above described Stents, cannulas and pump and cannula
Systems as appropriate for a particular patient or procedure
following the disclosures of this invention and enables heart
surgery without the use of CPB machines.
BRIEF DESCRIPTION OF THE DRAWINGS

0053 FIG. 1 is a sectional schematic view showing a
preferred pump and cannula System according to the inven
tion inserted into the right Side including the preferred
concentric conduit cannula and reverse flow pump system
and showing a separate and optional pump and cannula
system inserted in the left side of the heart.
0054 FIG. 2 illustrates an embodiment of the invention
where the cannula is inserted in the left side of the heart to

prevent collapse and the pump System transports blood from
the right atrium to the pulmonary artery external of the heart
and illustrates a similar optional embodiment for the left side
of the heart.

0055 FIG. 3 is a sectional schematic view of the right
Side showing valved cannulas and the use thereof according
to this invention.

0056 FIG. 4 is a sectional schematic view of the right
Side showing an example of the Stent of this invention and
the use thereof.

0057 FIGS. 5 and 6 are illustrations of the beating heart
Surgical cradle of this invention.
DESCRIPTION OF THE INVENTION

0058 Beating heart bypass surgery has been recognized
as desirable because it has the possibility of avoiding the
necessity of placing the patient on a full cardiopulmonary

bypass (CPB) system. However, attempts at beating heart
bypass Surgery have met with limited SucceSS and have
essentially been limited to Surgery on the anterior heart
vessels due to problems which develop when the beating
heart is lifted or displaced from its normal position in order
to perform the beating heart Surgery. Typically when the
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beating heart is lifted or manipulated in order to provide
Surgical access to posterior heart vessels, a number of
difficulties are encountered. When the beating heart is lifted
and manipulated, the right Side of the heart tends to collapse,
particularly the right auricle or atrium and frequently the
right Ventricle and/or pulmonary artery. When the right side
of the heart collapses, pulmonary blood flow either ceases or
becomes inadequate, thus forcing the use of CPB. Another
difficulty encountered is that, even if the right side of the
heart does not collapse, the pulmonary artery and/or the
pulmonary vein frequently become crimped or kinked thus
also impeding the pulmonary blood flow. Similarly, during
the lifting and manipulation of the beating heart for lateral
or posterior access, the left Side of the heart, particularly the
left auricle or left atrium can also collapse or partially
collapse, thus impeding aortic circulatory blood flow. Fur
ther, when the beating heart is lifted or manipulated for
beating heart Surgery access or during catheterization or
cannulation procedures, the heart may lapse into arrhythmia
or disrhythmia or may arrest at least a portion of the time or
most of the time that the Surgery is being performed thus
likewise impeding pulmonary blood flow and arterial circu
latory blood flow.
0059. The pump and cannula systems of this invention
enable Safe heart Surgery on anterior lateral and posterior
blood vessels, in either beating heart or Still heart proce
dures, without the necessity of using CPB. The systems of
this invention provide Support for primarily the right Side of
the heart by internal cannulation in order to prevent the
collapse of the right Side of the heart and to maintain
adequate pulmonary blood flow from the beating heart.
Optionally, this invention further provides a system for
Similar cannulation and Support to prevent collapse of the
left Side of the heart. In addition, the pump and cannula
System of this invention provides the pumping of blood
through or acroSS the right Side of the heart to augment or
Supplement pulmonary blood flow produced by the beating
heart during Surgery. With the system of this invention, if the
heart temporarily collapses or lapses into arrest or disrhyth
mia during Surgery, the Supplemental pulmonary blood flow
provided by the pump System of this invention eliminates
the necessity of the use of CPB. During beating heart
Surgery, a temporary collapse or disrhythmia can be cor
rected to restore the beating of the heart, during which time
the pump system of this invention will deliver sufficient
Supplemental pulmonary blood flow through the lungs to
Satisfy the patient requirements. Similarly, the pump system
of this invention for the left side of the heart can likewise

provide sufficient supplemental arterial flow of blood to
Satisfy the patient requirement until any heart collapse or
disrhythmia is corrected during beating heart Surgery with
out the necessity of the use of CPB. As described above, the
pump and cannula Systems of this invention enable Still heart
Surgery, Such as valve or other internal heart repair, without
the use of CPB.

0060. In a preferred embodiment of this invention, the
pump and cannula System utilize a concentric double-wall
cannula, a coaxial cannula, having a short Outer conduit
forming an annular space around an inner longer conduit
where the concentric cannula is connected to a miniaturized

reverse flow blood pump. Such a preferred reverse flow
pump is disclosed in copending U.S. application Ser. No.
08/933,566 filed Sep. 19, 1997, and PCT Application Serial
No. US97/18674, filed Oct. 14, 1997, now published as WO
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99/02204, the disclosures of which are incorporated herein
by reference. In this System, the concentric double cannula
can be inserted into a single incision, Such as in the wall of
the right auricle or atrium, the short outer conduit provides
intake for the blood entering the reverse flow pump and the
outflow of the reverse flow pump feeds into the inner conduit
which forms a longer cannula inserted through the tricuspid
Valve, the pulmonary valve and Sufficient length and dis
tance into the pulmonary artery So that the longer cannula
provides the internal Support to prevent collapse of the right
atrium, right ventricle and pulmonary artery. While the
preferred concentric double cannula or coaxial cannula is
particularly useful with the reverse flow pump, other pumps
can be used with Such a cannula. Also, a double cannula for

intake of blood to the pump and output of blood from the
pump can have any desired configuration, Such as Side-by
Side conduits, multi-conduit tubing, in-line intake/output for
in-line type pump and others which will be apparent to one
skilled in the art. For example, other pumps which can be
adapted for use in this invention are disclosed in U.S. Pat.
Nos. 4,625,712; 5,376,114 and 5,695,471, the disclosures of

which are incorporated herein by reference.
0061. One advantage of this invention is that it allows the
beating heart to continue to pump whatever blood it is
capable of pumping under the conditions of the beating heart
Surgery. When the right Side is Supported according to this
invention to prevent collapse of the right Side, the beating
heart can provide Substantial, if not full or Sufficient, pull
monary blood flow during the beating heart Surgery. The
pump and cannula System of this invention provides auxil
iary or Supplemental pulmonary blood flow through the right
Side into the pulmonary artery to assure that adequate
pulmonary blood flow is maintained at all times during the
Surgery. The pump, as utilized in the Systems of this inven
tion, can be controlled to provide essentially no auxiliary or
Supplemental blood flow, while the beating heart is provid
ing adequate flow through the Supported portion or portions
of the right Side, or to provide full Supporting blood pulmo
nary flow in the event the output flow of the beating heart
decreases or stops.

0062) The pump(s) of the systems of this invention can be

controlled in response to conventional parameters, Such as
oxygen level measured by conventional oXimeters, blood
preSSure measured by conventional means, or other param
eters desired to assure proper patient Support during and
after Surgery, such as CO2 level, flow rate, etc. While
references relative to this invention are frequently to the
“right side', it is to be understood that such disclosure is
equally applicable to the left Side as well.
0063 Another advantage of the system of this invention
is that the concentric cannula in combination with the

reverse flow miniature pump, Such as disclosed in copending
U.S. application Ser. No. 08/933,566, enables the installa
tion of the pump essentially adjacent to the incision where
the double cannula is inserted into the right atrium wall or
other appropriate location. Thus, the priming Volume of the
pump and cannula System is minimized to less than about
1,000 ml, preferably less than about 200 ml, more preferably
less than about 100 ml and most preferably less than about
50 ml. In this context, “priming volume” refers to the
Volume of the pump and cannula which is external of the
patient and does not include the Volume of the portions of
the cannulas which are inserted into the patient and thus are
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immersed in the blood flow. It is especially preferred that the
pump and cannula System priming Volume be very Small,
typically less than 30 ml., preferably less than 20 ml., and
most preferably less than about 10 ml. The advantages of the
very Small priming Volume will be apparent to one skilled in
the art.

0064. Another advantage provided by the pump and
cannula System of this invention is that by having the
capability of placing the Small priming Volume pump,
including its drive motor, adjacent to or very near the
incision, the distance the blood must travel outside the body
is minimized, the contact of the blood with tubing, pump
components and other apparatus is minimized, and the pump
can operate essentially at body temperature, thus eliminating
the necessity of cooling or warming the blood, particularly
because the blood is outside the body a very short distance
and for a very short time. With this system the entire pump
and cannula System can be positioned near the chest cavity,
within the chest cavity itself, near or adjacent to the heart, or
can be positioned in the Support cradle near or adjacent the
heart to obtain the minimum possible pumped blood flow
path. Other advantages will be apparent to one skilled in the
art, including the fact that with the entire pump, drive motor
and cannula System miniaturized and configured to be
contained in the chest cavity or in the Support cradle with the
heart, this System eliminates the disadvantages of having
numerous tubes, cables, etc., from the patient's chest cavity
to external equipment. Even in the preferred embodiment of
the present invention, where the pump and cannula System
is installed in or across the right Side of the heart, and a
Separate pump and cannula System is installed or acroSS in
the left side of the heart, the only lines extending from this
System to external equipment is a Single cable from each
pump to the external power Supply for providing power to
each pump. This single cable can contain electrical connec
tion for Supplying electrical power to the pump motor near
the heart or can be a flexible drive cable to transmit power
to the pump from a remote motor. Thus, the pump and
cannula System of this invention provides the Surgeon much
better Surgical access to the heart and Visibility of the heart
by eliminating the CPB tubing and other associated cables
and pumps which are conventionally used in bypass and
other cardiac Surgical procedures.
0065. The pump and cannula system of this invention can
best be understood by reference to the illustration in FIG. 1,
which shows the pump and cannula System of this invention
in place in the right Side of the heart for pulmonary blood
flow and in the left side of the heart for arterial blood flow.

Referring to the drawing, the blood flow in right side of the
heart enters from Vena cava 21 through the right auricle or
atrium 22 through tricuspid valve 32 into the right ventricle
23. From there, the blood passes through the pulmonary
valve 33 into the pulmonary artery 24. The preferred pump
and cannula System of this invention is adapted for use in the
right Side by insertion through a single incision in the wall
of right atrium 22 as illustrated or an incision in Vena cava
21 or ventricle 23. The concentric cannula 120 is inserted
into the incision where the outer conduit 123 seals with the

wall of right atrium 22 at the incision. The outer conduit 123
provides the annular space between outer conduit 123 and
inner conduit 121 for the inflow of blood to pump 124,
which is driven by motor 125. The longer inner tube or
cannula 121 is inserted through tricuspid valve 32, pulmo
nary valve 33 and into pulmonary artery 24. Insertion of
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cannula or tube 121 through the heart and into the pulmo
nary artery may be accomplished in any conventional
method, Such as the optional use of a balloon guidewire. The
length into which cannula 121 extends past pulmonary valve
33 into pulmonary artery 24 will depend on the beating heart
bypass Surgery procedures performed and on other factors.
However, it is important that cannula 121 extend through
and past the kink Zone, which will vary in Size and location
depending on condition of the patient, the Surgical procedure
performed and the extent of movement and manipulation of
the heart during Surgery. The kink Zone will frequently
extend up to the point where the pulmonary artery is not
moved during Surgery. It is generally expected that cannula
121 will need to extend up to about 15 cm beyond pulmo
nary valve 33 and into pulmonary artery 24. Such a length
is generally Sufficient to prevent kinking or collapsing of
pulmonary artery 24 during the positioning of the heart for
beating heart bypass Surgery. Preferably the length beyond
pulmonary valve 33 will generally be up to about 10 cm, or
preferably up to about 7 cm, or about 4 cm but may be as
little as about 1 cm depending on the kind of cannula used.
As can be seen in the illustration of FIG. 1, the system of
this invention enables the heart to continue pumping blood
in its normal fashion to provide pulmonary blood flow
around cannula 121, to the extent that the heart is capable,
during the lifting and manipulation of the heart during
Surgery. A cannula and pump System according to this
invention assures a Supplemented or augmented flow of
blood to the pulmonary artery 24, even in the event of
decreased output of the heart or in the event of a disrhythmia
or other interruption of pulmonary blood flow by the beating
heart. Under normal circumstances and at most times during
the beating heart Surgery, the internal Support provided by
cannula 121 will prevent the collapse of the right side of the
heart and enable the heart to continue pumping at least a
portion of its normal blood output into pulmonary artery 24.
The combined flow of the blood flow produced by the
beating heart and the blood flow produced by pump 24
through cannula 121 is at all times Sufficient to Sustain
adequate pulmonary blood flow to Sustain the patient during
Surgery. In the event of a disrhythmia, the pump 124 can be
increased in output to compensate until the disrhythmia is
corrected.

0066 While FIG. 1 illustrates a preferred pump configu
ration, it is apparent any Suitable pump design or configu
ration can be used in this invention. For example, pump 124
may be placed inside atrium 22, in which case Outer conduit
123 would be eliminated. Also, motor 125 can be integral
with pump 124, as shown, or can be a remote motor
connected to the pump by a sheathed drive cable. When a
pump is used where the entire pump is placed within the
atrium or other part of the blood System, the pump is
essentially a Zero priming Volume pump and cannula System
because no blood volume is taken outside the heart or blood
vessels.

0067 Further illustration in FIG. 1, the optional left side
pump and cannula System can also be used to prevent
collapse of the left Side of the heart as well as protect arterial
blood flow during beating heart Surgery. AS with the right
Side, concentric cannula tube 220 is inserted into an incision
in the wall of the left atrium 42 and sealed with the wall at

the incision. The longer inner tube or cannula 221 is inserted
through the bicuspid or mitral valve 52 and through the
aortic valve 53 and extended into the aorta 44. As with the
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above description for the right side, the blood flow from the
pulmonary vein 41 enters left atrium 42 and is normally
pumped through the left ventricle 43 into aorta 44. With the
pump and cannula System of this invention, a portion or all
of the blood enters pump 224 through the annular space
between Outer cannula 223 and inner cannula 221 and is

pumped through the inner cannula 221 into the aorta 44 to
assure the maintenance of adequate aortic blood flow during
beating heart Surgery.
0068. As will be apparent to one skilled in the art, the
above description of the double wall concentric cannula and
reverse flow blood pump having a minimum priming Vol
ume constitute preferred embodiments of the present inven
tion, but other pump and cannula configurations and designs
may be employed in the pump and cannula Systems of this
invention. For example, a cannula may be inserted into the
wall of vena cava 21 or the wall of atrium 22 to draw blood

into an in-line pump which can then return the blood through
cannula 121 positioned as shown in FIG. 1. Thus, various
conventional blood pumps can be used in Such configuration
in accordance with the pump and cannula Systems of this
invention even those of large priming Volume provided that
cannula 121 extending into pulmonary artery 24 extends
through the kink Zone as disclosed herein.
0069. Another example of an embodiment of the pump
and cannula System of this invention includes a cannula
which may be inserted through Vena cava 21 either through
an incision through the wall of vena cava 21 or through an
incision in a femoral vein leading to Vena cava 21, where
Such a cannula contains an in-line pump, for example, as
disclosed in U.S. Pat. No. 4,969,865, the disclosure of which

is incorporated herein by reference, provided that the output
of the pump is fed into cannula 121 positioned through the
kink Zone of pulmonary artery 24 in accordance with this
invention. AS is also apparent from the above description
and the illustration in FIG. 1, the alternative pump and
cannula embodiments of this invention are equally appli
cable to the left side of the heart for support of the left side
during beating heart bypass Surgery.
0070. In another embodiment of this invention cannula
121 may be positioned so that it extends only into ventricle
23 so that the output of the pump is into ventricle 23. This
enables the pump to be used to fill or preload the ventricle
with blood, then allow the ventricle to pump the blood on
through the pulmonary valve and pulmonary artery. The
Ventricle is Sometimes capable of pumping blood out but not
capable of drawing blood in when it is in a stressed or
distorted condition during Surgery. In this embodiment of the
invention the pump and cannula System is positioned to
assist the Ventricle, without the necessity of placing the
cannula through the pulmonary valve and pulmonary artery.
The left Side can be assisted with a similar pump and cannula
positioned for prefilling the left ventricle. This embodiment
of the invention can further comprise a Stent as illustrated in
FIG. 4.

0071. It is to be understood that the pump and cannula
system illustrated in FIG. 1 enables still heart Surgical
procedures to be performed without the use of CPB. The
pump and cannula Systems of this invention provide Suffi
cient and Sustained pulmonary blood flow and circulatory
blood flow during Surgery in a highly controllable manner to

assure the patients lungs (or lung) provides adequate oxy
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genated blood even during Still heart Surgery or Surgery
where the heart is isolated from body blood flow.
0072 An alternate aspect of this invention, as illustrated
in FIG. 2, can be used with various types of blood pumps,
although a minimum priming Volume pump is preferred in
most applications of the various embodiments of this inven
tion. Referring to FIG. 2 illustrating the various embodi
ments of this aspect of the invention, Support cannula 421 is
inserted through tricuspid valve 32 and pulmonary valve 33
and extended into pulmonary artery 24 a Sufficient distance
to extend through the kink Zone of pulmonary artery 24. It
will be recognized that while FIG. 2 illustrates cannula 421
as inserted through an incision in the wall of atrium 22,
cannula 421 may also be inserted through Vena cava 21 from
an incision in another part of the body Such as a femoral vein
or jugular vein or other desired acceSS point. While cannula
421 is referred to as a “cannula”, it will be recognized in this
aspect of the invention and the various embodiments thereof
that member 421 may or may not function as an actual
cannula, i.e., for withdrawing or inserting fluids from an into
the body. Member 421 may actually be a solid, flexible rod
or a closed tube which provides Support for preventing the
collapse of the right Side, Vena cava 21, atrium 22 and
pulmonary artery 24, thereby providing a Support Structure
around which the beating heart can continue to pump blood
even though a portion of the right Side walls may have
folded or collapsed against a portion of the Surface of
member 421. Alternatively, member 421 may contain open
ing 444 in a hollow tube portion upstream of pulmonary
valve 33 whereby blood may enter the tube upstream of
valve 33 and exit the tube at opening 444 in ventricle 23 or
at the end of tube 421 in pulmonary artery 24. In this
configuration, the tube would need to be blocked in the
vicinity of pulmonary valve 33 and upstream of opening 444
in order to prevent back flow through the tube.
0073. In another similar embodiment, member or tube
421 may be constructed to contain opening 442 in the area
of atrium 22 to allow blood to enter and flow through the
interior of tube 421. In Such an embodiment, member 421

would require blocking element 441 to prevent back flow of
blood. Opening 442 in the area of atrium 22, check valve
443 opening 444 in the area of ventricle 23, and check valve
445 provide a protected path for beating heart blood flow. In
Such a configuration, the beating heart would be enabled to
withdraw blood through tube 421 from vena cava 21 or
atrium 22 into ventricle 23 and expel blood from ventricle 23
through check valve 445 into pulmonary artery 24. As will
be appreciated in these embodiments of the invention,
member 421 may be a solid member where the beating heart
blood flow is around the exterior of the Support member 421
which functions to prevent the collapse or kinking of the
various portions of the right side. Member 421 can contain
either opening 444 and check valve 445, or opening 442 and
check valve 443, or both openings and both check valves, of
course, with Seal or block 441, so that the blood flow from

the beating heart can flow through the inside of Support
member 421 as well as around the outside of member 421.

0074 Tube member 421 can also be inserted into the
heart through an incision in the wall of the right atrium 22
or through the wall of the right ventricle 23, as depicted in
FIG. 2 by dashed lines. In latter case where member 421
would only extend through ventricle 23 into pulmonary
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artery 24 only one check valve 445 and opening 444 would

be needed (valve 443 and opening 442 would be unneces
sary).
0075 AS will be apparent to one skilled in the art the

above System described in detail for the right Side is equally
applicable according to the present invention to the left Side.

As illustrated in FIG. 2, member 621 can be inserted

through left atrium 42, through bicuspid valve 52 through
left ventricle 43 through bicuspid valve 52 and into aorta 44
and extending through the kink Zone of aorta 44. AS
explained above with respect to the right side, member 621
may be a solid member which provides support for the left
side and provides for beating heart blood flow around the
outside of Support member 621. Alternatively, member 621
may be a tube or cannula adapted to also provide beating
heart blood flow through the interior of member 621 as well

as the exterior. In Such embodiments, cannula 621 will

contain check valve 645 and opening 644 with blocking
member 641 enabling the left ventricle 43 to pump blood
through the interior of cannula 621 into aorta 44 past the
aorta kink Zone. Alternatively, cannula 621 can contain
check valve 643 and opening 642 with blocking member
641 to enable beating heart blood flow from atrium 42 into
ventricle 43 through the inside of cannula 621. In a preferred
embodiment, cannula 621 will contain both check valve 643

and 645 and both openings 642 and 644 to enable the best
protected beating heart blood flow from pulmonary vein 41
through the left Side and into aorta 44 past the kink Zone. It
will also be apparent that member 621, depending on
configuration, can be inserted as shown through the wall of
atrium 42 or can be inserted through an incision in pulmo
nary vein 41 or through the wall of ventricle 43, depending
on the desired configuration.
0.076 A similar configuration can be used in the left side
of the heart in the form of tube or rod member 621 which can

be a solid support member inserted through the wall of
atrium 42 through the bicuspid valve 52 through the aortic
valve 53 and into aorta 44 in order to provide physical
Support for the left Side to prevent collapse or kinking of the
left side and to provide for beating heart blood flow around
the outside of Support member 621 during beating heart
Surgery. Alternatively, member 621 may be a tubing member
adapted to provide beating heart blood flow through the
tube. In this configuration, tube member 621 will contain a
block 641 to prevent flow of blood back into the tube,
opening 642 for inlet of blood, check valve 643 to prevent
back flow of blood when ventricle 43 contracts, opening 644
for blood flow into and out of ventricle 43, and check valve

645 to prevent back flow of blood into ventricle 43 when
ventricle 43 expands. In this configuration, member 621 not
only Supports the left Side and prevents collapse or kinking
of the left side, it facilitates beating heart blood flow both
around the outside of member 621 and through the inside of
member 621 to assure the maximum beating heart blood
flow into aorta 44 during beating heart Surgery. In addition
to the access of member 621 being inserted through an
incision in the wall of atrium 42 as shown in FIG. 2, member

621 can also be inserted through pulmonary vein 41 or
through an incision in the wall of ventricle 43, which
alternative insertion points are not shown in FIG. 2. As will
be apparent if member 621 is a hollow tube and is inserted
through the wall of ventricle 43, then opening 644 and check
valve 645 will be necessary and check valve 643 and
opening 642 will be unnecessary.
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0.077 FIG. 2 further illustrates another aspect of the
invention, wherein pump and cannula System is utilized to
Supplement or replace the beating heart blood flow. This
aspect is illustrated in FIG. 2 together with the above
described Support Systems, but it is to be understood that the
illustrated pump and cannula Systems positioned external of
the heart can be employed Separately from and without the
use or presence of the above described Support Systems. This
aspect of the pump and cannula System of this invention is
accomplished by inserting cannula 423 into an incision in
Vena cava 21 or in an incision in the wall of atrium 22 for

drawing blood to pump 422. The blood is then passed by
pump 422 through cannula 424 into pulmonary artery 24
through an incision in the wall of pulmonary artery 24. AS
disclosed above, the control of pump 422 can be regulated
depending on oxygen level, blood pressure at a particular
point or general blood pressure, etc., in order to either
Supplement and augment the pulmonary blood flow pro
duced by the beating heart around and/or through Support
member 421 or provide substitute pulmonary blood flow
during those periods, if any, when the right Side of the heart
experiences an arrest or other temporary blockage during the
beating heart Surgery. Of course, in Still heart procedures, it
will be controlled to provide the entire necessary pulmonary
blood flow.

0078. The left side support system for providing circu
latory blood flow through the aorta is provided by a pump
and cannula System which comprises cannula 623 inserted
into the pulmonary vein 41 to direct blood from the pulmo
nary vein to pump 622. The pump then returns the blood to
aorta 44 through cannula 624 inserted through an incision in
the wall of aorta 44. As indicated above with respect to the
right Side, the pump and cannula System 622, 623 and 624
can be operated to Supplement the beating heart blood flow
in the left Side during beating heart Surgery or can provide
the entire necessary circulatory blood flow during Still heart
Surgical procedures. The output of pump 622 may be mini
mum when the beating heart blood flow through the left side
is strong and can be maximized when the left Side experi
ences an arrest or a kink or obstruction or is stopped for Still
heart Surgery. The control of pump 622 may be controlled in
relation to aortic blood pressure or other desired control
parameters as discussed above.
0079. In the above aspect of this invention it is important
to note that the pump and cannula Systems for the right Side
and left side should be positioned such that the intake
cannulas 423 and 623 can be inserted through an incision at
any point where it is desired to withdraw the blood, but it is
preferred that they be inserted at a point upstream of where
any collapse, obstruction or kink may occur during the
beating heart Surgery. Similarly, the output cannulas 424 and
624 may be inserted to return the blood to any point desired,
but it is preferred that the return cannulas be positioned
downstream of where any collapse, obstruction or kink may
occur during the beating heart Surgery. AS disclosed above,
it may be desired during Still heart procedures to provide
isolating blocks, balloons, clamps, etc. to prevent unwanted
venus blood flow into the heart and/or prevent unwanted
backflow of arterial blood into the heart. For example,
cannula balloon collars as illustrated in FIGS. 15 and 18 of

application Ser. No. 08/933,566, incorporated herein by
reference, would be Suitable for Such isolation of the heart
where desired.
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0080. In the pump and cannula systems of this invention,
a preferred device for and method of control of the pump
Speed and output is to include a pressure transducer at the
arterial blood flow area, preferably as part of the discharge
ends of cannulas 121 and 221 in FIGS. 1 and 424 and 624

in FIG. 2, to measure pulmonary artery blood pressure and
aorta blood pressure. This blood preSSure measurement can
provide the basis for a manual or automatic control of the
individual and Separate pump Speeds and outputs. The
desired or target pulmonary and aortic blood pressures can
be determined by the Surgical team for each patient depend
ing on condition of the patient and Surgical procedure being
performed. The desired or target preSSures may change or be
different for different Stages of the Surgical procedure. In
general, a desired pressure range is about 20-30 mmHg,
although pressures as low as about 10-15 mmHg may be
acceptable for limited periods of time. It is further preferred
that the control System incorporate other input data, in
addition to arterial pressure, Such as blood pressure else
where in the body, blood oxygen level, actual blood flow
Volume, blood CO2 level, etc. A desired automatic control
criteria is where a control loop for each pump is established
whereby a target total blood flow is maintained by the sum
of any beating heart blood flow output plus the pump flow
output. Thus, the patient is assured of adequate pulmonary
and circulatory blood flow throughout the Surgery regardless
of the output of the heart, without any CPB machine use.
The pulmonary artery preSSure and pulmonary blood flow
rates will need to be adjusted accordingly when only one
lung is being used during the Surgery, and the aortic circu
latory blood flow may also have to be adjusted in such mode
of operation. Reference to FIG. 3 illustrates another aspect
of this invention and exemplifies preferred embodiments of
this aspect. FIG. 3 depicts the right side portion of the heart
including Vena cava 21 and pulmonary artery 24. In this
illustration, two Zones are identified relative to the Systems
and methods of this invention. The first is the Zone referred

to as a “kink Zone'10 which is the portion of the pulmonary
artery which tends to fold, kink or otherwise become con
Stricted when the beating heart is lifted and manipulated
during beating heart bypass Surgery in order for the Surgeon
to gain Surgical and visual access to the lateral and posterior
vessels of the heart. The length and actual area of the actual
kink Zone may vary from patient to patient and vary depend
ing on the bypass procedure being performed and the extent
to which the heart is moved and manipulated. However, the
kink Zone will be apparent to one skilled in the art and in
general will be the area of the pulmonary artery extending
about 15 cm from the pulmonary valve 33. In this embodi
ment of the invention pulmonary cannula 321 is adapted to
be positioned with opening 323 in the right ventricle 23 and
the length of cannula 321 extends through pulmonary valve
33 and into pulmonary artery 24 so that outlet 324 is
downstream of kink Zone 10. Cannula 321 further comprises
cheek valve 322 adapted to allow blood to flow through
cannula 321 when the right ventricle 23 contracts and
prevent back flow of blood through cannula 321 when right
ventricle 23 expands and further compresses handle 326
adapted for inserting the cannula into proper position and
maintaining cannula 321 in the proper position during the
beating heart bypass Surgery procedure. AS illustrated in
FIG. 3 cannula 321 can be inserted with handle 326 through
the Vena cava 21 through an incision in the wall of the Vena
cava or an incision in a remote vein Such as the femoral vein
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or jugular vein. Alternatively, cannula 321 may be inserted
through an incision in the wall of the right atrium or through
an incision in the wall of the right ventricle. However, the
remote acceSS incision is preferred in order to keep the heart
relatively free of encumbrances and other incisions to
enhance the acceSS for beating heart bypass Surgery. With
cannula 321 in position, the beating heart blood flow can be
maintained both around the outside of cannula 321 when

pulmonary valve 33 opens around the outside of cannula 321
and through the interior of cannula 321 when there is any
constriction which prevents the blood flow around the
outside of cannula 321. Cheek valve 322 may be positioned
at any appropriate location along cannula 321 and is adapted
to prevent back flow of blood through cannula 321. As
mentioned above, the particular type of valve Suitable for
use may be Selected for one skilled in the art. In a preferred
embodiment, the cannula 321 may include a balloon tip at or
near the outlet end 324 in order to aid in the insertion and

proper positioning of cannula 321. While cannula 321 is in
position, the heart may be lifted and manipulated and the
beating blood flow through the kink Zone will be protected
and maintained by cannula 321.
0081. In another embodiment of the aspect of this inven
tion illustrated in FIG. 3 involves the recognition that when
the beating heart is lifted and manipulated for beating heart
bypass Surgery, the right atrium 22 and adjacent areas of the
vena cava tend to collapse and restrict the blood flow. This
area is identified in FIG. 3 as collapse Zone 20. This
invention provides atrium cannula 521 adapted to have an
inlet 523 position upstream of the collapse Zone 20 and an
outlet end positioned in right ventricle 23. Cannula 521
further comprises check valve 522 adapted to prevent back
flow of blood when the right ventricle 23 contracts and
handle 526 adapted for inserting cannula 521 into proper
position and maintaining cannula 521 in proper position
during beating heart bypass Surgery procedure. Optionally,
cannula 521 can also include additional inlet openings 525
positioned as appropriate along the length of the cannula
upstream of valve 522. Cannula 521 is adapted to allow
beating heart blood flow around the outside of the cannula
when tricuspid valve 32 opens for blood to flow into the
right ventricle 23. In addition, the cannula 521 is adapted to
provide blood flow through the interior of the cannula when
there is a collapse or restriction of the beating heart blood
flow around the outside of the cannula. Thus, beating heart
blood flow is protected and maintained during beating heart
bypass Surgical procedures, even when lifting or manipu
lating the heart causes a partial or complete collapse of the
right atrium 22 or other portion of collapse Zone 20.
0082 Cannula 521 can be inserted through the same
incisions as mentioned above through which cannula 321 is
inserted. However, it is preferred that the cannula 521 be
inserted through the Vena cava from a remote incision Such
as a femoral vein or jugular vein for the same reasons
mentioned above.

0083. In another embodiment of this aspect of the inven
tion, cannulas 321 and 521 can be connected together an
operated as a Single cannula or can be manufactured as a
Single continuous cannula having the appropriate openings
and check valves as illustrated in FIG. 3 so that a single
cannula can provide protection of collapse Zone 20 and
protection of kink Zone 10. An advantage of Such a con
figuration would be that the cannula can be inserted through
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a Single incision with a Single guidewire or balloon for
guidance and a single handle for positioning and holding the
cannula in proper position during Surgery. In another
embodiment, cannula 321 and cannula 521 can be sized so

that one will nest or telescope inside the other for insertion.
For example, cannula 521 can be made slightly Smaller
diameter So that it will nest inside cannula 321 during
insertion. In this fashion the two cannulas can be inserted

through a single incision and the guidewire/balloon at the
outlet end 324 of cannula 321 will guide both cannulas into
proper position. Each cannula would have its Separate
handle for positioning and holding the cannula in position
during Surgery. In Such embodiment, the nested cannulas
would be inserted through the appropriate incision and when
cannula 521 reached its proper position at the collapse Zone
and the tricuspid valve handle 526 can then hold cannula 521
in its proper position while cannula 321 can continue on its
path of insertion until it is properly positioned acroSS the
pulmonary valve and the kink Zone. Also, in Such embodi
ment, the inner cannula can have one lumen for blood flow

and containing the check valve and a Second lumen for the
handle of the Outer cannula. Other configurations and
embodiments of the cannula system illustrated in FIG. 3 will
be apparent to one skilled in the art.
0084. While only the right side of the heart is illustrated
in FIG. 3, it will be equally apparent to one skilled in the art
that the same System can be readily adapted for the left Side
of the heart for protection of the left atrium from collapse
and protection of the aorta from kink or restriction during
beating heart bypass Surgery.
0085 Another aspect of this invention is illustrated in the
embodiment shown in FIG. 4. As illustrated in FIG. 4, this

invention provides a stent member 81 having an inlet 82 and
an outlet 83 wherein the stent is sufficient length and adapted
to be positioned in the pulmonary artery 24 over the length
of kink Zone 10. In this aspect of the invention, stent 81 is
of Sufficient size, Strength and flexibility to provide protec
tion against the pulmonary artery 24 becoming folded,
kinked or otherwise obstructed when the heart is lifted and

manipulated during beating heart bypass Surgery for Surgical
access to the lateral or posterior vessels of the heart. Stent 81
may be sized to approximate the size of the pulmonary artery
in which it is placed So that essentially all of the beating
heart blood flow passes through the interior of the stent 81
with a minimum amount, if any, of blood flow around the
outside of the stent. Stent 81 also comprises handle 84 which
is used for inserting the Stent through an appropriate inci
Sion, for holding the Stent in proper position during the
beating heart bypass Surgery and for withdrawing the Stent.
Typically, Stent 81 will also comprise an optional guidewire/
balloon portion 85 adapted for facilitating the guidance of
stent 81 through vena cava 21 and the heart chambers and
valves as well as other blood vessels in order to properly
position stent 81 and across the kink zone 10 of pulmonary
artery 24. In Some patients undergoing beating bypass
Surgery, Stent 81 inserted to protect the pulmonary artery
from blood flow restriction, may be all that is required to
assure that the beating heart blood flow is maintained during
the beating heart bypass Surgery. However, in other patients
and depending on the Surgical procedure to be performed
other protection devices of this invention may be used in
combination with stent 81. For example, it may be desirable
to protect the right atrium from collapse by also using
cannula 521 as illustrated in FIG. 3, which can be inserted
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Separately after Stent 81 is inserted and properly placed or
cannula 521 can be nested or telescoped with stent 81 so that
they are inserted at the Same time through the same incision,
then Separated at the time that they reach tricuspid valve 32
whereby the cannula 521 is retained in proper position
across the collapse Zone 20 and stent 81 is allowed to
continue through ventricle 23 and pulmonary valve 33 to be
positioned in kink Zone 10 or pulmonary artery 24. In
another embodiment of this invention, instead of using
cannula 521 in combination with stent 81, a second stent 81

can be used in addition to the first stent 81 and positioned
acroSS collapse Zone 20 of Vena cava 21 and atrium 22,
wherein the Stent is positioned close to tricuspid valve 32,
but not extending through bicuspid valve 32. Such embodi
ment employing two Stents 81, one positioned in collapse
Zone 20 and one positioned in kink Zone 10, may provide
Sufficient protection in Some patients for the beating heart
blood flow during lifting and manipulation of the heart
during beating heart bypass Surgery.
0086 As will be apparent, other combinations of the
various embodiments of the present invention can be used as
appropriate for a particular patient. For example, Stent 81
may be positioned in kink Zone 10 and used in combination
with a pump and cannula system 124, 120 and 121 as shown
in FIG. 1, except that inner tube or cannula 121 would be
modified to extend only into ventricle 23 and not through
pulmonary valve 33. In Such a combination, the pulmonary
blood flow from vena cava 21 and atrium 22 would not only
be protected, but could be augmented and Supplemented by
pump 124, by pumping blood from atrium 22 into Ventricle
23. AS also will be apparent to one skilled in the art utilizing
the disclosure of the present invention, stent 81 can also be
utilized for insertion into aorta 44 acroSS the kink Zone of

aorta 44 and/or into the collapse Zone of pulmonary vein 41
and atrium 42 to protect the beating heart blood flow in the
left side in a similar fashion as illustrated in FIG. 4 showing
the right Side.
0087 As will be recognized by one skilled in the art, the
above discussed cannulas, Stents, tubing and the like will
obviously be made of appropriate flexible bio-compatible
materials which have sufficient flexibility, radial stiffness
and other Strength properties appropriate to the function
intended in this invention. In most applications the cannulas
and Stents utilized in this invention must have appropriate
radial Strength and Stiffness to resist collapsing or kinking
under the StreSSes and compressive loads imposed on them
when inserted in the appropriate blood vessels and the heart
lifted and manipulated during beating heart bypass Surgery.
In Some instances, Soft and flexible materials. Such as Sili

cones may be desirable and may need to be reinforced with
wire or other material to provide the radial stiffness and
resistance to collapsing necessary to be useful in the present
invention.

0088. In another aspect this invention provides apparatus
and methods for placement and positioning of the Stents and
cannulas of this invention. In this aspect, a pressure trans
ducer is provided on the end of the cannula or Stent for
detection of the blood pressure patterns present at the end of
the cannula or Stent. Since the pressure patterns are different
and distinct in different parts of the System, the pressure
transducer is used to determine whether the end of the

cannula or Stent is in the vein, atrium, Ventricle or artery. The
preSSure transducer on the end of the cannula or Stent
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enables precise placement at the desired location. Multiple
transducers may be used along the length of the cannula or
stent or at both ends thereof to provide the information
needed for precise placement of the cannula or Stent. For
example, Side ports along the cannula with Separate lumens
for the transducer connecting wire can be used to provide
desired information for monitoring the condition of the
patient, Such information is also useful in controlling the
pumps in the pump and cannula System employed according
to this invention.

0089. The cradle for use in Supporting the heart is illus
trated in FIG. 5 and may be made of any suitable material
and structure. A mesh Structure provides flexibility, while a
film or Solid structure provides other advantages. The mate
rial may be any bio-compatible material which is sufficiently
flexible and Smooth to Support the beating heart without
causing damage or abrasion to the exterior of the beating
heart. A mesh or film can provide appropriate Support while
also providing the Surgeon unlimited access to the various
Surface areas of the beating heart. The mesh or film material
used should be a rip-Stop type Structure or material So that
the Surgeon may cut away part of the cradle for Surgical
access to a portion of the Surface of the beating heart and the
mesh or film used for the cradle will not split or run to form
an opening any larger than the opening cut by the Surgeon.
The mesh type of cradle Structure can be a plastic molded
Screen of any appropriate grid Size and design having
openings in the grid ranging from one to about 30 mm with
the grid Strands themselves ranging in width and/or thick
neSS from Several mils to 1 mm or more. The mesh Structure
useful as a cradle in this invention can also be woven or

braided from bio-compatible fibers. A braided structure in
particular will tend to flex with the surface of the beating
heart without abrading the Surface of the heart.
0090 FIG. 5 is a perspective view of one embodiment of
the use of the cradle according to the present invention. In
this embodiment, a sternum spreader 91 is fitted with
adjustable attachments 92 and 93 adapted for Supporting a
cradle according to the present invention which in turn is
adapted for Supporting the beating heart in a lifted or rotated
position to enable access for beating heart bypass Surgery.
Cradle 95 is adapted for attachments at the ends thereof to
support members 92 and 93, whereby the cradle attachment
to the Supports is adjustable with respect to height and
position and the support members 92 and 93 are likewise
adjustable in height and position, thereby providing the
Surgeon full flexibility with respect to positioning the heart
as needed for Surgical access to the heart vessels. Other
configurations and other Supports for the cradle will be
apparent to one skilled in the art. Other embodiments of the
cradle will likewise be apparent to one skilled in the art in
order to fulfill particular needs in terms of positioning the
beating heart as needed by the Surgeon. In Some instances,
the heart may only need to be lifted, but in other instances
the heart may need to be lifted and rotated. The selection of
the cradle Structure materials and design in combination
with the cradle Support will be apparent to one skilled in the
art following the disclosure set forth herein.
0.091 FIG. 6 is an illustration of an example of the cradle
which is formed of a flexible plastic framework 96 in
combination with an interior portion of a flexible mesh 97
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for Supporting the beating heart. The ends 98 of the cradle
are adapted to engage Support memberS Such as 92 and 93
illustrated in FIG. 5.

0092. In utilizing the various aspects and combinations of
the present invention, the basic method of the present
invention includes the first Step of inserting into the patient
the Selected Stents, cannulas and/or pump and cannula
Systems as appropriate for a particular patient and a particu
lar Surgical procedure to be performed. After the appropriate
combination of apparatus has been inserted into the patient
and particularly into the kink Zones and the collapse Zones,
then the beating heart can be Subjected to lifting and
manipulation, placement in the cradle, adjustment of the
cradle and Similar operations without unduly restricting the
blood flow. However, if the beating heart blood flow is
constricted or temporarily interrupted, or if a still heart
Surgical procedure is to be performed the pump and cannula
Systems of this invention will provide Supplemental or total
pulmonary and/or aortic blood flow during the time that the
beating heart blood flow is restricted or interrupted. Accord
ingly, this invention provides apparatus and Systems to
enable heart Surgery of any desired procedure while using

the patient's lungs (or lung) for Supplying oxygenated blood

and, thus eliminating the use of CPB machines for heart
Surgery. The pump and cannula Systems of this invention,
whether internal or external of the heart, can provide
0-100% of the required blood flow to sustain the patient with
the heart providing 100-0% of the blood flow. When the
pump system is providing part of the blood flow in a beating
heart procedure, the pump can provide about 10, 20, 30, 40,
50, 60, 70, 80, or 90% of the total blood flow for the side of

the heart in question with the beating heart providing the
remainder of the blood flow needed to sustain the patient
during the Surgery.
We claim:

1. A method of providing cardiac Support to a patient
comprising
inserting the cannula portion of a pump and cannula
System through the bicuspid valve, through the aortic
Valve, and through the kink Zone of the aorta;
pumping blood from upstream of the aortic valve into the
aorta; and

adjusting the pump output to provide Sufficient blood flow
to the aorta.

2. A method of providing cardiac Support comprising
providing a pump having a pump intake port and a pump
outflow port,
inserting a first cannula through an incision in the wall of
the left atrium such that an inflow port of the first
cannula is disposed in the left atrium,
inserting a Second cannula through the first cannula Such
that the Second cannula extends through the bicuspid
Valve and through the kink Zone of the aorta,
connecting the pump intake port to the first cannula,
connecting the pump outflow port to the Second cannula,
and

operating the pump to pump blood from the left atrium
through the pump and into the aorta.
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3. A method of providing cardiac Support to a patient
comprising
inserting the cannula portion of a pump and cannula
System through the tricuspid valve, through the pulmo
nary valve, and through the kink Zone of the pulmonary
artery;

pumping blood from upstream of the pulmonary valve
into the pulmonary artery; and
adjusting the pump output to provide Sufficient blood flow
to the pulmonary artery.
4. A method of providing cardiac Support comprising
providing a pump having a pump intake port and a pump
outflow port,
inserting a first cannula through an incision in the wall of
the right atrium such that an inflow port of the first
cannula is disposed in the right atrium,
inserting a Second cannula through the first cannula Such
that the Second cannula extends through the tricuspid
Valve and through the kink Zone of the pulmonary
artery,

connecting the pump intake port to the first cannula,
connecting the pump outflow port to the Second cannula,
and

operating the pump to pump blood from the right atrium
through the pump and into the pulmonary artery.
5. A method of providing cardiac Support to a patient
comprising
providing a pump having a pump intake port and a pump
outflow port,
inserting a first cannula through an incision in the wall of
the left atrium such that an inflow port of the first
cannula is disposed in the left atrium,
inserting a Second cannula through the first cannula Such
that the Second cannula is disposed in the left ventricle,
connecting the pump intake port to the first cannula,
connecting the pump outflow port to the Second cannula,
and

operating the pump to pump blood from the left atrium
through the pump and into the left ventricle.
6. A method of providing cardiac Support to a patient
comprising
providing a pump having a pump intake port and a pump
outflow port,
inserting a first cannula through an incision in the wall of
the right atrium such that an inflow port of the first
cannula is disposed in the right atrium,
inserting a Second cannula through the first cannula Such
that the Second cannula is disposed in the right ven
tricle,

connecting the pump intake port to the first cannula,
connecting the pump outflow port to the Second cannula,
and

operating the pump to pump blood from the right atrium
through the pump and into the right ventricle.
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7. A method of providing cardiac Support to a patient
comprising
inserting the cannula portion of a pump and cannula
System through the interior of one Side of the heart to
extend the cannula into at least one of the pulmonary
artery and the aorta, and
adjusting output from the pump to provide Sufficient
blood flow in the patient.
8. A method as in claim 7.

wherein the blood flow is pulmonary blood flow to the
lungs of the patient.
9. A method as in claim 7 wherein the blood flow is

circulatory aortic
blood flow to the body of the patient.
10. A method of providing cardiac Support for a patient
comprising
providing a pump and cannula System having an inflow
cannula, an outflow cannula, and a blood pump com
municatively coupled therebetween for transporting
blood from an inflow port formed in the inflow cannula
to an outflow port formed in the outflow cannula,
arranging the pump and cannula System Such that the
inflow port is disposed in the right atrium and the
outflow port is disposed in the pulmonary artery; and
operating the pump to transport blood from the right
atrium to the pulmonary artery.
11. A method of providing cardiac Support for a patient
comprising
providing a pump and cannula System having an inflow
cannula, an outflow cannula, and a blood pump com
municatively coupled therebetween for transporting
blood from an inflow port formed in the inflow cannula
to an outflow port formed in the outflow cannula,
arranging the pump and cannula System Such that the
inflow port is disposed in the left atrium and the outflow
port is disposed in the aorta; and
operating the pump to transport blood from the left atrium
to the aorta.

12. A method of providing cardiac Support for a patient
comprising
maintaining at least partial blood flow through a protected
blood flow path within a portion of at least one of the
Vena cava, the right atrium, the right ventricle, and the
pulmonary artery of the patient, wherein the Step of
maintaining at least partial blood flow involves the Step
of pumping blood through the protected blood flow
path by the action of the patient's beating heart.
13. A method of providing cardiac Support for a patient
comprising
maintaining at least partial blood flow through a protected
blood flow path within a portion of at least one of the
pulmonary vein, the left atrium, the left ventricle, and
the aorta of the patient, wherein the Step of maintaining
at least partial blood flow involves the Step of pumping
blood through the protected blood flow path by the
action of the patient's beating heart.
14. A method of providing cardiac Support for a patient
comprising Step of maintaining at least partial blood flow
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through a protected blood flow path within a portion of at
least one of the Vena cava, the right atrium, the right
Ventricle, and the pulmonary artery of the patient, including
the sub-steps of:
providing a generally coaxial cannula assembly having an
inner conduit slideably disposed within an outer con
duit;

introducing the generally coaxial cannula assembly into
the patient Such that a distal opening of the outer
conduit is positioned in one of the Vena cava, the right
atrium, and the right ventricle, and a distal opening of
the inner conduit is positioned in the pulmonary artery,
the inner conduit being Slideably advanced through the
outer conduit Such that the inner conduit is positioned
through the pulmonary valve and at least partially
within the pulmonary artery to establish the protected
blood flow path; and
pumping blood through the protected blood flow path by
the action of a pump communicatively coupled
between the Outer and inner conduits, the pump trans
porting blood from the one of the Vena cava, the right
atrium, and the right Ventricle through the pulmonary
Valve and into the pulmonary artery.
15. A method of providing cardiac Support for a patient
comprising the Step of maintaining at least partial blood flow
through a protected blood flow path within a portion of at
least one of the pulmonary vein, the left atrium, the left
ventricle, and the aorta of the patient, including the Sub-steps
of:

providing a generally coaxial cannula assembly having an
inner conduit slideably disposed within an outer con
duit;

introducing the generally coaxial cannula assembly into
the patient Such that a distal opening of the outer
conduit is positioned in one of the pulmonary vein, the
left atrium, and left Ventricle, and a distal opening of
the inner conduit is positioned in the aorta, the inner
conduit being slideably advanced through the outer
conduit Such that the inner conduit is positioned
through the aortic valve and at least partially within the
aorta to establish the protected blood flow path; and
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pumping blood through the protected blood flow path by
the action of a pump communicatively coupled
between the outer and inner conduits, the pump trans
porting blood from the one of the pulmonary vein, the
left atrium, and the left ventricle through the aortic
Valve and into the aorta.

16. A method of providing cardiac Support for a patient
comprising
positioning a first conduit through an incision in the wall
of one of the Vena cava and right atrium,
positioning a Second conduit through an incision in the
wall of the pulmonary artery,
providing a blood pump having a pump intake port and a
pump outflow port,
connecting the pump intake port to the first conduit to
remove blood from the one of the vena cava and right
atrium,

connecting the pump outflow port to the Second conduit to
deposit blood from the blood pump into the pulmonary
artery, and
pumping blood from the one of the Vena cava and right
atrium through the pump and into the pulmonary artery.
17. A method of providing cardiac Support for a patient
comprising
positioning a first conduit through an incision in the wall
of one of the pulmonary vein and left atrium,
positioning a Second conduit through an incision in the
wall of the aorta,

providing a blood pump having a pump intake port and a
pump outflow port,
connecting the pump intake port to the first conduit to
remove blood from the one of the pulmonary vein and
left atrium,

connecting the pump outflow port to the Second conduit to
deposit blood from the blood pump into the aorta, and
pumping blood from the one of the pulmonary vein and
left atrium through the pump and into the aorta.
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