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(57) Abstract GAS INLET g

The present invention relates to
a hollow fiber oxygenerator, compris-
ing a housing, comprising a core wall
and an outer wall spaced from the core { l l
wall thus forming a chamber between
the walls, at least one blood inlet to | |
and at least one blood outlet from said
chamber, first and second caps clos- )
ing the chamber at a fitst and, respec- ! [
tively, a second end thereof, one of \ !
the caps having at least one gas in- |
let, the other having at least one gas ——
outlet associated therewith, selectively " BLopp
pemmeable continuous hollow fiber fil- QUTLEr
aments extending inside the chamber
between the fitst cap and the second
cap, wherein the ends of the fibers are
sealed between the core wall and the
outet wall at the ends of the chamber
spaced from the caps, thus leaving a
header space between the sealings and ]
the caps, the ends of the fibers being
open, wherein the circumferential an- e GAS
gle difference for the fibers between the OUTLET
two sealings is between 0° and 180° -
and to a method for oxygenating blood, BLoo D P
comprising passing & free oxygen con- IMLET
taining gas through a plurality of hol-
low fiber filaments extending princi-
pally axially through an oxygenerator chamber and passing blood through the oxygenator chamber, wherein the blood flows primarily
axially through the chamber along the plurality of fibers, characterized in that the fibers are arranged in such a way that they cause integrally
& helical flow of the blood around the axis of the chamber.
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HOLLOW FIBER OXYGENATOR

Field of the Invention

The present invention relates to a hollow fiber oxygenator, a specific hollow fher

arrangement and a method for oxygenating blood,
Background of the Invention

In the field of cardiopulmonary surgery which often involves an extracorporeal
blood circulation, there is a demand for blood oxygenators to replace the breathing
function of the lungs by removing carbon dioxide from the blood and feeding oxygen to
the blood. The extracorporeal blood circulation is required to replace all functions of the
patient’s heart and blood circulation system, thus fulfilling its special requirements as to
blood flow, blood temperature, exchange of carbon diexide and oxygen. The
physiologicai properties of the blood shall not be altered in the extracorporeal blood
circulation system. Various blood oxygenators for use in cardiopulmonary surgery are
known.

EP-A-0 089 122 discloses a hollow fiber blood oxygenalor having a mat of a
plurality of contiguous fiber layers around a porous core, wWherein contiguous fiber mat
layers exhibit an angle of divergence from the longitudinal axis of the core, wherein the
sense of divergence changes in every layer. The blood flows radially across the fiber mat.
The fibers do not substantially fill the whole of an annular chamber around the core.

EP-B-0 187 708 discloses a hollow fiber blood oxygenator, wherein fibers or
small fiber ribbons are wound helically around a core, wherein a first plurality of fibers is
wound in one sense and a second plurality of fibers is wound in the other sense similar to
a yarn winding operation. The blood flows axially through the fiber windings, which
oceupy substantially all of an annular chamber around the core. Gas flow and blood flow
may be counter-current.

US-4,239,729 discloses a hollow fiber blood oxygenator, wherein fibers are

arranged axially in an elongated housing and do not substantially fill the housing. Blood




0

5=

flows through the fibers whereas the oxygenating gas flows radially with respect to the

fibers.

US-3,422,008 discloses a hollow fiber blood oxygenator and a method for
forming it, wherein hollow fibers are helically wound on the core in such a way that
intermediate helical windings are reversed. Thus, successive layers have opposite
winding sense with respect to the core axis. The blood flow is radial. The annular space is
not substantially filled with the fibers.

US-4,031,012 discloses a separatory apparatus which can be used as an
oxygenator comprising a card-shaped core on which hollow fibers are wound either
parallel to the core, having an angle to the core axis, or having a cries-cross arrangement
or zigzag arrangement with respect to successive layers in which the angle is reversed. A
counter-current flow of blood and oxygen is preferred, wherein the blood flows cutside
the hollow fibers.

GB-1 481 064 discloses a membrane apparatus which may be an oxygenator
having hotlow fiber bundies being contained in a receptacle but not substantially filling it.
An angle of 10 to 40° may be formed between adjacent layers of fiber bundles. The fluid
flow is principally radial.

US 4,141,835 discloscs a dialysis apparatus, wherein a number of separated fibers
are arranged in a straight line in a housing, The housing is not filled with the fibers which
may also be arranged in helical lines. A fluid flows axially outside the fibers.

EP-A-0 093 677 discloses an apparatus which can be used as an oxygenator in
which rolled mats of fibers are arranged, in which the fibers may be crossed in an angle
between 1 and 5°. The blood flows in the fibers.

The known hollow fiber oxygenators exhibit a number of disadvantages

- depending on their construction. They are bulky, have a short blood flow path through the

oxygenator and have, thus, a small contact zone for the blood and the gas and
consequently a short residence time for the blood in the oxygenator which leads to a poor
gas exchange rate. Blood and gas pressure drops may occur as well as channeling of

blood or stagnation of blood in certain areas of the contact zone between blood and gas.
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According to one aspect of the invention there is provided a hollow fiber
oxygenator comprising:-

a housing defining a blood flow chamber therein;

a plurality of selectively permeable hollow fibers extending in the
chamber, each fiber having an open gas inlet end and an apen gas outlet end,
the inlet and outlet ends of the fibers being respeclively sealed from fluid
communication with the chamber;

a gas inlet to the intet ends of the fibers;

a gas outlet from the outlet ends of the fibers, wherein gas may flow
within each hollow fiber from the inlet end to the outlet end thereof;

a blood inlet to the chamber,;

a blood outlet from the chamber, wherein blood may flow through the
chamber from the blood inlet to the blood outlet and contact the exterior
surfaces of the selectively permeabie fibers, the fibers enabling gas transfer
between the gas flow within the fibers and the blood flowing in the chamber;
and

a partition wall in the chamber dividing the chamber into at least two
sections with hollow fibers extending in each section, the sections defining a
blood flow path from the blood inlet to the blood outlet, wherein in at least one
section the blood flow direction along the blood flow path is counter-current
with respect o the gas flow within the hollow fibers in that section, and in at
least one other section the blood flow direction along the bleod flow path is co-
current with respect to the gas flow within the hollow fibers in that section.

According to ancther aspect of the invention there is provided a method
for axygenating blood comprising:-

passing a free oxygen containing gas through a plurality of hollow fibers

extending through an oxygenator chamber;

12/10/98




passing blood through a first section of the chamber into contact with
fibers in that section; and

passing the blood which flowed through the first section of the chamber
through a second section of the chamber into contact with fibers in that section,
wherein blood flows co-current with respect to the flow of oxygen containing
gas within the fibers in one of the sections and counter-current with respect to

the flow of oxygen containing gas within the fibers in the other of the sections.

12/10/93
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By the specific arrangement of the fibers and/or the partitioning wall the residence

time of the bleod inside the oxygenator is increased, thereby improving the gas exchange
rate of the oxygenator. By the specific orientation of the fibers inside the oxygenator a
longer flow path of the blood is achieved which results in a better gas transfer, a longer
residence time and thus a smaller construction size of the whole oxygenator arrangement
while retaining the same performance or even improved performance. With the specific
arrangement of the fibers and the blood flow path through the oxygenator no channeling
of blood oceurs, areas of blood stagnation are avoided and the pressure drop for the blood
is rather low, thus allowing a treatment of the blood under moderate conditions which
prevent or reduce the damage of the components of the bleod. The specific arrangement
of fibers allows a very simple construction of the blood oxygenator, especially a very

stmple arrangement of the fibers around the core of the oxygenator.

Brief Description of the Drawines

Preferred embodiments of this invention will be described with reference to the
drawings in which:

Fig. 1 is a perspective view of an assembled oxygenator according to the present
invention with a partly cross-sectional view;

Fig. 2 is a perspective view of a second preferred embodiment of an assembled
oxygenator according to the present invention with a partly cross sectional view;

Fig. 3 is a cross-sectional view of a second preferred embodiment of the
oxygenator according to the present invention of Fig. 2;

Fig. 4 is a perspective view of a hollow fiber arrangement according to the present
invention; and

Fig. 5 is a perspective view of a hollow fiber arrangement according to the present
invention showing the blood flow path through the fiber filaments and gives an

illustration of the definitions of fiber directions.
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Description of the Preferred Embodiments

Housing
The housing 20, 20° of the oxygenator 22, 22° according to the present invention

may be formed of any suitable material which does not adversely interfere with the blaod
and the free oxygen containing gas, flowing through the oxygenator, respectively.
Suitable materials include, but are not limited to, glass, ceramics, metals and alloys as
well as polymeric materials like polycarbonate, polyesters, polyacrylates and
polymethacrylates. Copolymers and mixtures of polymers are suitable as well. The
preferred materials are polymeric matetials and alloys thereof.

The housing 20, 20" of the oxygenator 22, 22° comprises a core wall 24, 24°
which may be of any desirable shape. The core wali 24, 24° may be of cylindrical form. It
may have a circular or polygonal cross-section, Preferably, the core wall 24, 24 has a
cylindrical shape with a circular cross-section, the diameter being approximately equal to
the height of the cylinder.

The oxygenator further comprises an outer wall 26, 26 which is spaced from the
core wall 24, 24, thus forming a chamber 28 28" between the walls. Preferably outer
wall and core wall are parallel to each other leaving a space of equal width in between.
Thus, the chamber 28, 28’ may be annular, in particular having a circular or polvgonal
cross section. In the preferred embodiment the outer wall 26, 26° forms a cylinder of
circular eross-section surrounding the core cylinder and leaving a chamber in between. In
a preferred embodiment the inmer core 24, 24” has an outer diameter of 100 to 104 mm
and a height of 130 to 150 mm, the outer wall 26, 26 having an inner diameter of 132 1o
134 mm. Thus, between the two cylinders there is an anmular space with a width of 13 to
17 mm.

In the walls 2t Jeast one blood inlet 30, 30° to and at least one blood outlet 32,32°
from the chamber 28, 28° are formed. The blood inlet 30, 30’and the blood outlet 32, 32
may be formed in the core wall 24, 24’ or in the outer wall 26, 26’ or in both walls. The

blood inlet and the blood outlet may be located at opposite ends of the core wall or the

outer wal] or at the same ends, respectively.
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In the preferred embodiment as depicted in Fig. 1 the blood inlet 30 is formed in

the bottom section of the core wall 24. Preferably, a plurality of blood inlets 30 are
formed at the circumference of the chamber 28 or of the core wall 24 sa that blood being
introduced in the space between the core wall 24 and the outer wall 26 may be evenly
distributed around the circumference at the bottom of the core wall.

According to the preferred embodiment depicted in Fig. 1 a blood outlet port 34 is
formed at the outside of the outer wall 26 at the top thereof. Like for the blood inlet 30 a
plurality of outlets 32 are located at the circumference of the chamber 28, especially of
the top of the outer wall 26. Thereby the blood is removed from the space 28 between the
core wall 24 and the outer wall 26 evenly distributed around the circumference of the
outer wall 26. By this arrangement the blood flows principally axially through the space
28 between the core wall 24 and the outer wall 26.

According to another preferred embodiment the blood inlet and the bloed outlet
may be respectively located at the same ends of the core wall and the outer wall.

In the preferred embodiment depicted in Fig, 2 and 3 the blood outlets 32° are
arranged in the same manner as in the embodiment of Fig, 1 with the difference that the
outlets are located at the bottom of the outer wall 267,

The chamber 28’ formed between the core wall 24° and the outer wall 26’ is closed
by first and second caps 36, 38 at a first and, respectively, a second end thereof, The caps
30, 38 may be integrally formed in the core wall 24° and the outer wall 26° but may as
well be formed separately and joined to the core wall and the outer wall at a later stage.

In the caps 36, 38 there are at least one gas inlet 40 and at least one gas outlet 42
formed which may be connected with tubings for feeding and withdrawing a gas,
preferably a free oxygen containing gas. In the preferred embodiment in Fig. 2 and 3 the
gas inlet 40 is formed in the top cap 36 and the gas outlet 42 is formed in the bottom cap
38.

Apart from the gas inlet, the gas outlet, the blood inlet, and the blood outlet,
further connections may be provided in the core wall, the outer wall, or the caps in order

to introduce e.g. means for measuring the temperature of the blood or to withdraw blood

30 test samples.
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Hollow fibers
The hollow fibers or hollow fiber filaments used in this invention ma be any

fibers that are selectively permeable and have continuous lumen therethrough.

The fibers are preferably made of polypropylene which has been modified by
silicones or other types of polymers.

The hollow fiber filaments may have any desirable diameter, with an outer
diameter of from 365 to 400 pm preferred, from 365 to 380 um being especially
preferred. Useful hollow fiber filaments are commercially available from AKZ0Q and
CELANESE companies and under the name oxiphan and celgard, respectively.

Another preferred hollow fiber is a microporous polypropylene hollow fiber with
an inner diameter of 50 um, an external diameter of 280 um, an average pore size of 0,04

um and a porosity of 50%.

Hoilow fiber arrangement

In the embodiment of Figure 3, the selectively permeable continuous hollow fiber
{ilaments 44 extend inside the chamber 28° between the first cap 36 and the second cap
38. In a preferred embodiment the hollow fibers 44 substantially fill the chamber 28’
between the core wall 24° and the outer wall 26”.

The ends of the fibers 44 are sealed between the core wall 24° and the outer wall
26’ at the ends 46, 48 of the chamber spaced from the caps 36, 38, thus leaving a header
space 50, 52 between the sealings 46, 48 and the caps. The cnds of the fibers 44 are open,
so that gas may flow from the gas inlet 40 of one of the caps through the fibers and
finally through the gas outlet 42 in the other cap.

In the preferred embodiment depicted in Fig. 1 the fibers are arranged in the
chamber in such a way that the circumferential angle difference for the fibers between the
two sealings is between 0° and 180°. The term "circumferential angle difference”
describes the angle through which the core must be tumed around its longitudinal axis in

order to arrive from one sealing of the hollow fiber to the other sealing of the hollow




LTIy
.

WO

5

fiber. It may also be described as the angle between the projections of the longitudinal

axis of the core, the first sealing point of the fiber and the second sealing point of the
fiber into a plane which is perpendicular to the fongitudinal axis of the core. Fig, 5
illustrates the term "circumferential angle difference”, which is the included angle 41°.

This circumferential angle difference is between 0° and 180° for the fibers,
preferably between 0° and 90°.

As seen in the detail of Figure 4, the hollow fibers are divided into a first plurality
of fibers 60 and a second plurality of fibers 62. Both pluralities of fibers have the same
directional sense with respect to the circumferential angle difference formed by them, but
they have different circumferential angle differences. This means that the path of one of
the pluralities of fibers from one sealing to the other sealing is steeper than the path of the
other plurality of fibers.

Furthermore, the length of the fibers of the first plurality of fibers 60 is different
fram the length of the fibers of the second plurality of fibers 62. This is a result of the
path of one of the plurality of fibers being steeper than the path of the other plurality of
fibers. Thus, one plurality of fibers has a longer path from one sealing to the other sealing
thus forming a different length of this plurality of fibers from the other plurality of fibers.
Preferably, the filaments in cach of the plurality of fibers are parallel to each other and
pass from one sealing to the other sealing substantiatly without any additional curves or
bends. In this way the steeper plurality of fibers necessarily has a smaller length between
the sealings than the less steep plurality of fibers.

With a circumferential angle difference of 0° the fiber filaments extend
principally parallel to the longitudinal axis of the core from one sealing to the other
sealing. With a circumferential angle difference of 180° the fibers pass halfway around
the core on their way from one sealing to the other sealing. Thus, none of the fibers
passes more than halfway around the core of the oxygenator chamber.

In the oxygenators according to the state of the art usually a plurality of fibers is
wound around the core in a helical fashion. At the end of the core the winding direction is

reversed but the winding sense is maintained. Thus, the winding of the fibers on the core




is similar to a yam winding operation wherein the yarn is passed up and down on the
turning core on which it is wound. This manner of winding fibers around the core has
several restrictions: each fiber must be wound around the core several times in order to
fix it to the core. Thus, usually the circumferential angle difference for the fibers hetween
the sealings is a multiple of 360°. This large circumferential angle difference is necessary
to fix the fibers on the core when the winding direction of the fiber is reversed at the end
of the core. Otherwise, the fibers would fall off the core. The reversal of the winding
direction but not of the winding sense leads necessarily to an arrangement of fibers in
which (after cutting the fibers in the region of the sealings) one plurality of the fibers has
one directional sense on the core and one circumferential angle difference and a second
plurality of fibers has the opposite directional sense around the core and the same
circumferential angle difference but in the opposite directional sense.

Consequently it is not possible to arrange fibers arcund the core with a
circumferential angle difference being less than 180° (for practical reasons not less than at
least several hundred degrees). Furthermore, it is not possible that two pluralities of fibers
have the same directional sense but different circumferential angle differences since the
arrangement of the second plurality of fibers is just the reversed arrangement of the first
plurality of fibers, thus always leading to the same circumferential angle difference but
different directional senses.

As a consequence the hollow fiber arrangement according to the first embodiment
of the present invention cannot be obtained by rotating the core and winding the filaments
from a continuous roll of filaments onto the core by reversing the feed direction of the
filament at the top and bottom ends of the core, since this process for manufacturing the
fiber mat is only applicable when the second plurality of the fibers are wound in the other
sense with respect to the first plurality. In a preferred embodiment of the present
invention the circumferential angle differences of the first plurality of fibers 60 and the
second plurality of fibers 62 differ by at least 5°.

The direction of the fibers around the core may be further described by the
inclination angle between the fiber filaments and the longitudinal axis of the core. If this

inclination angle amounts to 0°, the fiber filaments are principally parallel to the

10
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longitudinal axis of the core. When this angle is 90°, the fibers run around the core in one

plane each with which is perpendicular to the longitudinal axis of the core. According to a
first embodiment of the present invention the preferably parallel fibers of the first
plurality of fibers 60 have an inclination angle with the longitudinal axis of the core of
less than 90° and the preferably parallel fibers of the second plurality of fibers 62 have an
inclination angle with the lengitudinal axis of the core of between 0° and the inclination
angle of the fibers of the first plurality of fibers. Thus, the two pluralities of fibers have
different inclination angles with respect to the longitudinal axis of the core. This is shown
in Fig. 4 in the inclination angles of 20° and 4°.

Preferably the fibers of the first plurality of fibers 60 have an inclination angie
with the longitudinal axis of the core of from 10° to 40° and the fibers of the second
plurality of fibers 62 have an inclination angle with the longitudinal axis of the core of
between 0° and the inclination angle of the fibers of the first plurality of fibers. In a
further preferred embodiment the fibers of the first plurality of fibers 60 have an -
inclination angle of from 10° to 25°, espectally 10° to 20°, and the fibers of the second
plurality of fibers 62 have an inclination angle of from 0° to 7°, preferably 0° to 4°, more
preferably 2° to 4°, In an especially preferred embodiment, the pluralities of fibers have
an inclination angle of 12° and 4°, respectively.

The hollow fiber filament filling of the chamber may be achieved by arranging
continuous strips of layers of fiber filaments around the core with the proviso that the
axial width of said strips is Jonger than the axial distance between the sealings. Thus,
continuous strips of layers of fiber filaments are formed and then these strips are in a
second step arranged around the core, ¢.g. by spirally winding the continuous strip around
the core. Since the axial width of the strips is longer than the axial distance between the
sealings, the continuous strip need not be wound helically around the core which would
mvolve passing the feed of the continuous strips along the longitudinal axis of the core.
Thus, the arrangement of the cantinuous strips of layers of fiber filaments is much

simpler in comparison to the yarn spool-like winding of the fibers according to the state

of the art.
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According to a preferred embodiment of the present invention two continuous

strips of layers of fiber filaments are arranged around the core, wherein the strips have
two parallel edges between which at least one layer of parallel spaced fiber filaments
extends being inclined with respect to the paraliel edges, wherein one strip contains the
first plurality of parallel fibers with the first inclination angle and the second strip
contains the second plurality of parallel fibers having the secend inclination angle. The
strips may have single layers of the fiber filaments and the two strips may be arranged
around the core in a manner that contiguous layers of the core in radial directions have
different inclination angles. This is indicated in Fig. 4.

The hollow fiber filament filling of the chamber may as well be achieved by
successive layers of short single layer woven mats of the fiber filaments.

In these embodiments strips of mats of single layers of fiber filaments are
prepared by first arranging a layer of long parallel fibers substantially equally spaced
from each other which are then fixed in their position by a connecting element, preferably
a cross thread which is a flexible small diameter monofilament. The thread must be
sufficiently flexible to be easily bent around the hollow fibers. Furthermore, it must have
sufficient tensile strength and tension to fix the filaments in their position, like in known
tissues of clothes. This monofilament allows a regular spacing between the short single
fiber filaments.

The essentialiy parallel fibers in each of the strips are spaced from each other by
preferably 0.8 to 1.2 fiber diameters. The cormecting element, preferably the thin
filament-like connsctor or cross-thread is arranged transversely in all fibers of the strip in
satd strips or parallel to the upper and lower edges thereof,

In the embodiment of the present invention depicted in Fig. 2 and 3 a known
hollew fiber filament filling may be applied in which the hollow fiber filaments 44
extend inside the chamber 28" between the first cap 36 and the second cap 38. The
circumferential angle difference of the fiber filaments between the sealings 46, 48 is not
restricted and the directional sense of the fibers is not restricted either. However, a

partitioning wall 70 described below has 1o be provided in this embodiment.




The hollow fiber filaments may be cross wound around the core as it is known
from the prior art. This results in a first plurality of fibers being wound in one sense
around the core, having one inclination angle, a second plurality of fibers being wound
around the core in the opposite sense, having the opposite inclination angle. The

S circnmferential angle differences are the same for both pluralities of fibers and this
difference exceeds 360°.

Preferably the hollow fiber filaments have the arrangement described above for
the first embodiment.

The hollow fibers are sealed in the space between the core wall and the outer wall

'O at the top and the bottom thereof the ends of the filaments being open so that a gas can
flow through the fiber filaments. Preferably, the fibers are sealed with a polymeric resin
which has the same thenmal expansion coefficient as the hollow fibers and the housing.
Useful resins are polyurethane resins, wherein epoxy resins are preferred. The resin
sealing of the filaments is such that a chamber is formed between the core wall, the outer

'S wall and the resin sealings in which chamber blood can flow but not penetrate the

sealings. In the preferred embodiment the sealings are arranged in such a way that

between the caps and the sealings a header space is left for the introduction or removal of
the free oxygen containing gas. Furthermore, the sealings are arranged in such a way that
the blood inlets and blood outlets are arranged in the walls inside the chamber formed by

the core wall, the outer wall and the sealings.

Partitioning wall
According to one aspect of the present invention a partitioning wall 70 (Fig. 3} is

provided between the core wall 24° and the outer wall 26” in a spaced position therefrom,
which extends from one sealing 48 towards the other sealing 46, thus forming sections in
the chamber 28°. The sections have a flow connection in the vicinity of the other sealing
46. The flow connection in the vicinity of the other sealing 46 may be provided in several
ways. The partitioning wall 70 may extend into the other scaling 46 being scaled there
and exhibiting apertores in the vicinity of this other sealing. Arumular slits may be

provided in this partitioning wall 70. On the other hand, the whole partitioning wall 70

13
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may extend only to a distance from the other sealing 46 thus leaving an annular space

between the end of the partitioning wall and the sealing. The size of this space or the size
of the holes or annular slits may be varied depending on the flow conditions of the blood.

If flow restrictions shall be imposed on the blood, the distance of holes or slits may be

formed small. Preferably, the distance or slits or holes are so big that they do not affect

the flow praperties of the blood and do not impose a pressure drop on the blood. By this
arrangement the chamber 28” is divided into sections for counter-current flow of blood
and gas and co-current flow of blood and gas, respectively.

The partitioning wall 70 may be provided in each of the embodiments of the

present invention, i.e. in connection with a hollow fiber filament arrangement in which

the circumferential angle difference for the fibers between the sealings of the chamber is

between 0° and 180°, wherein the first plurality of the fibers and the second plurality of
the fibers have the same directional sense but different circumferential angle differences,
the length of the fibers of the first plurality of fibers being different from the length of the
fibers of the second plurality of fibers or in an arrangement in which the hollow fiber
filaments extend inside the chamber between the first cap and the second cap.

Preferably, the partitioning wall is combined with the first arrangement of hollow
fiber filaments. Preferably at least one partitioning wall extends from one of the sealings
of the chamber to a position spaced from the other sealing of the chamber.

With respect to Fig. 2 and 3 one partitioning wall 70 is provided in the
oxygenator. The partitioning wall 70 is arranged cylindrically between the core wall 24
and the outer wall 26° and sealed in the bottom sealing 48. The partitioning wall 70
extends to a position spaced from the top sealing 46.

The partitjoning wall 70 may consist of any appropriate material, e.g. sheels of
polymeric material like polyethylene, polypropylene, polycarbonate or
polymethacrylate. The preferred material is polycarbonate. The partitioning wall may
have a thickness of from 5 to 12 pm, preferably 8 to 10 um. The partitioning wall divides
the amnular chamber into two section; through which the blood is passed. The two

sections of the annular chamber may have different sizes depending on the position of the




partitioning wall between the core wall and the outer watl. The partitioning wall may be
located in the center of the chamber, thus forming two sections of equal thickness, but
depending on the desired flow properties or desired gas exchange properties the
partitioning wall may be located nearer to the core wall or nearer to the outer wall. The
5 position of the partitioning wall can affect the oxygenation results when passing blood
through the chamber, By locating the partitioning wall nearer to the outer wall two
sections of approximately equal volume may be obtained whereas by locating the
partitioning wall in the center of the chamber two sections of different volume are
obtained. The blood entering the chamber at the bottom of the core wall first flows
1O upwardly to the top sealing of the chamber in a counter-current 1o the gas flow. At a
position near the top sealing of the chamber the flow direction of the blood is reversed
and it flows downwardly to the bottom sealing in the second section, thus co-current with
the gas flow. The blood leaves the chamber at the bloed outlet. By this arrangement the
blood path through the chamber is approximately doubled. Furthermore, the blood flow is
!> not only co-current or counter-current with the gas flow but counter-current and co-
current with the gas flow. This leads to an enhanced gas exchange rate between biood and
2as.
Further partitioning walls being sealed in the bottom sealing or top sealing may be
arranged 1nside the chamber to further enlarge the flow path of the blood and enhance the
2O gas exchange rate. In connection with the partitioning wall the annular chamber may be
filled with the hollow fiber filaments in an arrangement wherein the fibers of the first

plurality of fibers have an inclination angle with the longitudinal axis of the core of less

than 90° and the fibers of the second plurality of fibers have an inclination angle with the
Lo longitudinal axis of the core of between 0° and the inclination angle of the fibers of the
ot TS first plurality of fibers, preferably 10° to 25° and 0° to 72, respectively.

Best results are obtained when the fibers are arranged in the latter manner,

especially at angles of 4° and 12°, respectively.
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Heat exchanger
Optionally the blood inlet of the hollow fiber oxygenator according to the present

invention may be provided with a heat exchanger for controlling the temperature of the
incoming blood. According to the preferred embodiments depicted in Figs. 1 to 3 the heat
exchanger is located in the bottom of the oxygenator inside the core of the oxygenator
and comprises a plurality of metal tubes 80 in which a heat exchanging fluid is circulated.
The blood is passed along the outsides of the metal tubes 80 which are spaced from each
other. The fluid used to control the temperature inside the heat exchanger is preferably

water.

Method for oxygenating blood

According to the present invention a method for oxygenating blood is provided,
comprising passing a free oxygen containing gas through a plurality of hollow fiber
filaments extending principally axially through an oxygenator chamber and passing blood
through the oxygenator chamber, wherein the blood flows primarily axially through the
chamber along the plurality of fibers, characterized in that the fibers are arranged in such
a way that they cause integrally a helical flow of the blood around the axis of the
chamber.

According to a second embodiment of the present invention a method for
oxygenating blood is provided, comprising passing a free oxygen containing gas through
a plurality of holiow fiber filaments extending principally axially through an oxygenator
chamber and passing blood through the oxygenator chamber, wherein blood flows
primarily axially through the chamber along the plurality of fibers, characterized in that
the blood in the first section of said chamber flows essentially in the opposite direction as
the flow of the free oxygen containing gas through the fibers in said first section and that
the blood in a second section of said chamber flows essentially in the same direction as
the flow of the free oxygen containing gas through the fibers in said second section.

According to another embodiment of the present invention a method for
oxygenating blood 1s provided, compnsing passing blood via blood inlet and blood outlet

through the oxygenator as described above and passing a free oxygen containing gas via
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the gas inlet and gas outlet through the oxygenator, and optionally controlling the
temperature of the blood, in particular with the proviso that the method is not used for

therapeutical treatment of the human or animal body.

Operating conditions

The gas used in the hollow fiber oxygenator according to the present invention
may be any gas containing free oxygen which is apt to transfer oxygen through the
semipermeable hollow fibers into the blood and to receive carbon dioxide from the blood.
Preferably, the gas should have a free oxygen content of from 21 to 100 vol. %,
preferably from 60 to 90 vol. %. The preferred gas is air, which has an oxygen content of
21%, preferably mixed with a second free oxygen containing gas, so that the preferred
oxygen content of from 60 to 90 vol. % is obtained. The gas pressure difference applied
at the gas inlet and gas outlet may be from 0 to 13.3 kPa, preferably from 0 to 4 kPa. This
results in 4 gas flow of from 0.2 to 10 Vmin. for a preferred embodiment of the
oxygenator according to the present invention as depicted in Figs. 1 to 3.

To be usefui in a cardiopulmonary bloodstream circulation of a human body the
blood flow through the oxygenator must be in the range of from 1 to 6 Vmin. In the blood
oxygenator according to the present invention the blood flow may be arranged from 0.2
to 6 l/min., preferably from 1 to 6 I/min. To effect this bloed flow a pressure difference of
from 8 to 27 kPa must be applied between the blood inlet and the blood outlet. With a
blood flow of 6 Imin. the typical residence time of the blood inside the hollow fiber
oxygenator according to the present invention is 1/6 min. The {low path of the blood
along the hollow fibers is approximately 180 mm. Details of the blood flow path can be
seen in Fig. 5. Without being bound to any theory it is believed that the blood flows along
the hollow filament fibers helically around the axis of the chamber. This ensures an
effective contact of the blood with the outer surface of the hollow fibers resulting in an
improved oxygen exchange.

In comparison to the known blood oxygenators the hollow fiber blood oxygenator
according to the present invention exhibits a high gas exchange rate while having a small

size of the chamber filled with hollow filament fibers. No channeling of blood is
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observed in the oxygenator according to the present invention nor are areas of blood
stagnation observed. The pressure drop of the blood flowing through the oxygenator
is low.

The following examples demonstrate the advantages of the hollow fiber
oxygenator according to the present invention with regard to the preferred embodiments.
Example 1

A hollow fiber blood oxygenator according to Fig. 1 was assembled by using 3.2
up to 3.6 m” of the hollow filament fibers manufactured by AKZO ENKA GROUP to fill
the annular chamber between the core wall and the outer wall. One half of the filaments
were arranged with an inclination angle of 4° with respect to the longitudinal axis of the
core and the other half of the fibers were arranged around the core with an inclination
angle of 12° with respect to the longitudinal axis of the core. This corresponds to
circumferential angle difference of 8° and 25°, respeclivel)}. Twao strips of fibers each
having one of the different inclination angles were arranged in the chamber. The blood
oxygenator was used to treat the blood coming from a patient in an extracorporeal
circulation having an initial oxygen content of 11 ml/dl and an initial carbon dioxide
content of 55 ml/dl. The applied blood pressure difference was 26.6 kPa and the applied
pressure difference for the air was 4 kPa. Thus, flow rates for the gas were 6 I/min. and 6
I/min. for the blood. The blood leaving the oxygenator had an oxygen content of 19.3
* ml/dl and a carbon dioxide content of 50 ml/dl. Thus, the blood oxygenator according to
the present invention showed a superior gas exchange rate. No stagnation or channeling
of blood and no agglomeration of blood particles was observed.

mple 2

A hotlow fiber bloed oxygenator was arranged according to Fig, 2 and 3 by using
hollow filament fiber, manufactured by the AKZO ENKA GROUP. The annular chamber
was filled with the fibers by cross winding. Further experimental conditions were as
follows:

A partitioning wall made of polypropylene was inserted in the annular chamber

equally spaced to the outer wall at a distance of 7 - 8 mm. The partitioning wall was
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sealed in the bottom sealing of the chamber. It extended parallel to the outer and core

wall and terminated at a distance of 13 - 15 mm from the top sealing.
The blood oxygenator according to example 2 showed a high gas exchange rate.

No channeling or stagnation of blood was observed.

Example 3

A hollow fiber blood oxygenator was arranged accerding to Fig. 2 and 3 by using
hollow filament fiber, manufactured by the AKZ0O ENKA GROUP. The annular chamber
was filled with the fibers by the same method as applied in example 1. Further
experimental conditions were as follows:

A partitioning wall made of polypropylene was inserted in the annular chamber
equally spaced to the outer wall at a distance of 7 - 8 mm. The partitioning wall was
sealed in the bottom sealing of the chamber. It extended parallel to the outer and core
wall and terminated at a distance of 13 - 15 mm from the top sealing,

The blood oxygenator according to example 3 showed a high gas exchange rate.
No chammeling or stagnation of blood was observed.

Exaniple 4 {Comparative example)

A commercially available hollow fiber blood oxygenator (DIDECO 7003

ITALIAN COMPANY) was used in a comparative experiment. Experimental conditions

were as follows:

Blood in: CO, content = 60 mi/dl
O; content = 11.2 ml/dl

Blood out; CO, content = 54 ml/dl
0O, content  *= 17.6 ml/dl

The pressure drop for the blood was 22.6 kPa. The flow rate for the gas was 6
I/min. and the flow rate for the blood was 6 I/min.

The resuits from Examples 1, 2 and 3 and comparative Example 4 show that the
specific arrangement of hollow fiber filaments inside the hollow fiber blood oxygenator
according to the present invention results in an improvement of gas exchange rate, while

preventing channeling or stagnation of blood.
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1.

2.

THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:-

A hollow fiber oxygenator, comprising:

a housing defining a blood flow chamber therein,

a plurality of selectively permeable hollow fibers extending in the
chamber, each fiber having an open gas inlet end and an open gas outlet end, the
inlet and outlet ends of the fibers being respectively sealed from fluid
communication with the chamber;

a gas Inlet to the inlet ends of the fibers;

a gas outlet from the outlet ends of the fibers, wherein gas may flow
within each hoilow fiber from the inlet end to the outlet end thereof;

a blood inlet to the chamber;

a hlood outlet from the chamber, wherein blood may flow through the
chamber from the blood inlet to the blood outlet and contact the exterior surfaces
of the selectively permeable fibers, the fibers enabling gas transfer between the
gas flowing within ihe fibers and the blood flowing in the chamber; and

a partition wal in the chamber dividing the chamber into at least two
sections with hollow fibers extending in each section, the sections defining a
blood flow path from the blood inlet to the biood outlet, wherein in at least one

section the blood flow direction along the blood flow path is counter-current with
respect Lo the gas flow within the hollow fibers in that section, and in at least one
other section the blood flow direction along the blood flow path is co-current with

respect to the gas flow within the hollow fibers in that section.

The oxveenator of Claim 1, wherein the housing is defined by an outer wall and

an inner core wall, and wherein the chamber 1s annularly formed therebetween.

3.

The oxygenator of Claim 2, wherein both the blood inlet and the blood outlet are

Jocated at a first axial end of the annular chamber.
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4. The oxygenator of Claim 3, wherein the partition wall is positioned in the
chamber between the outer wall and core wall.

5. The oxygenator of Claim 4, wherein the partition wall is generally tubular and
extends axially in the annular chamber from the first axial end toward a second axial end
opposite the first axial end, wherein only two of the sections are formed in the chamber, a
first section on one radial side of the partition wall and a second section on the other
radial side, and wherein a flow connection distal from the first axial end of the chamber is
defined by the partition wall so that blood flows from the blood inlet through the first
section, through the flow connection, and then through the second section to the blood
outlet.

6. The oxygenator of Claim 5, wherein the gas inlet is disposed af the second axial
end of the chamber and the gas outlet is disposed at the first axial end so that gas flows
axially within the fibers from the second end to the first end, counter-current to the blood
flow path in the first section and co-current to the blood flow path in the second section.

7. The oxygenator of Claim 6, further including a first sealing at the first end of the
chamber closing the chamber from the gas outlet, and a second sealing at the second axial
end of the chamber closing the chamber from the gas inlet, wherein the partition wall is in
contact with the first sealing.

8. The oxygenator of Claim 7, wherein the partition extends all the way to the
second sealing and include apertures proximate the second sealing defining the flow
conncction.

9, The oxygenator of Claim 7, wherein the partition wall stops short of the second
sealing and defines a gap therebetween, thus forming the flow connection.

10. The oxygenator of any of Claims 5-9, wherein the bloed inlel comprises apertures
formed in the core wall, and the blood outlet comprises apertures formed in the outer
wall, wherein the first section of the chamber is concentrically located within the second
section, with the partition wall therebetween.

11. The oxygenator of any of Claims 1-4, wherein there are only two sections formed

within the chamber having approximately the same volume.




12. The oxygenator of any of Claims 5-10, wherein the partition wall is spaced from
the outer wall and the core wall, respectively, so as to form two sections within the
chamber having approximately the same volume.

13. The oxygenator of Claim 1, further including a heat exchanging device attached to

5 the housing for modifying the temperature of the blood.

14. The oxygenator according to any of Claims 2-10, further including a heat
exchanging device attached to the housing for modifying the temperature of the blood
wherein the heat exchanger is positioned partly within the core wall at one axial end
thereof, and includes a blood inlet port, and a blood outlet port in communication with the

10 blood inlet to the chamber,

15. The oxygenator of Claim 1, wherein the plurality of selectively permeable hollow
fibers comprises successive layers of fibers, each layer of fibers comprising a plurality of
fibers aligned in parallel and connected together to form a mat, the fibers in each layer
being oriented to form an angle with the fibers in each adjacent layer.

15 16. The oxygenator of Claim 15, wherein the chamber is annular and each fiber

extends helically between a first axial end and a second axial end thereof with a

circuniferential angle difference of less than or equal to 180°.

17. The oxygenator of Claim 16, wherein the eircumferential angle difference of each
fiber is less than or equal to 90°.

I8. The oxygenator of Claim 15, wherein the fibers in adjacent layers are wound
helically within the chamber in the same rotational sense.

19. The oxygenator of Claim 15, wherein the fibers in adjacent layers have inclination

el angles within 40° of cach other.
P 20. A method for oxygenating blood, comprising:
2 passing a free oxygen containing gas through a plurality of hollow fibers

extending through an oxygenator chamber;

passing blood through a first section of the chamber into contact with
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fibers in that section; and
passing the blood which flowed through the first section of the chamber

through a second section of the chamber into contact with fibers in that section,
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wherein blood flows co-current with respect to the flow of oxygen containing gas

within the fibers in one of the sections and counter-current with respect to the
flow of oxygen containing gas within the fibers in the other of the sections.

21. The method of Claim 20, wherein the oxygenator includes a housing having an
outer wall and an inner core wall with the chamber annularly formed therebetween, a
hlood inlet and a blood outlet in communication with the annular chamber at one axial
end thereof, and a generally tubular partition wall extending axialiy in the annular
chamber from a first axial end toward a second axial end opposite the first axial end,
wherein the first section is defined on one radial side of the partition wall and a second
section on the other radial side, and wherein a flow connection distal from the first axial
end of the chamber is defined by the partition wall, the method further comprising;

flowing hlood from the blood inlet through the first section in a first axial
direction, through the flow connection, and then through the second section in a
second axial direction opposite the first to the blood outlet.

22. The method of Claim 21, further including:
flowing gas axially within the fibers from the second end te the first end

so that blood flows counter-current to the gas flow in the first section and co-
current to the gas flow in the second section.
23, The method of any of Claims 21-22, wherein the first section is radially inward
from the partition wall, the method further comprising;
flowing blood from the first section outwardly through the flow
connection into the second section.
24. The method of any of Claims 20-23, wherein the oxygenator includes a heat

exchanger attached thereto, the method further comprising;

heating the blood.




A hollow fiber oxygenator substantially as hereinbefore described with

25
reference to the accompanying drawings.

26. A method for oxygenating blood substantially as hereinbefore described

with reference to the accompanying drawings.

Dated this 12 day of October, 1969
BAXTER INTERNATIONAL INC

Patent Attomneys for the Applicant
PETER MAXWELL & ASSOCIATES

12/10/89
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