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(54) Title: INTRAVASCULAR BLOOD PUMP

(57) Abstract: A foldable, intravascularly insertable blood pump (10) comprises a foldable, radially delivering impeller (20) accom -
modated in a foldable housing or envelope (24). Axially before and behind the impeller a clearance (60) is provided between the im -
peller (20) and the front and back walls (32, 62) of the housing (24), the clearance being at least 0.2 mm. Preferably, the space

o defined between adjacent blades (54) of the impeller (20) is open towards the front wall (32) of the housing (24).
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Intravascular blood pump

FIELD OF THE INVENTION

[0001] The present invention relates to an intravascularly insertable blood pump comprising
a housing in which a radially delivering impeller is arranged for rotation and further comprising
a catheter accommodating a flexible shaft connected to an external motor for driving the im-

peller. More particularly, the present invention relates to an expandable intravascular blood

pump.

BACKGROUND OF THE INVENTION

[0002] Rotary blood pumps are known which are inserted into the heart for supporting the
pumping capacity of the natural heart. Insertion is performed intravascularly, namely through
the blood vessel system of the patient. It is thus important that, upon insertion, the maximum
diameter of the blood pump is small, preferably not exceeding 4 mm (12 French). Further, the
blood pump should be flexible for the purpose of conforming to the bends of the vessel

course.

[0003] Any discussion of the prior art throughout the specification should in no way be con-
sidered as an admission that such prior art is widely known or forms part of common general

knowledge in the field.

[0004] The aforementioned rotary blood pumps that are currently in use are axially deliver-
ing blood pumps, i.e. they have an axial inlet and an axial outlet spaced therefrom, with an
axially delivering impeller in between. The maximum pumped blood flow rate is thus limited by
two factors, the cross sectional diameter through which the impeller delivers flow and the rota-
tional speed at which the impeller is driven. Further increase of the diameter is limited by the
blood vessel dimensions. Further increase of the rotational speed is difficult because of blood

damage.

[0005] Therefore, foldable intravascular blood pumps have been proposed in which the im-
peller itself and the housing in which the impeller rotates can be deployed from a folded con-
figuration into an unfolded, operational configuration (US 4,753,221; US 4,919,647; US
5,749,855; US 6,533,716; US 7,841,976). If the insertion of foldable intravascular blood pumps

is to be carried out through a catheter, the maximum diameter of the expandable blood pump
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should not exceed 4 mm (12 French), whereas, when deployed, the cross sectional diameter

may be 9 mm (27 French).

[0006] A severe problem with foldable axial blood pumps is the required dimensional accu-
racy. The rotor must conform, within very close tolerances, to the inner shape of the housing
for the purpose of attaining a flow rate of at least 2 I/min (liter per minute) at physiological
pressure conditions and without excessively destroying blood. These requirements are difficult
to fulfil with foldable blood pumps because of the flexibility of the foldable housing. More spe-
cifically, during use and in particular due to the bends in the vessel course, there is always the
danger that the housing does not perfectly assume the predefined shape. Instead, unexpected
forces acting locally on the flexible housing may cause the impeller to contact the inner wall of
the housing and this may quickly lead to the destruction of the entire device or to unacceptable

levels of blood damage and loss of parts in the patient’s body.

[0007] There have also been other proposals for foldable blood pumps, such as in US
5,827,171, which, instead of an impeller, employs concentrically arranged balloons. The bal-
loons are inflated and evacuated to repeatedly collapse and expand an innermost balloon

which is actually pumping the blood.

[0008] US 2008/0103591 A1 proposes a foldable intravascularly insertable blood pump in
which the impeller is a radially delivering impeller rather than an axially delivering impeller. Not
only does the radially delivering impeller require a relatively low speed of approximately 5,000
to 15,000 rpm for delivering a typical amount of blood of approximately 2 to 5 I/min but, in ad-
dition, such a centrifugal pump does not require close radial tolerances between the impeller
and the housing. This is due to the fact that the blood is radially expelled from the impeller
blades against the circumferential wall of the housing and the wall redirects the blood flow
from radial to axial. Consequently, there may be a large radial gap between the impeller
blades and the circumferential housing wall. However, it is described that a gap between the
front wall of the housing and the impeller blades and, if a back wall of the housing is present,
between the back wall of the housing and the impeller blades is to be kept small at approxi-
mately 0.1 mm in order to prevent an undesired return flow of blood. This is described in rela-
tion to various embodiments, including one embodiment where the blades are held between
two plates, the plates being attached to and radially extending from the drive shaft in spaced-
apart relationship, and another embodiment where the blades are held between spokes rather

than plates, the spokes being attached to and radially extending from the drive shaft.
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[0009] Thus, while close tolerances between the impeller and the housing are not required
in a radial direction, they are still required in the axial direction, thereby causing a risk of failure

if the housing deforms towards the impeller under external loads or internal stresses.

[0010] Itis an object of the present invention to overcome or ameliorate at least one of the

disadvantages of the prior art, or to provide a useful alternative.

[0011]  Accordingly, the invention provides an intravascularly insertable blood pump, com-
prising

-a rotor having an axis of rotation and at least one blade arranged about the axis of ro-
tation so as to form a radially delivering impeller,

-a flexible shaft extending through a catheter and adapted to drive the rotor, and

-a housing in which the impeller is arranged for rotation, the housing having a blood
flow inlet arranged radially inwardly relative to a radially outer end of the at least one blade
with respect to the axis of rotation,

wherein a first axial distance between a front wall of the housing and the impeller is

0.3 mm or more.

[0012] Unless the context clearly requires otherwise, throughout the description and the
claims, the words “comprise”, “comprising”, and the like are to be construed in an inclusive
sense as opposed to an exclusive or exhaustive sense; that is to say, in the sense of “includ-

ing, but not limited to”.

[0013] According to the invention, the clearance between the front wall of the housing and
the impeller is made sufficiently large to account for possible deflections of the housing wall,
the minimum distance being at least 0.3 mm, preferably at least 0.4 mm, more preferably at
least 0.5 mm, even more preferably at least 0.6 mm, and most preferably 1 mm or more. Ad-
vantageously the throughput through the radially delivering impeller is sufficient to compensate
any radial back flow axially before and/or behind the impeller blades by accordingly increasing
the rotational speed of the drive shaft. This is no problem particularly where the axial length of
the impeller blades is substantially greater than the clearance, e.g. 4 mm or more, preferably
at least 5 mm, more preferably at least 6 mm and most preferably 7 mm or more. Power for
driving the drive shaft is sufficiently available because the drive shaft is driven from outside the

patient.
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[0014] The aspect ratio (Lsor / Drotor) Of the axial length (L) and average rotational diame-
ter (Drotor) Of the impeller blades is preferably equal to or larger than 0.3 and, thus, substan-

tially differs from typical centrifugal pumps whose aspect ratio would range below 0.2.

[0015] Along the length of the blades, the housing preferably tapers from a larger diameter
at the back of the housing to a smaller diameter at the front of the housing. This taper plays a
significant role in separating the inflow pressure from the outflow pressure and, therefore, re-
duces blood recirculation from the outflow towards the inflow. Considering the large clearance
between the rotor and the housing walls, the taper is preferably larger than smaller, e.g. 5 de-
grees or more, preferably at least 7,5 degrees, more preferably at least 10 degrees and most

preferably 12 degrees or more.

[0016] Advantageously the invention is useful with radially delivering impellers where the
space between adjacent blades is open towards the front wall of the housing. This results in
the pressure created between adjacent blades by the rotation of the impeller also being pre-
sent next to the front wall, the front wall of the housing separating the impeller from the pump's
low pressure side. Since the pressure in the blood flow between adjacent blades increases in
a radially outward direction when the impeller rotates, the same pressure increase from ra-
dially inward to radially outward is present next to the front wall. Thus, advantageously when
the space between adjacent blades is open towards the front wall, there is no negative radial
pressure difference causing any significant radial back flow, contrary to what is suggested in
US 2008/0103591 A1.

[0017] Therefore, a structure in which the blades are held between spokes (rather than
plates) axially extending from the drive shaft is a particularly preferred embodiment according
to the present invention. Alternatively, the blades can be arranged between a front plate and,
possibly, a back plate radially extending from the drive shaft, provided that at least the front
plate has through openings or perforations for pressure equalization towards the front wall of
the housing. If the housing further has a back wall, such through openings or perforations are
also provided in the back plate to provide for pressure equalization between the back plate of

the impeller and the back wall of the housing.

[0018] The embodiment with the blades arranged between radially extending spokes is pre-
ferred over the embodiment with the blades held between perforated front and back plates,

because a spoke-configuration can be folded about and/or along the drive shaft more easily.
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For similar reasons, the blades are preferably of planar configuration and may extend in a

plane substantially parallel to the axis of rotation.

[0019] In essence, preferably the impeller blades in the blood pump of the present invention
swirls the blood around the drive shaft inside the housing. Due to the blood flow inlet being
arranged radially inwardly (in the following also referred to as the “inlet diameter” of the impel-
ler) relative to the radially outermost ends of the impeller blades (in the following also referred
to as the “outlet diameter” of the impeller), i.e. preferably next to the drive shaft, the centrifugal
forces acting on the swirling blood force the blood to flow radially outwards, thereby drawing in
further blood through the inlet. The through flow is independent of the size of the gap between
the impeller blades and the front wall and back wall of the housing. The structure of the blades
is not critical either, provided that the swirling motion of the blood is sufficiently high to create
the necessary centrifugal forces. The centrifugal forces generating the forward flow are di-
rectly related to the inlet versus outlet diameters. The larger the difference between the inlet
diameter of the inlet orifices and the outlet diameter of the impeller blades is, the higher is the

pressure gradient driving the forward flow.

[0020] While the invention is particularly useful with foldable intravascular blood pumps, it
can likewise be realized in non-foldable blood pump types and would provide the same advan-

tage that tolerances between the impeller housing and the impeller blades are not critical.

[0021] Where the housing has a back wall, the distance between the blades and the back
wall of the housing is preferably in the same range as the distance between the blades and

the front wall of the housing. However, where the blades are attached to the drive shaft via a
back plate rather than spokes, the back plate of the impeller may replace the back wall of the
housing and the outlet for the blood to exit the housing may be defined by a gap between the

back plate of the impeller and the circumferential wall of the housing.

[0022] The redirection of flow of blood through the housing can be facilitated if the outer
diameter of both the housing and the blades increases in an axial direction from the inlet side
to the outlet side, which implies that the blood flow inlet and outlet are axially and radially

spaced apart.

[0023] The housing itself is preferably made from a non-compliant polymer, preferably
polyurethane, which is sufficiently flexible to be foldable about the drive shaft but retains a

predetermined shape in its unfolded condition even at high internal pressures. It is particularly
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preferred to do without any frame structure, i.e. the housing is preferably formed substantially

only by the non-compliant polymer film.

[0024] Advantageously the present invention to further reduce the risk of failure of radially
delivering intravascular blood pumps, in particular foldable blood pumps as known from US
2008/0103591 A1.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] Embodiments of the invention will now be described in greater detail with reference

to the drawings, in which:

[0026] Figure 1  shows a lateral sectional view of a first embodiment of a foldable in-

travascularly insertable blood pump,

[0027] Figure 2 shows a front view of the impeller of the embodiment shown in Figure 1,

[0028] Figure 3  shows a lateral sectional view of a second embodiment of the blood

pump,

[0029] Figure4 shows a lateral sectional view of a third embodiment of the blood pump
with the impeller raised in a direction opposite to that shown in Figure 3 and with an opposite

delivering direction,

[0030] Figure5 shows a fourth embodiment of the blood pump similar to the embodi-

ment shown in Figure 1 with a different shape of the impeller housing,

[0031] Figure6 shows a fifth embodiment of the blood pump similar to the embodiment

shown in Figure 5 with a different location of the impeller,

[0032] Figure 7 shows a first embodiment of inserting the blood pump (of Figure 3) into

the human heart,

[0033] Figure 8 shows a second embodiment of the blood pump within the human heart,

[0034] Figure 9 shows a third embodiment of inserting the blood pump (of Figure 5) into
the patient heart, and
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[0035] Figure 10 is a schematic diagram illustrating the centrifugal principle.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0036] Figure 1 shows a blood pump according to a first embodiment comprising an elon-
gate flexible bendable shaft 12 included in a catheter 14. The catheter 14 is defined by a flexi-
ble tube with a diameter of approximately 2.5 mm. The catheter 14 is preferably made of an
abrasion-resistant polymer, such as polyamide or polyurethane, with an abrasion resistant in-
ner lining of e.g. polyamide or polyimide. The flexible shaft 12 extends through the catheter
14. The shaft is conventionally defined by a multi-file wire bundle and can be made hollow for
accepting a central guide wire 56, if desired (see the second embodiment shown in Figure 3).
The shaft 12 is driven at its proximal end by a motor (not shown), e.g. at 5,000 to 30.000 rpm,
while the catheter 14 is retained in place. A speed of 30,000 rpm is permissible for a rotor with
a small diameter not exceeding e.g. 7 mm. At the distal end, i.e. the left end in Figure 1, the
shaft 12 comprises a rigid portion 16. The distal end of the catheter 14 is connected with the
shaft 12 via a sliding bearing 18. An impeller 20 is fastened to the rigid portion 16 of the shaft
12 via hinges 22 such that the impeller is foldable against the shaft 12. The impeller 20 and a
distal portion of the shaft 12 and the catheter 14 are enclosed by a housing 24 made of a
sack-like polyurethane skin and, thus, forming an envelope 24 around the impeller 20. Poly-
urethane is a non-compliant material and further allows a good connection between the enve-
lope 24 and the catheter 14. The distal end of the envelope 24 comprises a hub 26 in which
the distal end 28 of the shaft 12 is supported. The shaft cannot be axially displaced but is
adapted to rotate in the hub 26 such that the envelope 24 is secured against rotation with the

rotating shaft 12.

[0037] The envelope 24 comprises an annular bulge 30 in the region of the impeller 20, the
impeller rotating in said bulge. The distal portion of the envelope 24 comprising the bulge 30
and the impeller 20 defines a pump head 31. In the distal region of the bulge 30 the envelope
24 comprises a concentric front wall 32 which is arranged at a large distance of between 0.5
and 1 mm from the distal side of the impeller 20. The bulge 30 may be reinforced and
stretched by concentrically arranged elastic polymer or metal bars (not shown in Figure 1) that
are shaped to a desired geometry when deployed. For example, there can be used for such
an application a shape-memory metal such as Nitinol which is pre-shaped to a desired ge-
ometry to match the rotor shape and the desired clearance between the impeller 20 and the
envelope 24. It is preferable to use a minimal frame structure that occupies the least space

when folded and to partially rely on the pressure built up in the envelope 24 by the centrifugal
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forces acting on the blood and building up pressure in the envelope 24 when the impeller 20
rotates. At the proximal side of the bulge 30 the envelope 24 comprises an elongate cylindrical
extension 36. In this embodiment the outer diameter of the cylindrical extension 36 is smaller
than that of the bulge 30. In the distal and the proximal regions of the envelope 24 rear and
front flow openings 38 and 40 are provided, the front flow opening 38 being an inlet opening
and the rear flow opening 40 being an outlet opening. Between the radially outer end of the
impeller 20 and the envelope 24 an annular deflection channel 42 is defined during operation
of the blood pump, through which deflection channel the radially delivered blood flows and is

deflected in an axial direction.

[0038] The impeller 20 comprises two substantially parallel supporting structures 44 and 46
which are permanently connected, at a distance of > 2 mm for example, with the rigid portion
16 of the shaft 12 via hinges 22. Each supporting structure 44, 46 is defined by six spokes 48,
shown in Figure 2. Thus, the angle between mutually adjacent spokes 48 is approximately
60°. The spokes 48 define a spoke wheel in each case. The spokes 48 of the spoke wheels
are congruent. Between the congruent spokes 48 of the two supporting structures 44, 46

blades 54 of sail-like polymer skins are arranged.

[0039] In a similar embodiment, fewer spokes, such as only two spokes, can be arranged,
thereby providing a minimum amount of material needing to be compressed when folded,
while accepting a slightly less efficient rotor design. Thus, a slightly higher rotational speed

(above 4,000 rpm) may be required to generate the same amount of swirl.

[0040] The impeller 20 rotates within a chamber formed partly by the envelope 24 and
partly by a partition wall or rear wall 62. Blood flow inlet openings 38 are formed in the enve-
lope 24 at the distal end of the chamber in which the impeller 20 rotates and blood flow outlet
openings 64 are formed in the rear wall 62. While the blood flow inlet openings 38 are ar-
ranged in radial proximity to the shaft 12, the outlet openings 64 in the rear wall 62 are ar-
ranged at a maximum radial distance from the shaft 12. Due to the centrifugal forces acting on
the blood when the impeller 20 rotates, blood is drawn in through the radial inner inlet open-
ings 38 and expelled through the radially outer outlet openings 64 into the cylindrical extension

36 of the envelope 24 from which the blood exits through the rear flow opening 40.

[0041] The size of the envelope 24 relative to the size of the impeller 20 is chosen such that
there are two large gaps 60 between the front supporting structure 44 and the distal front wall

32 of the envelope 24, on the one hand, and between the rear supporting structure 46 and the
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partition or rear wall 62, on the other hand. Furthermore, the deflection channel 42 also pro-
vides a wide clearance between the radially outer border of the impeller 20 and the circumfer-
ential wall or bulge 30 of the envelope 24. Deflections of the envelope 24 towards the impeller

20 under external loads or internal stresses will not cause any contact with the impeller 20.

[0042] The gaps 60 before and behind the supporting structure 44, 46 of the impeller 20
are maintained by the pressure built up when the impeller 20 rotates within the chamber or by
a combination of the pressure built up and elastic polymer or metal frame structures in the
front wall 32 and /or rear wall 62. Due to the rotation of the impeller 20 and the centrifugal
forces acting on the blood and forcing the blood to flow from radially inward towards radially
outward, the pressure inside the chamber also increases from radially inward towards radially
outward. Since the space between adjacent blades 54 is open to the gaps 60, this pressure
acts against both the partition or rear wall 62 and the front wall 32 of the envelope 24, thereby

keeping the rear wall 62 and the envelope 24 spaced from the impeller 20.

[0043] A second embodiment of the blood pump is shown in Figure 3. A guide wire 56 ex-
tends through the shaft 12, the end 58 of said guide wire being “J-” shaped and possibly “pig-
tail’-shaped, wherein the blood pump 10 can be inserted into the heart via said guide wire 56.
Before operation, the guide wire 56 is removed. Such guide wire 56 may likewise be used in

the other embodiments described herein.

[0044] The second embodiment shown in Figure 3 further differs from the first embodiment
shown in Figure 1 by the structure of the impeller 20, more particularly by its front and rear
supporting structures 44, 46. Firstly, the rear supporting structure 46 is formed as a plate
which may be formed by the six spokes 48 interconnected by a polymer skin to define a back

plate which replaces the partition or rear wall 62 of the first embodiment shown in Figure 1.

[0045] Secondly, the front supporting structure 44 is also formed as a plate, e.g. with a
polymer skin mounted between the spokes 48. However, the front supporting structure 44 in-
cludes openings 45 to ensure pressure equalization from the space between adjacent blades
54 towards the gap 60 between the front supporting structure 44 and the front wall 32 of the
envelope 24. As explained, this pressure equalization helps to maintain the width of the gap 60
by pressing the walls of the envelope 24 outwardly and thereby expanding the envelope 24 to

its maximum size.



2013258252 24 Feb 2017

-10 -

[0046] Thirdly, a plurality of stationary vanes 25 are arranged in the envelope 24 about the
catheter 14 proximally from the rear supporting structure 46 in order to withdraw swirl from the
blood flow and thereby increase the blood pressure even further. The stationary vanes 25 ex-
tend along the length of the catheter 14, their inlet ends being inclined towards the blood flow
swirl to improve laminar flow without eddying. Such stationary vanes 25 can also be advanta-

geous in respect of the other embodiments described hereinbefore and hereinafter.

[0047] Figure 4 shows a third embodiment of the blood pump 10, which differs from the
second embodiment in Figure 3 in that the impeller 20 extends from the shaft at a negative
rather than a positive angle, here approximately -70°. Thus, the blood flows within the blood
pump 10 in the reverse direction as compared with Figure 3. The pumping action is effective
from the proximal end to the distal end. The blood flows through the rear flow opening 40 into
the blood pump 10 and leaves the blood pump 10 through the front flow openings 38. In this
embodiment the narrow proximal part of the envelope 24 may have to be radially supported
with a stent-like structure to prevent collapse should the swirl in front of the impeller not be

sufficient to keep it radially stable.

[0048] The blood pumps 10 described so far are substantially identical to the blood pump
described in US 2008/0103591 A1, except for the sizes of the impeller 20 and envelope 24
and, in particular, the gaps 60 formed distally and proximally between the impeller 20 and the
envelope 24. Further details of how the pumps 10 are driven, folded and unfolded are de-
scribed in US 2008/0103591 A1.

[0049] A fourth embodiment will now be described in relation to Figure 5. This embodiment
is similar to the first embodiment shown in Figure 1, except that the envelope 24 has a skirt-
like extension 36. Here the outer diameter of the bulge 30 does not decrease proximally from
the impeller 20 but remains substantially constant to form a large rear flow opening 40. A
blood pump with a skirt-like envelope 24 as shown in Figure 5 consumes less energy because
the blood flow does not have to be redirected radially inward towards the shaft 12. However, a
short neck portion with a slightly reduced diameter at the proximal end or outflow opening 40
of the skirt-like extension 36 is advantageous so as to maintain the pressure inside the skirt-
like envelope 24 above the outside pressure and, thus, avoid fluttering or even collapse of the
skirt-like extension 36. Again, the partition or rear wall 62 can be dispensed with if the rear
supporting structure 46 is formed as a plate, as described above in relation to the second em-

bodiment shown in Figure 3. This can even be advantageous because an impeller with a rotat-
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ing rear plate would be in contact with and cause movement of the blood right behind, i.e.

proximal from, the impeller 20, thereby decreasing the risk of thrombosis.

[0050] A second difference in the fourth embodiment shown in Figure 5 as compared to the
previously described embodiments is that the impeller 20 has an outer diameter increasing
from the inflow end towards the outflow end. This structure supports blood flow in the desired
direction, here from distal to proximal, and offers a maximized discharge diameter, thereby

increasing the delivery rate.

[0051] A fifth embodiment is shown in Figure 6. It differs from the previous embodiments
mainly by the impeller 20 being positioned further away from the blood flow inlet openings 38.
This arrangement provides the advantage that blood flowing through the inlet openings 38 will
have no swirl when entering axially, the swirl of the blood being created inside the housing 24.
When the impeller 20 is arranged closer to the blood flow inlet openings 38, as in the previous
embodiments, the swirl imposed on the blood by the impeller 20 will be partly imparted through
the inlet openings 38 onto the blood outside the housing 24, due to the high viscosity of the
blood. This causes energy losses. The arrangement further away from the inlet openings 38,

as shown in Figure 6, avoids such energy losses.

[0052] Figures 7 to 9 show different methods of placing the blood pump in the heart. Figure
7 shows the blood pump 10 according to the first and second embodiments of Figures 1 to 3.
The blood pump 10 is arranged such that the pump head 31 comprising the distally arranged
inflow openings 38 is located in the left ventricle LV, and the rear pump region comprising the
proximally arranged outflow openings 40 is located inside the aorta AO in front of the aortic
arch AOB. The cylindrical extension 36 of the envelope 24 has a length of approximately 60 to
80 mm. The aortic valve AK surrounds the cylindrical extension 36. The blood pump 10 deliv-
ers the blood in the forward direction from the distal end to the proximal end from the left ven-
tricle LV into the aorta AO. The blood flows through the distal flow openings 38 into the enve-
lope 24 of the blood pump 10. The rotating impeller accelerates the blood inside the bulge 30
of the envelope 24 and pumps the blood into the cylindrical extension 36 of the envelope 24.

The blood leaves the blood pump 10 through the proximal flow openings 40.

[0053] Figure 7 shows an extension of the hard tip 26 in the form of a “pigtail” with the aid
of which the blood pump 10 is supported on the myocardium for keeping a minimum distance

between the suction region of the blood pump 10 and the inner wall of the myocardium.
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[0054] Figure 8 shows a method of placing a proximally arranged blood pump 10. The distal
end of the blood pump comprising the flow openings 38 is located in the left ventricle LV inside
the heart. The pump head 31 comprising the proximal flow openings 40 and the bulge 30 in-
cluding the impeller 20 is located inside the aorta AO distally of the aortic arch AOB. The
catheter 14 including the drive shaft 12 extends through the aortic arch AOB. In the region of
the aortic arch AOB the flexible shaft 12 is bent. The aortic valve AK surrounds the cylindrical
extension 36 of the blood pump envelope 24 arranged upstream as seen in the direction of
delivery. The length of the cylindrical extension 36 is approximately 60 to 80 mm. The blood
pump 10 delivers the blood in the same manner as the pump shown in Figure 6, i.e. from the
distal end to the proximal end from the left ventricle LV into the aorta AO. The blood enters the
cylindrical extension 36 of the blood pump envelope 24 through the distal flow openings 38,
the extension 36 being located upstream and being radially reinforced as compared with the
pump 10 shown in Figure 7, and is taken in and accelerated by the impeller 20 (not shown) in
the bulge 30 of the envelope 24. Inside the aorta AO and in front of the aortic arch AOB the
accelerated blood flows out through the front flow opening 40. Here, again, an extension distal

of the inlet openings 38 in the form of a pigtail 58 can be added.

[0055] Figure 9 shows the method of placing the blood pump 10 according to the fourth
embodiment of Figure 5. The blood pump 10 is arranged such that the pump head 31 com-
prising the distally arranged flow openings 38 is located in the left ventricle LV, and the rear
pump region comprising the skirt-like cylindrical extension 36 with the large proximally ar-
ranged outflow opening 40 is located inside the aorta AO in front of the aortic arch AOB. The
cylindrical extension of the envelope 24 has a length of approximately 40 mm to 60 mm. The
aortic valve AK surrounds the cylindrical extension 36. The blood pump 10 delivers the blood
in the forward direction from the distal end to the proximal end from the left ventricle LV into
the aorta AO. The blood flows through the distal flow openings 38 into the envelope 24 of the
blood pump 10. The rotating impeller accelerates the blood inside the bulge 30 of the enve-
lope 24 and pumps the blood into the cylindrical extension 36 of the envelope 24. The blood

leaves the blood pump 10 through the proximal outflow opening 40.

[0056] Figure 10 illustrates the principle of how the driving pressure is generated in the cen-
trifugal pumps described hereinbefore. As can be seen in Figure 1, the radially outermost part
of the inlet openings 38 defines a maximum inner diameter D; and the radially outermost end
of the blade 54 defines an outer diameter D,. Due to the rotational speed the blade 54 and,
thus, the speed imposed on the blood creates a pressure difference Apmax Which may be cal-

culated as follows:
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Apmax ~ p/2 [Vzrotor-outlet_ Vzrotor—inlet] ~ p/2 (wz [D20/4] - [D2|/4])

where w is the angular velocity of the shaft 12. The curve shown in Figure 10 illustrates this
principle with w constant. The pressure difference Apmax therefore approximately corresponds
to the blood pressure differential between the inlet openings 38 and the radially outer ends of
the blades 54 (Figure 1).
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CLAIMS

1. An intravascularly insertable blood pump, comprising

-a rotor having an axis of rotation and at least one blade arranged about the axis of ro-
tation so as to form a radially delivering impeller,

-a flexible shaft extending through a catheter and adapted to drive the rotor, and

-a housing in which the impeller is arranged for rotation, the housing having a blood
flow inlet arranged radially inwardly relative to a radially outer end of the at least one blade
with respect to the axis of rotation,

wherein a first axial distance between a front wall of the housing and the impeller is

0.3 mm or more.

2. A blood pump according to claim 1, wherein the first axial distance is at least

0.4 mm.

3. A blood pump according to claim 1, wherein the first axial distance is at least

0.5 mm.

4 A blood pump according to claim 1, wherein the first axial distance is at least

0.6 mm.

5. A blood pump according to claim 1, wherein the first axial distance is 1 mm or more.
6. A blood pump according to any one of the preceding claims, wherein the housing

further has a back wall and wherein a second axial distance between the back wall and the

impeller is 0.3 mm or more.

7. A blood pump according to claim 6, wherein the second axial distance is at least 3

0.4 mm.

8. A blood pump according to claim 6, wherein the second axial distance is at least

0.5 mm.

9. A blood pump according to claim 6, wherein the second axial distance is at least

0.6 mm.
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10. A blood pump according to claim 6, wherein the second axial distance is 1 mm or
more.
11. A blood pump according to any one of the preceding claims, wherein at least the at

least one blade and the housing are foldable and unfoldable between a first configuration of

reduced diameter and a second, operational configuration of increased diameter.

12. A blood pump according to any one of the preceding claims, wherein the blood flow

inlet and a blood flow outlet of the housing are axially spaced apart.

13. A blood pump according to claim 12, wherein an outer diameter of both the housing
and the at least one blade increases in an axial direction from the blood flow inlet to the blood

flow outlet.

14. A blood pump according to any one of the preceding claims, wherein the at least

one blade has an axial length of 2 mm or more.

15. A blood pump according to any one of claims 1 to 13, wherein the at least one blade

has an axial length of at least 4 mm.

16. A blood pump according to any one of claims 1 to 13, wherein the at least one blade

has an axial length of at least 5 mm.

17. A blood pump according to any one of claims 1 to 13, wherein the at least one blade

has an axial length of at least 6 mm.

18. A blood pump according to any one of claims 1 to 13, wherein the at least one

blade has an axial length of 7 mm or more.

19. A blood pump according to any one of the preceding claims, wherein the at least

one blade has a planar configuration.

20. A blood pump according to any one of the preceding claims, wherein the housing is

made from a non-compliant polymer.

21. A blood pump according to claim 20, wherein the housing is made from polyure-

thane.
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22. A blood pump according to claim 20 or 21, wherein the housing lacks a frame struc-
ture.
23. A blood pump according to any one of the preceding claims, wherein a space de-

fined between adjacent blades is open towards the front wall of the housing.

24. A blood pump according to any one of the preceding claims, comprising one or more
stationary vanes within the housing, the vanes being arranged behind the impeller in the direc-

tion of blood flow and extending along the catheter.

25. A blood pump according to any one of the preceding claims, wherein the housing
has a skirt-like extension with a neck-like portion of reduced diameter at an outflow end

thereof.

26. A blood pump according to any one of the preceding claims, wherein the at least
one blade has an aspect ratio of 0.3 or more, the aspect ratio being defined as

Lrotor / Drotor,

where L is the axial length of the blade and D, is the average rotational diameter
of the blade.
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