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SINGLE EXPANDABLE DOUBLE LUMEN
CANNULA ASSEMBLY FOR VENO-VENOUS
ECMO

This application claims the benefit of U.S. Provisional
Application Ser. No. 60/497,533, filed Aug. 25, 2003.

FIELD OF THE INVENTION

The invention relates to the field of medical devices. More
specifically, the invention relates to the design and use of
percutaneous medical devices.

BACKGROUND OF THE INVENTION

Although cutting edge critical care technology has been
applied in the treatment of Acute Respiratory Distress Syn-
drome (ARDS), mortality remains at 40%. In theory, ECMO
(Extracorporeal Membrane Oxygenation) of blood is con-
tinuously an aggressive yet effective treatment for ARDS.
The key is obtaining an effective ECMO.

FIG. 1 is a diagram of a heart showing various portions for
background purposes. The following brief summary of the
heart’s circulatory system is included to provide a better
understanding of ECMO, and the present invention in par-
ticular. The heart 2 receives blood from the upper part of the
body through the superior vena cava (SVC) 4 and from the
lower part of the body through the larger inferior vena cava
(IVC) 6 into the right atrium 12 of the heart. A one-way valve
ofthe IVC 7, known as an Eustachian valve, resists blood flow
back into the IVC from the right atrium.

The right atrium 12 then contracts to force the blood
through the tricuspid valve 14 into the right ventricle 16. The
right ventricle 16 contracts at a relatively small contraction
pressure to force the blood through the pulmonary valve 18
into the pulmonary artery 20. The pulmonary artery 20 directs
blood to the lungs (not shown) where the blood is oxygenated.
From the lungs, the oxygenated blood is returned to the heart
2 through pulmonary vein 22 into the right atrium 24. The
right atrium 24, again operating a low pressure, such as less
than 18 mm of mercury, pushes the blood through the mitral
valve 26 into the left ventricle 28. The left ventricle 28 pro-
vides the main pumping chamber for the heart at a higher
pressure of approximately 100 mm of mercury. The blood
pumped from the left ventricle exits through the aortic valve
30 into the aorta 32 in the lower region known as the aortic
root. The aorta 32 then acts as a distribution chamber for the
various greater arteries 34.

When the lungs are improperly functioning or not func-
tioning at all, the blood flow through the pulmonary circuit
results in poorly oxygenated blood. Oxygenation through
ECMO can be necessary. However, proper cannulation is
critical for ECMO and the key to its effectiveness and here-
tofore limitations.

ECMO is divided into two major categories according the
cannulation and configuration: Veno-Arterial (VA) ECMO
and Veno-venous (VV) ECMO. VA ECMO is more popular
because of its effective extracorporeal oxygenation. A drain-
age cannula is introduced into the superior vena cava and an
infusion cannula is introduced into the aorta. Blood is drained
through the cannula to a pump, the pump circulates the blood
through an oxygenator, and the oxygenated blood is returned
to the body through an infusion cannula into the aorta. VA
ECMO allows an efficient transfer of oxygen into relatively
deoxygenated blood from a vein directly to an artery. How-
ever, VA ECMO, which cannulates major arteries, is inher-
ently problematic. Traumatic cannulation of major arteries
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may lead to ligation and/or occlusion of the major arteries
(carotid and femoral arteries), massive arterial bleeding,
stroke, or amputation. These inherent risks through cannula-
tion of arteries inhibit the widespread use of VA ECMO.
Furthermore, VA ECMO circulates oxygenated blood with-
out passing through the heart. Thus, unsaturated or even
deoxygenated blood from the dysfunctional native lungs per-
fuse the heart myocardium and leads to cardiac stun syn-
drome.

The primary advantage of VV ECMO over VA ECMO is
avoidance of major arterial cannulation and the attendant
complications described above. Cannulation of veins for the
drainage and infusion avoids the higher pressures and prob-
lems of cannulating arteries.

The advantage of avoiding arterial cannulation by VV
ECMO has been known, but the technology for implementing
a practical VV ECMO has eluded researchers and practitio-
ners. The major disadvantages of VV ECMO include (i) mul-
tiple venous cannulation which results in further trauma to the
patient, (ii) insufficient venous blood drainage caused by
limitations on the drainage cannula placement, and (iii) insuf-
ficient extracorporeal gas exchange from undesirable blood
recirculation by short circuiting of the blood flow path
through the body of oxygenated blood mixed with deoxygen-
ated blood, also due to the limitations on the drainage cannula
placement.

There are four types of cannula/cannulation in VV ECMO
practice: two site, single lumen cannulation VV ECMO; a
single double lumen cannulation (DLVV ECMO); a single
cannula tidal flow ECMO; and VVV three cannulation
ECMO. All of these types of VV ECMO have the problem of
either multi-cannulation and/or blood recirculation.

Two site, single lumen ECMO needs multiple cannula-
tions, one for venous blood drainage and the other for oxy-
genated blood infusion. The drainage cannula is usually
inserted from the jugular vein and lays in the SVC. This
procedure is unable to drain more than about half (50%) of the
venous blood returning to the heart, because it accesses only
the SVC and excludes the IVC. Such a low percentage is
generally unable to sustain life. The drainage cannula can be
slightly further extended through the SVC into the right
atrium to drain more than 50% of the venous blood, because
both the SVC and IVC discharge into the atrium. However,
that extension increases undesirable recirculation of oxygen-
ated blood as the extracorporeal oxygenated blood is returned
into the same location, that is, the right atrium. Recirculation
of extracorporeal oxygenated blood compromises extracor-
poreal gas exchange and increases the possibility of blood
trauma. Blood trauma includes undesirable hemolysis, acti-
vation of inflammatory processes, or coagulinopathies.

Current double lumen, single cannula for VV ECMO is
placed via the jugular vein into the SVC. For the same reason
as above, maximum extracorporeal venous drainage is also
50% by discharging the blood primarily from the SVC. The
remaining 50% of venous return from the IVC is largely not
drained for extracorporeal oxygenation due to the placement
of the double lumen single cannula. The existence of only a
pediatric system, to the knowledge of the inventors, for this
type of VV ECMO is evidence of the fact that the above
system is only a partial and unsatisfactory solution. An adult
version is simply not available that can drain a sufficient
supply of venous blood, oxygenate the blood, and return the
blood to the atrium at the flow rates needed for adult ECMO
of'this type. The blood from IVC can be accessed by further
advancement of the cannula into the right atrium to allow
some additional blood from the IVC to be drained. However,
the extension currently results in significant undesirable
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recirculation of the blood from and into the atrium, and the
resulting undesirable blood trauma described above.

The single lumen cannula tidal flow (VV ECMO) avoids
multiple cannulation, but requires a more complicated circuit
together with a control system. This type is essentially a batch
ECMO, where a quantity of blood is withdrawn from the
body through a single lumen, oxygenated external to the
body, then returned through the same lumen to the same
location in the body. This technology cannot eliminate the
recirculation because the drainage and infusion locations are
the same. The quantity needs to be small enough to not disturb
the hemodynamic flow and yet large enough to provide a
substantial amount of oxygenation to the body. High flow
blood back and forward in the cannula causes blood trauma,
described above.

Recently, three individual venous cannulations (the right
jugular vein, and left and right femoral veins) have been
reported to achieve near total venous blood drainage without
increasing undesirable recirculation (Ichiba, S. et al: Modify-
ing Venous Extracorporeal Membrane Oxygenation Circuit
to Reduce Recirculation, Ann Thorac Surg, 2000; 69:298-9).
However, the procedure uses three traumatic large venous
cannulations and a large extracorporeal volume with long,
complicated tubing circuit. Thus, the flow rate and oxygen-
ation is increased, but the trauma to the patient can prevent its
wide acceptance for effective VV ECMO.

Therefore, there remains a need for a simple, less invasive,
percutaneous cannula system and method.

SUMMARY OF THE INVENTION

The present invention provides an apparatus, system, and
method of use of a simple, less invasive, self-expandable
percutaneous double lumen cannula, in at least one embodi-
ment, for VV ECMO that overcomes the limitations and
obstacles of the techniques described above. The present
invention can achieve near theoretical total venous blood
drainage, extracorporeal gas exchange. It reduces recircula-
tion and multiple cannulation, thereby simplifying VV
ECMO, resulting in decreased surgical and blood trauma for
the patient.

The invention provides a system for mixing a fluid into a
bloodstream of a body, comprising: a drainage cannula
adapted to be inserted through both a superior vena cava of a
heart of the body and an inferior vena cava of the heart, the
drainage cannula having an opening to receive blood from a
superior vena cava blood flow and separate opening to receive
blood from an inferior vena cava blood flow; an infusion
cannula adapted to be inserted into the bloodstream down-
stream of both the superior vena cava and inferior vena cava;
a pump coupled to the drainage cannula and the infusion
cannula; and a mixing unit coupled to the pump and adapted
to mix the fluid into the bloodstream of the body.

The invention also provides a system for mixing a fluid into
a bloodstream of a body, comprising: a drainage means for
draining blood from both a superior vena cava of aheart of the
body and an inferior vena cava of the heart; an infusion means
for infusing the fluid into the bloodstream downstream of
both the superior vena cava and inferior vena cava; a pump
coupled to the drainage means and the infusion means; and a
mixing unit coupled to the pump and adapted to mix the fluid
into the bloodstream of the body.

The invention further provides a method of perfusing a
fluid into a bloodstream of a body, comprising: draining blood
through a common drainage cannula from a superior vena
cava of a heart of the body and an inferior vena cava of the
heart; pumping the blood through a mixing unit to combine a

20

25

30

35

40

45

50

55

60

65

4

fluid with the blood; and infusing the fluid with the blood into
the body through an infusion cannula.

The invention includes a cannula assembly for draining
and infusing blood in a body, comprising: an elongated first
portion forming a first lumen and a longitudinal slot formed in
a sidewall of the first portion, the slot having a first side and a
second side; and a flexible member sealingly coupled to the
first portion on both sides of the slot to cover the longitudinal
slot in an expanded state of the cannula.

Further, invention includes a cannula assembly for drain-
ing and infusing blood in a body, comprising: an elongated
first portion forming a first lumen; and an elongated second
portion coupled to the first portion forming a second lumen.

BRIEF DESCRIPTION OF THE DRAWINGS

A more particular description of the invention, briefly sum-
marized above, may be had by reference to the embodiments
thereof which are illustrated in the appended drawings and
described herein. Itis to be noted, however, that the appended
drawings illustrate only some embodiments of the invention
and are therefore not to be considered limiting of its scope,
because the invention may admit to other equally effective
embodiments.

FIG. 1 is a diagram of a heart showing the various portions
relevant to the present invention.

FIG. 2 is a perspective schematic view of one embodiment
of'a cannula assembly of the present invention.

FIG. 2A is a side view of the cannula assembly of FIG. 2.

FIG. 2B is a top view of the cannula assembly of FIG. 2.

FIG. 2C is a cross-sectional view of the lower portion of the
cannula assembly of FIG. 2, insertable into the IVC.

FIG. 2D is a cross-sectional schematic view of a midsec-
tion of the cannula assembly of FIG. 2.

FIG. 3 is a longitudinal cross-sectional schematic diagram
of one embodiment of the cannula assembly having an inter-
nal septum.

FIG. 3A is a cross-sectional schematic diagram of the
cannula assembly of FIG. 3.

FIG. 4 is a longitudinal cross-sectional schematic diagram
of'the cannula assembly of FIG. 3 in an expanded state.

FIG. 4A is a cross-sectional view of the cannula assembly
of FIG. 4.

FIG. 5 is a schematic diagram of the cannula assembly of
the present invention, illustrating insertion through the SVC
and into the IVC of the heart with an atraumatic introducer.

FIG. 6 is a schematic diagram of the cannula assembly and
heart of FIG. 5 with the cannula assembly in position.

FIG. 7 is a schematic diagram of a system with the cannula
assembly, illustrating flow paths for the blood.

FIG. 8 is a cross-sectional schematic diagram of a cannula
assembly having an external lumen.

FIG. 8A is a cross-sectional schematic diagram of the
cannula assembly of FIG. 8 with an expanded external lumen.

FIG. 9 is a cross-sectional schematic view of a cannula
assembly with an internal septum.

FIG. 101s a cross-sectional schematic diagram ofa cannula
assembly having a non-circular shape.

FIG. 10A is a cross-sectional schematic diagram of the
cannula assembly of FIG. 10 in a different condition.

FIG. 11 is a cross-sectional schematic diagram of the can-
nula assembly having a flexible septum for expansion.

FIG. 11A is a cross-sectional schematic diagram of the
cannula assembly of FIG. 11 with the septum and a lumen in
an expanded condition.

FIG. 12 is a cross-sectional schematic diagram of the can-
nula assembly having a flexible portion coupled to both sides
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of a swab in the cannula assembly and a flexible septum
internal to the cannula assembly.

FIG. 12A is a schematic diagram of the cannula assembly
of FIG. 12 in an expanded state.

FIG. 13 is a schematic diagram of a cannula assembly in a
heart having an expandable seal surrounding at least part of
the cannula assembly.

FIG. 13A is a schematic diagram of a cannula assembly in
a heart with an eccentric expandable seal surrounding at least
part of the cannula assembly.

FIG. 14 is a longitudinal cross-sectional schematic dia-
gram of another embodiment of the present invention having
an adjustable flow controller.

FIG. 14A is a cross-sectional schematic diagram through
the cannula assembly of FIG. 14.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT

FIG. 2 is a perspective schematic view of a cannula assem-
bly of the present invention. FIG. 2A is a side view of the
cannula assembly of FIG. 2. FIG. 2B is a top view of the
cannula assembly of FIG. 2. The figures will be described in
conjunction with each other and similar components are
labeled similarly throughout.

A cannula assembly 50 generally includes a drainage can-
nula 52 and an infusion cannula 56. A drainage cannula 52
forms a first lumen 54 and the infusion cannula 56 forms a
second lumen 58. In at least one embodiment each of the
cannulae has a sidewall which when it merges into a single
cannula assembly becomes a sidewall of the cannula assem-
bly. The cannula are illustrated as separate components
toward an upper end of the cannula assembly as could be
advantageous for conventional coupling to tubing and other
instruments in the medical field; however, it is understood that
such a separation is not necessarily in the invention. In the
illustrated embodiment, the cannulae converge in a first tran-
sition zone 60 into a cannula assembly having two lumen.
One lumen functions as the drainage cannula and the second
lumen functions as the infusion cannula.

A first opening 62 is disposed along the length of one
lumen, such as the drainage lumen. The opening 62 can
include several small openings or a single larger opening as
may be appropriate to the particular process. A second open-
ing 64 is formed generally in the same lumen as the opening
62. The opening 64 can include an end opening, or side
openings 64A, 64B, collectively referred to herein as the
opening 64. In general, the opening 62 and the opening 64
will be formed in the drainage cannula 52 and thus be fluidicly
coupled to each other. A third opening 66 is formed in the
other cannula, for example, the infusion cannula. The open-
ing 66 is generally sealed from the openings 62, 64 and has a
different flow path.

In the illustrated embodiment, blood will be drained. The
openings 62, 64 in the drainage cannula 52 will drain the
blood from the body and allow processing, described below.
The infusion cannula 56 through the infusion lumen 58 will
return blood into the body through the opening 66. As will be
described below, generally the opening 62 is spaced suffi-
ciently distant from the opening 64 so that a sufficient blood
drainage can be had from both the SVC and the IVC. The third
opening 66 is sufficiently spaced between the openings 62, 64
to allow blood infusion into the heart, such as the atrium 12 of
the heart, described in FIG. 1.

An introducer 80 can be used to help facilitate the cannula
assembly insertion through the SVC 4, through the atrium 12,
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and into the IVC 6 region. The introducer 80 is specifically
small enough and tapered to be an atraumatic introducer.

Further, an indicator portion 102 can be coupled to the
cannula assembly to assist in externally locating the assembly
upon insertion. The indicator portion can be, for example,
radio opaque. The indicator portion can include a discrete
element attached to the cannula assembly, or a material inte-
grally formed with the material of the cannula assembly. The
indicator portion 102 can be located at any appropriate loca-
tion on the cannula assembly.

FIG. 2C is a cross-sectional view of the lower portion of the
cannula assembly of FIG. 2, insertable into the IVC. The
cannula assembly 50 includes a cannula assembly sidewall
70. Since the cannula assembly sidewall 70 at the location
shown in F1G. 2C is transitioned into primarily one lumen, the
sidewall 70 effectively becomes the sidewall of the single
lumen in that location. At the particular location of the cross-
section shown in FIG. 2C, the cannula assembly 50 and
cannula assembly sidewall 70 show the drainage lumen 54
that extends into the IVC. The introducer 80 is shown as a
tapered portion from an inside view. The openings 64, 64a,
645 are illustrated, as previously described, the one or more
openings generally referred to herein as opening 64.

FIG. 2D is a cross-sectional schematic view of a midsec-
tion of the cannula assembly of FIG. 2. At the particular point
location of the cross-section shown in FIG. 2D, the cannula
assembly 50 having a cannula assembly wall 70 illustrates the
dual lumen. In this embodiment, the drainage cannula 52 with
its sidewall forms a drainage lumen 54. The drainage lumen
54 ultimately ends at the opening 64. The drainage cannula 52
is coupled to the infusion cannula 56, also having a sidewall
to form the infusion lumen 58. For manufacturing simplicity,
the cannulae are joined at a septum 76. The septum 76 can, in
one embodiment, be formed from portions of the sidewalls of
each of the cannula. For example, a sidewall portion 72 of the
cannula 52 can be coupled to a sidewall portion 74 of the
infusion cannula 56. The term “coupled,” “coupling,” and like
terms are used broadly herein and can include any method or
device for securing, binding, bonding, fastening, attaching,
joining, inserting therein, forming thereon or therein, com-
municating, or otherwise associating, for example, mechani-
cally, magnetically, electrically, chemically, directly or indi-
rectly with intermediate elements, one or more pieces of
members together and can further include integrally forming
one functional member with another. The coupling can occur
in any direction, including rotationally.

In some embodiments, the septum can be somewhat rigid.
In other embodiments, described below, the septum 76 can be
flexible. Also shown, is the opening 66 formed in the infusion
cannula 56 that is fluidicly separate from the opening 64.

FIG. 3 is a longitudinal cross-sectional schematic diagram
of one embodiment of the cannula assembly having an inter-
nal septum. The embodiment of FIG. 3 is related to the
embodiment shown in FIGS. 2-2D. In this embodiment, the
cannula assembly 50 is expandable. Thus, it can be inserted
into the veins in a collapsed position to produce less trauma
on the patient. Once in position, the cannula assembly 50 can
be expanded in at least one lumen to facilitate the drainage
and/or infusion of the blood. Advantageously, the cannula
assembly canbe collapsed again to facilitate removal. Similar
components are similarly labeled as have been described
above.

The cannula assembly 50 includes a drainage cannula 52
having a drainage lumen 54 coupled with a infusion cannula
56 having an infusion lumen 58. Openings 62, 64 are fluidicly
coupled to the drainage lumen 54. For purposes of illustra-
tion, the introducer 80 is not shown, although would generally
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be present. A third opening 66 is fluidicly coupled to the
infusion lumen 58 and separated from the openings 62, 64.

FIG. 3A is a cross-sectional schematic diagram of the
cannula assembly of FIG. 3. The unexpanded cannula assem-
bly 50 facilitates percutaneous insertion and advancement.
An internal septum 76 separates the two lumen, such as the
drainage lumen 54 and the infusion lumen 58. The flexible
septum can be disposed adjacent a cannula assembly sidewall
70 on the infusion lumen side, so as to make the cannula
assembly body effectively a single lumen for an introducer.
The pressure difference (negative pressure in drainage lumen
and positive pressure in infusion lumen) makes the septum
flip into the drainage lumen and the infusion lumen is format-
ted to an enlarged cross-sectional area.

FIG. 4 is a longitudinal cross-sectional schematic diagram
of the cannula assembly of FIG. 3 in an expanded state. FIG.
4A is a cross-sectional view of the cannula assembly of FIG.
4. Both figures will be described in conjunction with each
other. The cannula assembly 50 includes at least one expand-
able lumen. For illustrative purposes, the lumen shown
expanded is the infusion lumen 58. The septum 76, being
flexible, has tlexed to allow a greater cross-sectional area for
the infusion lumen 58. In at least one embodiment, the infu-
sion lumen 58 can expand when the blood flows back through
the infusion lumen with a pressure that is greater then the
blood flow out of the drainage lumen 54.

Further, the overall size of the cannula assembly 50 can
also expand. In at least one embodiment, the extension can
occur by use of a slot 100 in the cannula assembly 50, as will
be described in more detail below. In general, the slot 100 is
a longitudinal slot extending at least partially down the can-
nula assembly. The slot 100 can be located in either the
drainage lumen 54 or the infusion lumen 58. To maintain flow
integrity, a flexible portions 92, described further in FIG. 12
can be used.

In general, blood flow through the drainage lumen 54
occurs from the opening 64 located below the Eustachian
valve 7, described in FIG. 1. The opening 62 allows blood
flow from the SVC 4 (also in FIG. 1) into the drainage lumen
54. In at least one embodiment, the blood is processed and
returned to the body through the infusion cannula 58 and the
opening 66 into the atrium 12 of the heart, described in FIG.
1.

FIG. 5 is a schematic diagram of the cannula assembly of
the present invention, illustrating insertion through the SVC 4
and into the IVC 6 of the heart with an atraumatic introducer
80. One of the novel aspects of the present invention is the
insertion of the cannula assembly 50 through both the SVC 4
and the IVC 6. Heretofore, such procedures have been trau-
matic and avoided. The present invention is able to accom-
plish both by a combination of factors, including use of an
atraumatic introducer 80 described above. The cannula
assembly 50 with the introducer 80 allows percutaneous
insertion by a jugular vein approach, with simplified advance-
ment through the SVC 4, the right atrium 12, into the IVC 6.
Importantly, the introducer 80 helps avoid trauma to the Eus-
tachian valve 7.

FIG. 6 is a schematic diagram of the cannula assembly and
heart of FIG. 5 with the cannula assembly in position. A
cannula assembly 50 can be placed into the heart through the
jugular vein and through the SVC 4, the right atrium 12, and
into the IVC 6. The opening 64 allows blood drainage from
the lower part of the body through the IVC. The term IVC is
broadly used herein and includes a portion of the venous
system into which blood flowing from the lower part of the
body is collected prior to entering the atrium 12. Similarly, the
term SVC is broadly used herein and includes a portion of the
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venous system into which blood flowing from the upper part
of'the body is collected prior to entering the atrium 12.

The opening 66 allows blood to return to the heart through
the atrium 12. In the embodiment shown in FIG. 6, the can-
nula assembly 52 appears in an unexpanded state. If, for
example, the particular embodiment used is an expandable
cannula assembly 50, then the cannula assembly can be
expanded. It is generally considered advantageous to expand
the cannula assembly to increase the cross-sectional area of
the lumen to allow greater blood flow while decreasing blood
trauma.

FIG. 7 is a schematic diagram of a system with the cannula
assembly, illustrating flow paths for the blood. The cannula
assembly 50 can be coupled to the components that collec-
tively form a system 48 for mixing a fluid into the blood-
stream of a body. In general, the system 48 can include the
cannula assembly which in at least one embodiment will
include a drainage cannula and an infusion cannula, a pump
82 coupled to the cannula assembly, and a mixing unit
coupled to the pump, the mixing unit being coupled to the
cannula assembly 50 as well.

In general, the blood will be drained from the drainage
cannula 52 through the drainage lumen 54 into the pump 82.
The pump 82 will provide the blood to the mixing unit 84. The
mixing unit 84 in at least one embodiment will be or can be an
oxygenator to perform the extra corporeal membrane oxy-
genation (ECMO) described above. Such units are known to
those with ordinary skill in the art. Further, the pump can be
located at different points in the process or combined with the
mixing unit 84, as may be appropriate. The mixing unit 84
will return blood to the body through the infusion lumen 58 of
the infusion cannula 56. The blood flow will then flow out the
opening 66 into the heart. In at least one embodiment, the
blood flow can enter the drainage lumen 54 through the open-
ings 62, 64, where the opening 62 can be disposed away from
the infusion opening 66. Thus, undesirable recirculation of
the blood from the infusion opening 66 to the openings 62, 64
can be minimized or otherwise avoided.

In at least one embodiment, the small unexpanded cannula
assembly 50 (such as 16-20 Fr) with the introducer 80 allows
percutaneous insertion by a jugular vein approach, with sim-
plified advancement through the SVC 4, the right atrium 12,
and into the IVC 6. The opening 66 of the infusion lumen can
be situated in the right atrium and directed toward the tricus-
pid valve and the right ventricle and the opening 62 can be
directed away from the right ventricle. As the IVC is reached,
the cannula can expand and the cannula lumens will be
enlarged. The enlargement can be about 150% to 200%,
although other percentages can be used as appropriate. As a
result, resistance decreases and the potential for blood trauma
will be minimized. The cross-sectional area ratio of the drain-
age lumen to the infusion lumen can be generally 2:1,
although other ratios can be used as appropriate.

The openings 62, 64 in the drainage cannula 52 allow for
drainage. The opening 62 rests in the SVC 4 and drains blood
from the upper body. The opening 64 at the cannula tip rests
in the IVC 6 and drains venous blood from the lower body. If
necessary, total venous blood could be withdrawn through
two individual drainage lumen openings (opening 64 in IVC
and side opening 62 in SVC) for extracorporeal oxygenation.
The opening 66 of the infusion lumen can be situated in the
right atrium and directed toward the tricuspid valve, and the
right ventricle and the opening 62 can be directed away from
the right ventricle. The blood drainage and delivery openings
are spatially separated, reducing or preventing undesirable
oxygenated blood recirculation, and allowing substantially
total extracorporeal gas exchange. Total extracorporeal gas



US 7,473,239 B2

9

exchange is not necessary as the patient’s native lung is par-
tially functioning and by reducing or eliminating recircula-
tion, the demand of the extracorporeal blood flow for partial
extracorporeal oxygenation and potential blood trauma is
generally reduced. As the result, the limit of ECMO safe
duration can be extended.

The embodiments illustrated in FIGS. 8-12A are simply
alternative embodiments based upon the underlying princi-
pals of the present invention. Other embodiments are possible
and the invention is not limited to those shown herein.

FIG. 8 is a cross-sectional schematic diagram of a cannula
assembly having an external lumen. FIG. 8A is a cross-sec-
tional schematic diagram of the cannula assembly of FIG. 8
with an expanded external lumen. The figures will be
described in conjunction with each other. The cannula assem-
bly 50 can include a lumen external to the main body. For
example, the cannula assembly 50 can include the drainage
cannula 52 forming a drainage lumen 54 within the cannula
assembly sidewall 70. A second lumen, such as the infusion
lumen 56, can be formed external to the cannula assembly
sidewall 70. The sidewall of the lumen 56 can be flexible, so
that in a contracted state, the cross-sectional area of the infu-
sion lumen 58 is minimal. However, after insertion and when
appropriate, the flexible sidewall of the infusion lumen 56 can
expand. The expansion allows a greater cross-sectional area
for the infusion lumen 58, as illustrated in FIG. 8A.

While the illustration shows a smaller cross-sectional area
for the infusion lumen 58 relative to the drainage lumen 54, it
is to be understood that the illustration is only schematic and
the cross-sectional area can be larger, equal to or smaller then
the drainage lumen 54. Further, the drainage lumen 54 can be
external to the sidewall 70 of the cannula assembly 50 and the
infusion lumen 58 can be internal to the sidewall 70.

FIG. 9 is a cross-sectional schematic view of a cannula
assembly with an internal septum. The cannula assembly 50
can include both lumen 54, 58 within the cannula assembly
sidewall 70. In essence, the septum 76 separates the sidewall
70 into two portions, a first portion, functioning as a drainage
cannula 52 and a second portion functioning as an infusion
cannula 56 with each respective lumen.

FIG.10is a cross-sectional schematic diagram ofa cannula
assembly having a non-circular shape. FIG. 10A is a cross-
sectional schematic diagram of the cannula assembly of FIG.
10 in a different condition. In some embodiments, it may be
advantageous to configure the cross-sectional area of the
lumen 54, 58 in a noncircular fashion. While the generally
understood concept is to use a circular cannula due to the
circular nature of the veins or arteries into which it is inserted,
the present invention can use noncircular portions of the
cannula assembly 50 in various ways. For example, one of the
lumens, such as lumen 54 could be shaped ina “U.” The other
lumen, such as the infusion lumen 58, could be coupled to the
open portion of the “U”” Thus, the single cannula assembly
can form an overall circular shape and be inserted into the
circular veins with less trauma than two side-by-side indi-
vidually circular cannula.

In at least one embodiment, one or more of the lumen can
include a flexible portion 92. As shown in FIG. 10A, the
flexible portion 92 can expand at various points in the process,
such as after positioning in the vein. The expansion can be
designed to occur upon a number of actuating events, such as
heat from the body, pressure from the returning blood flow
through the infusion lumen, and other actuating events.

FIG. 11 is a cross-sectional schematic diagram of the can-
nula assembly having a flexible septum for expansion. FIG.
11A is a cross-sectional schematic diagram of the cannula
assembly of FIG. 11 with the septum and a lumen in an
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expanded condition. The cannula assembly 50 can include a
septum 76 that is flexible. The flexible septum 76 fluidicly
separates the drainage cannula 52 having a drainage lumen 54
from the infusion cannula 56 having an infusion lumen 58. As
illustrated in FIG. 11A, the flexible septum 76 can flex into a
different position to vary the cross-sectional flow area of one
or both of the lumen 54, 58.

FIG. 12 is a cross-sectional schematic diagram of the can-
nula assembly having a flexible portion coupled to both sides
of a swab in the cannula assembly and a flexible septum
internal to the cannula assembly. FIG. 12A is a schematic
diagram of the cannula assembly of FIG. 12 in an expanded
state. The figures will be described in conjunction with each
other.

As described above, it can be advantageous to insert a
smaller collapsed cannula assembly 50 into the SVC, atrium,
and IVC, followed by an expansion of either the cannula
assembly as a whole or a portion of the cannula assembly. In
one particular embodiment, the cannula assembly can be
expanded by an expandable element 90 within the cannula
assembly. In at least one embodiment, the expandable ele-
ment 90 can be formed within the cannula assembly sidewall
70. A slot 100 can be formed in the cannula assembly 50, so
that the expandable element 90 forms a “C.” However,
because flow is generally contained within the cannula
assembly 50, such as through the lumen 54, a flexible portion
92 can be coupled to both sides of the slot 100 and seal the slot
100. A flexible septum 76 can separate the lumen 54 from the
lumen 58.

The expandable element 90 can be a continuous structure
or a series of discrete elements, such as hoops formed longi-
tudinally with the cannula assembly for the portion of the
cannula assembly that is desired to expand. In at least one
embodiment, the expandable element 90 can include a
memory shape alloy, such as nickel titanium, also known as
NiTi or Nitinol. Other memory shape materials would be
known to those with ordinary skill in the art, given the
description contained herein. Further, some materials will
expand with electrical energy, generally due to the resistance
of the expandable element and the heat generated thereby.

For those embodiments with the expandable element, the
cannula assembly could be inserted into an appropriate posi-
tion. Heat from the body can be used to actuate the expand-
able element, such as the memory shape alloy, and expand the
cannula assembly 50 to allow greater cross-sectional area for
one or more of the lumen. Alternatively, an electrical charge
can be sent through the cannula assembly to expand the
expandable element 90.

To collapse the cannula assembly, the electrical current can
be interrupted, or the expandable element can be cooled, such
as with a cooled saline solution. The cannula assembly 50 can
then be withdrawn from the body.

FIG. 13 is a schematic diagram of a cannula assembly in a
heart having an expandable seal surrounding at least part of
the cannula assembly. The cannula assembly 50 provides
distinct advantages over other efforts known in the field. To
further enhance a cannula assembly 50 performance, an
expandable seal 96 can be coupled to at least a portion of the
external surface of the cannula assembly 50. In at least one
embodiment, the expandable seal 96 can be located on the
cannula assembly between the opening 62 of the drainage
lumen 54 and the opening 66 of the infusion lumen 58. The
expandable seal 96 helps reduce inadvertent and undesirable
blood recirculation from the opening 66 of oxygenated blood
to the opening 62 of deoxygenated blood. The Eustachian
valve 7 helps resist undesirable recirculation between the
opening 64 and the opening 66.
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The expandable seal can include an inflatable balloon seal,
memory shape alloy seal, and other expandable and generally
contractable seals. In at least one embodiment, the expand-
able seal can be concentrically disposed around at least a
portion of the cannula assembly 50.

Further, the expandable seal 96 can place a distance
between the sidewall of the SVC and the opening 62 to avoid
anundesirable collapse of the SVC sidewall against the open-
ing 62 that restricts blood flow. Thus, the expandable seal 96
can both reduce recirculation from the opening 66 to the
opening 62 and allow increased blood flow into the opening
62 from the SVC 4.

FIG. 13A is a schematic diagram of a cannula assembly in
a heart with an eccentric expandable seal surrounding at least
part of the cannula assembly. Similar to the embodiment
shown above in FIG. 13, an expandable 96 can be disposed at
least partially around the cannula assembly 50. In some

12

narios, it may be advantageous to obtain a greater portion
from the lower body having a greater percentage of the blood
in the body. The flow controller 98 can allow for such varia-
tions.

The blood resistance from the IVC and the SVC can be
adjusted by sliding the occlusion device incorporated into the
opening 62. Further, this procedure allows blood to be with-
drawn from both locations proportional to a return flow
despite minor fluctuations in a supply rate.

Table 1 briefly highlights various attributes of the present
invention compared to other known technologies, where the
following abbreviations are used:

ECMO: Extracorporeal Membrane Oxygenation

DLVV: Double Lumen Veno-venous

VV: Veno-veous

VVV: 2 drain veno-1 infuse venous

TABLE 1

Comparison of Four Existing VV ECMO with New Technology

PRESENT
Two site VVV (three INVENTION
\'A% DILVV Tidal Flow  site) (in at least one
Parameter ECMO ECMO VVECMO ECMO embodiment)
Cannula type 2 Single 1 Double 1 Single 3 Single 1 Double
and Number lumen lumen lumen lumen lumen
Multiple Yes No No Yes No
cannulation
Cannulation Jugular v Jugular V Jugular vV JugularV Jugular V
site (Drain) (drain)
Femoral V Tliac V
(Infuse) (drain)
IVC (infuse)
Circuit Long and Simple Long and Very long Short and
complicated Very and very simple
complicated complicated
Recirculation  Yes Yes Yes No No
Venous Insufficient Insufficient Insufficient Near total Near total
drainage
Gas Insufficient Insufficient Insufficient Near total Near total
Exchange
Blood Flow High High High Low Low
demand for
enough gas
exchange
Blood trauma  High High High High Low

embodiments, it can be advantageous to eccentrically dispose
the expandable seal 96 around the cannula assembly 50. For
example, at some volumetric rates of blood flow, the sidewall
of'the SVC 4 can collapse against the opening 62 and restrict
blood flow into the opening 62. An eccentric expandable seal
96 can increase the distance between the opening 62 and the
SVC sidewall.

FIG. 14 is a longitudinal cross-sectional schematic dia-
gram of another embodiment of the present invention having
an adjustable flow controller. FIG. 14A is a cross-sectional
schematic diagram through the cannula assembly of FIG. 14.
This embodiment includes a flow controller 98 disposed in at
least one of the openings 62, 64, 66. Generally, it is envisioned
that the flow controller 98 can be disposed in the opening 62
to adjust the relative flows into the drainage cannula 52. In at
least one embodiment, the flow controller 98 can be an adjust-
able slide that selectively covers some percentage from
0-100% of the opening 62. Thus, for some applications, it
may be desirable to balance the flows between the opening 62
and 64, so that an equal portion of blood is obtained from the
upper body and the lower body of the patient. In other sce-
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In summary, the VV ECMO system described here can be
performed with one or more of the following benefits:

1. Avoid blood recirculation and decrease the demand for
extracorporeal blood flow for gas exchange;

2. Capability to achieve substantially total venous blood
drainage for total extracorporeal oxygenation;

3. Avoid multiple cannulations;

4. Minimally invasive, single percutaneous cannulation;

5. Simple circuit and effective system;

6. Less blood trauma.

EXAMPLE 1

The example demonstrates the ability to receive relatively
high flow rates of blood through both the IVC and SVC with
minimal recirculation from the infusion cannula. A 38-kilo-
gram sheep having a similar size heart, SVC, and IVC as a
medium-sized human was heavily sedated, so that the sheep
was not breathing, requiring total dependence upon the blood
flow and oxygenation of the system. The drainage cannula
was inserted through the jugular vein and placed into position
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to the SVC for drainage therefrom. The cannula was extended
through the atrium, through the Eustachian valve, and into the
IVC for drainage from the IVC as well. An infusion cannula
was likewise inserted into the right atrium. Blood sampling
points included the IVC, the SVC, a pre-oxygenation sam-
pling of combined SVC and IVC blood, a post-oxygenation
sampling after the oxygenator, and a control sampling point in
a carotid artery.

Normal blood flow for a sheep of this size is about three
liters per minute. Prior efforts indicated that a maximum of
about 30% from the SVC would be expected, that is about 1
liter per minute. In contrast, the present invention was able to
flow approximately 80% from both the SVC and IVC, that is,
about 2.5 liters per minute. The increased blood flow obtained
from the present system was a remarkable increase using only
one cannula to drain both the IVC and SVC venous blood.

The quality of the blood flow was then examined. Table 2
illustrates the results of the various sampling of the five sam-
pling points.

TABLE 2

Oxvygenation Results of ECMO

Sampling Point Characteristic Result
IVC (prior to entrance to drainage PCO, 46.5
cannula) PO, 25
0,8 214
SVC (prior to entrance to drainage PCO, 42.1
cannula) PO, 40
0,8 49.7
Artery PCO, 30.6
PO, 94
0,8 92.9
Pre-Oxgenation (post entrance to PCO, 36.5
drainage cannula) PO, 42
0,8 8.2
Post-Oxgenation (prior to infusion PCO, 253
into body) PO, 485
0,8 95.9

The value of PCO,, expressed in mmHg, is the partial
pressure of carbon dioxide that is dissolved in the blood. PO,,
also expressed in mmHg, is the partial pressure of oxygen that
is dissolved in the blood plasma, not the amount held in the
red blood cells bound to hemoglobin. The value of O,S,
expressed as a percentage, stands for oxygen saturation,
which is the total amount of oxygen bound to hemoglobin in
the red blood cells in comparison to the total amount possible.
For example, if the O,S is 50%, the hemoglobin is carrying
only half of what it is capable of carrying. For the purposes of
the example, the SVC PO, and pre-oxygenation PO, were
substantially identical. Because the SVC blood PO, upstream
of'the cannula assembly was substantially identical to the PO,
value of the blood within the cannula assembly, the close
values indicate that little or no recirculation from the return-
ing infusion cannula occurred.

Noticeably, this example did not include the use of the
expandable seal 96 described in reference to FIG. 13. It is
possible that at higher flow rates, the advantages of the
expandable seal 96 might be noticed.

The data also shows that the post-oxygenation blood had an
oxygen saturation O,S value of 96%. The sample in the
carotid artery had an O,S value of 93%. Such high figures,
indicate that even with the animal so heavily sedated that it
was not breathing, the animal would readily survive due to the
highly efficient oxygenation of the majority of its blood flow.

The present invention provides a less traumatic system,
method, and device for draining significantly large volumes
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of blood and mixing a fluid, such as oxygen, into the blood,
and returning the blood to the body, such as in the atrium of
the heart, while substantially reducing undesirable recircula-
tion between the drainage opening and the infusion opening.

Various basics ofthe invention have been explained herein.
The various techniques and devices disclosed represent a
portion of that which those skilled in the art would readily
understand from the teachings of this application. Details for
the implementation thereof can be added by those with ordi-
nary skill in the art. The accompanying figures may contain
additional information not specifically discussed in the text
and such information may be described in a later application
without adding new subject matter. Additionally, various
combinations and permutations of all elements or applica-
tions can be created and presented. All can be done to opti-
mize performance in a specific application.

The various steps described herein can be combined with
other steps, can occur in a variety of sequences unless other-
wise specifically limited, various steps can be interlineated
with the stated steps, and the stated steps can be split into
multiple steps. Unless the context requires otherwise, the
word “comprise” or variations such as “comprises” or “com-
prising” or the word “includes” and variations, should be
understood to imply the inclusion of at least the stated ele-
ment or step or group of elements or steps or equivalents
thereof, and not the exclusion of any other element or step or
group of elements or steps or equivalents thereof.

Further, any documents to which reference is made in the
application for this patent as well as all references listed in
any list of references filed with the application are hereby
incorporated by reference. However, to the extent statements
might be considered inconsistent with the patenting of this
invention such statements are expressly not to be considered
as made by the applicant(s).

Also, any directions such as “top,” “bottom,” “left,” “right,”
“upper,” “lower,” and other directions and orientations are
described herein for clarity in reference to the figures and are
not to be limiting of the actual device or system or use of the
device or system. The device or system may be used in a
number of directions and orientations.

The invention claimed is:

1. A system for mixing a fluid into a bloodstream of a body,

comprising:

a. a drainage cannula adapted to be inserted through both a
superior vena cava of a heart of the body and an inferior
vena cava of the heart, the drainage cannula having a first
opening to receive blood from a superior vena cava
blood flow and a second opening to receive blood from
an inferior vena cava blood flow;

b. an infusion cannula adapted to be inserted into the blood-
stream downstream of both the superior vena cava and
inferior vena cava; the drainage cannula and the infusion
cannula being coupled as a single cannula assembly with
at least two lumen, one lumen being the drainage can-
nula and the other lumen being the infusion cannula;

.aseptum coupled between the lumen to fluidicly separate
the lumen along at least a portion of a length of each
lumen and adapted to flex between the two lumen to vary
a cross-sectional flow area of at least one of the lumen;

d. apump coupled to the drainage cannula and the infusion

cannula;

e. amixing unit coupled to the pump and adapted to mix the

fluid into the bloodstream of the body; and

f. an atraumatic introducer coupled to the cannula assem-

bly and sized larger than a cross-sectional dimension of
at least one of the lumen and adapted to pass through

o
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such lumen and cause the septum to flex toward another
lumen to allow passage of the introducer.

2. The system of claim 1, further comprising an opening
formed in the infusion cannula spaced along a length of the
cannula assembly between the first opening and the second
opening of the drainage cannula.

3. The system of claim 1, wherein the infusion cannula is
adapted to infuse the fluid into an atrium of the heart through
an opening in the infusion cannula.

4. The system of claim 3, wherein the opening in the
drainage cannula for the superior vena cava is oriented rota-
tionally unaligned with the opening in the infusion cannula.

5. The system of claim 1, wherein at least one of the lumen
is expandable in cross-sectional flow area.

6. The system of claim 5, wherein the expandable lumen
comprises a heat-sensitive expandable element adapted to
change shape in use inside the body due to exposure to a
different temperature inside the body than when not in use.

7. The system of claim 6, wherein the heat-sensitive
expandable element comprises a memory shape alloy.

8. The system of claim 5, wherein the expandable lumen
comprises an expandable sidewall and wherein the sidewall
comprises a flexible portion that is adapted to sealingly
expand to maintain a flow within the lumen.

9. The system of claim 8, wherein the sidewall comprises a
split sidewall having a slot.

10. The system of claim 1, wherein at least one lumen is
expandable in cross-sectional area.

11. The system of claim 1, wherein the single cannula
sidewall is expandable and wherein the sidewall comprises a
flexible portion that is adapted to sealingly expand.

12. The system of claim 1, wherein one lumen is formed
inside the single cannula assembly and the other lumen is
formed outside a sidewall of the single cannula assembly.

13. The system of claim 12, wherein the lumen formed
outside the sidewall is expandable in cross-sectional area.

14. The system of claim 1, wherein at least one of the lumen
comprises a non-circular cross-sectional shape.

15. The system of claim 1, further comprising an expand-
able seal disposed external to at least one of the lumen.

16. The system of claim 15, wherein the expandable seal is
eccentrically disposed at least partially around at least one of
the lumen and adapted to seal the lumen in an eccentric
position inside a vessel in which the cannula assembly is
deployed.

17. The system of claim 15, wherein the expandable seal
comprises an inflatable balloon.

18. The system of claim 1, wherein a relative percentage of
volumetric flow between the superior vena cava blood flow
and the inferior vena cava blood flow is adjustable.

19. The system of claim 1, wherein the fluid comprises a
liquid having one or more perfused gases.

20. The system of claim 1, wherein the mixing unit com-
prises an oxygenator and the fluid comprises oxygenated
blood for veno-venous extracorporeal membrane oxygen-
ation (VV ECMO).

21. The system of claim 1, further comprising a radio
opaque portion coupled to the cannula assembly.

22. A system for mixing a fluid into a bloodstream of a
body, comprising:

a. a drainage means for discharging blood from both a
superior vena cava of a heart of the body and an inferior
vena cava of the heart;

b. an infusion means for infusing the fluid into the blood-
stream downstream of both the superior vena cava and
inferior vena cava, the drainage means and the infusion
means being coupled to form a single assembly with at
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least two lumen, the drainage means comprising a first
lumen and the infusion means comprising a second
lumen;

c. aseptum coupled between the lumen to fluidicly separate
the lumen along at least a portion of a length of each
lumen and adapted to flex between the two lumen to vary
a cross-sectional flow area of at least one of the lumen;

d. a pump coupled to the drainage means and the infusion
means;

e. amixing unit coupled to the pump and adapted to mix the
fluid into the bloodstream of the body; and

f. an atraumatic introducer coupled to the assembly of the
drainage means and the infusion means and sized larger
than a cross-sectional dimension of at least one of the
lumen and adapted to pass through such lumen and
cause the septum to flex toward another lumen to allow
passage of the introducer.

23. The system of claim 22, further comprising a first
opening and a second opening formed in the drainage means
and a third opening formed in the infusion means spaced
along a length of the assembly between the first opening and
the second opening of the drainage means.

24. The system of claim 22, wherein at least one of the
drainage or infusion means is expandable in cross-sectional
area.

25. The system of claim 24, wherein the expandable means
comprises an inside expandable lumen.

26. The system of claim 24, wherein the expandable means
comprises an outside expandable lumen.

27. The system of claim 22, wherein at least one of the
drainage or infusion means comprises a split sidewall.

28. The system of claim 27, wherein the sidewall com-
prises a sealing flexible portion.

29. The system of claim 22, further comprising an expand-
able seal disposed external to at least one of the drainage or
infusion means.

30. The system of claim 29, wherein the expandable seal is
eccentrically disposed at least partially around at least one of
the drainage or infusion means and adapted to seal the means
in an eccentric position inside a vessel in which the assembly
is deployed.

31. The system of claim 22, wherein a relative percentage
of' volumetric flow between the superior vena cava blood flow
and the inferior vena cava blood flow is adjustable.

32. The system of claim 22, wherein the mixing unit com-
prises an oxygenator and the fluid comprises oxygenated
blood for VV ECMO.

33. A method of perfusing a fluid into a bloodstream of a
body, comprising:

a. introducing an atraumatic introducer into a bloodstream
of the body, the introducer being coupled to a single
cannula assembly having a drainage cannula forming a
first lumen and an infusion cannula forming a second
lumen, and the first and second lumen being fluidicly
separated by a septum coupled between the lumen along
at least a portion of a length of each lumen and adapted
to flex between the two lumen to vary a cross-sectional
flow area of at least one of the lumen, the introducer
being sized larger than a cross-sectional dimension of at
least one of the lumen and adapted to pass through such
lumen and cause the septum to flex toward another
lumen to allow passage of the introducer;

b. discharging blood through the common drainage can-
nula from a superior vena cava of a heart of the body and
an inferior vena cava of the heart;

c. pumping the blood through a mixing unit to combine a
fluid with the blood; and
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d. infusing the fluid with the blood into the body through
the infusion cannula.

34. The method of claim 33, wherein infusing the fluid

comprises infusing the fluid into an atrium of the body.

35. The method of claim 34, further comprising position-
ing the cannula assembly in the body to allow the first lumen
to drain blood from both vena cava and the second lumen to
infuse the blood into the atrium concurrently.

36. The method of claim 33, wherein positioning the can-
nula assembly comprises inserting in a first diameter condi-
tion and expanding at least one of the lumen after insertion.

37.The method of claim 36, wherein expanding at least one
of the lumen comprises pressurizing the lumen through an
infusion flow.

38. The method of claim 37, wherein expanding at least one
of the lumen comprises expanding the lumen outside a side-
wall of the cannula assembly.

39. The method of claim 37, wherein expanding at least one
of'the lumen comprises expanding the lumen inside a sidewall
of the cannula assembly.

40. The method of claim 33, further comprising sealing an
external portion of at least one of the lumen against a vessel
wall.

41. The method of claim 40, wherein sealing the external
portion comprises sealing downstream of the drainage from
the superior vena cava and upstream from the infusion of the
blood into the body.

42. The method of claim 40, wherein sealing the external
portion comprises sealing at least one of the lumen in an
eccentric position in the vessel in which the cannula assembly
is deployed.

43. The method of claim 42, wherein sealing at least one of
the lumen in the eccentric position in the vessel in which the
cannula assembly is deployed comprises sealing the lumen
toward a vessel wall rotationally distal from an opening into
the drainage cannula.

44. The method of claim 33, further comprising orienting
an opening for the drainage cannula rotationally unaligned
with an opening for the infusion cannula.

45. A system for mixing a fluid into a bloodstream of a
body, comprising:

a. a drainage cannula adapted to be inserted through both a
superior vena cava of a heart of the body and an inferior
vena cava of the heart, the drainage cannula having a first
opening to receive blood from a superior vena cava
blood flow and a second opening to receive blood from
an inferior vena cava blood flow;

b. an infusion cannula adapted to be inserted into the blood-
stream downstream of both the superior vena cava and
inferior vena cava; the drainage cannula and the infusion
cannula being coupled as a single cannula assembly with
at least two lumen, one lumen being the drainage can-
nula and the other lumen being the infusion cannula;
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c. aseptum coupled between the lumen to fluidicly separate
the lumen along at least a portion of a length of each
lumen and adapted to flex between the two lumen to vary
a cross-sectional flow area of at least one of the lumen;
and

d. an atraumatic introducer coupled to the cannula assem-
bly and sized larger than a cross-sectional dimension of
at least one of the lumen and adapted to pass through
such lumen and cause the septum to flex toward another
lumen to allow passage of the introducer.

46. The system of claim 45, wherein the first opening for
the superior vena cava is oriented rotationally unaligned with
an opening in the infusion cannula.

47. The cannula assembly of claim 45, wherein the cannula
assembly is expandable in cross-sectional area and further
comprising a longitudinal slot formed in a sidewall of the
cannula assembly, the slothaving a first side and a second side
and a flexible portion sealingly coupled to the cannula assem-
bly on both sides of the longitudinal slot to cover the slot when
the cannula assembly is expanded.

48. A system for mixing a fluid into a bloodstream of a
body, comprising:

a. a drainage cannula adapted to be inserted through both a
superior vena cava of a heart of the body and an inferior
vena cava of the heart, the drainage cannula having a first
opening to receive blood from a superior vena cava
blood flow and a second opening to receive blood from
an inferior vena cava blood flow;

b. an infusion cannula adapted to be inserted into the blood-
stream downstream of both the superior vena cava and
inferior vena cava; the drainage cannula and the infusion
cannula being coupled as a single cannula assembly with
at least two lumen, one lumen being the drainage can-
nula and the other lumen being the infusion cannula;

c. aseptum coupled between the lumen to fluidicly separate
the lumen along at least a portion of a length of each
lumen and adapted to flex upon insertion of an intro-
ducer into one of the lumen;

d. apump coupled to the drainage cannula and the infusion
cannula;

e. amixing unit coupled to the pump and adapted to mix the
fluid into the bloodstream of the body; and

f. an atraumatic introducer coupled to the cannula assem-
bly and sized larger than a cross section dimension of at
least one of the lumen and adapted to pass through such
lumen and cause the septum to flex toward another
lumen to allow passage of the introducer.

49. The system of claim 48, further comprising an expand-
able seal disposed external to at least one of the lumen,
wherein the expandable seal is eccentrically disposed at least
partially around at least one of the lumen and adapted to seal
the lumen in an eccentric position inside a vessel in which the
cannula assembly is deployed.
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