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[57] ABSTRACT 
An arti?cial lung has an axially extending housing 
which accommodates a bundle of hollow ?bers retained 
within the housing by a pair of walls provided at the 
ends of the housing. The housing has blood inlet and 
outlet ports de?ning a blood chamber within the hous 
ing. Oxygen gas is passed through the hollow ?bers and 
blood is passed through the blood chamber so that a gas 
exchange may take place _ through the hollow ?ber 
walls. The arti?cial lung is provided with a blood reser 
voir chamber integral with the blood chamber and ca 
pable of being communicated with the blood chamber, 
so that blood which has undergone a gas exchange 
inside the chamber may be stored within the reservoir. 
A heat exchanger is disposed at a point preceding, fol 
lowing or intermediate the blood chamber and blood 
reservoir chamber, which construct a blood circuit. 

37 Claims, 12 Drawing Sheets 
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HOLLOW FIBER-TYPE ARTIFICIAL LUNG 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions made 
by reissue. 

This application is a continuation of application Ser. No. 
07/262,462, filed Oct. 25. 1988, now abandoned, which is 
a reissue ofSer. No. 06/533,496, Sep. 16, 1983, [1.5. Pat. 
No. 4,620, 965. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to a hollow ?ber-type arti?cial 

lung used in extracorporeal circulation to remove car 
bon dioxide from blood and add oxygen to the blood. 
The invention is applicable to an arti?cial lung having a 
blood reservoir chamber and arti?cial lung having a 
heat exchanger. 

2. Description of the Prior Art 
Arti?cial lungs are broadly classi?ed into those of 

porous type and membrane type. The membrane arti?c 
ial' lung, such as of stacked membrane type, coil type or 
hollow ?ber type, is widely recognized as being supe 
rior to the porous-type arti?cial lung in view of the fact 
that the blood conveyed through the lung undergoes 
less hemolysis, albumin degeneration, clotting and af?x 
ation, and as being extremely close to the human lung in 
terms of its operating mechanism. Nevertheless, be 
cause the membrane-type arti?cial lung possesses a 
number of disadvantages set forth hereinbelow, the 
arti?cial lung of porous type is the one used most 
widely in open-heart surgery at the present time. 

In order to obtain suf?cient oxygenation with the 
membrane-type arti?cial lung currently available, it is 
required that the blood flow layer be reduced in thick 
ness. This means a narrow blood flow passage and, 
hence, a large ?ow passage resistance. In consequence, 
it is not possible to achieve perfusion of the blood 
within the arti?cial lung by utilizing the head developed 
between the patient and the lung. Accordingly, as 
shown in FIG. 1, a blood circuit using a membrane-type 
arti?cial lung requires that a pump 2 be disposed on the 
inlet or venous side of the arti?cial lung, indicated at 1. 
A blood reservoir 3 and a heat exchanger 4 are also 
provided. with the blood circuit shown in FIG. 1, how 
ever, the magnitude of the pressure adjacent the outlet 
of the pump 2 is greater than the sum of the pressure 
loss at the blood feeding catheter and the pressure loss 
of the arti?cial lung. The problem that results is an 
increase in the internal pressure of the circuit on the 
blood feeding side. A proposed solution to this problem, 
disclosed in the speci?cation of Japanese Patent Appli 
cation Laid-Open No. 50-9299, is to pass the blood on 
the outer side of the hollow ?bers. However, the pro 
posed arrangement has not been put into practical use 
due to dif?culties in removing air bubbles developed in 
the blood in the extracorporeal circuit. Further, there 
are dif?culties in priming and the like in placing the 
proposed arti?cial lung into practical use. 
The speci?cation of the abovementioned publication 

discloses a theoretical arrangement for passing oxygen 
gas on the outer side of hollow ?bers, but the arrange 
ment noes not maximize the gas exchange capability of 
the hollow ?bers. To obtain a practical system, not only 
must the gas exchange capability be improved, but the 

40 

45 

65 

2 
following factors must be taken into consideration. Spe 
ci?cally, through use of the blood reservoir 3 shown in 
FIG. 1, the extracorporeally circulating blood is tempo 
rarily stored so that any air bubbles entrained within the 
blood may be removed. The reservoir 3 is also neces 
sary for the purpose of maintaining a certain degree of 
blood ?ow in the event that the blood extracted from a 
vein is de?cient because of a bend in the associated 
tubing, or if there is leakage of blood from the system. 
However, since, the blood reservoir 3 is provided in the 
blood circuit independently of the arti?cial lung 1 in the 
conventional membrane-type arti?cial lung system, the 
circuit is structurally complex and much time and effort 
are involved in setting up the circuit and in extracting 
bubbles during priming. Furthermore, because of the 
extensive priming and the large amount of blood re 
quired to ?ll the conventional system, it is required that 
a preliminary transfusion of blood be made into the 
priming liquid, with which the arti?cial lung is ?lled in 
advance, in order to mitigate dilution of the blood 
within the patient's body. In particular, the allowable 
amount of blood available for ?lling an arti?cial lung 
for surgery involving infants and children is small be 
cause of low body weight. Therefore, when the mem 
brane-type arti?cial lung, which requires a large quan 
tity of blood to ?ll the entire circuit, is used in surgical 
operations on infants or children, a problem arises in 
that the total amount of blood available is small. 
The heat exchanger 4 in the blood circuit of FIG. I is 

needed for lowering blood temperature during a low 
body temperature process, and for heating the blood or 
for keeping the blood warm. However, since the heat 
exchanger 4, as well as the blood reservoir 3, is pro 
vided in the blood circuit independently of the arti?cial 
lung 1 in the conventional membrane-type arti?cial 
lung system, the circuit becomes even more complex 
structurally and greater time and effort are required for 
circuit set up and bubble extraction during priming. 
Also, as mentioned above, the extensive priming and the 
large amount of blood required to ?ll the conventional 
system require that a preliminary transfusion be made in 
the priming liquid, with which the arti?cial lung is ?lled 
in advance, to counter dilution of the blood within the 
patient's body. Because of the small amount of blood 
available for ?lling an arti?cial lung in surgery directed 
to infants and children, there is a demand for an ar 
rangement capable of greatly diminishing the amount of 
blood needed to ?ll the overall blood circuit. 

‘SUMMARY OF THE INVENTION 

Accordingly, an object of the present invention is to 
provide a hollow ?ber-type arti?cial lung which pro 
duces a blood flow capable of improving gas exchange 
ef?ciency per unit membrane area, which makes possi 
ble blood perfusion utilizing the head developed be 
tween the patient and the arti?cial lung, and which 
effectively removes air evolved during priming and 
during use. 
Another object of the present invention is to provide 

a hollow ?ber-type arti?cial lung which reduces the 
amount of blood needed to ?ll the associated blood 
circuit, by combining, into a substantially unitary body, 
a blood chamber and a blood reservoir. 

Still another object of the present invention is to 
provide a hollow ?ber-type arti?cial lung through 
which is it possible to regulate the amount of extracor 
poreal circulation. 
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A further object of the present invention is to provide 
a hollow ?ber-type arti?cial lung which reduces the 
amount of blood needed to ?ll the associated blood 
circuit, by combining, into a substantially unitary body, 
a blood chamber and a heat exchanger chamber. 
The above and other objects, features and advantages 

of the present invention will become more apparent 
from the following description when taken in conjunc 
tion with the accompanying drawings in which pre 
ferred embodiments of the present invention are shown 
by way of illustrative example. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a diagram of a blood circuit to which a 

prior-art membrane-type arti?cial lung is applied; 
FIG. 2 is a diagram of a blood circuit to which the 

hollow ?ber-type arti?cial lung of the present invention 
is applied; 
FIG. 3 is a sectional view illustrating an embodiment 

of a hollow ?ber-type arti?cial lung according to the 
present invention; 
FIG. 4 is a sectional 

FIG. 3; 
FIG. 5 is a sectional view taken along line V-V of 

FIG. 3; 
FIG. 6 is a sectional view taken along line VI—VI of 

FIG. 3; 
FIG. 7 is a sectional view illustrating a hollow ?ber 

type arti?cial lung according to the prior art; 
FIG. 8 is a sectional view showing the disposition of 

the hollow ?ber-type arti?cial lung of the present in 
vention during priming; 

FIG. 9 is a diagram of a blood circuit in a case where 
the present invention is applied to a hollow ?ber-type 
arti?cial lung having a blood reservoir chamber; 

FIG. 10 is a perspective view illustrating an embodi 
ment of a hollow ?ber-type arti?cial lung according to 
one application of the present invention; 

FIG. 11 is a sectional view showing the hollow ?ber 
type arti?cial lung of FIG. 10; 
FIG. 12 is a sectional view taken along the line XII 

—XII of FIG. 11; 
FIG. 13 is an enlarged sectional view illustrating 

another embodiment of the hollow ?ber-type arti?cial 
lung shown in FIG. 10; 
FIG. 14 is a perspective view illustrating an arti?cial 

lung, having a heat exchanger, according to an applica 
tion of the present invention; 

FIG. 15 is a sectional view illustrating a ?rst embodi 
ment of the arti?cial lung shown in FIG. 14; 
FIG. 16 is a sectional view taken along line XVI 

--XVI of FIG. 14; 
FIG. 17 is a perspective view illustrating an arti?cial 

lung according to a second embodiment of the arti?cial 
lung shown in FIG. 14; 
FIG. 18 is a perspective view illustrating an arti?cial 

lung according to a third embodiment; 
FIG. 19 is a perspective view illustrating an arti?cial 

lung according to a fourth embodiment; and 
FIG. 20 is a perspective view illustrating an example 

of a slender tube having ?ns forming a heat exchanger. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

According to a ?rst embodiment of the present inven 
tion, a hollow ?ber-type arti?cial lung comprises an 
axially extended housing, a hollow ?ber bundle having 
a multiplicity of hollow ?bers accommodated within 

view taken along line IV—-IV of 
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4 
and along the axial direction of the housing, the hollow 
?bers forming blood channels between outer wall sur 
faces of neighboring ones thereof, and being arranged 
within the housing in such a manner that neighboring 
blood channels are brought into substantial communica 
tion, ?rst and second walls liquid-tightly supporting the 
hollow ?bers at both end portions thereof within the 
housing, a gas inlet port provided on an outer side of the 
?rst or second wall and communicating with the hollow 
interior of the hollow ?bers, the ?rst and second walls, 
the inner wall of the housing and the outer wall surfaces 
of the hollow ?bers de?ning a blood chamber, blood 
inlet and outlet ports communicating with the blood 
chamber, the blood chamber having a ?rst blood flow 
passage at a portion adjacent the ?rst wall, the ?rst 
passage at a portion adjacent the ?rst wall, the ?rst 
blood flow passage communicating with the blood inlet 
port and surrounding the hollow ?ber bundle circum 
ferentially at the end portion retained by the ?rst wall, 
and a second blood ?ow passage at a portion adjacent 
the second wall, the second blood flow passage commu 
nicating with the blood outlet port and surrounding the 
hollow ?ber bundle circumferentially at the end portion 
retained by the second wall, a hollow ?ber constricting 
portion for varying the cross sectional area of the blood 
channels formed between neighboring ones of the hol 
low ?bers, and a gas venting port communicating with 
the interior of the blood chamber, the venting port 
being situated higher than the blood outlet port when 
the arti?cial lung is in use. 
The gas venting port and the blood outlet port are 

provided at positions substantially symmetrical with 
respect to the axis of the housing. The second wall has 
a concave portion on a side facing the second blood 
flow passage, and the gas venting port is provided in a 
side wall of the housing adjacent the concave portion of 
the second wall. The hollow ?bers are made of a micro 
porous membrane. 
The inner surface of the housing in the vicinity of the 

blood inlet port is flared outwardly relative to the inner 
surface of the housing at the intermediate portion 
thereof. thereby forming the ?rst blood flow passage 
between the outer periphery of the hollow ?ber bundle 
and the inner surface of the housing, the ?rst blood flow 
passage being annular in shape. Similarly, the inner 
surface of the housing in the vicinity of the blood outlet 
port is ?ared outwardly relative to the inner surface of 
the housing at the intermediate portion thereof, thereby 
‘forming the second blood flow passage between the 
outer periphery of the hollow ?ber bundle and the inner 
surface of the housing, the second blood flow passage 
also being annular in shape. 
The ?ared inner surface of the housing in the vicinity 

of the blood inlet means is off centered with respect to 
the hollow ?ber bundle so as to increase the distance 
between the blood inlet means and the hollow ?ber 
bundle, thereby enlarging the flow area of the ?rst 
blood ?ow passage facing the blood inlet means. Like~ 
wise, the ?ared inner surface of the housing in the vicin 
ity of the blood outlet means is off centered with respect 
to the hollow ?ber bundle so as to increase the distance 
between the blood outlet means and the hollow ?ber 
bundle, thereby enlarging the flow area of the second 
blood ?ow passage facing the blood outlet means. 
The gas venting port includes a detachable ?lter per 

meable to gas but impermeable to bacteria. 
Reference will now be had to FIGS. 2 through 6 to 

describe present arti?cial lung in detail. FIG. 2 is a 
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diagram of a blood circuit to which the hollow ?ber 
type arti?cial lung of the present invention is applied. 
FIG. 3 is a sectional view illustrating an embodiment of 
a hollow ?ber-type arti?cial lung according to the pres 
ent invention. FIG. 4 is a sectional view taken along line 
IV-IV of FIG. 3, FIG. 5 is a sectional view taken 
along line V-V of FIG. 3, and FIG. 6 is a sectional 
view taken along line VI—-VI of FIG. 3. 
As shown in FIG. 2, a blood circuit to which the 

present invention is applied has an arti?cial lung 11, a 
blood reservoir 12, a pump 13 and a heat exchanger 14 
through which blood is passed in the order mentioned. 
As illustrated in FIGS. 3 through 6, the arti?cial lung 

11 includes a tubular housing 15 accommodating a bun 
dle 17 of hollow ?bers 16. The ends of the hollow ?bers 
16 are retained liquid tightly within the housing 15 via 
walls 18, 19. A header 20 is attached to one end portion 
of the housing 15, and a header 21 to the other end 
thereof. The inner side of the header 20 and the wall 18 
de?ne a gas inlet chamber 22 communicating with the 
space within each of the hollow ?bers 16. The inner side 
of the header 21 and the wall 19 de?ne a gas outlet 
chamber 24 similarly communicating with the space 
within each of the hollow ?bers. The header 21 is 
formed to include a gas outlet port 25, and the header 20 
is formed to include a gas inlet port 23. Thus, a gas such 
as oxygen or air supplied from the gas inlet port 23 is 
capable of being passed through the interior of the hol 
low ?bers 16. It should be noted that the header 21, and 
hence the gas outlet chamber 24 and gas outlet port 25, 
is not particularly essential, for an arrangement can be 
adopted wherein the gas exiting from the hollow ?bers 
16 is released directly into the atmosphere. 
The walls 18, 19, the inner surface of the housing 15, 

and the outer peripheral surface of the hollow ?bers 16 
de?ne a blood chamber 26. Formed at the respective 
ends of the housing 15 in the side thereof are a blood 
inlet port 27 and a blood outlet port 28, each of which 
communicates with the blood chamber 26. More specif 
ically, the outer walls of adjacent hollow ?bers 16 de 
?ne channels through which the entrant blood may 
?ow, and neighboring channels communicate with one 
another owing to the clustered hollow ?ber bundle. In 
consequence, the streams of blood ?owing through 
these channels interfere with one another, causing the 
blood to ?ow in a turbulent manner. This makes it possi 
ble to achieve a turbulent blood flow at the periphery of 
the hollow ?bers 16 within the blood chamber 26. 
The inner surface of the housing 15 at the portion 

where the blood inlet port 27 is provided is ?ared out 
wardly relative to the inner surface of the housing at the 
intermediate portion thereof, thereby forming an annu 
lar blood ?ow passage 29 between the outer periphery 
of the hollow ?ber bundle 17 and the inner surface of 
the housing at the ?ared end, as shown in FIG. 5. This 
makes it possible for the entrant blood to be distributed 
to each of the hollow ?bers 16 smoothly from the entire 
outer periphery of the bundle 17 facing the blood ?ow 
passage 29. Further, as shown in FIG. 5, the ?ared inner 
surface of the housing 15 is off centered with respect to 
the hollow ?ber bundle 17 so as to increase the distance 
between the blood inlet port 27 and the bundle, thereby 
enlarging the ?ow area of that part of the blood ?ow 
passage 29 facing the blood inlet port 27. Thus, the ?ow 
passage area of the blood ?ow passage 29 gradually 
diminishes with an increase in distance from the blood 
inlet port 27, so that the blood from the blood flow 
passage 29 is distributed in a uniform amount circumfer 
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6 
entially of the hollow ?ber bundle 17. This makes it 
possible for the flow rate of the blood traveling axially 
of the housing 15 within the blood chamber 26 to be 
made uniform in relation to the circumferential direc 
tion of the hollow ?ber bundle 17. 
The inner surface of the housing 15 at the portion 

where the blood outlet port 28 is provided is ?ared 
outwardly relative to the inner surface of the housing at 
the intermediate portion thereof, thereby fonning an 
annular blood ?ow passage 30 between the outer pe 
riphery of the hollow ?ber bundle 17 and the inner 
surface of the housing at this ?ared end, as shown in 
FIG. 6. The blood enveloping each of the hollow ?bers 
16 will therefore ?ow from the entire outer periphery of 
the bundle 17, which is facing the blood ?ow passage 
30, into the abovementioned blood channels, and will 
proceed toward the blood outlet port 28 while mixing 
of the blood ?owing through a plurality of the channels 
takes place. Further, as shown in FIG. 6, the ?ared 
inner surface of the housing 15 at the blood outlet end 
thereof is off centered with respect to the hollow ?ber 
bundle 17 so as to increase the distance between the 
blood outlet port 28 and the bundle, thereby enlarging 
the ?ow area of that part of the blood ?ow passage 30 
facing the blood outlet port 28. Thus, the ?ow passage 
area of the blood ?ow passage 30 gradually diminishes 
with an increase in distance from the blood outlet port 
28, so that the amount of blood introduced to the blood 
?ow passage 30 is made uniform circumferentially of 
the hollow ?ber bundle 17. This makes it possible for 
the ?ow rate of the blood traveling axially of the hous 
ing 15 within the blood chamber 26 to be made uniform 
in relation to the circumferential direction of the hollow 
?ber bundle 17. 
The housing 15 is shaped such that its inner diameter 

has a minimum value at the mid portion of the housing 
axially thereof and a gradually larger value as the ends 
of the housing are approached. Thus, the housing 15 
narrows or tapers toward its center from both ends to 
constrict the outer periphery of the hollow ?ber bundle 
17 at the central portion thereof in the axial direction. 
Owing to the constriction of the ?ber bundle 17 pro 
duced by the tapered shape of the housing 15, a uniform 
?ow of blood through a transverse cross section of the 
?ber bundle 17 is obtained, and the flow speed varies 
along the axis of the bundle to promote a turbulent ?ow 
condition. This makes it possible to improve gas ex 
change ef?ciency. It will be appreciated from FIGS. 3 
and 4 that the centrally tapered inner wall of the hous 
ing 15 and the inner walls of the housing de?ning the 
blood ?ow passages 29, 30 form a continuous inner wall 
surface ?aring outwardly from the central portion of 
the housing. This con?guration assures that air, which 
is to be purged from the housing 15 during priming, will 
travel along the inner wall surface of the housing and 
exit from a gas venting port 31, described later, without 
residing in the blood chamber 26. Alternatively, the 
inner wall of the housing 15 may be ?ared linearly from, 
say, the end having the blood inlet port 27 to the end 
having the blood outlet port 28. 
A conventional arti?cial lung 11A, shown in FIG. 7, 

has portions P1, P2 projecting discontinuously in the 
direction of blood ?ow, these portions being located on 
the inner surface of a housing 15A de?ning a blood 
chamber 26A. With such an arrangement, the air to be 
vented during priming is entrapped by the projecting 
portions P1, P1, so that complete discharge of the air 
from the blood chamber 26A does not take place. 
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Each of the hollow ?bers 16 consists of a micropo 
rous membrane. More speci?cally, each hollow ?ber 
comprises a porous polyole?n resin such as polypropyl 
ene or polyethylene, with polypropylene being pre 
ferred. In this case, the hollow ?bers 16 have a multi 
plicity of small pores or holes interconnecting the inside 
and outside of the ?ber wall. The hollow ?ber has an 
inner diameter of about 100 to 1.00011, a wall thickness 
of about l0 to 500 and preferably 10 to 50p, and a poros 
ity in the range of amout 20 to 80 percent. With hollow 
?bers 16 of this kind, membrane resistance to gas flow 
may be reduced and an excellent gas exchange perfor 
mance obtained because the gas ?ow occurs as a vol 
ume flow. It should be noted that the hollow ?bers 16 
need not necessarily consist of a microporous mem 
brane. For example, use can be made of a silicone mem 
brane that permits travel of a gas by dissolution or diffu 
sion. 
The packing rate of the housing 15 having hollow 

?bers of the foregoing type is as speci?ed by the follow 
ing formula: 

total cross-sectional area of ?bers 
. . 00 

housing cross-sectional area X I packing rate (‘kl = 

More speci?cally, 

2 Z 

packing m: P(%) = rrn/ 1r >< I00 

where r represents the outer diameter of the hollow 
?bers, n the number of hollow ?bers enclosed within 
the housing, and a the inner diameter of the housing. 
The preferred packing rate at the end portions of the 
housing, namely at the portions of maximum diameter, 
is 20 to 50%. The preferred packing rate at the centrally 
constricted portion of the housing is from 1.2 to 4 times 
the packing rate at the housing end portions. If the 
packing rate at the housing end portions is less than 
20%, there is little surface contact with the outer wall 
of the hollow ?bers and the blood flow is too linear. 
The result is an unsatisfactory gas exchange perfor 
mance. If the packing rate at the housing end portion is 
greater than 50%, on the other hand, the flow of blood 
is impeded, giving rise to an excessive pressure loss. In 
a case where the centrally constricted portion is pro 
vided, it is necessary to increase the packing density at 
the constricted portion by at least 1.2 times. A ?gure 
below 1.2 times will make it difficult for the blood to 
flow in the desired turbulent manner, while a packing 
ratio greater than four times end portion packing ratio, 
or in excess of 80%, will give rise to an undesirable 
pressure loss. _ 
The hollow ?ber-type arti?cial lung most preferred 

has 40,000 hollow ?bers, each having an outer diameter 
of 250 pm, enclosed within a housing the inner diameter 
of which is 80.0 mm at the end portions and 64.0 mm at 
the constricted portion thereof. The packing rate is 
39.1% at the end portions and 61.0% at the constricted 
portion. 
The walls 18, 19 are formed by a centrifugal injection 

process in the following manner. First, a multiplicity of 
the hollow ?bers 16, which are longer than the housing 
15, are prepared, both open ends of the ?bers are 
plugged with a highly viscous resin, and the ?bers are 
then placed side by side within the housing 15. Thereaf 
ter, with both ends of the hollow ?bers completely 
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covered, a polymeric potting agent is poured in from 
both ends of the housing 15 while the housing is being 
rotated about a center of rotation decided by the longi 
tudinal direction of the housing, under a condition in 
which the central axis of the housing is situated in the 
direction of the radius of rotation. After the poured 
resin has hardened, the outer faces of the resin are cut 
off by means of a sharp blade to expose both open ends 
of the hollow ?bers 16. This completes the formation of 
the walls 18, 19. As will be understood from FIGS. 3 
and 4, the sides of the walls l8, 19 facing the blood 
chamber 26 de?ne cylindrical concavities. 
The housing 15 is provided with a gas venting port 31 

communicating with the blood chamber 26, the port 
being situated higher than the blood outlet port 28 when 
the arti?cial lung is in use. The gas venting port 31 is 
?tted with a detachable ?lter 32 permeable to air but not 
to bacteria. The ?lter 32 is removed during priming and 
reattached after priming and serves to prevent bacterial 
contamination of the arti?cial lung 11 during the vent 
ing of air evolved when the arti?cial lung is used. 
During priming, the gas venting port 31 allows air to 

escape from the interior of the blood circuit and arti?c 
ial lung 11, which air is displaced by a ?lling liquid such 
as a physiologic saline. Following the removal of air, 
the port 31 is plugged to form a hermetic seal. 
The gas venting port 31 and blood outlet port 28 are 

provided at positions symmetrical with respect to the 
axis of the housing 15. During priming, as shown in 
FIG. 8, the central axis of the arti?cial lung 11 is tilted 
in a plane which contains both the gas venting port 31 
and blood outlet port 28, whereby the gas venting port 
31 is placed higher than the blood outlet port 28 to 
assure and facilitate the discharge of air. The gas vent 
ing port 31 is located in the side wall of the housing 15 
at a point adjacent the concave surface of the wall 18, as 
best shown in FIG. 4, so as to communicate with the 
uppermost part of the blood chamber 26. This makes 
possible the complete discharge of air during priming, 
as well as the complete discharge of air which occurs 
when the arti?cial lung is used, as when air that remains 
in the blood circuit connecting joints flows into the 
arti?cial lung during use. It should be noted that the gas 
venting port may be so provided as to penetrate the 
center of the wall 18. 
The operation of the arti?cial lung shown in FIGS. 3 

through 6 will now be described. The arti?cial lung is 
for use in, e.g., open-heart surgery, and is installed in a 
blood circulating circuit of the kind shown in FIG. 2. 
Ordinarily, blood is extracted at a flow rate of 4 l/min. 

First, prior to introducing blood into the arti?cial 
lung 11, physiologic saline mixed with heparin is intro 
duced from the blood inlet port 27 to exclude all air 
from the blood chamber 26 within the arti?cial lung 11. 
During this process, a tube communicating with the 
blood reservoir will be connected to the gas venting 
port 31, from which the ?lter 32 has been removed, and 
the blood outlet port 28 is either connected to a tube in 
the same manner as the gas venting port 31, or other 
wise sealed by means of a cap or the like. Following the 
complete purging of the air from the interior of the 
arti?cial lung 11, the ?lter 32 is ?tted into the gas vent 
ing port 31 which is then sealed by means of a cap, not 
shown. Blood is introduced from the patient into the 
arti?cial lung 11 from the blood inlet port 27 at a prede 
termined head (on the order of l m). The entrant blood 
impinges upon the outer walls of the hollow ?bers 16 
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near the blood inlet port 27 and flows into the annular 
blood flow passage 29 de?ned within the arti?cial lung. 
Owing to the force of gravity and the l at head, the 
blood rises within the blood chamber 26. As this pro 
ceeds, an exchange is effected between the carbon diox 
ide contained in the blood and oxygen, which enters 
from the gas inlet port 23 through the hollow ?bers 16. 
The oxygenated blood ?ows out of the blood outlet 
port 28 through the blood flow passage 30, is held in the 
reservoir 12 (FIG. 2) and then, under the in?uence of lo 
the blood feeding pump 13, is heated or cooled by the 
heat exchanger 14 before being fed back into the pa 
tient. 
Any air that appears in the arti?cial lung 11 during 

the feeding of the blood, which air is primarily the 
result of residual air from the tube connections of the 
blood circuit, flows in from the blood inlet port 27 
together with the entering blood, rises within the blood 
chamber 26 and collects in the concave portion of the 
wall 18 at the upper end of the blood ?ow path 30. The 
collected air is released to the outside through the ?lter 
32 by removing the cap from the gas venting port 31. At 
such time the arti?cial lung 11 preferably is tilted, as 
shown in FIG. 8, to bring the gas venting port 31 to a 
position higher than that of the blood outlet port 28. 
The actions and effects of the arti?cial lung 11 shown 

in FIGS. 3 through 6 and in FIG. 8 will now be set 
forth. 
As described hereinabove, the hollow ?ber-type arti 

?cial lung 11 of the invention comprises an axially ex~ 
tended housing, a hollow ?ber bundle having of a multi 
plicity of hollow ?bers accommodated within and along 
the axial direction of the housing, the hollow ?bers 

20 

25 

forming blood channels between outer wall surfaces of 35 
neighboring ones thereof, and being arranged within 
the housing in such a manner that neighboring blood 
channels are brought into substantial communication, 
?rst and second walls liquid-tightly supporting the hol 
low ?bers at both end portions thereof within the hous 
ing, a gas inlet port provided on an outer side of the ?rst 
or second wall and communicating with the hollow 
interior of the hollow ?bers, the ?rst and second walls, 
the inner wall of the housing and the outer wall surfaces 
of the hollow ?bers de?ning a blood chamber, blood 
inlet and outlet ports communcating with the blood 
chamber, the blood chamber having a ?rst blood flow 
passage at a portion adjacent the ?rst wall, the ?rst 
blood flow passage communciating with the blood inlet 
port and surrounding the hollow ?ber bundle circum 
ferentially at the end portion retained by the ?rst wall, 
and a second blood flow passage at a portion adjacent 
the second wall, the second blood ?ow passage com 
munciating with the blood outlet port and surrounding 
the hollow ?ber bundle circumferentially at the end 
portion retained by the second wall, a hollow ?ber 
constricting portion for varying the cross sectional area 
of the blood channels formed between neighboring ones 
of the hollow ?bers, and a gas venting port communi 
eating with the interior of the blood chamber, the vent 
ing port being situated higher than the blood outlet port 
when the arti?cial lung is in use. Owing to such con~ 
struction, gas exchange takes place while the blood is 
flowing in a turbulent state, making it possible to im 
prove the gas exchange performance per unit mem 
brane area. in addition, the blood flow resistance interi 
orly of the blood chamber does not take on a large 
magnitude, so that perfusion of the blood may be 
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10 
achieved owing to the head developed between the 
patient and the arti?cial lung. 

Further, since the gas venting port and the blood 
outlet port are provided at positions substantially sym 
metrical with respect to the axis of the housing, air can 
be discharged from the arti?cial lung reliably and with 
ease during priming by placing the gas venting port 
higher than the blood outlet port, this being accom 
plished by tilting the central axis of the arti?cial lung in 
a plane containing the gas venting port and gas outlet 
port. The gas venting port is provided in a side wall of 
the housing adjacent the concave portion of the second 
wall. Consequently, the gas venting port communicates 
with the uppermost end of the blood chamber, making 
it possible to completely discharge air during priming, 
as well as air which occurs during use. The hollow 
?bers are made of a microporous membrane to reduce 
the resistance of the membrane to traveling gases, and 
to enhance the gas exchange performance. 

In the arti?cial lung, the inner surface of the housing 
where the blood inlet port is provided is ?ared out 
wardly relative to the inner surface of the housing at the 
intermediate portion thereof, thus forming the annular 
?rst blood flow passage between the outer periphery of 
the hollow ?ber bundle and the inner surface of the 
housing. This makes it possible for the entrant blood to 
be distributed to each of the hollow ?bers smoothly 
from the entire outer periphery of the bundle facing the 
?rst blood ?ow passage. The inner surface of the hous 
ing where the blood outlet port is provided is ?ared 
outwardly relative to the inner surface of the housing at 
the intermediate portion thereof, thus forming the annu 
lar second blood flow passage between the outer pe 
riphery of the hollow ?ber bundle and the inner surface 
of the housing. This makes it possible for the blood 
enveloping each of the hollow ?bers to be introduced 
smoothly from the entire outer periphery of the ?ber 
bundle facing the second blood flow passage, into the 
blood outlet port. 
The flared inner surface of the housing in the vicinity 

of the blood inlet port is off centered with respect to the 
hollow ?ber bundle so as to increase the distance be 
tween the blood inlet port and the hollow ?ber bundle, 
thereby enlarging the ?ow area of the ?rst blood flow 
passage facing the blood inlet port. As a result, the 
blood from the blood ?ow passage is distributed in a 
uniform amount circumferentially of the hollow ?ber 
bundle, making it possible for the ?ow rate of the blood 
traveling axially of the housing within the blood cham 
ber to be made uniform in relation to the circumferential 
direction of the hollow ?ber bundle. Similarly, the 
?ared inner surface of the housing in the vicinity of the 
blood outlet port is off centered with respect to the 
hollow ?ber bundle so as to increase the distance be 
tween the blood outlet port and the hollow ?ber bundle, 
thereby enlarging the ?ow area of the second blood 
?ow passage facing the blood outlet port. As a result, 
the amount of blood introduced to the blood flow pas 
sage is made uniform circumferentially of the hollow 
?ber bundle, making it possible for the flow rate of the 
blood traveling axially of the housing within the blood 
chamber to be made uniform in relation to the circum 
ferential direction of the hollow ?ber bundle. 

Further, the gas venting port of the arti?cial lung 
includes a detachable ?lter permeable to gas but imper 
meable to bacteria. This prevents bacterial contamina 
tion of the arti?cial lung when venting air evolved 
during use of the arti?cial lung. 
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Another embodiment of the hollow ?ber-type arti?c 
ial lung shown in FIGS. 3 through 6 will now be de 
scribed. 

In this embodiment, the arti?cial lung in equipped 
with a blood reservoir chamber. Speci?cally, the hol 
low ?ber-type arti?cial lung comprises an axially ex 
tended housing, a hollow ?ber bundle having of a multi 
plicity of hollow ?bers accommodated within and along 
the axial direction of the housing, the hollow ?bers 
forming blood channels between outer wall surfaces of 
neighboring ones thereof, and being arranged within 
the housing in such a manner that neighboring blood 
channels are brought into communication, ?rst and 
second walls liquid-tightly supporting the hollow ?bers 
at both end portions thereof within the housing. the ?rst 
and second walls, the inner wall of the housing and the 
outer wall surfaces of the hollow ?bers de?ning a blood 
chamber, a blood inlet port provided in a side wall of 
the housing in the vicinity of the ?rst wall and commu 
nicating with the blood chamber, a blood reservoir 
chamber provided in the vicinity of the second wall and 
communicating with the blood chamber, a blood outlet 
port communicating with the blood reservoir chamber, 
and a gas inlet port provided on an outer side of at least 
one of the ?rst and second walls and communicating 
with the hollow interior of the hollow ?bers. 
The arti?cial lung includes a gas venting port com 

municating the blood reservoir chamber with the atmo 
sphere. _ 

The blood reservoir chamber has an outer wall com 
prising a rigid material, a side surface of the outer wall 
having graduations. The blood reservoir chamber is so 
adapted that, when blood is introduced from the blood 
inlet port so as to rise within the blood chamber, the 
blood will flow downwardly into the blood reservoir 
chamber from the blood chamber and will be collected 
within the blood reservoir chamber. 
The inner surface of the housing in the vicinity of the 

blood inlet port is ?ared outwardly relative to the inner 
surface of the housing at the intermediate portion 
thereof, thus forming an annular blood ?ow passage 
between the outer periphery of the hollow ?ber bundle 
and the inner surface of the housing. The ?ared inner 
surface of the housing in the vicinity of the blood inlet 
port is off centered with respect to the hollow ?ber 
bundle so as to increase the distance between the blood 
inlet port and the hollow ?ber bundle, thereby enlarg 
ing the flow area of the blood flow passage facing the 
blood inlet port. 
The housing comprises an inner cylinder de?ning the 

blood chamber, and an outer cylinder surrounding a 
portion of the inner cylinder for de?ning the blood 
reservoir chamber between itself and the inner cylinder, 
the ?rst wall being retained in the inner cylinder, the 
second wall being retained in the outer cylinder. Alter 
natively, the ?rst and second walls may both be retained 
in the inner cylinder. 
The hollow ?bers are made of a microporous mem 

brane. The gas venting port has a ?lter permeable to gas 
but impermeable to bacteria. 

Reference will now be had to FIGS. 9 through 12 to 
describe the arti?cial lung in detail. FIG. 9 is a diagram 
of a blood circuit to which the hollow ?ber-type arti?c 
in] lung is applied, FIG. 10 is a perspective view the 
embodiment of the hollow ?ber-type arti?cial lung 
according to one application of the present invention, 
FIG. 11 is a sectional view showing the hollow ?ber 
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12 
type arti?cial lung of FIG. 10. and FIG. 12 is a sectional 
view taken along the line Xll—-XII of FIG. 11. 
As shown in FIG. 9, a blood circuit to which the 

present invention is applied has an arti?cial lung 111, a 
pump 112 and a heat exchanger 113 through which 
blood is passed in the order mentioned. 
As illustrated in FIGS. 10 through 12, the arti?cial 

lung 111 includes a housing 114 the hollow interior of 
which accommodates a bundle 116 of hollow ?bers 115. 
The hollow ?bers 115, similar to the hollow ?bers 16 
described earlier, are made of a microporous mem 
brane, silicone membrane or the like. Reference should 
be had to the earlier description for further details. 
Also, as described above with reference to FIGS. 3 
through 6, the hollow ?bers 115 are accommodated 
within the housing 114 in such a manner that entrant 
blood will ?ow therethrough in a turbulent manner. 
The housing 114 comprises an internal cylinder 117 
which receives the hollow ?ber bundle 116 substan 
tially in its entirety, and an outer cylinder 118 receiving 
the upper portion of the inner cylinder 117 substantially 
coaxially. The inner and outer cylinders 117, 118 are 
formed from a rigid material such as acryl-styrene co 
polymer, polycarbonate or polystyrene. The upper 
edge portion of the inner cylinder 117 and a wall 120 
de?ne an annular, continuous and circumferentially 
extending communication passage 121. Further, the 
inner cylinder 117 and the outer cylinder 118 de?ne a 
blood reservoir chamber 131, which is communicated 
with a blood chamber 128 via the passage 121. A blood 
outlet port 132 communicating with the blood reservoir 
131 is formed on the outer cylinder 118 at the lower 
most position thereof. Here the side of the outer cylin 
der 118 is provided with engraved graduations 133 for 
indicating an amount of blood which will collect within 
the reservoir chamber, as described later. 
The volume of the blood reservoir chamber 131 is 

such that a certain degree of blood flow will be main 
tained in the event that the blood extracted from a vein 
is de?cient because of a bend in the associated tubing, or 
if there is leakage of blood from the system. Speci? 
cally, the blood reservoir chamber 131 is arranged to 
have a volume such that the upper level of the collected 
blood will not rise to a position higher than the upper 
edge of the inner cylinder 117, even if the amount of 
blood collected is enough for half of the extracorporeal 
blood circulation rate (ml/min) planned for safety. 
when blood flows into the inner cylinder 117 from a 
blood inlet port 129 and rises within the blood chamber 
128, the blood from the blood chamber 1218 eventually 
over?ows from the upper edge of the inner cylinder 117 
and collects within the blood reservoir chamber 131. By 
designing it so that the blood reservoir chamber 131 has 
the above-described volume, the blood which collects 
within the blood reservoir chamber does not exert any 
pressure upon the blood rising in the blood chamber 
128. 
The outer cylinder 118 is provided at its upper por 

tion with a gas vent 134 capable of communicating the 
blood reservoir chamber 131 with the outside air. The 
gas vent 134 is ?tted with a ?lter which is permeable to 
air but impermeable to bacteria, thereby preventing 
bacterial contamination of the arti?cial lung 111 during 
use. 

With the arti?cial lung 111 shown in FIGS. 10 
through 12, the hollow interior of each hollow ?ber 115 
serves as a gas flow passage, while the blood chamber 
128 is formed at the outer periphery of the hollow ?bers 
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115. As a result, the entrant blood‘ is subjected to gas 
exchange in the blood chamber 128 while the blood 
flows in a turbulent manner, and the membrane area 
contacting the blood is increased by an amount corre 
sponding to the difference between the inner and outer 
diameters of the hollow ?bers 115. Thus, the oxygena 

' tion capability per membrane area is raised so that it is 
possible to reduce the membrane area required to obtain 
a given oxygenation capability. Further, since the blood 
flow paths forming the blood chamber 128 are not nar 
rowed, there is little resistance to the flow of blood 
within the blood chamber 128. This makes it possible to 
achieve perfusion of the blood within the arti?cial lung 
111 by virtue of the head developed between the patient 
and the arti?cial lung 111, as shown in the blood circuit 
of FIG. 9. Accordingly, the internal circuit pressure on 
the blood feeding side is solely the pressure of the blood 
feeding catheter portion, thereby eliminating the possi 
bility of accelerated hemolysis and damage to the blood 
circuit connections. In addition, owing to the unnat 
rowed blood flow paths in the blood chamber 128, the 
extraction of bubbles during priming can be carried out 
quickly and easily. 
As mentioned earlier, the hollow ?bers 115 consist of 

a microporous membrane. If water vapor contained 
within the blood should penetrate into the hollow ?bers 
115 through the membranous walls thereof, the water 
vapor will not form dew within the apparatus owing to 
the temperature, on the order of 37' C., of the blood 
?owing by the outer periphery of the hollow ?bers 115. 
Thus, there will be no decline in the effective membrane 
area of the hollow ?bers 115 and, hence, no reduction in 
gas exchange performance. 

Since the arti?cial lung 111 is provided with the inter 
nal blood reservoir chamber 131 communicating with 
the blood chamber 128, the blood circuit takes on the 
simple arrangement shown in FIG. 9, the circuit can be 
set up quickly in a simple manner, and the extraction of 
bubbles during priming can proceed rapidly without 
obstruction. In addition, the blood circuit in which the 
arti?cial lung 111 is used required little priming and 
only a small amount of blood for ?lling, and a prelimi 
nary transfusion is unnecessary. In particular, the arti 
?cial lung 111 may be used to perform open-heart sur 
gery, without a transfusion, even in the case of infants 
or children for which the allowable blood ?lling quan~ 
tity is low. 
FIG. 13 is a sectional view illustrating a hollow ?ber 

type arti?cial lung 141 according to another embodi 
ment of the present invention. The arti?cial lung 141 
includes a housing 142 comprising an inner cylinder 143 
and an outer cylinder 144. The inner cylinder 143 so 
commodates a bundle 146 of a multiplicity of hollow 
?bers 145. The ends of the hollow ?bers 145 are re 
tained liquid tightly within the inner cylinder 143 via 
walls 147, 148 retained in the upper and lower ends of 
the inner cylinder 143, respectively. A header 149 is 
attached to one end portion of the inner cylinder 143, 
and a header 150 to the other end portion thereof. The 
inner side of the header 150 and the wall 148 de?ne a 
gas inlet chamber 151 communicating with the space 
within each of the hollow ?bers 145. The inner side of 
the header 149 and the wall 147 de?ne a gas outlet 
chamber 153 similarly communicating with the space 
within each of the hollow ?bers. The header 149 is 
formed to include a gas outlet port 154, and the header 
150 is formed to include a gas inlet port 152. Thus, a gas 
such as oxygen or air supplied from the gas inlet port 
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14 
152 is capable of being passed through the interior of the 
hollow ?bers 145. 
The walls 147, 148, the inner surface of the inner 

cylinder 143, and the outer surface of the hollow ?bers 
145 de?ne a blood chamber 155. The lower end of the 
inner cylinder 143 is formed to include a blood inlet 
port 156 in the side thereof, as well as a blood flow 
passage 157 similar to the blood flow passage 29 in the 
arti?cial lung 11 of FIGS. 3 and 4. Thus, blood supplied 
from the blood inlet port 156 is passed over the periph 
ery of the hollow ?bers 145 in the blood chamber 155 in 
a turbulent state so that a gas exchange may take place. 

In the arti?cial lung 141 of FIG. 13, the outer cylin 
der 144 is ?tted on the inner cylinder 143 from the 
upper part thereof and encircles the upper end portion 
of the inner cylinder 143 and the header 150. A blood 
reservoir chamber 158 is formed between the inner 
cylinder 143 and the outer cylinder 144. The side wall 
of that portion of the inner cylinder 143 inside the outer 
cylinder 144 is provided with a plurality of circumfer 
entially spaced windows or communication passages 
159 for communicating the interior of the blood cham 
ber 155 with the interior of the blood reservoir chamber 
158. A blood outlet port 160 communicating with the 
blood reservoir chamber 158 is formed on the outer 
cylinder 144 at the lowermost position thereof. The 
outer cylinder 144 is provided at its upper portion with 
a gas vent 162, having a ?lter 161, for communicating 
the blood reservoir chamber 158 with the outside air. 
The volume of the blood reservoir chamber 158 is 

such that the upper level of blood, which collects 
within the chamber, will remain below the communica 
tion passages 159 at all times. As with the arti?cial lung 
111 of FIGS. 10 through 12, the arrangement is such 
that blood over?ows into the blood reservoir chamber 
158 from the blood chamber 155. In the case, however, 
the blood ?ows out of the communcation passages 159. 

Thus, as with the arti?cial lung 111, the arti?cial lung 
141 of the present embodiment improves the gas ex 
change performance per unit membrane area of the 
hollow ?bers 145, makes it possible to achieve perfusion 
of the blood by virtue of the head developed between 
the patient and the arti?cial lung 141, and reduces the 
quantity of blood needed to ?ll the blood circuit in 
which the arti?cial lung is used. In addition, since the 
inner cylinder 143 retains the pair of walls 147, 148 and 
accommodates the bundle 146 of hollow ?bers 145, and 
since the outer cylinder 144 is ?tted on the inner cylin~ 
der 143 from the top part thereof, the overall arti?cial 
lung is simpli?ed in construction and easy to manufac 
ture. 
The operation of the arti?cial lung 111 illustrated in 

FIGS. 10 through 12 will now be described. 
First, prior to introducing blood into the arti?cial 

lung 111, physiological saline mixed with heparin is 
introduced from the blood inlet port 129 to exclude air 
from the blood chamber 128 within the arti?cial lung. 
In this process a tube communicating with a heat ex 
changer is connected to the blood outlet port 132 and 
the gas venting port 134 is sealed. Or, conversely, the 
tube is connected to the gas venting port 134 (from 
which the detachable ?lter 135 is removed), and the 
blood outlet port 132 is sealed. Alternatively, the tube is 
bifurcated and connected to both ports 132, 134. Fol 
lowing the complete purging of the air from the interior 
of the blood chamber, the ?lter, if it has been removed, 
is ?tted into the gas venting port. Blood taken from the 
patient at a predetermined head (on the order of l m) is 
























