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DE-AIRING OXYGENATOR FOR TREATING BLOOD IN AN
EXTRACORPOREAL BLOOD CIRCUIT

Backeround

B3} The present disclosure relates to extracorporeal blood circuit devices, and
related methods of use. More particularly, 1t relates to devices for de-aering and
oxygenating blood in an extracorporeal blood circuit, along with other possible

treatments such as temperature control.

62} An  extracorporeal  blood  circuit  is commonly  used  during
cardiopulmonary bypass to withdraw blood from the venous portion of the
patient’s circulation system (via a venous cannula) and return the blood to the
arterial portion {via an arterial canmula). The extracorporeal blood circuit
typicaily includes a venous drainage line, a venous blood reservoir, a blood
pump, an oxygenaior, a heat exchanger, one or more filters, and blood

transporting tuibing, ports, and connection pieces interconnecting the components,

03] Blood oxygenators are disposable components of extracorporeal circuits
and are used to oxygenate blood. In general terms, the oxygenator takes over,
either partially or completely, the normal gas exchange function of the patient’s
hungs.  The oxygenator conventionally employs a wicroporous membrane or
bundie comprised of thousands of microporous or semipermesble hollow fibers.
Blood flow i3 directed around the outside surfaces of hollow fibers.
Concurrently, an oxygen-rich gas mixture is passed through the fiber lumens.
Due 1o the relatively high concentration of carbon dioxide in the blood arriving
from the patient, carbon dioxide is transferred from the blood, diffusing across
the microporous fibers and into the passing stream of oxygensting gas. Af the
saroe time, oxygen 18 fransferred from the oxygenating gas, diffusing across the
fibers and mto the blood. The oxygen content of the blood 1s thereby raised, and

the carbon dioxade content is reduced.

64} Typically, the patient’s blood is contimuously pumped through the heat

exchanger component prior to interfacing with the oxygenator. The heat

—
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exchanger core is generally made of a metal or plastic that is able to transfer heat
effectively to blood coming into contact with the metal or plasticc.  With
extracorporeal blood circuit applications, the heat exchanger core is normally
formed by a series or bundle of capillary tubes. A suitable heat transfer {luid,
such as water, is pumped through the heat exchanger core, separate from the
blood but in heat transfer relationship therewith. The water s either heated or
cooled externally of the heat exchanger, with the heat exchanger functioning to
control or adjust a temperature of the blood i a desired direction.  Afier
contacting the heat exchanger core, the blood then typically flows to the
oxygenator. In fact, many coromercially available oxygenator devices integrate a
heat exchanger core with a membrane-type oxygenator. With these integrated,
combination devices, the oxygenator membrane bundle can be disposed divectly

over the heat exchanger core’s capillary tubes.

(LY Conventionally, the filter device (c.g., an arierial filter) is fhuidly
connected within the extracorporeal circuit downstream from (or upstream of) the
oxygenator, and operates (o remove gross air (e.g., air bubbles) and particles on
the order of 20-40 microns, as well as trap gaseous microembeli {GME). Known
arterial blood filters are available from Medironic, Inc. under the trade name
Affinity® Arterial Filter, and incorporate a membrane or screen filter media with
a sufficiently small porosity for capturing GME. The oxygenator and arterial
filter devices normally are physically separated coraponents or devices of the

cireuit.

[06] While implementation of the scparate oxygenator and arterial filter
devices as part of an exiracorporeal blood circuit is well accepted, certain
concerns oay arise. An arterial fGlter typically adds 200 mb {or more) of prime
volume to the extracorporcal blood circuif; this added prime volume is
undesirable as it can lead to increased hemodilution of the patient. As a point of
reference, in practice, it is necessary to mitially fill the venous and arterial
cannolac with the patient’s blood and to prime (i.e., completely {11) the
extracorporeal blood circuit with a2 biocompatible prime solution before the
arterial Tine and the venous return hines are coupled to the blood filled canmulac

mserted into the patient’s arterial and venous systems, respectively. The volume

[y
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of blood and/or prime sohition hiquid that is pumped into the extracorporeal blood
circuit to “prime” is referred to as the “prime volume”.  Typically, the
extracorporeal blood circuit is first flushed with CO» prior to priming.  The
priming flushes out any extraneous CO; gas from the extracorporeal blood circut
prior to the introduction of the patient’s biood. The larger the prime volume, the
greater the amount of privoe solution present in the exiracorporcal blood cireuit
that otherwise mixes with the patient’s blood. The mixing of the blood and prime
solution may caose hemodihution that is disadvantageous and undesirable because
the relative concentration of red blood celis must be maintained during the
surgical procedure in order to minimize adverse effects to the patient. It is
therefore desirable to minimize the exiracorporeal blood circuit’s prime volume

{and thus the required volume of prime sohution).

[67] Devices have been proposed that combine or integrate the arterial filter
with the oxygenator. Many of these combination-type devices remove air and
particles either post-oxygenation phase or integral with the oxygenation phase
{e.g., an arterial filter media disposed within a thickness of the oxygenator’s

wound hollow fiber bundle}. In some instances, this may be less than optimal

For example, directing macro air-containing blood through a GME-type filter

media during or after the oxygenation phase could allow for the gross or macro

air to be “chopped” up into micro air, possibly increasing an amount of the more

difficult fo remove gaseous microemboii

[63] With other oxygenator device designs, incoming blood flow s
compressed to separate gas from the blood prior to oxygenation. Yet others pass
the blood flow through a tortuous path via multipic windows and channels.
These approaches may also be problematic. The cells {(e.g., red blood cells, white
blood cells, platelets) in human blood are delicate and can be travmatized if
subjected to shear forces. Therefore, the blood flow velocity mside the
oxygenator {as well as other components of the extracorporeal blood cireuit) must
not be excessive. The configuration in geometry, along with required velocities
of the blood, makes some de-acring and oxygenstion devices traumatic to the
blood and thus unsafe. fn addition, the devices may create re-circulations

r

{eddies) or stagnant areas that can lead to clotting, Thus, the configuration and

~
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geometry of the various circuit components for a blood Hlow path is desired to not
create re-circulations (oddies) or stagnant arcas that can lead to blood clot

production.

(9] in lght of the above, a need exists for an extracorporeal blood circuit
oxygenator device that that combines the atiributes of a filter with an oxygenator

by affecting de-aering of the blood prior to the oxygenating phase and by filtering

particulate, with minimal pressure drop and exposure to shear forces.

Summary
116] Some aspects in accordance with principles of the present disclosure

relate to an apparatus for de-acring, oxygenating and controliing a temperature of
blood n an extracorporeal blood circuit.  The apparatus includes a housing, a
blood inlet, a manifold body, a heat exchanger, an oxygenator, and a blood outlet.
The housing generally defines a first chamber and a sccond chamber. The first
chamber is fluidly open to the second chamber. The blood et is fluidly open to
the first chamber and arranged relative to a side wall thereof so as to direct
mncoming blood tangentially into the first chamber. The manifold body is
disposed in the second chamber, and includes a central core and a plurality of
vanes. The core {orms a head. The vanes project from an outer surface of the
core to define a plurahity of channels. The manifold body is arranged within the
housing such that the head is aligned with the first chamber. The heat exchanger
includes a plurality of heat transfer elemenis arranged around the manifold body.
Upon final assembly, the channels are open to the heat exchanger. The
oxygenator includes a plurality of gas exchange elements arranged around the
heat exchanger. The blood outlet is fluidly open to the sccond chamber. With
this construction, the apparatus establishes a blood flow path from the blood miet
to the blood outlet. The blood flow path includes rotational flow within the first
chamber to separate air from the blood, generally longitudinal flow from the first
chamber and along the channels, and generally radial flow from the chamoels,
through the heat exchanger and the oxygenator, and to the outlet. fn some
embodiments, a top surface of the head 1s longitudinally spaced from the blood

inlet, and cstablishes a de-acring region within the first chamber at which the

4.
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rotational flow is established. In this regard, the top surface is longitudinally
helow the blood inlet. In other embodiments, the side wall of the first chamber
has a vniform dismeter such that blood flow from the first chamber is not
compressed. In yet other embodiments, the apparatus {urther inchides a filter
media within the second chamber and along the biood flow path. With this

construction, gross air removal occurs i the first chamber, prior to the blood

flow passing through the heat exchanger, oxygenator, and filter roedium.

11§ Yet other aspects in accordance with principies of the present disclosure
relate to an apparatus for de-aering, oxygenating and controlling a temperature of
blood in an extracorporeal blood circuit.  The apparatus includes a housing,
manifold body, a blood inlet, a heat exchanger, and oxygenator, and a blood
outlet. The housing defines a central axis. The manifold body is disposed within
the housing and is arranged co-axial with the central axis. The manifold body
includes a core. Further, the housing and the manifold body combine to define a
de-acring region having a cyhindrical side wall and bounded along the central axis
by a top wall and a low pressure support surface opposite the top wall. The blood
inlet 13 flaidly open to the de-aering region and arranged relative to the side wall
to direct incoming blood tangentially into the de-acring region. in this regard, the
low pressure support surface s longitudmally offset from the blood inlet such
that a vortex flow induced into the incoming bloed at the de-aering region is
gstablished on the low pressure support surface. The heat exchanger is disposed
within the housing and jocludes a phurality of heat wansfer elements arranged
around the manifold body. The oxvgenator 15 alse disposed within the housing
and mncludes a plurality of gas exchange elements aranged around the heat
exchanger. Finally, the blood outlet is fhuidly open to an interior of the housing
downstream of the oxygenator. With this construction, the apparatus establishes
a blood flow path from the blood inlet to the blood outlet. The blood {low path
includes vortex flow in the de-acring region to separate air from blood, generally
longitudinal flow from the de-aering region along the core, and generally radial
flow from the core and through the heat exchanger and oxygenator, and to the
outlet. The apparatus removes gross air from the blood flow at the de-aering

egion and thus prior {o interaction with the heat exchanger and oxygenator
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Brief Description of the Drawings

FIG. 1A 1s a perspective view of an apparatus in accordance with

principles of the present disclosure, with portions cut away;
FIG. 1B is a cross-sectional view of the apparatus of FIG. 1A;

FIG. ZA is a perspective view of a housing component of the apparatus of

FIG. 1A
FIG. 2B is a cross-sectional view of the housing of FIG. 24;
FIG. 2C is a cross-sectional view of the apparatus of FIG. 1A;

FIG. 3A is a perspective view of a manifold body component of the

apparatus of FIG. 1A;

FIG. 3B i3 a simplified cross-sectional view of a portion of the manifold

body of FI(G. 3A;

FIG. 4 is a cross-sectional view illustrating assembly of the manifold

body of FIG, 3A within the housing of FIG. ZA;

FIG. 5 18 a schematic drawing of a cardiopulmonary bypass circuit

including the apparatus of FIG. 1A; and

FIG. ¢ is a cross-sectional side view of the apparatus of FIG. 1A showing

bicod flow through the apparatus.

Detailed Deseription

(Oue embodiment of an apparatus 20 in accordance with principles of the
present disclosure and useful for treating blood m an extracorporeal blood cireut
is shown in FIGS. 1A and 1B. The apparatus includes a housing 22, a manitold
body 24, a heat exchanger 26, and an oxygenator 28. Details on the various
components are provided below. In general terms, however, a portion of the
housing 22 {(e.g., an upper end cap 40 shown in FIG. 2A and described below)

and the manifold body 24 combine to form a de-aering region or bubble trap 30.

-5 -
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A blood inlet 32 is arranged relative to the de-aering region 30 so as to divect
incoming blood tangentially into the de-aering region 30. A blood outlet 34 is
connected to the housing 22, downstream of the heat exchanger 26 and the
oxygenator 28. A blood flow path is defined from the blood inlet 32 to the blood
outfet 34, with gross air removal occurring within the de-aering region 30, and
prior to interaction of the blood with the heat exchanger 26 or the oxygenator 28,
The apparatus 20 thus performs gross air removal, temperature conirol, and
oxygenation of the patient’s blood {88 part of an extracorporeal blood circuit)
with minimal tmpact on the circuit’s overall prime volume. Optionally, the
apparatus 20 can further include a filier media 36 {referenced generally in FIG,
1B) akin to an arterial fher media downstream of the de-aerng region 30 for
trapping GME and/or particalates. As a point of reference, “gross air” removal at
the de-aering region 30 is understood by those of ordinary skill in the art fo
generally include relatively large volume amr bubbles that would otherwise
simulate a CVR draining.  In some embodiments, gross air removal can be
estimated by injecting a 30 cc bolus of air inio the apparatus 20 and measuring
whether any awr comes out of the apparatus 20. o alternative embodiments,
apparatuses in accordance with principles of the present disclosure omit one or

both of the heat exchanger 26 and/or the oxvgenaior 28.
£ YE

123} One embodiment of the housing 22 is shown in greater detail in FIGS. 2A
and 2B, and can assume a variety of forms. The housing 22 can include various
components separately formed and subsequently assembled to one another, such
as a first or upper end cap 40, a central portion 42, and a second or lower end cap
44, The end caps 40, 44 are configured for assembly to opposing ends of the
central portion 42 as shown. In other constructions, the central portion 42 is
integrally formed with one or both of the end caps 40, 44. The housing 22 can be
made of a transparent medical grade wmatenal, such as a transparent
polycarbonate, so that a user is able to observe the flow of blood through the

apparatus 20 (Fi(G. 1A}

[24] The first end cap 40 can incorporate various features, and generally
defines a first chamber 50 via a side wall 52 (shown best in FIG. 28). A

cylmdrical shape of the side wall 52 defines a central axas C of the first chamber
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50. The first chamber 50 serves as part of the de-aering region 30 (FIGS. 1A and
1B) as described below, and the side wall 52 can have a substantially uniform
diameter (c.g., within 5° of a true uniform diameter) in longitudinal or axial
extension along the central axis C. The first chamber 50 is {urther defined by a
top wall 54, with an air purge port 56 formed at or by the top wall 54 being

fluidly open to the first chamber 50.

125} As reflected in FIG. 2A, the blood inlet 32 is imtegrally formed by the first
end cap 40. Alternatively, the blood inlet 32 can be separately formed, and
subsequently assembled to, the first end cap 40. Regardless, the blood inlet 32 is
fhuidly open to the first chamber 50 at an opening 58 in the side wall 52 as best
shown in FIG. 2C. To this end, the bicod inlet 32 (FIG. 2A) 18 arranged such that
the opeming 58 opens tangentially along a horizontal plane (i.e., perpendicular to
the central axis C) into the first chamber 50. With this construction, the blood
inlet 32 directs incoming blood substantially tangentially into the first chamber
50, and is sized, relative to the expected volume and flow rate of incoming blood,
o produce a rotational flow along the side wall 52, and m particular a vortex
flow. Btated otherwise, the blood inlet 32 is located so that it exiends over a
tangent to the side wall 52, and thereby delivers incoming blood off the central
axis C of the fivst chamber 50 and directly fo the side wall 52 substantially
tangentially thereto (Le., within 3% of a true tangential relationship). Due to the
substantially tangential delivery of the incoming blood, the incoming blood is set

in the miterior of the {irst chamber 50 into a rotational motion.

[26] The central portion 42 has a substantially cylindrical shape, and when
assembled to the frst end cap 40, generally defines a second chamber 70 as best
shown in FIG. 2B, The fret chamber 50 is thadly open to the second chamber
70, with the second chamber 70 having an enlarged volume as compared to that
of the first chamber 50. The cylindrical shape establiches a central axis of the
central portion 42 that is, in some embodiments, co-axial with the first chamber
central axis C. The blood outlet 34 is formed by or assembled to the central
portion 42, and is fluidly open 1o the second chamber 70, In this regard, the
blood outlet 34 extends radially relative 1o the central axis C in some

embodirnents.
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127} The second end cap 44 can assume various forms, and i3 generally
constructed so as to close the second chamber 70 opposite the first end cap 40.
128} As reflected in FIGS. 2A and 2B, the housing 22 ¢an form or carry other

poris in addition to the blood inlet 32, the blood outlet 34, and the air purge port
56. For example, a beat exchange mnlet and outlet 80, 82 are formed or carried by
the first and second end caps 40, 44, respectively. As described below, the heat
exchange indet and outict 80, 82 arc fluidly connected to a heat exchange zone 84
generally defined by the housing 22, Similarly, an oxygen fluid inlet 90 and an
oxygen flaid cutlet 92 are formed by the first end cap 40 and the second end cap
44, respectively. As described below, the oxyvgen fluid inlet and outlet 94, 92 are

fluidly open to an oxygenating zone 94 gencrally defined by the housing 22. The

miets 80, 90 and the outlets 82, 92 can alternatively be located at other locations

along the housing 22,

1294 Retaming to FIGS. 1A and 1B, the manifold body 24 is configured for
assembly within the housing 22, arranged co-axially with the central axis C.
With reference to FIGS. 3A and 3B, the manifold body 24 includes or defines a
corg 100 forming a central axis M, a phurality of vanes or nibs 102, and a hub
structure 104, The vanes 102 extend longitudmally (i.e., in a direction generally
paralie] with the central axis M} along the core 100, and serve o direct blood
flow in a desired fashion as described below. The hub structure 104 facilitates
assembly of the manifold body 24 to the first end cap 40 (FIG. [B), and
effectuates desired volume displacement in combination with various surface
features of the core 100, The manifold body 24 can be a homogenous structure,

for example an injection molded, medical grade plastic,
P jec grage p

1361 The core 100 includes or defines a head segment 110, a neck segment
112, and a base segment 114, An exterior of the head segment 110 ternunates at
a top surface 116 defining a center region 118 and curved outer region 120. The
center region 118 can be planar 118 as generally reflected by FIG. 3B, or can be
curved {e.g., the center region 118 and the outer region 120 combine to define a

continuous curve at the top of the core 100). The outer vegion 120 forms a

smooth curvature from the center region 1 18 to an outer longitudinal surface 122

-9
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of the core 100, The outer longitudinal surface 122 is continuous along the head
segment 110, the neck segment 112, and the basc segment 114 (as reflected for
example, m FIGS. 3A and 3B o which cloment number 122 is shown as
referencing differing locations along the core 100). In this regard, a diameter of
the outer longitudinal surface 122 along the head segment 110 is substantially
uvantform (e.g., within 5° of a true uniform diameter) in longitudinal extension
from the curved outer region 120 to the neck segment 112, For reasons made
clear below, the outer diameter of the head segment 110 is less than a diameter of

the first chamber side wall 52 (FIG. 2B).

[3§] The outer longitudinal surface 122 exhibits an cxpanding outer diameter
along the neck segment 112 in longitudinal extension from the head segment 110
to the base segment 114, The base segroent 114 also expands in outer diameter
from the neck segment [12 to a lower mounting ledge 124, However, the taper in
diamcter along the neck segment 112 is greater than that of the base segment 114
Stated otherwise, relative to the manifold central axis M, a slope defined by the

outer surface 122 along the neck segment 112 is greater than a slope defined

along the base segment 114,

32} The vanes 12 can be identical, and are circumferentially spaced from one
another about a perimeter of the core outer surface 122, The vanes 102 and the
outer surface 122 of the core 100 combine fo define a plurality of axial channels
or grooves 130 (best illustrated in FIGS. 1A and 3A). Relative to a longitudinal
direction (i.e., parallel with the manifold central axis M), the vanes 102 extend
from the mounting ledge 124 along the base scgment 114, the neck segment 112,
and a portion of the head segment 110, As best shown in FIG. 3B, each of the
vanes |02 termunates at an end point 132 that is longitudinally offset from the top
surface 116. That is to say, the top surface 116, and in particudar the curved outer
region 120, 1s free of the vanes 102, providing a smooth transition for blood flow
to the channels 130, 1o other embodimnents, the vanes 102 can extend to the top
surface 116, A radial component {i.c., perpendicular to the manifold central axis
M) of the vanes 102 in projection from the outer surface 122 generates a
longitudinal edge 134 opposite the core 100. The edge 134 is substantially

paralie] with the manifold central axis M between the hub structure 104 and the

- 10 -
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mounting ledge 124, Thus, the edges 134 collectively define a substantially

uniform diameter between the hub structure 104 and the mounting ledge 124,

v

133} The hub strocture 104 is connected to the vanes 102 adjacent the head
110, The hub structure 104 can incorporate various features for assembling the
manifold body 24 with the first end cap 40 (FIG. iB). For example and with
reference to FIGS. 3B and 4, the hub structure 104 can form ouler, intermediate
and inner rings 140-144. The imtermediate ring 142 is sized and shaped for
scaled assermbly within an anmular slot 146 formed by the first end cap 40,

Sttlarly, an anmular groove 148 formed between the intermediate and inner

rings 142, 144 is sized to scalingly receive a circular projection 150 of the first

end cap 40. Other mounting constructions are also envisioned. With the one
embodiment tllustrated, however, the outer ring 140 combines with an annular
partition 152 of the {irst end cap 40 to define a relatively continuous support

surface 154 configured to receive and support a portion of the heat exchanger 26

(FIG. 1A) as described below. As shown, a diameter of the outer ring 140, and

thus of the support surface 154, is commensurate with the diameter collectively

defined by the vanes 102.

34} Regardiess of the exact features provided with the hob structure 104 for
assernbly to the first end cap 40 (FIG. 1B), the inner ring 144 is provided. The
inmer ring 144 surrounds, but is radially offset from, the head scgment 110, As
shown, a leading end 160 of the inner ring 144 is generally aligned with the top
surface 116 for reducing a prime vohume of the resultant apparatus 20 (FEG. 1A).
In other embodiments, the leading end 160 can be longitudinally offset from the
top surface 116 without affecting functionality of the resultant apparatus 20. A
tratling end 162 of the wmmer ring 144 1s located above the neck segment 112,
Relative to an upright orientation, then, the inner ring 144 extends longitudinally
above or beyoud the end point 132 of cach of the vanes 102, Further, the joner
ring 144 defines a diameter commensurate with a diameter of the first chamber

side wall 52 as shown in FIG. 4.

I35} As shown in FIG. 4, upon final assembly the manifold body 24 combines

with the housing 22 to establish the de-aering zone 30 at the first chamber S0, As

-1
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a point of reference, FIG. 4 reflects the co-axial arrangement of the first chamber
and manifold axes €, M. The de-aering region 30 is circumferentially bounded
by the first chamber side wall 52. The top swrface 116 of the head segrent 110
defines a lower boundary (along the central axis C) of the de-aering region 30,
whereas the first chamber top wall 54 serves as an upper boundary. A desired
vortex flow of inconvng blood (represented by an arrow i FIG. 4) 18 veadily
formed within the de-aering region 30 due to the tangential entry of the blood and
presence of the head segment 110, An effective height of the core 100 {(ic.,
longitudinal distance between the planar center region 118 and the mounting
ledge 124) 18 sized in accordance with a height of the housing 22. More
particularly, the manifold body 24 is configured such that upon final assembly
within the housing 22, the head segment 110 is aligned with the first chamber 50,
and the top surface 116/centor region 118 is fongitudinally offset {(or below
relative to the orientation of FIG. 4) from the blood mlet 32 (FIG. 1B}, and in
particular the et opeming 58 in the side wall 52, With this construction,
incoming blood otherwise caused to rotate within the first chamber 50 “sits” on
the top surface 116, with the center region 118 effectively serving as a low
pressure support surface. The head segment 110 1s thus offset (i.c., below) from

the rotating flow, such that the desired vortex flow is not impeded.

136} A volume displacement region 180 (referenced generally} is cstablished
by the core 100 immediately below, and fluidly open fo, the de-aering vegion 30.
The volume displacement region 180 is akin to an annular ring and directs blood
flow from the de-aermg region 30 to the chamnels 130 (FIG. 1A) as described
below, through an annular gap between the head segment 110 and the inner ring
144. The volume displacement region 180 s co-axial with the central axis C, the
annular gap between the head segroent 110 and the inner ring 144, and the de-
aermg zone 30. The channels 130, in turn, guide blood flow from the volume

displacement region 180 to the second chamber 70 as described below.

,...,
Led
g

Returning to FIGS. 1A and 1B, the heat exchanger 26 includes a bundle
or phirality of hollow, heat transfer elements, which may be fibers, tubsgs,
capillaries, compartments, cte. (not shown individually}. In some embodiments,

the heat transfer elements comprise a thermally conductive pelymer or metal.

- 12 -
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Various shapes of heat transfer elements are contemplated by the present
disclosure.  One exemplary material for the heat exchanger capillarics is
polyethylene torephthalate, for example HEX PET™ heat exchange capillary.
The HEX PET pre-made mat generally comprises two layers of hollow
capillaries, within the two layers being angled with respect fo one another {¢.g., a
15 degree angle or bias froms normal}. Other roaterials are also envisioned. Io
eneral terms, the purpose of the heat transfer elements of the heat exchanger 26
1s o transfer heat to or from the exchange fhuid running therethrough to or from

the blood that {lows between the heat transfer elements.

138} The heat transfer elements of the heat exchanger 26 are located around the
manifold body 24 (and thus within the second chamber 70), and may be tightly
wound or wrapped concentrically about the manifold body 24, Also, the heat
transfer clements may be located such that there is minimal or no structural
obstruction between the manifold body 24 and the heat exchanger 26, In this
regard, the heat transfor elements of the heat exchanger 26 contact or bear against
the edge 134 of each of the vanes 102, as well as the support surface 154, Thus,
and as best shown in FIG. 1B, while the heat transfer ¢lemenis of the heat
exchanger 26 do not contact the outer longitudinal surface 122 of the core 100,
the channels 130 are flaidly open to the heat transfer elements such that blood
flow along the chamels 130 is divected into (or between) the heal transfer
clements. Alternatively to the heat transter elements actually being wound on the
manifold body 24, the heat exchanger 26 can comprise heat transfer elements that
are pre-arranged in a woven mat or {abric-like arrangement that is assembled

over the vanes {{2.

[39] The heat exchanger 26 may either heat or cool the blood flowing through
the apparatus 20,  Since hypothermia may be used during cardiac surgery
{especially in infant and pediatric surgeries), to reduce oxygen demand, and since
rapid re-warming of the blood can produce bubble emboli, the heat exchanger 26
is generally used to gradually re-warm blood and prevent emboh formation. The
exchange or heat transfer fluid used in the heat exchanger 26 may comprise water
ot other suitable fluids. The heat exchanger 26 may incorporate hot and cold tap

water that is run through the plurality of heat transfer elements. In some

- 13-
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embodiments, however, a separate heater/cooler umit (not shown) with
temperature-regulating controls is used to heat or cool the exchange fluid outside
of the apparatus 20 as necessary to regulate the temperature of the blood flowing
between the heat fransfer elements as desired.  As another alternative, a heat
transfer means other than a fluid is possible. For example, thermoenergy may be
supplied to the heat transfer clements rather than a fluid.  As geoerally reflected
m FIG. 1B, the heat exchanger 26 is sized and shaped for assembly within the
heat exchange zone 84 {e.g., defined by dividers 182, 184 furmed by the end caps
40, 44, respectively), and can incorporate bands and/or a potting compound (as
known in the art) to effectuate sealed, thuid communication between opposing
ends 190, 192 (referenced gencrally) of the heat transfer elements and the heat

exchange inlet and outlet 80, 82.

{46} The oxygenator 28 1s generally disposed about the heat exchanger 26 {and
thus within the sccond chamber 70}, and includes a phurality of gas exchange
eleraents (not individually shown). A bundle or plurality of hellow fibers are
used for gas exchange and are roade of semi-permeable membrane including
micopores.  In some cmbodiments, the gas exchange clements are hollow
polypropylene fibers, but other materials are also contemplated by the present
disclosure.  Any suitable microporous fiber maybe used as the gas exchange
elements of the oxygenator 28. The gas exchange clements {(or fibers) of the
oxygenator 28 are arranged around the heat exchanger 26, and in a gencrally
cylindrical shape. The hollow fibers of the oxygenator 28 can he wound directly
on the heat exchanger 26, for example as described in U5, Patent No. 5,346,612,
the entire teachings of which are incorporated herein by reference. For example,
one long microporous fiber may be wound back and forth on the heat exchanger
26. After winding, the {iber is cut at a phurality of locations that are located near
opposing ends 194, 196 (referenced generally) that will allow a gas medium to
enter the cut segmenis of the fiber.  Alternatively, the oxygenator 28 can
optionally be formed by following a method of helically winding continuous,
serni-permeable, hollow fiber on some mtermediary component, rather than
directly on the heat exchanger 26. As known to those of skill in the art, the

winding angle and/or tension during the winding process can be manipulated to

- 14 -
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affect a variable packing fraction as desired. One example pattern of winding the
fibers of the oxygenator 28 is found on the Affinity™ oxygenator available from
Medtronic, Inc., of Mmneapolis, MN. Regardless of an exact construction, the
oxygenator 28 is sized and shaped for assembly within the oxygenating zone 94
{e.g., defined by the dividers 182, 184 and the central portion 42), and can
include bands or a petting compound (as is known in the art) to effectuate sealed,
fluid comvmunication of the gas wransfer clement ends 194, (96 with the

oxygenator inlet and outlet 90, 92 (FIG. 2A).

4] An oxygen-containing gas medium is provided through the phurality of
gas exchange clements of the oxygenator 28. Certain gases are able to permeate
the fibers. Carbon dioxide from the blood surrounding the fibers diffuses through
the walls of the fibers and mto the gas mixture. Similarly, oxygen from the gas
mixtore fnside the fibers diffuses through the micropores into the blood. The gas

wixture then has an elevated carbon dioxide content and preferably exits the
opposite ends of the fibers as it moves out of the apparatus 20 via the oxygen
outlet 92 (FIG. 2A). Although oxygen and carbon dioxide are preferably being
exchanged, as described above, the present disclosore alse contemplates that

other gascs may be desired {o be transferred.

142} Any suitable gas supply system may be used with the oxygenator 28, For
example, the gas supply system may include flow regulators, flow meters, a gas

e o o R’ o 5 &
blender, an oxygen analyzer, a gas filter, and a moisture trap. Other alternative or

additional components in the gas sapply system can be inchuded.

[43] In addition to the de-aering zone 30, the heat exchanger 26, and the
oxygenator 28, the apparatus 20 can oplionally include other blood treatment
components.  For example, the apparatus 20 can optiovally mclude the filter

wdia 36 (drawn geperally in FIG. 1B).  The filter media 36 s akin to
conventional arterial filter filwation waterials, and is constructed to trap or
capture GME and small particles comtained in blood passing through the filter
media 36. The filter media 36 can be located at various locations within the

5 o~

apparatus 20. In one embodiment, the filter media 36 can be located around gas

exchange elements of the oxygenator 28. Alternatively, the filter media 36 can
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be arranged between the heat exchanger 26 and the oxygenator 28, Yet another
possibility is for the filter media 36 to be located in between layers of the wound
fibers or gas exchange elements of the oxygenator 28. For exanple, during
winding of gas exchange elements or fibers comprising the oxygenator 28, the
winding is interrupted and the filter media 36 is placed around the so-wound
fibers or gas exchange clements, and the winding is continued to complete the
oxygenator 28,  An advantage of locatmg the filier media 36 within the
oxygenator 28 is that blood running between the gas exchange elements of the
oxygenator 28 is oxygenated, then filiered, and then oxygenated again after
filtering, thereby bringing the level of oxygen in the blood up to a desired level
after filtration. Other configurations or designs of the apparatus 20 mcluding the
optional filter media 36 are contemplated by the present disclosure and are not
Hnited to those described herein. In vet other embodiments, the filter media 36

can be omitied.

1441 The apparatus 20 may be used or incorporated into any appropriate
system or device in which blood is desired to be oxygenated and temperature-
controlled.  One particolar system is an eleciromechanical extracorporeal
circulatory support system known as a cardiopulmonary bypass (CPB) system,
commercially sold by Medironic, Ine., of Minneapolis, MN, under the trade name
Performer-CPB System.  Other aystems are contemplated by the present
disclosure.  With this in mind, FIG, 3 provides an exemplary extracorporgal
blood cireuit 210 that includes the apparatus 20. The circuit 210 generally draws
blood of a patient 212 durmg cardiovascular surgery through a venous Hoe 214,
Venous blood drawn from the patient 212 is discharged inio a venous reservoir
216, Cardiotomy blood and surgical ficld debris are aspirated by a suction device
218 and arc pumaped by a pump 220 wto a cardiotomy reservoir 222, Ounce
defoamed and filtered, the cardiotomy blooed 18 also discharged into the venous
reservoir 216, Alternatively, the function of the cardiotomy reservoir 222 may be
integrated into the venous reservoir 216, fo the venous rveservoir 216, air
entrapped 1 the venous blood rises to the surface of the blood and 15 vented to

the atmosphere.

- 16 -



WO 2012/103000 PCT/US2012/022199

[45] A pump 224 draws blood from the venous reservoir 216 and pumps it
through the apparatus 20. Some exemplary types of pumps 224 nclude, but are
not limited 1o, roller pumps and centrifugal purops.  The pump 224 may be
external to the apparatus 20 as shown, or may aliernatively be incorporated into
the apparatus 20.  As described below, the blood is de-acrated, temperature
controlled, and oxygenated by the apparatus 20, and then returned to the patient
212 via an arterial Hoe 226, With some embodiments of the present disclosure,
the apparatus 20 provides necessary filtration {e.g., via the optional {ilter media
36 {FiG. 1B)}, such that the circuit 210 does not include a separate arterial fitter
device as normally employed with most CPB systoros. As a result, a prime
volume of the cirenit 210 is reduced as compared to conventional exiracorporeal

blood circuits.

[46] Treatment and flow of blood within the apparatus 20 is reflected in FIG.
6. In general terms, a blood flow path (represented by arrows labeled B} is
established from the blood inlet 32 fo the blood outlet 34, hatially, the blood
flow path includes a rotational or vortex flow within the de-aering region 30. As
blood tangentially enters the de-aering zone 30, a swirhing motion {vortexing}
along the side wall 52 is induced about the first chamber central axis (,
effectively “sitting” or residing on the planar central region 118 of the top surface
116, A pressure differential is thus created in the de-aering region 30, exhibiting
an increasing pressure radially outward from the central axis C. The center
region 118 supporis the so-formed low pressure portion of the vortex flow. This
pressure differential separates gross air from the incoming blood in the form of
air bubbles. Due to the centrifugal force of the vortex flow, the air babbles are
forced to the central axis O and arc rehieved from the apparatus 20 via the air
purge port 56. Thus, gross air removal (or de-aering) occurs prior to the blood

encountering the heat exchanger 26 or the oxygenator 28.

1471 The volume displacement or annular ring region 180 allows the rotating
blood within the de-aering region 30 to flow, via gravity or pump pressure,
toward the channels 130 (best shown in FIG. 1A} In this regard, the annular ring
region 180 has a relatively uniforra radial width and thus does not compress the

blood flow. Blood flow to and along the channels 130 4 substantially
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longitadinal (i.e., in the direction of the central axis ). The angle of the
channels 130 (e, increasing outer diameter of the outer surface 122 in
longitudinal extension from the head segment 110} is optimized to vunimize the
pressure drop in the blood flow longitudinally across the core 100, By tapering
the core 100 outer diameter, a pressure at the volume displacement region 180
approximates a pressure at the mounting ledge 124, While traveling along the
channels 130, the flow transitions from a substantially longitudinal direction to a
substantially radial divection to and through the heat exchanger 26. In this regard,

113

the blood flow is not subjected to compression or overt “lurns” when traversing
along the chanuels 130 and to the heat exchanger 26. The blood flow experiences

a very low shear rate and thus minimal trauma.

[48] The bloed flows from the channels 130 in a substantially radial fashion
(relative to the central axis C) between the heat exchange elements of the heat
exchanger 26. A heat cxchange fluid is forced through the heat exchange
elements, effectuating transfor of heat with the blood in a desired direction.
Substantially radial flow of the blood continues through the oxygenator 28, with
the oxygenator 28 operating to oxygenate the blood. Where provided, the filter
media 36 (FIG. 1B) interfaces with the radially flowing blood, and removes
gaseous microembolisms and munute particles.  Finally, the oxygenated and

temperature-controlied blood flow exits the apparatus 20 via the blood outlet 34

rad
£
)

1491 The oxygenating and temperature control apparatus of the present
disclosure provide a marked improvement over previous designs. By de-acrating
the biood prior to nterfacing with the oxygenator, gross air bubbles are removed
before being “chopped” up when fraveling through the oxygenator (and the heat
exchanger). Further, the blood flow experiences a munimal pressure drop in
transitioning  from the de-aering region 30 to the heat exchanger, thereby
minimizing frauma.  Finally, with embodimments in which the apparatus
mcorporates an arterial  flter media, an overall prime volume of the

corresponding extracorporeal blood circuit is reduced.

58] Although the present disclosure has been described with reference fo

referred embodiments, workers skified in the art will recognize thai changes can
b perd

i
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be made in form and detail without departing from the spirit and scope of the
present disclosure.  For cxample, extracorporeal blood circuit apparatuses in
accordance with principles of the present disclosure need not include one or both

of the heat exchanger or the oxygenator components.
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What is claimed is:

1. An apparatus for de-acring, oxygenating and controlling a temperature of
blood in an exiracorporeal blood circuit, the apparatus comprising:

a housing generally defining a first chamber and a second chamber, the

first chamber being fluidly open to the second chamber;

a blood inlet fluidly open to the first chamber and arvanged relative to a
side wall of the first chamber to direct incoming blood tangentially
mto the first chamber;

a manifold body disposed within the second chamber, the mamfold body
ncluding a core forming a head and a plurality of vanes projecting
from an outer surface of the core 1o define a plurality of channels,
wherein the manifold body is arranged such that the head is
aligned with the first charmber;

a heat exchanger disposed within the second chamber and including a
plurality of heat transfor clements arranged around the manifold
body, wherein the channels are open to the heat exchanger;

an oxygenator disposed within the sccond chamber and including a
plurality of gas exchange elements arranged around the hest
exchanger; and

a blood outlet fluidly open to the second chamber;

wherein the apparatus cstablishes a blood flow path from the blood mlet
to the blood outiet, mcluding rotational flow within the first
chamber to separate air from the blood, generally longitudinal
flow from the first chamber and along the channels, and generally
radial flow through the second chamber.

2. The apparatus of claim 1, further comprising:
an air purge port fiuidly open to the first chamber for releasing air

separated from blood within the first chamber.

3. The apparatus of claim |, wherein the core is co-axially aligned with a

central axis of the first chamber,
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4. The apparatus of claim 3, wherein the rotational {low is about the central
axis,
3. The apparatus of claim 3, wherein a top surface of the head combines

o

with the side wall of the first chamber to form a de-aering region for the

rotational flow.

6. The apparatus of claim 5, wherein the top surface is longitudinally spaced

from the blood miet.

7. The apparatus of claim 6, wherein relative to an upright orientation of the

apparatus, the top surface is below the blood nlet.

3. The apparatus of claim 7, further comprising an air purge port fhudly
open to the first chamber, wherein relative to the upright orientation, the air purge

port is above the blood inlet.

9. The apparatus of claim 5, wherein the vanes extend along a portion of the

head, terminating at a spatial location longitudinally offset from the fop surface.

Hh The apparatus of claim 1, wherein the manifold body fwrther inclades a
ring fongitudinafly adjacent, and radially spaced from, the head, the head and the
ring combining to form a volurne displacement region for directing blood flow

{from the first chamber to the channels.

11 The apparatus of claim 10, wherein an inner surface of the side wall of the
first chamber defines a uniform diametfer, and an tnner diameter of the ring
approximates the entform diameter of the side wall.

12. The apparatus of claim 1, wherein the core further includes a neck

extending from the head, and a base extending from the neck opposite the head,

U
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and further wherein the neck defines an increasing outer diameter in longitadinal

extension from the head to the base.

13, The apparatus of claim 12, wherein at least a majority of the head defines

a uniform outer diameter.

14. The apparatus of claim 13, wheremn the vanes exiend longitudinally along

the base, the neck, and a portion of the head.

15. The apparatus of claim 1, wherein the heat exchanger contacts the vanes,

16, The apparatus of claim 1, further comprising:

a filier media disposed in the sccond chamber along the blood flow path.
17. The apparatus of claim 1, wherein the manifold body i3 configured to
waintain a relatively uniform pressure in the biood flow from the first chamber

along the chanuoels.

18.  An apparatus for de-acring, oxygenating and controlling a temperature of
blood in an exiracorporeal blood circuit, the apparatus comprising:

a housing defining a central axis;

a manifold body disposed within the housing and arranged co-axial with
the central axis, the manifold body including a core:

wherein the housing and the manifeld body combine to define a de-aering
region having a cylindrical side wall and bounded along the
central axis by a top wall and a low pressure support surface
opposite the top wall;

a blood inlet fluidly open to the de-acring region and arranged relative to
the side wall to divect incoming blood tangentially into the de-
aering region, wherein the low pressure support surface is
longitudinally offset from the biood inlet such that a vortex flow
mduced nto the incoming blood is established on the Tow pressure

o~

support suriace;
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a heat exchanger disposed within the housing and including a plorality of
heat transfer elements arranged around the manifold body;

an oxygenator disposed within the housing and including a plurality of
gas exchange elements arranged around the heat exchanger: and

a blood outlet fhudly open to an interior of the housing;

wherein the apparatus establishes a blood flow path from the blood mlet
to the blood outlet, including vortex flow in the de-aering region
to separate air from blood, substantially longitudinal flow from the
de-acring region along the core, and generally radial flow from the

core and through the heat exchanger and the oxygenator.

19, The apparatus of claim 18, further comprising:

an air purge port fhudly open to the de-acring region for releasing air

separated from the blood within the de-aering region.

24 The apparatus of claim 18, wherein the manifold body further includes a
viurality of vanes projecting from the core, the core and the vanes combining to
furality of projocting fi i i d ti l gt

o

define a phurality of channels for guiding blood flow from the de-aering region

radially toward the heat exchanger.

2

i The apparatus of claim 20, wherein the heat exchanger contacts the vanes.

22.  The apparatos of claim 18, further comprising:

a filter roedia disposed within the housing along the blood flow path.

23. A method of de-aering, oxygenating and controlling a temperature of

blood within an extracorporeal blood circuit, the method comprising:

flnidly comnnecting a blood inlet and a blood outlet of an apparatus into an
extracorporeal blood circuit, the apparatus including a housing
forming a first chamber fluidly open to the blood inlet and a
second chamber fluidly open to the first chamber, a manifold body
meluding a central core forming a head and a phality of vanes

projecting from an outer surface of the core to define a phurality of
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chamnels, a heat exchanger including a phurality of heat transfer
clemenis arranged around the manifold body such that the
channels are open to the heat exchanger, and an oxygenator
melading a phwality of gas exchanging elements arranged around
the heat exchanger;

delivering blood from the patient to the blood inlet;

establishing a vortex flow of the meoming blood in the first chamber to
separate air from the mooming blood;

releasing the separated air from the apparatus;

directing the bicod from the first chamber along the channels m a
generally longitudinal divection;

directing the blood from the channels through the heat exchanger in a
gencrally radial divection;

operating the heat exchanger to alier a temperature of the blood;

directing the blood from the heat exchanger through the oxygenator in a
generally radial direction;

operating the oxygenator to oxygenate the blood; and

removing the blood from the apparatus via the outlet.
£

24, The method of claim 23, wherein establishing a vortex flow inchudes

creating a low pressure zone in the first chamber above the head.

25. The method of claim 24, wherein the steps of directing the blood from the
first chamber along the channels and through the heat exchanger ncludes
maintaining a substantially constant pressure in the blood from the de-acring

region to the heat exchanger.
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Claims Nos.: 23-25

The method according to claim 23 includes the steps of delivering blood
from a patient to the blood inlet of the apparatus and removing the blood
from the apparatus via the outlet (i. e. inherently back to the patient),
thus representing a surgical method practised on the living body.
According to Rule 39.1 iv PCT the International Searching Authority is
not required to search an international application to such extent.
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