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(57) Abstract: An apparatus for exchanging gases in a liquid is provided. The apparatus comprises a housing (12), a first inlet (14),
a gas exchange medium (16), a separator (18), a first outlet (20), and a second inlet and outlet (29, 24). The apparatus may further
comprise a circumferential collection gap (48) that collects liquid from the gas exchange medium (16) and directs it toward the
first outlet (20). Also, the apparatus may further comprise a compliant chamber (160) positioned near the first inlet. The compliant
chamber reduces the overall impedance of the apparatus. The apparatus is particularly well-suited for use as an implantable, artificial
lung. In this embodiment, the liquid comprises blood and the apparatus exchanges supplied oxygen for waste carbon dioxide.
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APPARATUS FOR EXCHANGING GASES IN A LIQUID
FIELD OF THE INVENTION

[0001] The present invention relates to an apparatus that allows for the
exchange of gases in a liquid sample. More specifically, the invention relates to a
blood oxygenator, which allows external oxygen to be incorporated into a blood
sample while carbon dioxide is removed from the sample.

[0002] The invention includes several features that make it particularly well
suited for use as an artificial lung. Indeed, the apparatus according to the present
invention has several characteristics that make it suitable for use in an
extracorporeal bypass circuit, as well as a temporary in vivo replacement for a

mammalian lung.

BACKGROUND OF THE INVENTION

[0003] Blood oxygenators are frequently used to accomplish the gas
exchange functions normally performed by the lungs. Conventional blood
oxygenators contain a gas exchange medium positioned adjacent a flowing stream
of blood. When attached to an oxygen supply, the blood is perfused with oxygen
and carbon dioxide is removed.

[0004] Typically, these devices are utilized when a patient's lungs are
temporarily disabled. The situations in which a patient needs a blood oxygenator
can generally be classified into two types: short term and indefinite term. Open
heart surgery provides an example of a short-term need for a blood oxygenator.
During this procedure, a patient's heart can be stopped temporarily. To continue
vital functions of the circulatory system, an extracorporeal bypass circuit is
constructed, in which a pump sends the patient's blood through a series of devices.
A blood oxygenator is frequently included in these circuits so that the patient's blood
can continue to deliver oxygen to the tissues of the body.

[0005] The prior art provides several examples of blood oxygenators that are
suitable for use in these extracorporeal bypass circuits. Unfortunately, the use of
these external circuits are not ideal for situations in which the need for an artificial

blood oxygenator spans an indefinite term. The extracorporeal bypass circuits are
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bulky, labor intensive, and expensive to operate. For these reasons and more,
these circuits are typically only used to manage the blood oxygenation needs of the
indefinite term patient who requires long term intensive care.

[0006] Many indefinite term patients are those awaiting a lung transplantation
procedure, which has become a well-established clinical procedure for several
respiratory maladies, including chronic obstructive pulmonary disease, emphysema,
cystic fibrosis, and idiopathic pulmonary fibrosis. Unfortunately, many patients who
would benefit from a lung transplant must wait to receive a suitable lung.
Furthermore, immunosuppressive therapy, which is commonly used prior to
transplantation procedures, is generally a contraindication to extracorporeal support,
such as by a bypass circuit, due to the risk of bacterial infections.

[0007] As a consequence, there is a need for a blood oxygenator that is
suitable for use in indefinite term patients. A blood oxygenator that is able to provide
gas exchange functions without imposing a significant load onto the heart would be
particularly desirable. Furthermore, an implantable blood oxygenator, which could
effectively serve as an artificial lung, would enhance the lifestyle of indefinite term
patients and provide a bridge therapy to lung transplantation.

SUMMARY OF THE INVENTION

[0008] The present invention provides an apparatus that allows for exchange
of gases in a liquid sample. In a particularly preferred embodiment, the invention
provides a blood oxygenator. The blood oxygenator according to the present
invention has several characteristics that make it suitable for use as an artificial lung
in indefinite term patients.

[0009] In one embodiment, the apparatus according to the present invention
comprises a housing having an inner surface, a first end and a second end. The
housing defines an interior chamber that has inner and outer portions. A gas
exchange medium is disposed in the outer portion of the interior chamber, and a
separator is disposed in the inner portion. The separator preferably extends
substantially along the length of the gas exchange medium.

[0010] The apparatus includes first and second inlets and first and second
outlets.
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[0011] The first inlet is adapted to introduce a stream of liquid into the interior
chamber, on an axial path extending from the first end of the housing to the second
end, and preferably directed toward the separator.

[0012] The first outlet allows the liquid to exit the apparatus after flowing
through or past the gas exchange medium. In the application described in detail
herein, the first inlet and outlet serve as a blood inlet and outlet.

[0013] The second inlet and second outlet are adapted to introduce and carry
away, respectively, gas from the gas exchange medium. In the application
described herein, the second inlet and outlet serve as an air or oxygen inlet and
outlet.

[0014] The separator functions to radially divert the stream of liquid off its
axial path and toward the gas exchange medium. Consequently, the liquid flows
principally radially through the gas exchange medium.

[0015] The outer portion of the housing's chamber may further define a
circumferential collection gap that collects liquid exiting from the gas exchange
medium and directs it toward the first outlet.

[0016] Preferably, the housing and first outlet both have a generally elliptical
cross-sectional shape. Particularly preferable, the ovoid shapes of these elements
are oriented such that a major axis of the elliptical shape of one element is
substantially perpendicular to a major axis of the elliptical shape of the other
element.

[0017] The apparatus of the present invention may also include a compliant
chamber placed on a communicative passageway that carries liquid to the first inlet.
In a preferred embodiment, the complaint chamber comprises a relatively non-elastic
chamber formed by the communicative passageway. One end of the chamber can
be fixedly attached to a surface while another end remains adjustable. Alternatively,
the compliant chamber can be formed of an elastic material. Also alternatively, the
compliant chamber can be placed in a sealed container having a fluid that surrounds
the chamber.  Furthermore, one or more springs could be utilized to store energy
and provide the desired compliance.

[0018] The apparatus may further comprise a means for warming and/or
cooling the liquid being passed through the device. In one embodiment, a
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conductive element, such as electrical tape, is disposed on the separator. The
electrical tape is responsive to an external temperature regulator and warms the
liguid, such as blood, when an electrical current passes through the tape.

[0019] The present invention provides an apparatus with impedance
characteristics that allow it to be incorporated into the circulation without placing a
significant load on the right heart. Indeed, the impedance characteristics of the
blood oxygenator according to the present invention allows for perfusion of the

oxygenator by the native circulation without detrimental effects on the right ventricle.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] Figure 1 is a perspective view of a blood oxygenator according to a
first preferred embodiment of the present invention.

[0021] Figure 2 is an end view, partially broken away, of the blood oxygenator
illustrated in Figure 1.

[0022] Figure 3 is a cross-sectional view of the blood oxygenator taken along
line 3,3 in Figure 2.

[0023] Figure 4 is a cross-sectional view of the blood oxygenator taken along
line 4,4 in Figure 3.

[0024] Figure 5 is a partial cross-sectional view of a blood oxygenator
according to a second preferred embodiment of the present invention and illustrates
the use of a compliant chamber in the oxygenator.

[0025] Figure 6 is a cross-sectional view, partially broken away, of a second
preferred embodiment of a compliant chamber in the blood oxygenator.

[0026] Figure 7 is a cross-sectional view, partially broken away, of a third
preferred embodiment of a compliant chamber in the blood oxygenator.

[0027] Figure 8 is a cross-sectional view, partially broken away, of a fourth
preferred embodiment of a compliant chamber in the blood oxygenator.

DETAILED DESCRIPTION OF THE INVENTION

[0028] The following description of preferred and alternate embodiments of
the invention provides examples of the present invention. The embodiments

discussed herein are merely exemplary in nature, and are not intended to limit the
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scope of the invention in any manner. Rather, the description of these preferred
embodiments serves to enable a person of ordinary skill in the relevant art to make
and use the present invention.

[0029] The present invention provides an apparatus for exchanging gases in a
liquid. The apparatus is particularly well suited for use as a blood oxygenator.
Figures 1 through 4 illustrate a blood oxygenator 10 in accordance with a first
preferred embodiment of the present invention.

[0030] The blood oxygenator 10 comprises a housing 12, a firstinlet 14, a gas
exchange medium 16, a separator 18, a first outlet 20, a second inlet 22, and a
second outlet 24.

[0031] The housing 12 comprises the main body of the oxygenator 10, and
has an exterior surface 26, an inner surface 28, a first end 30, a second end 32, and
a wall extending therebetween. The housing 12 defines an interior chamber 34 that
provides the space in which gas exchange functions are performed.

[0032] As best illustrated in Figure 2, the housing 12 preferably has an
elliptical cross-sectional shape. The elliptical shape confers several benefits onto
the oxygenator 10, including increased ease of handling and suitability for implanting
into the thoracic cavity of a mammal, such as a human.

[0033] The housing 12 is preferably comprised of a rigid material, such as a
plastic. The use of biocompatible materials known to those skilled in the art
facilitates the use of the oxygenator 10 as an implanted artificial lung. A particularly
preferred material for the housing 12 is polycarbonate.

[0034] The housing 12 defines the outermost surface of the oxygenator 10,
and therefore dictates the size of the oxygenator 10. Preferably, the housing 12 is
dimensioned such that the ratio of its major axis to its minor axis is between about 1
and 4. Particularly preferably, the ratio of major axis to minor axis is about 1.32.
The inventors have found that a blood oxygenator according to the present invention
that has a length of about 6.375" and a maximum height of about 4.219" facilitates
implantation of the oxygenator.

[0035] As indicated above, the interior chamber 34 provides the necessary
space for gas exchange to occur. As best illustrated in Figure 2, the interior

chamber 34 can be divided into two primary regions: an inner portion 36 and an
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outer portion 38. The inner portion 36 comprises the center of the chamber 34,
while the outer portion 38 comprises the periphery of the chamber 34, i.e. the area of
the chamber 34 that is adjacent the inner surface 28 of the housing 12. Since the
inner 36 and outer 38 portions are regions of the interior chamber 34, there is no
precise line that defines the regions.

[0036] As best illustrated in Figure 3, the first inlet 14 comprises a
communicative passageway that provides communication to the interior chamber 34
of the oxygenator 10. Preferably the first inlet 14 comprises a passageway that
traverses the first end 30 of the housing 12 at a point that allows the first inlet 14 to
provide direct access to the inner portion 36 of the interior chamber 34.

[0037] The first inlet 14 is preferably integrally formed by the housing 12.
Alternatively, any suitable communicative passageway can be utilized. Furthermore,
the first inlet 14 may define features that facilitate connection to another
communicative passageway, such as a section of a plastic tubing or the like. Such
features can include barbs, hooks, clamps, and any other suitable connection
feature. Alternatively, the first inlet 14 can be adapted such that it can be directly
attached, such as by sewing or other suitable means, to tubes or a vessel of the
native circulatory system.

[0038] The gas exchange medium 16 provides the surface area necessary for
the exchange of gases in the liquid to occur. Preferably, as best illustrated in Figure
4, the gas exchange medium 16 is disposed in the outer portion 38 of the interior
chamber 34, leaving the inner portion 36 free of the gas exchange medium 16. Also
preferable, the gas exchange medium 16 is disposed completely around the inner
portion 36 of the chamber 34.

[0039] The gas exchange medium 16 is adapted to carry a first gas, such as
oxygen, in such a manner that allows the gas to be taken up by a liquid contacting
the medium 16, such as blood. Further, the medium 16 is adapted to carry away
any excess of the first gas, as well as any other gas given off by the liquid, such as
carbon dioxide. Many examples of suitable gas exchange mediums are known in
the art, and any can be employed in the present invention. The medium preferably
comprises a plurality of individual hollow fibers, such as those discussed in United
States Patent No. 5,964,725 to Sato, et al. for a GAS EXCHANGE APPARATUS
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USING IMPROVED SILICONE RUBBER HOLLOW FIBER and 6,004,511 to
Biscegli for a HOLLOW FIBER OXYGENATOR. Alternatively, the gas exchange
medium 16 can comprise any suitable exchange medium known to those skilled in
the art. A particularly preferred gas exchange medium comprises a two-
dimensional mesh in which fibers along one dimension are hollow gas exchange
fibers and fibers in the second dimension are connecting support fibers.

[0040] Preferably, as best illustrated in Figure 3, the gas exchange medium
16 is seated within the housing 12. The seating of the medium 16 prevents
movement of the medium 16 that may interfere with operation of the oxygenator 10,
such as movement of the medium 16 toward or into the inner portion 36 of the
interior chamber. Preferably, a section of potting material 40 is disposed at both the
first 30 and second 32 ends of the oxygenator 10 and around the respective ends of
the gas exchange medium 16. The potting material 40 is preferably positioned to
separate the gas phase from the liquid phase within the oxygenator 10. Various
potting materials are used in conventional blood oxygenators, and a variety or types
will be known to those skilled in the art. United States Patent No. 6,113,782 to
Leonard for POTTING OF TUBULAR BUNDLES IN HOUSING provides an example
of suitable potting material.

[0041] During operation, blood enters the oxygenator 10 through the first inlet
14 along an axial path extending from the first end 30 toward the second end 32.
Because the gas exchange medium 16 is disposed around the inner portion 36 of
the interior chamber 34, the liquid must be radially diverted so that it can encounter
the medium 16. Accordingly, a separator 18 is employed. The separator 18
functions to radially divert the incoming stream of liquid off of its initial axial path and
toward the gas exchange medium 16. Further, the separator 18 can function to
prevent impingement of the liquid on the second end 32 of the oxygenator, or the
potting material 40 disposed therein.

[0042] As illustrated in Figure 3, the separator 18 is disposed in the inner
portion 36 of the interior chamber 34 along the lengthwise axis of the housing 12.
Preferably, the separator 18 comprises an element separate from the housing 12,
and one end of the separator 18 is fixedly secured to the second end 32 of the
housing 12, i.e., the end opposite the first inlet 14. This attachment can be direct to
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the housing 12, or alternatively, to the potting material 40, which is secured to the
housing 12. Alternatively, the separator 18 can be integrally formed with the interior
surface of the housing. Also preferable, the separator 18 extends substantially
along the length of the gas exchange medium 16. Preferred lengths for the
separator 18, as compared to the length of the gas exchange medium 16, are within
the range of about 50% to about 99%. Particularly preferable, the separator 18 is
between about 75% and 95% of the length of the medium 16. Most preferable, the
separator 18 is approximately 90% as long as the gas exchange medium 16.

[0043] The separator 18 is preferably conical in shape. As illustrated in
Figure 3, the separator 18 is preferably positioned such that the tip of the conical
form is substantially opposite the first inlet 14. Also preferable, the cross-sectional
shape of the separator 18, at any position along its length, is generally elliptical.
Furthermore, the separator 18 may define a tapered surface 42 at a point near the
end secured to the housing 10. This tapered surface 42 prevents the incoming
stream from impinging on the potting material 40 or inner surface 28 of the housing
10 at the second end 32, i.e., the end opposite the first inlet 14. This also lowers the
pressure drop that occurs across the gas exchange medium 16. As illustrated in
Figure 3, the opposite end of the separator 18, i.e., the end near the first inlet 14,
preferably draws to a point.

[0044] The overall shape of the separator functions to prevent significant
pressure drop across the oxygenator 10. For example, the point near the first inlet
14 allows the separator 18 to radially divert incoming fluid while providing minimal
resistance to flow. Also, the tapered surface 42 at the opposite end allows the
separator 18 to effectively divert a flowing stream of liquid having less volume
toward the gas exchange medium 16.

[0045] Being positioned within the housing 10, the separator 18 comes into
contact with liquid flowing through the oxygenator 10 during operation. As indicated
above, the liquid will frequently comprise blood, which contains numerous living
cells. Accordingly, the separator 18 is preferably formed of a biocompatible material,
such as biocompatible plastic. Particularly preferable, the separator 18 is fabricated

from the same material as the housing 12.
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[0046] The first outlet 20 comprises a communicative passageway that
provides fluid communication between the interior chamber 34 of the oxygenator 10
and the external environment. For example, the first outlet 20 can be connected to
the remainder of an extracorporeal bypass circuit, or to the pulmonary artery of a
patient. In the flow path, the first outlet 20 is positioned after the gas exchange
medium 16. Accordingly, the first outlet 20 functions to carry away liquid that has
encountered the medium 16, i.e., liquid that has undergone gas exchange.

[0047] As best illustrated in Figure 3, the first outlet 20 preferably comprises a
collection portion 44 and an outlet portion 46. The collection portion 44 provides the
opening that collects liquid from the gas exchange medium 16, and the outlet portion
46 provides the passageway that allows the liquid to exit the oxygenator 10.
Preferably, the collection portion 44 comprises a tapered region having an opening
that extends substantially along the length of the gas exchange medium 16. This
allows for even collection of liquid from the medium 16 and helps to prevent
pressure drop. The taper preferably proceeds from a narrow end located near the
second end 32 of the housing 12, to an enlarged end located near the first end 30.
Preferably, the taper proceeds at an angle of between approximately 5° and 20°
from parallel to the lengthwise axis of the oxygenator 10. Particularly preferable, the
taper proceeds at an angle of approximately 9.7° degrees from parallel to the
lengthwise axis of the oxygenator 10. The enlarged end provides the transition, i.e.,
direct fluid communication, from the collection portion 44 to the outlet portion 46.
[0048] As best illustrated in Figure 2, the collection portion 44 preferably has
an elliptical cross-section shape. Particularly preferable, a major axis of the elliptical
cross-sectional shape of the collection portion 44 is substantially perpendicular to a
maijor axis of the elliptical cross-section shape of the housing 12.

[0049] As best illustrated in Figure 1, the collection portion 44 preferably
tapers such that the outlet portion 46 has a circular cross-sectional shape. The
circular cross-sectional shape facilitates connection of the first outlet 20 to a
communicative passageway that carries away exiting liquid, such as a vascular graft
or a section of tubing.

[0050] Preferably, the first outlet 20 is integrally formed by the housing 12.
Also preferable, the outlet portion 46 is substantially parallel to the first inlet 14. The
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first outlet 20, in a manner similar to that described above for the first inlet 14, is
preferably adapted to facilitate connection to tubes or other passageways, or even to
facilitate direct attachment, such as by sewing, to a vessel of the native circulatory
system.

[0051] The oxygenator 10 may further include a third outlet 20a. As illustrated
in Figure 1, the third outlet 20a is preferably identical to the first outlet 20. The third
outlet 20a is in fluid communication with the interior chamber 34. As shown in the
figure, the third outlet 20a preferably has an identical form and configuration as the
first outlet 20. Also preferable, the third outlet 20a is preferably positioned opposite
the first outlet 20 in the housing 12, such that it is a mirror image of the first outlet 20.
In this embodiment, a connector of some type, such as a Y-connector, can be used
to join passageways extending from the first 20 and third 20a outlets into a common
passageway.

[0052] The second inlet 22 and second outlet 24 provide fluid communication
with the gas exchange medium. The second inlet 22 defines a communicative
passageway that allows an external gas source, such as an oxygen reservoir, to
introduce a gas into the medium 16. The second outlet 24 defines a communicative
passageway that is able to carry away excess supplied gas and/or a waste gas,
such as carbon dioxide, from the medium 16.

[0053] Preferably, both the second inlet 22 and second outlet 24 are integrally
formed by the housing 12. Also preferable, both the second inlet 22 and second
outlet 24 define structural features, as described above for the first inlet 14 that
facilitate connection to external communicative passageways, such as tubing and
the like.

[0054] As best illustrated in Figure 3, a clearance 48 preferably exists
between the inner surface 28 of the housing 12 and the gas exchange medium 16.
The clearance 48 is preferably formed by leaving a shoulder 50 in the potting
material 40, near the inner surface 28 of the housing, that does not seat any portion
of the gas exchange medium 16. This creates the clearance 48 between the
medium 16 and the inner surface 28. Alternatively, the housing 12 can define a
series of shoulders, recesses, and/or other structural features to form the clearance
48.

10
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[0055] Preferably, as best illustrated in Figure 4, the clearance 48 forms a
circumferential gap that extends around the inner surface 28 of the housing 12. The
gap 48 is preferably between about 0.05" and 0.25", and preferably uniform around
the inner surface 28 of the housing. Particularly preferable, the gap 48 is about
0.10".

[0056] As best illustrated in Figure 3, the clearance 48 preferably merges into
the collection portion 44 of the first outlet 20. Thus, the clearance 48 is in fluid
communication with the first outlet 20. This allows the clearance 48 to collect liquid
that has passed through the gas exchange medium 16 and direct it into the first
outlet 20.

[0057] The oxygenator 10 may also contain a heater that is adapted to warm
blood or another liquid that enters the device. A variety of suitable heaters are
known in the art and any can be used. Examples of suitable heaters include heat
exchange tubes positioned proximate the gas exchange fibers and a conductive
element disposed on a surface of the oxygenator 10. Figure 3 illustrates an example
of a conductive element used as a heater. In this embodiment, an electrical tape 52
is disposed on the separator 18, thereby being positioned to contact blood entering
the oxygenator 10. The electrical tape 52 warms when a current is passed through
it, thereby enabling it to warm the blood. Preferably, the electrical tape 52 is
responsive to an external temperature regulator or an internal temperature sensor.
[0058] The oxygenator 10 may further include one or more sensors 54. The
sensor(s) 54 can comprise any sensor adapted to measure various characteristics of
the liquid being passed through the oxygenaotr 10. For example, when the
oxygenator 10 is used to oxygenate blood, the sensor(s) 54 can include sensors
adapted to measure O, concentration in the blood, CO. concentration in the blood,
pressure flow, flow rate through the first 14 and/or second 22 inlets, temperature of
the blood, pH of the blood, and hemoglobin concentration in the blood. Preferably,
the sensor(s) 54 is adapted to provide an output signal to an external device such as
a computer and/or printer. Various sensors in accordance with these preferred
characteristics are known in the art and will not be described in detail herein.

[0059] Figure 5 illustrates a blood oxygenator 110 according to a second
preferred embodiment of the invention. This embodiment is similar to the first

11



WO 03/018088 PCT/US02/26519

preferred embodiment, except as described below. Accordingly, like reference
numbers in Figure 5 refer to similar features and/or components illustrated in Figures
1,2,3 and 4.

[0060] In this embodiment, the oxygenator 110 includes a compliant chamber
160 located near the first inlet 114. The compliant chamber 160 allows the
oxygenator 110 to receive the ejection volume of the right ventricle of the heart
without placing a significant load on the right ventricle. The compliant chamber 160
allows for a change in volume when pressure is changed, thereby lowering overall
impedance of the oxygenator 110. The inventors have discovered that the ability of
the compliant chamber 160 to dampen impedance harmonics increases as the
chamber is moved closer to the right heart.

[0061] The compliant chamber 160 is preferably disposed proximate the first
inlet 114. Preferably, as illustrated in Figure 5, the compliant chamber 160 is
positioned in line with a communicative passageway 162 that ultimately connects to
the first inlet 114. The communicative passageway 162 can be a vascular graft,
tubing, or any other suitable passageway. Alternatively, the compliant chamber can
be placed within the housing.

[0062] Preferably, the compliant chamber 160 defines an enlarged region in
the passageway 162. In this embodiment, the chamber 160 can be a bulbous-or
other shaped region that is integrally formed in the passageway 162. Preferably, the
chamber 160 comprises a relatively non-elastic material, such as polyurethane or a
silicone-polyurethane copolymer. When secured for use with the oxygenator 110,
the chamber 160 is preferably slightly elongated such that it is slightly deformed.
The chamber 160 is then able to passively fill with the ejection volume of the right
ventricle. (approximately 60-70 cc for human hearts).

[0063] Alternatively, the communicative passageway can comprise a flexible
tubing, such as a segment of silicone or silicone-urethane copolymer tubing. The
passageway forms the compliant chamber when the passageway receives fluid.
The flexible nature of the passageway allows the passageway to expand upon
receiving liquid, thereby forming the compliant chamber. Upon filling, the compliant
chamber elastically recoils and propels the liquid into the first inlet of the oxygenator
110.

12
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[0064] As illustrated in Figure 6, one end 164 of the chamber 160 can be
fixedly attached to a surface 166, such as a support brace 168. In this embodiment,
another end 170 of the chamber 160 is attached to an adjustable surface 172 of the
brace 168. This allows the length of the chamber 160 to be adjusted, which allows
for the adjustment of the compliance of the chamber 160.

[0065] Figure 7 illustrates an alternate brace 174 for use with the chamber
160. In this embodiment, the brace includes two surfaces 176,178 for securing two
opposing ends of the chamber 160. Springs 180 are disposed between the surfaces
176,178 such that the surfaces 176,178 are connected to each other. The springs
180 are preferably enclosed or covered to facilitate implantation. Also, the springs
180 are preferably adjustable, and serve to allow for adjustment of compliance of the
chamber 160.

[0066] As illustrated in Figure 8, the compliant chamber 160 can be positioned
within a sealed rigid container 182. In this embodiment, a fluid, such as a gas or
liquid, is placed within the sealed container 182 and around the compliant chamber
160. This allows the compliance of the chamber 160 to be regulated by the pressure
of the fluid in the container 182.

[0067] The present invention also provides a method of operating a blood
oxygenator. The method is particularly well suited for operating a blood oxygenator
that has a housing defining an interior chamber, a blood inlet in fluid communication
with an inner portion of the interior chamber, a gas exchange medium disposed in an
outer portion of the interior chamber, a blood outlet in fluid communication with the
gas exchange medium and a gas inlet and outlet in fluid communication with the gas
exchange medium.

[0068] The method preferably comprises introducing blood into the inner
portion of the interior chamber by passing the blood through the blood inlet along an
axial path that extends substantially from one end of the oxygenator to the opposite
end, radially diverting the blood toward the outer portion of the interior chamber such
that the blood passes through the gas exchange medium, and directing the blood
through the blood outlet such that it exits the oxygenator. The radially diverting the
blood is preferably accomplished by utilizing a separator in the interior chamber of
the oxygenator, as described above.
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[0069] In order to facilitate gas exchange, the method preferably further
comprises introducing a gas, such as oxygen or air, into the gas inlet such that it
passes through the gas exchange medium and exits the oxygenator through the gas
outlet.

[0070] it will be readily understood that, while the invention has been
described herein as being particularly well suited for oxygenating blood, in which the
liquid comprises blood and the gas comprises oxygen or air, the invention can also
be used in any other application in which it is desired to introduce a gas into a liquid.
For example, various anesthetics can be delivéred into the device in order to
introduce the anesthetic into a patient's blood.

[0071] All references cited herein, except to the extent they contradict any
statement or definition made herein, are herby incorporated into this disclosure in
their entirety.

[0072] The foregoing disclosure includes the best mode devised by the
inventors for practicing the invention. It is apparent, however, that several variations
in accordance with the present invention may be conceivable to one of ordinary skill
in the relevant art. Inasmuch as the foregoing disclosure is intended to enable such
person to practice the instant invention, it should not be construed to be limited
thereby, but should be construed to include such aforementioned variations, and

should be limited only by the spirit and scope of the following claims.
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CLAIMS

We claim:
1. An apparatus for exchanging gases in a liquid, comprising:

a housing having a first end, a second end, an inner surface, and
defining an interior chamber;

a first inlet in fluid communication with the interior chamber and
positioned to introduce said liquid into the interior chamber substantially along an
axial path extending from the first end toward the second end;

a gas exchange medium disposed in the interior chamber;

a separator disposed in an inner portion of the interior chamber, the
separator extending substantially along the length of the gas exchange medium and

adapted to divert a stream of said liquid radially outward toward the gas exchange

medium;
a first outlet in fluid communication with the interior chamber;
a second inlet in fluid communication with the gas exchange medium;
and
a second outlet in fluid communication with the gas exchange medium.
2. An apparatus in accordance with claim 1, wherein a clearance exists

between the gas exchange medium and the inner surface of the housing.

3. An apparatus in accordance with claim 1, wherein the clearance
comprises a circumferential collection gap between the inner surface and the gas
exchange medium.

4, An apparatus in accordance with claim 3, wherein the circumferential
gap extends substantially along the length of the gas exchange medium.

5. An apparatus in accordance with claim 1, wherein the separator

defines a generally conical shape.
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6. An apparatus in accordance with claim 1, wherein the separator is

spaced from the gas exchange medium.

7. An apparatus in accordance with claim 1, wherein an end of the

separator is fixedly attached to the housing.

8. An apparatus in accordance with claim 1, wherein the gas exchange

medium comprises a plurality of gas exchange fibers.

9. An apparatus in accordance with claim 8, further comprising potting
material disposed at the first and second ends of the housing, wherein the gas
exchange fibers are seated in the potting material.

10. An apparatus in accordance with claim 1, wherein the first outlet
comprises a collection portion and an outlet portion, and wherein the collection
portion extends substantially along the length of the gas exchange medium.

11.  An apparatus in accordance with claim 10, wherein the collection
portion has a narrow end and an enlarged end, and wherein the enlarged end
directly communicates with the outlet portion.

12.  An apparatus in accordance with claim 10, wherein the collection
portion has a generally elliptical cross-sectional shape and the outlet portion has a

generally circular cross-sectional shape.

13.  An apparatus in accordance with claim 1, wherein the housing has a
generally elliptical shape.

14.  An apparatus in accordance with claim 13, wherein the first outlet has
a generally ovoid shape.

16
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15.  An apparatus in accordance with claim 14, wherein a major axis of the
elliptical shape of the housing is substantially perpendicular to a major axis of the
elliptical shape of the first outlet.

16. An apparatus in accordance with claim 1, further comprising a
communicative passageway connected to the first inlet and adapted to carry said
liquid to the first inlet, and a compliant chamber disposed on the communicative
passageway.

17.  An apparatus in accordance with claim 16, wherein the compliant
chamber comprises a chamber formed by the communicative passageway and

adapted to passively fill with said liquid.

18.  An apparatus in accordance with claim 16, wherein one end of the
compliant chamber is fixedly attached to a surface.

19.  An apparatus in accordance with claim 16, wherein the compliant
chamber is comprised of an elastic material.

20. An apparatus in accordance with claim 16, further comprising a rigid
container disposed about the compliant chamber.

21.  An apparatus in accordance with claim 20, wherein the rigid container

is sealed and contains a fluid disposed about the compliant chamber.

22.  An apparatus in accordance with claim 1, further comprising a third

outlet in fluid communication with the interior chamber.

23.  An apparatus in accordance with claim 22, wherein the third outlet is
positioned opposite the first outlet.

17



WO 03/018088 PCT/US02/26519

24.  An apparatus in accordance with claim 22, wherein the third outlet is a
mirror image of the first outlet.

25.  An apparatus in accordance with claim 1, further comprising a sensor
adapted to measure a characteristic of said liquid while within said apparatus.

26. An apparatus in accordance with claim 25, wherein the sensor is an
oxygen concentration sensor, a carbon dioxide concentration sensor, a pressure
flow sensor, a flow rate sensor, a temperature sensor, a pH sensor, or a hemoglobin

concentration sensor.

27.  An apparatus for exchanging gases in a liquid, comprising:
a housing having an inner surface, a first end, and a second end, and
defining an interior chamber having inner and outer portions;
a first inlet in fluid communication with the inner portion of the interior

chamber;

a gas exchange medium disposed in the outer portion of the interior
chamber;

a first outlet in fluid communication with the outer portion of the interior
chamber;

a second inlet in fluid communication with the gas exchange medium;
and

a second outlet in fluid communication with the gas exchange medium;
a separator disposed substantially opposite the first inlet and adapted
to radially divert said liquid entering the interior chamber toward the gas exchange

medium.

28. An apparatus in accordance with claim 27, wherein the separator

defines a generally conical shape.

29.  An apparatus in accordance with claim 27, further comprising a heater
adapted to change the temperature of said liquid.

18
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30. An apparatus in accordance with claim 29, wherein the heater
comprises a conductive element disposed on the separator and adapted to warm

said liquid when an electrical current is passed through the conductive element.

31.  An apparatus for exchanging gases in a liquid comprising:

a housing having an inner surface, a first end, and a second end, and
defining an interior chamber having inner and outer portions;

a first inlet in fluid communication with the interior chamber and
positioned to introduce a stream of said liquid into the interior chamber substantially
along an axial path extending from the first end to the second end;

a gas exchange medium disposed in the outer portion of the interior
chamber such that a clearance exists between the gas exchange medium and the
inner surface of the housing;

a conical separator disposed in the inner portion of the interior
chamber, the separator extending substantially along the length of the gas exchange
medium and adapted to radially divert a stream of said liquid entering the interior
chamber through the first inlet toward the gas exchange medium;

a first outlet in fluid communication with the interior chamber;

a second inlet in fluid communication with the gas exchange medium;
and

a second outlet in fluid communication with the gas exchange medium.
32. An apparatus in accordance with claim 31, wherein the clearance
forms a circumferential gap between the inner surface of the housing and the gas

exchange medium.

33. An apparatus in accordance with claim 32, wherein the clearance
merges with the first outlet.

19
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34. A method of operating a blood oxygenator having a housing defining
an interior chamber with an inner portion and an outer portion, and a gas exchange
medium disposed in the outer portion of the interior chamber, the method
comprising:

introducing a liquid into the inner portion of the interior chamber;

diverting the liquid radially outward toward the outer portion of the
interior chamber and passing the liquid radially through the gas exchange medium to
oxygenate the liquid;

collecting the liquid after passing through the gas exchange medium;
and

expelling the liquid through an outlet.

35. The method in accordance with claim 34, further comprising

introducing a gas such that the gas passes through the gas exchange medium and
exits said blood oxygenator through a second outlet.

20
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