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Tn each of the embodiments shown in FIGS. 3 and 4,
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(57) Abstract

A system (10) and method for increasing gas concentration in blood which has use a generalized extracorporeal system (10) and
method to tieat hypoxemic blood from a patient (24) by mixing the blood with an oxygen supersaturated solution to generate hyperoxemic
blood to be infused back to the patient (24). The extracorporeal system (10) comprises an extracorporeal tubing (12) through which
blood from the patient (24) is circulated, 2 blood pump (14) for withdrawing blood from and delivering blood to the patient (24), at least
one channel (18) for delivering oxygen-supersaturated fluid and a mixing region (39) for introducing supersaturated fiuid without bubble
formation. By infusing the oxygen~supersaturated fiuid into the hypoxemic or normoxemic blood from the patient (24), hyperoxemic blood
is thereby produced. The hyperoxemic blood is then retumed to a central vein, right heart or artery of the patient (24) with the blood pump
{14) at approximately the same volume delivery rate as blood volume withdrawal rate.
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SYSTEM AND METHOD FOR GENERALIZED EXTRACORPOREAL SUPPORT

TECHNICAT, FIELD

The present invention generally relates to a
generalized extracorporeal support system and method to
the

present invention relates to a generalized extracorporeal

oxygenate or hyper-oxygenate blood. More specifically,
support system and method to oxygenate blood from a patient
by withdrawing the blood and mixing the blood with an oxygen
supersaturated solution for localized or systemic infusion

back to the patient.

BACKGROUND ART

When a patient suffers from acute or transient
ischemia, oxygenation and delivery of blood to ischemic and
postischemic tissue and/or organ sites is desired in order to
prevent or minimize damage to the tissue and/or organ sites.
For evample, when a patient suffers from an acute myocardial
infarction or a heart attack, support of the myocardium
during or immediately following the infarction is desired.
During a heart attack, the coronary arteries fail to provide
If the lack of a

supply of oxygenated blood to the heart muscle continues for

adequate blood flow to the heart muscle.

a prolonged period of time, irreversible damage to the heart
can result.

In addition, many patients suffer reperfusion
injury, i.e. slow coronary reflow or "no reflow", following
successful angioplasty of occlusions responsible for an acute
myocardial infarcticn or myocardial ischemia. To prevent or
minimize reperfusion injury, hyperoxemic blood may be
actively perfused into the coronary artery to improve blood
In addition, the

high level of oxygenation in the blood should improve oxygen

flow with increased intracoronary pressure.

delivery when diffusional distances between capillaries with

normal blcod flow are large. Finally, the compensatory
hypercontractility of the normally perfused left ventricular

segments may also benefit from an increase in oxygen supply.
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level of blood oxygenation. Provision is made for access
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Furthermore, during percutaneous transluminal
coronary angioplasty (PTCA), the balloon inflation time is
limited by the patient's tolerance to ischemia caused by the
balloon inflation. Certain patients are especially at risk
of ischemia because of the location or type of lesion, the
amount of myocardium at risk, oxr poor left wventricular
function, thereby limiting the performance of effective PTCA.
Thus, active perfusion of hyperoxemic blood during PTCA is
desired to lessen ischemia and to protect and support the
myocardium during balloon inflation and to prolong the
tolerated inflation time. Active perfusion of hyperoxemic
blood after PTCA may also be desired to accelerate reversal
of ischemia and/or recovery of myocardial function.

Conventional membrane or microporous hollow fiber
oxygenators have been utilized to oxygenate blood in
extracorporeal circuits. In these devices blood is withdrawn
from a patient and by circulating the blood through the
conventional oxygenator, the blood is oxygenated and
delivered back to the patient.

Several disadvantages are associated with use of a i
conventional oxygenator to directly oxygenate blood. For
example, the oxygenator requires a significant priming volume
of blood, i.e. the volume of extracorporeal blood within the
oxygenator for preparation of oxygen enriched blood. Because
more than one quart of priming veolume of extracorporeal blood
is needed for an adult patient when using the conventional
membrane oxygenator, a heat exchanger is usually necessary to
maintain the temperature of the blood and a blood transfusion
is also frequently necessary. Moreover, due to the large
blood membrane oxygenator surface contact area and a
relatively slow blood flow rate within the oxygenator,

inflammatory cell reactions may be provoked and, in addition,

a relatively aggressive anticoagulation therapy such as

systemic heparinization may be necessary. Due to the large %ﬁ

priming volume of the oxygenator, the oxygenator cannot be
easily turned on and off because of the difficulties in
flushing the blood from the system with saline and, upon
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cessation of flow, stagnant blood would result in thrombus
formation. Additionally, the large priming volume increases
the amount of blood at risk of thrombi formation, especially

) when stopping and starting the oxygenation. Furthermore, the
use of conventional oxygenators to oxygenate blood involves

‘ 5 high costs associated with the replacement of the oxygenator
for each use. Finally, the maximum partial pressure of
oxygen that can be achieved in blood with a conventional
oxygenator is 1 bar. As a result of the challenges in using
the conventional oxygenators, treatment of regional organ
ischemia with conventional oxygenators has not been developed

10 clinically.

With direct intravascular infusion of an oxygen
supersaturated physiologic infusate into the blood stream, :
optimal mixing of the infusate with the blood may be !
difficult to obtain. For example, inadequate mixing of the
infusate with blood may result in dangerous microbubble

15 formation, and direct intravascular infusion would thus
require the use of sensors to monitor the intravascular
oxygen levels and to detect the intravascular presence of
microbubbles. F
Accordingly, there remains a need in the art for a i1

safe, simple, efficient and cost-effective system and method
20 for oxygenating a patient's blood by withdrawing and mixing
the blood with an oxygen supersaturated physiologic infusate
which provides for near physiologic flow rates within the
system and which does not require a high priming volume of
blood, a heat exchanger or aggressive systemic -
anticoagulation therapy.
25 There remains a further need in the art for a

system and method for mixing and infusing a patient's blood

. and oxygen supersaturated physiologic infusate to a tissue or

organ site of interest which provides adequate mixing of the

. infusate with the blood and which provides oxygenation of the ‘
blood at a target level.
£ . - .
3 30 There remains yet a further need in the art for a
,#"‘ system and method for producing and delivering oxygen- L
: ¥ n
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supersaturated blood to a tissue or organ site of interest
without bubble nucleation or growth during mixing of the
infusate with the blood or during infusion in the blood .

stream.

5 DISCLOSURE OF INVENTION
The present invention meets the foregoing needs by
providing a system and method of treating blood from a
patient extracorporeally by mixing the blood with an oxygen

supersaturated infusate to generate hyperoxemic blood to be
infused back to the patient.

10 The system of the present invention preferably '
utilizes aqueous oxygen as the oxygen supersaturated infusate
to generate normoxemic or hyperoxemic blood. Agqueous oxygen
is a highly concentrated form of oxygen-supersaturated !
solution that is a liquid phase combination of an agqueous {

carrier and oxygen, where the volume of dissolved oxygen,
15 pormalized to standard temperature and pressure, ranges from :

approximately 0.5 up to 3 times the volume of the aqueous

carrier. Because of the high concentration of oxygen in

aqueous oxygen, a relatively small volume of agueous oxygen

can be infused into the blood for alleviation or correction 4

of hypoxemia or production of hyperoxemia. Therefore, the
20 yse of aqueous oxygen as the oxygen supersaturated infusate

minimizes the volume of the aqueous carrier added to the

blood stream.

The system of the present invention provides an

extracorporeal tubing, through which blood from a patient is

circulated, a blood pump for withdrawing blood from and Col
25 gelivering blood to the patient, an aqueous oxygen generator

or pump with output tubes and a chamber for connecting the

extracorporeal tubing and the aqueous oxygen output tubes and "
providing the necessary mixing function. The system may also
E . include sensors for monitoring certain parameters of the %%
f blood, access ports for intermittent analysis of the blood, ‘

; 30 hydraulic components to manage the hydrodynamics of the blood
;$ flow, bubble traps and bubble detectors to ensure bubble-free }f .
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delivery of the oxygenated blood, system shunts or system
shutdown devices to manage system related failures and a
hemofilter for filtering the aqueous carrier from the
hyperoxemic blood prior to infusion of the blood to the
patient.

The system and method of the present invention
obviates the need for a heat exchanger and for an aggressive,
systemic anticoagulation therapy due to the small blood
priming volume and the near physiologic blood flow rates
through the system. Furthermore, the system and method of
the present invention provides adequate mixing and infusion
of the aqueous oxygen infusate and the blood without bubble
nucleation or growth. The aqueous oxygen infusate can yield
a blood pO, of greater than 1000 mm Hg so as to provide
support and expedite the treatment of ischemia with
hyperoxemic blood perfusion.

The system and method of the present invention
provides for simple blood withdrawal and delivery access via
devices already in place in the patient for interventions,
guch as *he side-arm of a sheath and a coronary guide
catheter for intracoronary infusion. 1In addition, easy
access to the blood in the extracorporeal system allows for
utilization of devices to monitor parameters of the blood in
the system and to vary system operations accordingly.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows a generalized extracorporeal support

gystem according to an embodiment of the present invention;

FIG. 2 shows a generalized extracorporeal support
system according to an alternative embodiment of the present
invention;

FIG. 3 is a partial cross-sectional view of a
centering fin, a chamber and mixing region for aqueous oxygen
introduction in the system of FIGS. 1 and 2; and

FIG. 4 is a partial cross-sectional view of an
alternative embodiment of the chamber and mixing region for

aqueous oxygen introduction.
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BE ODE R UT THE INV

The structure and function of the preferred
embodiments can best be understood by reference to the .
drawings. Where the same reference numerals appear in
multiple figures, the numerals refer to the same or
corresponding structure in those figures.

As shown in FIGS. 1-2, extracorporeal system 10
comprises extracorporeal tubing 12, through which blood from
patient 24 is circulated, blood pump 14 for withdrawing blood
from and delivering blood to patient 24, aqueous oxygen
generator or pump 16 with output channels 18 and chamber 20
for connecting tubing 12 to channels 18 for introducing
agqueous oxygen into the blood.

Blood is withdrawn from patient 24 at a
predetermined rate between approximately 25-8000 ml/min into f
extracorporeal tubing 12 with blood pump 14, such as a roller .
pump. Agueous oxygen is generated or loaded into aqueous
oxygen generator or pump 16 and introduced to and mixed with
the blood within extracorporeal tubing 12. Either normoxemic i
blood (pO, of approximately 90-150 mm Hg) or hyperoxemic blood |
(pO, of greater than approximately 150 mm Hg) is then returned A
to patient 24, for example via a central vein, right heart or
artery with blood pump 14 at approximately the same volume
delivery rate as blood volume withdrawal rate. Each
component of extracorporeal system 10 will now be described
in detail.

Extracorporeal tubing 12 has input end 26 where
hypoxemic or normoxemic blood from patient 24 enters into
extracorporeal system 10 and output end 28 where hyperoxemic
blood exits from extracorporeal system 10. Output end 28 of

extracorporeal tubing 12 is connected to intravascular
catheter 30, for example, a conventional coronary angioplasty
guide catheter, preferably 6 to 8 French (2.0 to 2.7 mm) in %h
size, or a diagnostic angiographic catheter, preferably 5 to ;

7 French (1.7 to 2.3 mm) in size. Other suitable delivery

devices may be selected by the physician. Intravascular : .
catheter 30 may be inserted and advanced into an artery or

-6 -
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vein, depending on the particular application, via introducer
or sheath 32, preferably approximately 8.5 French (2.8 mm) in
gize, Again other suitable introducerg may be selected.

As shown in FIG., 1, input end 26 of tubing 12 may
be connected to sheath 32 via side arm 36 of Y~connector 34
for withdrawing blood from patient 24. BRlood may be
withdrawn from patient 24 via an annular opening (not shown)
defined around catheter 30 by sheath 32. Sheath 32 is
preferably approximately 8.0 French (2.7 mm) or 8.5 French
(2.8 mm) in size. If blood flow into tubing 12 is inadequate
because of a tight fit between catheter 30 and sheath 32, a
larger sheath 32 may be used. Alternatively, as shown in
FIG. 2, blood withdrawal may occur via a separate sheath 42
ingerted and advanced into another artery or vein of patient
24, such as the contralateral femoral artery. Such a
separate withdrawal sheath may be preferably approximately 6
French (2 mm) in size.

Blood pump 14 facilaitates blood withdrawal from
patient 24 into tubing 12 at a predetermined blood flow rate
of between approximately 25-8000 ml/min. At blood flow rates
of greater than 500 ml/min, a larger catheter for blood
withdrawal and delivery may be required. For regional organ
perfusion and neonatal lung support, a preferred blood flow
rate is between approximately 50-300 ml/min. Preferably,
tubing 12 is a clinically approved, heparin-bonded PVC or
polyurethane tubing. By way of example, tubing 12 is
approximately 2 meters in length with an inner diameter of
approximately 3 mm. Thus, tubing 12 requires a priming
volume of approximately 15 ml. Because of the relatively low
priming volume for extracorporeal system 10, the need for a
heat exchanger and a blood transfusion is obviated. 1In
addition, the relatively small blood-to-tubing contact area

of approximately 0.02 m- reduces the need for systemic
anticoagulation within extracorporeal system 10 and may F»
minimize blood-material inflammatory cell interactions.

Extracorporeal system 10 is further resistant to thrombus

13
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formatior because the plood f£low velocity in tubing 12 io
near physiologic flow velocities,
Blood pump 14 is preferably a clinically approved -
. rousler pump, although other pumps such as a centrifugal pump
may also be used. Roller pump 14 ic preferred as it provides
' 5 an inexpensive, atraumatic, norn-blood contact method of
pumping the blood.
The upper end of chamber 20 receives and
accumulates blood from tubing 12. The iower end of chamber
20 delivers blood at a steady flow rate to mixing cegion 39
where the aqueous oxygen is introduced via chanrels ic. 7
10 engure that chamber 20 contaings a proper volume .£ bie 3,
prefaerably approximately S5cc in an exemplary embodimetic,
chamber 20 provides blood level indicator 72 amt purt 54 to
allow the injection and removal of air in order % «d” st the
volume of blood contained in chamber 20. The volume of
compregsed air in the upper portion of chamber 20 ic
15 preferably approximately Zcc. Thus, with a priming o e
approximately i5cc for tubing 12 and approximately 5¢=

chatnber 20, the total priming volume for syst <« 12 io o
approximately 20cc. ‘
By utilizing a volume cf compressed aix, chamber 20 4
may also ensure the smooth flow of blood in tubing 12,
20 particularly downstream of chamber 20. A smooth flow of
blood in tubing 12 is preferred to match the smooth flow of
the aqueous oxygen from pump 16 in order to maximize the pO,
level (especially at pO.'s above 400mm) which the blood can
carry. For example, where blood pump 14 is a roller pump, a
] zero pressure phase occurs when each roller is rotated away
T 25 from tubing 12 during the pump's rotation. Thus, chamber 20
agi can utilize the volume of compressed air to pump the blood
o . through tubing 12 during the zero pressure phases in order to [
ensure the smooth and constant £low of blood through tubing
. 12. &
Chamber 20 may also function as a bubble trap. '
30 gpecause blood enters at the upper end of chamber 20 and exits
from the lower end of chamber 20, any bubbles in the blood o A

\ -8 - i,
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would remain in the volume of compregsed air at the upper end
of chamber 20 and would thereby be removed frem the bloed.

Ao previougly diccugsed, extracorporeail gystem 10 -
of the present invention preferably utilizes agqueougs oxygen
as the oxygen gupercaturated infusate to generate hyperoxemic
blood. Because of the high cencentration ¢f oxygen in
aqueous oxygen, the volume of aqueous oxygen, and thuo the
volume of agueous carriey, infused inte the blood stream for
alleviation or correction of hypoxemia or production of
hyperoxemia is therefore minimized. Aquecous exygen offcxno
the additioral benefit of infugien into hyporxemic or
normoxemic liquido under ambient preosoure without microbubble
nucleation. Thug, aqueous oxygen is the preferred oxygen-
supersaturated infusate for generating hyperoxemic blood,
although other ferms of oxygen-supercaturated infusates with
lower oxygen concentrations may aleco be utilized.

Aqueous oxygen is delivered by aqueous exygen
generator or pump 16 and intreduced into the blood in tubing
12 downstream of blood pump 14 via at least one channel 18.
Channel 18 preferably includes a plurality of capillary-like
lumens which deliver the oxygen-gsupersaturated £luid while
preventing bubble formation. The apparatus and method for
preparing oxygen supersaturated fluid disclosed in U.S.
Patent No. 5,407,426, "Method and Apparatus for Lelivering
Oxygen into Bloed", to Spears, incorporated herein by
reference, may be utilized to prepare the agueous oxygen
infusate. Other apparatuses and methods such as those
disclosed in U.S. Patent No. 5,569,180, "Method for
Delivering a Gas-Supersaturated Fluid to a Gag-Depleted Site
and Use Thereof", to Spears and U.S. Patent No. 5,599,295,
“Apparatus and Method of Delivery of Gas-Supersaturated
Liquids", to Spears, incorporated herein by reference, may
also be used to prepare the aqueocus oxygen infusate.

By way of example, agueous oxygen generator 16
comprises a housing containing a high pressure pump and
sensors for monitoring pressure, temperature, and flow rate
of t''. aqueous oxygen. The high pressure pump containg a

- g -
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phyoielegie seluticn, guch ao rermal galine, as the aqueeug
carrier, The agqueous carrier 16 equilibrated w..th exygen at
partial pregcurea of appreximately 1.5-13 MPa (218-1,885 '
poi), eerrepponding to an eoxygen eoncentratien of between
approximately 0.5-3 ml @./ml agqueous carrier, approximately
2.5 to 15 timeg the oxygen carrying capacity of bleed. More
preferably, the aqueoug carrier ic equilibrated with oxygen
at partial pregsgures of approximately 3.4-6,9 MPa (500-1,000
poi), eorregponding to an oxygen conecentration of between
approximately 1-2 ml O /ml agueocus carrier.

The agqueous oxygen in agueous oxygen gencrator 16
is then hydrostatically compresged to approximately 6.9-100
MPa (1,000-14,500 psi), and more preferably approximately
6.9-69 MPa (1,000-10,000 poi) for one minute or more to
disgolve and remove any remaining gas nuclei in aqueous
oxygen generator 16. A similar application of hydrostatic
pressure within the lumens of output channels 18 removeg
surface nuclei therein.

Agqueous oxygen generator or pump 16 then delivers
aqueous oxygen through output channels 18 into the bleod in
tubing 12 without micreocbubble nucleation. Output channelc 18
are preferably an array of fused capillary channels made of
glass, silica, ceramie, metal, polymeric or any other
suitable materials. A gterile fluid pathway ig maintained
throughout aqueous oxygen generator or pump 16 and a 0.2 um
filter may be provided proximal to output channels 18, distal
to aqueous oxygen generator or pump 16 for further assurance
of sterility. Ends of output channels 18 distal to aqueous
oxygen generator or pump l6 are sealingly connected into
tubing 12.

Because the maximum infusion flow velocity of the
agueous oxygen effluent relative to the velocity of blood in
tubing 12 is approximately 4 m/sec before the onset of
mechanical damage to exrythrocytes, flow velocity of the
aqueous oxygen effluent relative to the velocity of blood in
tubing 12 through each capillary channel 18 is 4 m/sec or
less.
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Stable aquoeug exygen injectaen 1o achioved
acecrding te the ombodament of FIG. 2 by minaimizing the
difference in the f£low veleeity of the bleed and the agquooud
oxygen at injectien gite 21. Becauoo tho exit volecity of
the aqueous exygen at gite 2L 10 relatavely faster than the
hleed flew velocity in tubing 12, gitc 21 ig profeorably
lecated at the center of tubaing 12 where the bleed flew
voleeity io higheot. Thug, endo of cutput channels 18 may be
eonnaected to centeraing fin 76 Lo enoure that ehe injeetion of
aguaous oxygen ig at or near the center of tubang 12.

In order to control the bloed velesity profile in
tubing 12 to engurc the higheot veiocity at the center of the
tubing 12 or at injectien oite 21, otraightenaing tube 74 io
connected to tubang 12 in mixing regien 9. Altcernatively,
piece of integral otiff tubing may be uced. & length of 10
to 30 timeo the inner diameter of tubing 12 ac preferred to
ensure complete development of laminar flow of the bloed
prior to injectien gite 2L. Straightening tube 74 aloe
reduces the pogoibilicy that the high wveleeity aqueeous aexygon
injected at site 21 eross laminar flow linec te oleowexr
flowing bleod by aligning otraightening fin 76 and eutput
channels 18 axially with the laminar £low.

Straightening tube 74 alce helps to prevent direet
contact between tubing 12 and high veleogity aqueous oxygen.
Such direct contact between tubing 12 and high veloecaty
aqueous oxygen may cause bubble nucleation. To further
prevent such direct contact, tubing 12 may be coated with
blood proteins by perfusing blood through tubing 12 for at
least several minutes before initiating infusion of agqueous
oxygen.

Mixing of the aqueous oxygen with the blosod in
tubing 12 results from a combination mags diffusion across
laminar flow lines and convective transfer over a length of
approximately 1 meter of tubing 12 downstream of injection
gite 21,

The embodiment shown in FIG. 3 f<r aqueocus oxygen
introduction maximizes the amount of oxygen that may be

- 11 -
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oceur. Thio means that typieally a given eutput ehannol 14
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which may thereferc require a greoater number of ehannclo te
achieve a desired total £flew.
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In each of the embodiments shown in FIGS. 3 and 4,
the flow in mixing region 39 is controlled in order to reduce
or eliminate turbulence which might otherwise result £from
mixing two fluids having disparate properties and velocities
in order to achieve a homogeneous mixture. Excessive
turbulence is believed to be undesirable as it may promote
bubble formation and damage fragile cells. A person of
ordinary skill in the art may apply the teachings of the
present invention to develop other suitable means for
introducing the gas infusate without departing from the scope
of the invention.

Extracorporeal system 10 preferably provides one ox
more monitoring devices 22, 23 in communication with the
blood in tubing 12 for monitoring one or more parameters of
the hypoxemic or normoxemic blood and the hyperoxemic blocd,
respectively. Monitoring devices 22 for monitoring the
hypoxemic or normoxemic blood from patient 24 in tubing 12
are disposed between input end 26 of tubing 12 and connector
20. Similarly, wmonitoring devices 23 for monitoring
hyperoxemic blood in tubing 12 are disposed between connector
20 and output end 28 of tubing 12.

Monitoring devices 22, 23 preferably comprise
oxygen level sensors for continuous monitoring of the oxygen
gaturation level or the pO, level of both the hypoxemic or
normoxemic blood and the hyperoxemic blood in tubing 12 for
control of the level of oxygenation. A commercially
available device may be used to continuously monitor the
oxygen levels of blood in tubing 12. For example, the oxygen
level sensor may be a pO, electrode sensor or a device to
detect the oxygen saturation level in blood by transmission
or refiectance oximetry. Monitoring devices 22, 23 may also
comprise a flow meter to monitor the flow rate of the blocd.
In a preferred embodiment, an upstream sensor monitors the
oxyhemoglobin saturation level and a downstream sensor
monitors oxygen partial pressure.

Monitoring devices 22 and 23 may further comprise

pressure sensors. A pressure sensor may additionally or

- 13 -
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alternatively be located at port 54. If the blood pressure
is not within predetermined limits, controller 25 may
activate system shut-down actuators 27 to discontinue

circulation of blood to and from patient 24 until the blood

pressure is within the predetermised limits. When activators

27 are activated, controller 25 also terminates delivery of

agqueous oxygen through output channels 18 and opens loop

shunt 50 in order to recirculate blood in tubing 12 via loop

shunt 50. Loop shunt 50 may also be employed to recirculate

blood through tubing 12 in order to trap bubbles in chamber
20.
EXtracorporeal system 10 preferably further

provides one or more access ports 44, 46 to permit infusion

of drugs and/or nutrients as desired and to permit withdrawal

of blood samples for interm_ttent analysis of the hypoxemic

or normoxemic and hyperoxemic hlood, respectively. Access

port 44 for access to the hypoxemic or normoxemic blood from

patient 24 in tubing 12 is disposed between input end 26 of
tubing 12 and connector 20. Similarly, access port 46 for
access to the hyperoxemic blood in tubing 12 is disposed
between connector 20 and output end 28 of tubing 12.

Due to the relatively simple components of
extracorporeal system 10, setup and connection of
extracorporeal system 10 to patient 24 is simple and quick.
The simpler circuit also allows nurses to monitor the
functions of extracorporeal system 10 after the initial
setup. In addition, because only tubing 12 and output
channels 18 come into contact with the patient's blood and
thus are disposed of after each use, use of extracorporeal

system 10 is very cost effective.

Extracorporeal system 10 provides various controls

for controlling parameters such as the blood withdrawal and
delivery rate and the pressure and flow rate of the aqueous

oxygen, at least in part in response to the output of

monitoring devices 22, 23. The ratio of agueous oxygen flow

to blood flow can also be adjusted according to the output of

monitoring devices 22, 23 to provide an optimal or target
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level of blood oxygenation. Provision is made for access
port and attachment to enable continuous or intermittent drip
of Heparin or equivalent anticoagulant to physician-specified
level of systemic heparinization. This provision minimizes
the potential for extracorporeal circuit formation or
5 shedding of thrombus.

Control of pressure and flow rate of agueous oxygen

into tubing 12 at connector 20 is provided by controller 25.
By controlling the pressure and flow rate of agueous oxygen
into tubing 12, the target pO, in the hyperoxemic blood in
tubing 12 and the target pO, in the blood stream of patient 24
10 can thereby be achieved. 1In addition, in response to ; -
detection of microbubbles in tubing 12, controller 25 may
automatically terminate the flow of aqgueous oxygen from
agqueous oxygen pump 16, adjust blood pump 14 to vary the : ¢
blood flow rate and/or adjust aguecus oxygen pump 16 to vary i
the agueous oxygen delivery. Detection of micrcbubbles in :
15 tubing 12 may be achieved by, for example, the pO, of the 1 i
hyperoxemic blood not registering as predicted in pO, sensor ;
22 according to the known parameters such as the aqueous Q
oxygen flow rate, the oxygen concentration of the aqueous
oxygen and the pO, of the normoxemic or hypoxemic blood in 4
tubing 12.
To further prevent thrombus formation and/oxr bubble

nucleation (small thrombi may contribute to bubble formation

e

20

by providing small nuclei on which bubbles form), the inner N

surfaces of tubing 12 and/or output channels 18 may be pre-

wetted with a liquid, such as water, ethanol, or a heparin

solution. Priming the fluid contact surface with such <
25 1iquids facilitates the elimination of surface bubble nuclei.

They also facilitate the prevention of bubble nucleation by

pre-wetting a f£luid contact surface so that when a fluid with

i high oxygen concentrations first contact such a pre-wetted §3' 
ﬁ . surface, the fluid contacts a smooth pre-wetted surface gﬁ
{; rather than a dry surface which more readily promotes bubble ' :

L 30 nucleation in the :luid. As noted before, perfusion of blood

without an aqueous oxygen infusate provides a protein surface
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coating the fluid contacting surface and facilitating
inhibition of bubble nucleation on-the surface.

Applications of extracorporeal system 10 will now "
be described. Extracorporeal system 10 may be utilized
intra-arterially for regional support of ischemic and

5 postischemic organs or tissues or as an extracorporeal bypass
for lung support and improvement in the systemic oxygenation.

For coronary arterial delivery of hyperoxemic blood
from extracorporeal system 10, an end of intravascular
catheter 30 distal to extracorporeal system 10 is preferably
anchored in or proximal to a major branch of the coronary

10 artery, for example, in the ostium of the left coronary
artery. Additionally, a hollow guidewire positioned through
intravascular catheter 30 may be provided for additional | i
catheter placement stability. The guidewire may be a {
conventional angioplasty guidewire, preferably with an outer :
diameter in the approximate range of 0.010"-0.018" and more : ?

13 preferably in the approximate range of 0.014"-0.016". 7

More preferably, a hollow guidewire is provided b
that has an inner diameter in the approximate range of
0.008"-0.015" and more preferably in the approximate range of 4
0.009"-0.011". Furthermore, the hollow guidewire for !
anchoring catheter 30 is preferably a perfusion guidewire

20 with a porous velocity diffuser to allow a saline flush
solution under a pressure greater than the systolic arterial
pressure, such as in a standard pressure intravenous bag, to
slowly "weep" or £flush out along most of the intracoronary
length of the guidewire at a rate of approximately 2-5 ml/hr.
Because the flushing of the solution f£rom the velocity

25 diffuser facilitates keeping blood elements away from the

surface of the guidewire, the guidewire is inherently self-
. cleaning and therefore resistant to thrombus formation even
! during a prolonged period of time. As used herein,
I intravascular catheter refers to any device which may be
Co advanced through the patient's vasculature to a desired

30 yegion for fluid delivery.
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To further inhibit thrombus formation, an
anticoagulant can be added to the flush solution. The rate
of infusion of the heparinized flush solution is such that
the rate of infusion of the anticoagulant or heparin is in
the range of 1-10 U/hr to wminimize or prevent systemic
effects from the anticoagulant. Alternatively, if the
patient requires systemic anticoagulation, a high
concentration of heparin can be administered at a low volume
delivery rate of the flush solution of less than 10 ml/hr.
To yvet further inhibit thrombus formation, the guidewire may
be provided with a heparin coating.

The infusion guidewire can also be used to monitor
intracoronary pressure either continuously or intermittently.
Preferably, the guidewire alternates between intermittent
flushing of the saline flush solution and semi-continuous
monitoring of the intracoronary pressure. For example, the
guidewire would monitor the intracoronary pressure
approximately 99% of the time and flush intermittently during
the remaining 1% of the time.

By monitoring the intracoronary pressure, excess
infusion of hyperoxemic blood can be prevented. When there
is an excessive increase in mean intracoronary pressure, for
example, approximately 50 mm Hg increase to approximately 150
mm Hg intracoronary pressure, excess infusion of hyperoxemic
blood can be prevented by immediate termination of
hyperoxemic blood infusion by extracorporeal system 10.

Monitoring the intracoronary pressure by the
guidewire would also facilitate detection of intravascular
catheter 30 slipping out of the coronary ostium, for example
by a lack of increase in the intracoronary artery pressure
despite the blood infusion from extracorporeal system 10.

Alternatively, a Doppler flow wire, such as one
manufactured by Cardiometrics, Inc., may also be utilized to
ultrasonically monitor the blood flow velocity to prevent
excegs infusion of hyperoxemic blood. Monitoring the
intracoronary blood flow rate by the Doppler flow wire would
also facilitate detection of intravascular catheter 30

- 17 -
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slipping out of the coronary ostium, for example by a lack of
increase in the intracoronary artery flow despite the blood
infusion from extracorporeal system 10. .
For arterial applications targeting regional
support, extracorporeal system 10 can be tailored to support

5 many separate organ and tissue sites, for example the

myocardium, the brain (via the cartoid artery) and the
central nervous system by appropriate placement of the
delivery devices such as intravascular catheter 30. To
provide support to tissue or organ sites during acute or
transient ischemia, extracorporeal system 10 preferably

10 infuses hyperoxemic blood with pO, levels of between

approximately 200-3000 mm Hg and more preferably 500-1500 mm
Hg, compared to the p0, of normal arterial blood of
approximately 100 mm Hg. Preferably, the ratio of infusate
to blood flow is in the approximate range of 0.01 to 0.06.

Where agueous oxygen with a concentration in the approximate

15 range of 0.5 to 3.0 ml O,/ml aqueous carrier is utilized, a

relatively small volume of agueous oxygen, in the approximate
range of 0.5-6 ml agueous oxygen per 100 ml of arterial blood
flow, is required to be added to the cardiovascular system to
achieve hyperoxemic levels in the arterial blood and thereby
achieve hours of support without adding excessive volumes of

20 the agueous carrier into the blood stream. The delivery

blood flow rate is in the approximate range of 25-300 ml/min
through intravascular catheter 30, corresponding to a rate of
aqueous oxygen infusion in the approximate range of 0.25-18
ml/min.

For total or near-total cardiovascular support of

25 patient 24 using extracorporeal system 10 for an arterial-

venous or a veno-venous bypass, the rate of hyperoxemic blood
infusion can approach the cardiac output blood flow rate

which ranges from approximately 5-8 1/min. With an arterial-
venous extracorporeal bypass, blood is withdrawn from a great

vein or the right atrium and delivered to the aorta. The

30 advantages of the blood infusion rate nearing the cardiac

output blocd flow rate are that no significant further
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dilution of the hyperoxemic blood occurs during infusion into
the blood stream, so that the final intraarterial pO, is
controlled primarily by the relative rates of blood and .
aqueous oxygen infusion. 1In addition, increased blood flow
can be provided to tissues with inadequate cardiac arterial
blood flow.

Extracorporeal system 10 may be utilized on a
regional basis to support the myocardium for periods of hours
following an insult such as an acute myocardial infarction or
post-therapy myocardial stunning. Extracorporeal system 10
may also be used to treat patients with an acute myocardial
infarction who are hemodynamically compromised despite
successful angioplasty of the infarct-related coronary
artery. After removal of the angioplasty balloon catheter,
hyperoxemic arterial blood from extracorporeal system 10 may
be infused into the coronary artery at physiologic flow rates
of approximately 100 ml/min per major coronary artery branch
through intravascular catheter 30.

Hyperoxemic blood can also be infuged into the left
coronary artery during angioplasty of one of the branches.
Such infusion would be expected to improve oxygen delivery to
the non-angioplasty part of the heart that is
hypercontractile during occlusion of the angioplasty branch.
In addition, such perfusion would improve collateral flow and
oxygen delivery to the part of the heart directly affected by
the angioplasty.

Many patients also suffer from reperfusion injury,
i.e. slow coronary reflow or "no reflow", following
successful angioplasty of occlusions responsible for an acute
myocardial infarction. Utilization of extracorporeal system
10 to actively perfuse hyperoxemic blood into the coronary
artery may provide additional benefits to the myocardium by
improving flow and increasing the intracoronary pressure. A
high pO, would improve capillary flow by inhibiting adhesion
of leukocytes and platelets to vascular endothelium. 1In
addition, the high pO, of hyperoxemic blood may also improve
oxygen delivery when diffusional distances between

- 19 -

[£3
e




10

15

20

25

30

WO 99/08733 PCT/US98/16760

capillaries with normal blood flow are large. Finally, the
compensatory hypercontractility of the normally perfused left
ventricular segments may also benefit from an increase in
oxygen supply.

For patients who are hypotensive from left
ventricular failure, utilization of extracorporeal system 10
for perfusion of hyperoxemic blood may result in acute
hemodynamic improvement. Improved perfusion pressure and a
higher rate of oxygen delivery may improve hemodynamics in a
manner similar to that associated with diastolic augmentation
from an intraaortic balloon pump, but the increase in
perfusion pressure would occur for the entire cardiac cycle.

As previously discussed, extracorporeal system 10
may also be utilized as a veno-venous or an arterial-venous
extracorporeal bypass for lung support and improvement in the
systemic oxygenation. To provide systemic support, the
oxygen concentration of the aqueous oxygen is approximately
1-3 ml 0,/ml aqueous carrier, and more preferably 1-2 ml 0,/ml
aqueous carrier, which produce pO, levels in the blood of 70-
90 mm Hg, as compared to the pO, of normal venous blood of
approximately 40 mm Hg. Preferably, the ratio of infusate to
blood flow is in the approximate range of 0.03 to 0.06.
Because of aqueous oxygen's high oxygen concentration, a
relatively small volume of aqueous oxygen in the approximate
rage of 0.5-2 ml/kg/min is required.

For venous applications, catheter 30 is preferably
a double lumen catheter with an outer lumen for withdrawing
blood from patient 24 and an inner lumen for infusing blood
into the patient's blood stream, such as one utilized for
standard conventional veno-venous bypass procedures. The
outer lumen has multiple side entry ports or holes along the
outer shaft of catheter 30 to distribute the negative
pressure created by the withdrawal of blood, and thus
facilitate blood withdrawal at a high rate without collapsing
adjacent veins and without adjacent soft tissue structures
blocking the entry ports. The inner lumen of catheter 30 for
blood delivery has a sufficiently small inner diameter such
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that the pO, of the oxygenated blood is lower than the
hydrostatic pressure in the catheter to prevent bubble
nucleation during infusion into the patient's blood gstream. -
The relatively small gize of the inner lumen additionally
confers a relatively high flow velocity of the oxygenated
blood, in the approximate range of 30-300 cm/sec, during
intravascular infusion and thereby facilitates mixing of the
hyperoxemic blood with the blood stxream.

During a veno-venous infusion, the oxygenated blood
is rapidly mixed with intravascular or intracardiac venous
blood. To achieve normoxemia in severely hypoxemic venous
blood requires the rate of oxygenated blood infusion to be
preferably in the approximate range of 0.25-0.5 and more
preferably 0.33-0.5 of the cardiac output blood flow rate, as
higher withdrawal rates may collapse the veins.

When extracorporeal system 10 provides support for
systemic oxygenation via infusion of aqueous oxygen, for
hyperoxemic blood infusion longer than approximately 30
minutes at an infusion rate in the approximate range of 0.5-2
ml/kg/min, the need may arise for a hemofilter to filter out
the agqueous carrier in order to prevent excess addition of
the agqueous carrier into the cardiovascular system. Thus,
for a veno-venous application, extracorporeal system 10
preferably further provides a hemofilter located along tubing
12 between chamber 20 and output end 28 of tubing 12 to
remove the excess aqueous carrier from the hyperoxemic blood.
Ag illustrated in FIGS. 1 and 2, the hemofilter is
incorporated with monitoring device 23. Alternatively, the
filter may be separately provided.

The present invention has been described in terms
of exemplary embodiments. The invention,; however, is not
limited to the embodiments depicted and described and it is
contemplated that other embodiments, which may be readily
devised by persons of ordinary skill in the art based on the
teaching set forth herein, are within the scope of the
invention which is defined by the appended claims.
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CLAIMS
1. A oystem for intreoducing gas-gupersaturated *
fluid into blocd of a patient, comprising:
an extracorporeal blood circulation eircuit adapted
5 to receive, circulate and return blood te the patient;
at least one channel opening inte said circuit for
delivering gas-supersaturated fluid to said ecircuit; and
means for introducing gas-oupersaturated £fluid into
blood in said circuit while minimizing bubble formation.

10 2. The system of claim 1, wherein said
introducing means comprises means for controlling fluid flow
to minimize turbulence at the point of introduction of gag-
supersaturated fluid into the bleod flow, including a mixing
region defined by a flow passage with an inner wall, an
upstream entry and a downstream exit.

15

3. The system of claim 2, wherein said H

controlling means compriges a fir member disposed centrally .
within the mixing region flow passage with said at least one &
channel opening disposed on said fin membex ¢ align flow of
gas-supersaturated £luid introduced into the blood with the

20 plood flow.

4. The gystem of claim 2, wherein said
controlling means comprises said at least one channel opening
being positioned on the flow passage inner wall wherein said
at least one channel is disposed at a predetermined angle to

25 the blood flow to minimize turbulence at the point of gas-

supersaturated fluid introduction.

5. The system of claim 4, wherein said 5&
- ‘ predetermined angle is approximately 45 degrees. ’
30 6. The system of claim 4, wherein said flow o

I passadge inner wall tapers from a larger inner diameter at the i
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entry to a omaller inner diameter at the exit and gaid
channel epening io pooitioned on the inner wall in caid
larger inner diameter. ‘

7. The oystem of claim 4, further comprising a
plurality of channelo approximately equally opaced around the
flow passage inner wall.

8. The ocystem ef claim 2, wherein said mixing
region comprises a otiffening member teo maintain said region
substantially in axial alignment with the blood flow.

9. The oystem of claim 2, wherein gaid flow
paggage inner wall tapers from a larger inner diametcr at the
entry to a smaller inner d.ameter at the exit and said at
least one channel opening is disposed in an area having said
lager inner diametex.

10. The system of claim 9, wherein said blood
circulation circuit has an average inner diameter and the
mixing region flow pagsage exit inner diameter is
approximately equal to gaid circuif inner diameter.

11. The system of claim 2, wherein said
introducing means further comprises a chamber for
accumulating blood disposed upstream of the mixing region,
gaid chamber having a volume, a blood flow input to receive
blood from said circuit and a output communicating with the
mixing region entry, wherein said chamber volume, input and
output are sized, in cooperation with the mixing region, such
that blood flow flow through the mixing region is
subgtantially <onstant.

12. The system of claim 1, further comprising a
source of aqueous oxygen having an oxygen concentration of at
least 0.5 ml oxygen/ml fluid communicating with said at least
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one channel, wherein the exygen volume is normalized to
gtandard temperature and preggure.

13, The oyotem of claim 1, wherein said circuit
comprices tubing having a gyotem input and a system output
and a pump providing bloed flow at a predetermined rate
through caid tubing and wherein said introducing means io in
fluid communicatioen with said tubing.

14, The system of elaim i3, further comprising an
intravascular catheter connected to the system output for
delivering blood from caid circuit to a desired location
within the patienc.

15. The system of claim 14, further comprising a
catheter introducer having a y-connector for introducing said
catheter into the patients vasculature, wherein the system
input is connected to said y-connector for receiving blood
from the patient.

16. The system of claim 13, further comprising a
shunt loop in f£luid communication with the circuit tubing.

17. The system of claim 13, wherein said
predetermined blood flow rate is between 25-8000 ml/min.

18. The system of claim 13, wherein the tubing has
an inner blood passivating surface.

19. The system of claim 13, further comprising a
first gas sensor in fluid communication with the tubing
upstream of the introducing means to sense gas in blood
received from the patient and a second gas sensor in £luid
communication with the tubing downstream of the introducing
means to sense gas in blood to be returned to the patient.

-
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20. The oyotem of celaim 19, wherein etnc f£irce gag
genger monitero oxyhemoglebin agaturatien level of the blaesd
and the pecend penger meagurcs the exygen partial preogurc of
the bleed.

5 21. The gystem of claism 13, further coupricing a
filter in fluid communiecation with paid tubing the
introducing meanc to filter at leagt a pertien of the fluid
introduced from the blood.

22. A gygtem feor introduecing gac-supersaturated
10 fiuid into a patient's bleed to inerease the concentration of
gas 1n the blood, compricing:
an input tubing porticn having an input end for
receiving blood from the patient;
a blood accumulator chamber having an inlet ‘
communicating with gaid input tubing portion, and an outlet,

15 yherein said chamber is cized to provide a opace above
| accumulated blood within the chamber;
| a mixing region defining an at least substantially .
straight flow passage with an inner wall, an upstream entry
and a downstream exit, wherein said entry communicatec with “
said chamber outlet;
20 at least one channel for delivering gas-

supersaturated fluid to said mixing region, wherein sa.d
channel includes at least one f£luid delivery lumen oriented
such that bubble formation and turbulence upon delivery of

gag~gupersaturated £luid are minimized;
an output tubing portion in communication with said
25 pixing region exit, having an output end for returning blood
with increased gas concentration to the patient; and
a blood pump for circulating blood through said
system at a predetermined rate.

23. The system of claim 22, further comprising a F’
30 f£in member disposed centrally within the mixing region with
| said at least one channel lumen opening on a trailing edge of

i
|
|
{ ]
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gaid fin mempeer ko alaan f£icw GE qagepuporgaturated flusd
with Ehc bleed flew.

24. Tho gygecm ¢£ claam &4, whoroeini gaid flew
pagoadge inner wall tapoers e a =Jvg0ry Lnnor diamctor at ENC
cnery €0 a omallor innor daamotcr at tho oxit and ocid at
leact ene cehannci fumon cpend onr the innor wail ik caad
larger inner diamotor with gaad at loage one channe’ digpsocd
at a prodotermined argle es the bleoed flew to minimiio
turbulenee gt the paiat ef gageouporpaturated £luid
intreduction.

25. Tho oyotem 6t ¢laim 42, whoredin:
gaid eutput tubing perticn hag an avoraqo 4nnoy
diametor;

oaid flew pageage :nmnor wall saporo frem u largex
inner diameter at the oncry ro a omaller inner diameter at
the exit, caid omaller inner diamater being approximatoly
equal teo the paid average inner diamcter; and

psaid at least one channel lumen epenc in an area
having said lager inner diameter,

26. The gyotem of elaim 22, furthor eomprioing:

at least ene genger in eoemmunicatien with scaid
tubing for monitoring at least one parameter ef tho blesd
within said tubing; and

a controller cooperating with gaid at leagt ene
channel to control the introduction of gas-supercaturated
fluid in response to said gengor.

27. The system of claim 26, compriging at Lcast
two sensors, wherein a first sencoer monitors oxyhemsglebin
gaturation level of the blood from the patient upotream of
gas-supersaturated fluid introduction and a gecend genser
measures the oxygen concentration in the bleood downstream of
gas-supersaturated f£luid introduction,

- 26 -




10

15

20

25

30

WO 99/08733 PCT/US98/16760

28. The system of claim 22, wherein a priming
volume of blood of not more than about 20 cc is required for

system priming.

29. A method for increasing the concentration of a
gas in the blood, comprising:

withdrawing blood from a subject into an
extracorporeal blood circulation circuit;

introducing gas-supersaturated fluid into the blood
at a site in said circuit while minimizing bubble formation;
and

returning the blood to the subject.

30. The method of claim 29, wherein bubble
formation is eliminated during and subsequent to gas-

supersaturated fluid introduction.

31. The method of claim 29, wherein said
introducing step comprises:

directing bloocd flow through a mixing passage; and

introducing the gas-supersaturated £luid centrally

within said passage and in axial alignment with said flow.

32. The method of claim 29, wherein said
introducing step comprises:

directing blood flow through a mixing passage
defined by a passageway inner wall; and

introducing the gas-supersaturated fluid along the
passageway inner wall at a predetermined angle to the blood
flow.

33. The method of claim 32, wherein said
predetermined angle is selected to minimize turbulence in the
hlood flow due to fluid introduction at prevailing flow
conditions.
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34. The method of claim 32, wherein said

predetermined angle is approximately forty-five degrees.

35. The method of claim 29, further comprising
reducing blood velocity where gas-supersaturated fluid is

5 introduced.

36. The method of claim 35, further comprising

increasing blood velocity subsequent to fluid introduction.

37. The method of claim 29, further comprising
10 accumulating a volume of blood upstream of fluid introduction

to smooth out flow variations at the fluid introduction site.

38. The method of claim 37, further comprising
introducing compressed gas into a space above said
accumulated blood volume.

15

39. The method of claim 29, further comprising
pumping blood through said circuit at a rate between about 25
and 8000 ml/min.

40. The method according to claim 29, further
20 comprising the steps of:
monitoring oxyhemoglobin saturation level of the
blood in the circuit upstream from the site of gas-
supersaturated fluid introduction; and
monitoring oxygen concentration in the blood
downstream of the site of gas-supersaturated fluid
25 jntroduction.

41. The method according to claim 29, further
comprising £il 2ring at least a portion of the fluid from the
blood to be returned to the subject.

30 42. The method of claim 29, wherein the gas-

supersaturated fluid is aqueous oxygen having an oxygen

- 28 -

e
.




10

15

20

25

30

WO 99/08733

PCT/US98/16760

concentration of at least 0.5 ml oxygen/ml fluid, wherein
oxygen volume is normalized to standard temperature and

pressure. -

43. The method according to claim 29, wherein the
subject is a human patient, said method further comprising:

placing a sheath within a blood vessel in the
patient and connecting the sheath to a circuit input;

placing a catheter introducer into a blood vessel
in the patient;

advancing an intravascular catheter through said
introducer; and

connecting a circuit output to said catheter.

44. The method according to claim 43, further
comprising the step of treating said circuit with a wetting
agent prior to said withdrawing step, said agent selected
from the group consisting of water, ethanol and a heparin

solution.

45. The method of claim 43, further comprising
placing a priming volume of blood in said circuit not greater
than about 20 cc.
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