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Fig. 1

ventricular placement inside a human heart comprising an anchor element
configured to be mounted to the heart in the region of the apex, and a pump
connected to the anchor element and comprising a preferably tubular housing
having an intraventricular inlet and an intraventricular outlet and further
comprising a drive for driving a rotor arranged within the housing, thereby
providing pulsatile flow acceleration in the left ventricle synchronized with
the heart beat and according to volume requirements in the left ventricle.
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Ventricular assist device

FIELD

The invention refers to a ventricular assist device for intra-
ventricular placement to accelerate blood flow inside a human
heart thereby enhancing the ejecting volume, comprising an an-
chor element configured to be mounted to the heart in the re-
gion of the apex and a pump connected to the anchor element and
comprising a preferébly tubular housing having an inlet and an
outlet and further comprising a drive for driving a rotor ar-
ranged within the housing and a special adjustable nozzle di-

recting the ejecting blood flow.
BACKGROUND

Left ventricular contractility normally accelerates blood with-
in the left ventricle and ejects as an average 70 % of the
blood volume contained in the left ventricle into the circula-
tory system. In case of severe heart failure this mechanism is
insufficient and the majority of the blood volume remains with-

in the ventricle, thus producing inadequate cardiac output.

Several systems are known to correct cardiac failure bypassing
the left ventricle and continuously ejecting the blood from the
left ventricle via an artificial conduit directly into the
great thoracic arteries. Such systems operate as left ventricu-
lar assist devices (LVAD) in order to help.the heart’s weakened

left ventricle pump blood throughout the body.

The LVAD can be used as a bridge-to-transplant, which means it
can help a patient survive until a donor heart becomes availa-

ble for transplant. This option may be appropriate for people
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whose medical therapy has failed acutely and/or who are hospi?
talized with end—stage systolic heart failure. The LVAD also
can be used as destination therapy, which is an alternative to
heart transplantation. Destination therapy provides long-term
support in patients who are not candidates for transplant, be-
cause of severe comorbidities and especially of older age. When
used as a bridge-to-transplant or as destination therapy, the
LVAD provides effective chronic hemodynamic support, maintains
or improves other organ function, improves exercise performance

and enables participation in cardiac rehabilitation.

These assist devices comprise a continuous flow pump, which
produces a continuous, non-pulsatile flow of blood through the
circulatory system using a rotary pumpihg mechanism. There is,
however, a multitude of side effects on end organs as well as
major cardiac surgery for implantation. Recently several mini-
mal invasive forms of cardiac assist devices have been devel-
oped. WO 2009/099644 Al discloses a ventricular assist device
for intraventricular placement inside a human heart. It com-
prises a pump that is implanted within the left ventricle with
the outflow cannula projecting through the aortic wvalve and
terminating’ short of the aortic arch. The pump is fixed to the
wall of the heart near the apex by means of an anchor element
in order to hold the pump and the outflow cannula in position.
The device disclosed in WO 2009/099644 Al produces a continuous
flow of blood, wherein the aortic valve is penetrated by the
outflow cannula and is therefore unable to close effectively;
but cooperates with the pump traversing it in order to prevent
retrogfade flow of blood into the left ventricle during diasto-
le. Because of the continuous charécter of the flow the wvalve
is held in only one position, which increases the risk of valve
thrombosis and/or significant retrograde leakage into the fail-

ing and assisted ventricle.
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The drawback of the device disclosed in WO 2009/099644 Al and
of othér continuous flow ventricular assist devices is that -
since they have to maintain up to 100% of cardiac output - they
are disturbing normal end organ function and contractile pat-
tern of the diseased heart, leaving nutritive coronary blood

flow unchanged and therefore limit structural recovery.
SUMMARY

Therefore, it is an object of the instant invention to provide
an 1improved ventricular assist device for intraventricular
placement inside a human heart. In particular, it is an object
of the invention to optimize blood flow and support residual
contractility without the severe side effects of continuous
flow as mentioned above. In particular, it is an object of the
invention to provide an implant that does not involve the risk
of impairing the remaining contractile force of the failing

ventricle.

Further, it is an object of the invention to avoid the draw—
backs associated with LVAD systems having extraventricular con-
duits. In available LVAD systems with external conduits the
aortic valve remains closed, because all ejecting blood is by-
passed. Therefore, the system is limited only to patients with-

out a structural insufficient aortic valve.

It is a further object of the invention to provide an assist
device that can be easily deployed to the heart without a ster-

notomy.
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It is a further object of the invention to provide a closed
loop between the circulatory demand, the remaining force of the

diseased ventricle and the supporting pump.

The words “proximal” and “distal” are used herein to denote
directions and ends of the device in relation to blood flow. As
used herein, when referring to the ventricular assist device,
the term “proximal” refers also to the directions toward the
physiologic blood flow and surgeon or other operating room per-
sonnel during installation of the device and the term “distal”

has the opposite meaning.

The invention generally provides an improved ventricular assist
device for intraventricular placement (inside a human heart)
providing pulsatile flow acceleration in the left ventricle,
preferably during systole. Preferably, the pulsatile flow ac-

celeration is synchronized with the heartbeat.

In some embodiments, the invention provides ventricular assist
device comprising an anchor element configured to be mounted to
the heart in the region of the apex and a pump connected to the
anchor element and comprising a preferably tubular housing hav-
ing an inlet and an outlet; said inlet and said outlet being
arranged within the ventricle, and further comprising a drive
for driving a rotor arranged within the housing. Preferably,

the drive is an electric or pneumatic motor.

In some embodiments, in order to provide pulsatile flow accel-
eration during systole, the invention provides a control unit
connected with the drive for controlling the pump, said control
unit comprising a first sensor for sensing a heartbeat of the
heart and configured to control the pump to be driven in a pul-

satile manner in synchronization with the heartbeats.
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The invention is based on the idea to correct left ventricular
failure by increasing the velocity of the blood column during
the ejecting period of the heart (i.e. during cardiac systole)
and redirecting blood flow within the ventricle towards the
aortic wvalve. Normally, blood entering the left ventricle via
the mitral valve swirls in a vortex near the apex and gets ac-
celerated during the ejection period. In case of heart failure
the heart does not provide enough acceleration of ventricular
bloocd flow, thereby forming a second vortex in the mid cavity
without producing sufficient force to eject blood. The in-
ventive device assists the heart by providing a flow accelera-
tor within the ventricle. Thus, the inventive approach uses a
different pathophysiologic concept than disclosed in WO
2009/099644 Al. Instead of sucking the blood out of the ventri-
cle continuously and directly delivering the pumped blood to
the aorta, the invention just assists the heart in its natural

way of functioning.

Further, the invention does neither traverse nor bridge the
aortic valve, but uses the aortic valve as in an unassisted,

healthy heart.

Further, the device does not provide continuous blood flow, but
pulsatile blood flow. Pulsatile flow is a flow with periodic
variations, like the flow in the cardiovascular system. By syn-
chronizing the pulsatile flow provided by the pump of the as-
sist device with the heartbeat, the periodic variations of the
flow produced by the assist device preferably are substantially
in phase with the periodic variations of the flow in the cardi-

ovascular system, in particular at the beginning of the aorta.
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Preferably, the assist device produces a pulsatile flow by
causing alternating phases of no pumping action and of pumping
action. Alternatively, the assist device produces a pulsatile

flow by causing alternating phases of low pumping action and of

enforced pumping action. Thus, the control unit of the assist

device is configured to alternately turn on and turn off the
pump in order to produce periodic variations of the blood flow -
within the pump housing. Preferably, the pumping action is
triggered only during the early phase of systole until peak
pressures are reached within the aorta. Preferably the pump
action is initiated by applying a ramp function thereby accel-
erating the rotor and then leaves the rotor fading out accord-

ing to the blood volume sensed in the heart at late diastole.

The assist device of the invention is configured to be implant-

ed into the apical region of the heart.

According to a preferred embodiment of the invention, the pump
is configured as an axial-flow pump in order to pump blocod from

the inlet of the pump housingbto the outlet.

In order to increase the effect of flow acceleration within the
ventricle, the device is preferably configured to additionally
operate as an injector so as to entrain blood from within the
ventricle downstream of said pump rotor, namely entraining
blood that is outside of and preferably distal to the pump
housing. Preferably, the injector effect of the assist device
is achieved by the blood flow produced by the rotor between the
inlet and the outlet of the pump housing, which blood flow en-
trains additional blood from within the ventricle to the aortic
valve. In order to allow for said  entraining of additional
blood, the pump housing preferably comprises at least one addi-

tional inlet opening downstream of the rotor.
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The injector effect of the pump may preferably also be achieved
by beveling the outlet opening of the pump housing so as to

obtain an end face that is inclined relative to the axis of the

pump.

Preferably, the flow cross-section of the pump continuously
decreases in a flow direction at the outflow end of the pump
housing so as to form a nozzle. Preferably, the nozzle is able
to direct the flow towards the aortic valve and to entrain sur-
rounding blood'by sucking it into the nozzle through at least
one lateral opening. The nozzle enhances the injector effect of

the pump.

Preferably, the nozzle comprises guide plates extending in the
axial direction of the pump so as to redirect rotating blood
flow exiting the impeller to induce an axially directed laminar

blood flow.

Preferably, the end region of the pump housing, downstream of
the rotor, is configured to allow for an adjustment of the out-
flow direction of the pumped blood. In particular, the end re-
gion of the pump housing may be flexible to optimize the flow
direction towards the outflow of the heart so as to prevent
jet-induced lesions on the myocardium. In this way, the flow of
blood exiting the pump housing via the oﬁtlet opening can be
directed to the aortic valve and then fixed in the adjusted
position. Preferably, the adjustment of the outflow direction

of the pump is feasible in the implanted state of the device.

Preferably, the adjustable end region of the pump housing ccop-
erates with an actuator in order to adjust the outflow direc-

tion of the pump. The actuator may be realized by an electric
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- motor and may be positioned outside of the heart. When posi-

tioned outside of the heart, the actuator is preferably con-
nécted to the adjustable end region of the pump housing by
means of suitable connecting means, such as a steering wire.
The adjusting movement of the adjustable end region of the pump
housing as induced by the actuator is preferably controlled
under the guidance of a blood flow monitoring technique. Pref-
erably, the actuator is controlled by a continuous flow sensor
incorporated into the adjustable end region so as to position
the adjustable end region of the pump housing into the optimal
position within the outflow tract. Periodic monitoring of the
orientation of the adjustable end region of the housing is ad-
vantageous for an optimal ejection of blood from the failing

heart into the aorta, since the heart remodels during therapy.

Preferably, the outflow orientation of the pump is adjusted
automatically, by using a control algorithm, in particular a
closed loop controller. Preferably, the outflow direction of
the pump is.controlled as a function of the blood flow speed
measured in the vicinity of the outflow end of the pump. The
blood flow speed is indicative of whether the blood flow is
directed to the aortic valve or whether the blood flow induced
by the pump is reflected at the heart wall surrounding the aor-
tic wvalve or into the inflow region. The flow speed may be
measured by means of an ultrasonic Doppler sensor that is
mounted at the outflow end of the pump. Preferably, the further
parameters to be considered in the control algorithm are at
least one of hemodynamic variables such as hemodynamic pres-

sure, pump speed, energy consumption and hemodynamic pressure.

According to another preferred embodiment, the pump comprises a
magnetic coupling for coupling a drive, in particular a rotary

drive, to the rotor. The magnetic coupling provides a non-
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contact and wearless transmission of the rotary motion of the
drive to the rotor. Further, the magnetic coupling facilitates
the removal of the drive and the mounting of a new drive if

needed.

Preferably, the drive is an electric motor. Alternatively, the
drive may be configured as a pneumatic drive, so that the rotor
of the pump is driven by pneumatic force. Preferably, the pneu-
matic drive is located outside the heart, wherein the magnetic
coupling allows a complete separation between the drivé and the
pump rotor. In this embodiment the pneumatic energy is deliv-
ered by a percutaneous tube connected with a pneumatic source
delivering pulsed volume flows into the turbine positioned out-
side of the heart, which is magnetically coupled to the blood

pumping impeller.

Preferably, the drive is at least partially arranged proximally
of the anchor element so as to be placed at least partially
outside of the heart when in usé. In particular, the entire
drive is arranged outside of the heart when in use. In case of
an electric motor, this helps to keep away the heat generated
by the electric motor from the ventricle and the blood con-

tained therein so as to reduce the risk of a thrombosis.

Alternatively, the motor may be positioned intraventricularly.
Preferably, the pump rotor may be directly coupled to the rotor
of the electric motor, wherein the rotor is supported within
the motor by means of a contactless magnetic bearing. In this
way, the magnetic bearing provides for an annular clearance
between the rotor and thé stator of the electric motor, the
clearance establishing a flow cross-section for the Dblood

pumped by the pump rotor. Reference is made to US 3,436,570.



10

15

20

25

30

WO 2016/005803 PCT/IB2015/001086

10

According to another preferred embodiment, the pump output of
the pump, i.e. the rotational speed of the pump rotor, and/or
the activation time period of the pump are adjuéted depending
on the patient’s level of activity and need of support. Prefer-
ably, the control unit is configured to control the rotational
speed of the pump rotor as a function of heart rate signals .
derived from the first sensor. In particular, the rotational
speed of the pump rotor is increased with increasing heart rate
in order to compensate for the reduction of the ejection peri-
od. Further, the rotational speed of the pump rotor is de-

creased with decreasing heart rate.

According to another preferred embodiment, the pump output of
the pump 1is varied over a heartbeat cycle, such that a maximum
pump output is reached during the systolic period, wherein a
lower output is adjusted in order to augment the pressure dur-
ing diastole when needed to facilitate coronary inflow. Prefer-
ably, a second sensor is needed to control the driving speed of
the pump rotor to avoid cavitation within the heart, so that
the pump accelerates only the equivalent volume portion needed

in order to achieve normal ventricular ejection.

Alternatively or additionally, the control unit may comprise at
least a further sensor for sensing a blood pressure, a cardiac
output, a blood flow velocity, a derivative of the blood pres-
sure and/or a pﬁlse wave velocity and is configured to control
the rotational speed of the pump rotor as a function of the
signals derived from the further sensor. The blood pressure
sensor may preferably be configured as a noninvasive blood
pressure measuring device, in particular as a device operating
according to continuous noninvasive techniques. The pulse wave
velocity 1is preferably measured by a method for continuous

pulse wave monitoring, such as identifying a time difference
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between a signal derived from the ECG and the corresponding
signal measured at the patient’s arm or other extremity by a

non-invasive blood pressure measuring method.

Preferably, the control unit comprises a memory for storing at
least one characteristic curve representing a set value for a
blood pressure as a function of the heart rate. The control
unit may in this case be configured to calculate a pressure
difference Dbetween a blood pressure derived from the further
sensor and a set value for the blood pressure derived from the
characteristic curve and to control the rotational speed of the

pump rotor as a function of said pressure difference.

Adapting the activation time period of the pump may be used in
order to adjust the ejection time of the diseased heart to that
of a healthy heart. This may alter the ejection and heart rate
relationship accordind to the values registered by the further

sensor{(s).

As mentioned above, the further sensor may be configured to
sense the cardiac output. In order to sense the cardiac output,
the further sensor may be configured to measure the volume of
the heart cavity, such as a sensor arranged for measuring the
impedance across the heart. In particular, the ratio of the
diastolic volume of the heart to the systolic volume of the
heart per heartbeat or unit of time may be used in order to
calculate cardiac output. The control unit may use the data
representing cardiac output as sensed by the further sensor in
order to adapt the rotational speed of the pump rotor in a
close loop control. In particular, the control unit may be con-
figured to control the rotational speed of the pump rotor such
that the pump output is increased at a lower cardiac output

rate measured by the further sensor, and is reduced at corre-
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spondingly higher measured values. The pump output of the pump
is thus controlled primarily such that overall cardiac output
rate which corresponds to a healthy heart is achieved. Further
details for controlling the pump so as to compensate for a re-

duced cardiac output are described in US 6,506,146.

Further, the control unit may preferably comprise or be con-
nected to an activity sensor that measures the patient’s type:
of activity, such as walking, sleeping, running etc. The activ-
ity sensor’s signals may be used by the control unit to control
the rotational speed of the pump rotor and/or the activation

time period of the pump as a function of said signals.

Preferably, the energy demand, in particular the current draw,
of the pump is monitored. The energy demand 1s indicative of
the viscosity of the blood to be pumped and therefore allows
monitoring the thrombus formation within the pump. Preferably,
an alarm is set at a certain progressive increase in energy

demand.

As mentioned above, the control unit of the assist device 1is
preferably configured to alternately activate (i.e. turn on and’
turn off) the pump in order to produce periodic variations of
the blood flow within the pump housing and by varying the rotor
speed to adapt to requirements of global hemodynamics in a
closed loop routine. In order to synchronize the flow pulses
produced by the pump with the heartbeat, a heartbeat sensor,
such as an ECG (electrocardiography) is provided in order to
detect an R wave or an R wave interval. Preferably, the control
unit controls the pump such that each R wave triggers the oper-
ation of the pump for a minimum runtime of 250 milliseconds.
The maximum runtime of the pump is selected such that the pump

is switched off before the occurrence of the next R wave. Nor-
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mally, the pump produces a flow pulse at each heartbeat. Howev-
er, in case of a high heart rate, the control unit may skip
every second heartbeat and produce an assisted flow pulse only
every other heartbeat, in order not to go below the minimum
runtime of 250 milliseconds. In this way, one flow pulse pro-
duced by the pump is superposed on two heartbeats. Alternative-
ly the periodic run time is overruling the first sensor (such
as, e.g., ECG) by monitoring second and third sensors, thus
producing longer periods as ejection times in normal ventri-

cles.

The assist device comprises energy storage, such as a percuta-
neous rechargeable battery, that energizes the electric motor
of the pump as well as the control unit. Preferably, the re-
chargeable battery is configured to be charged by near field
energy transmission. During normal operation energy is trans-
ferred to the implanted system, including the pump motor and
the control unit by induction wvia the skin. At the same time,
the implanted rechargeable battery is loaded. When the external
energy source is decoupled, the energy supply for the electric
motor 1is automatically switched to the implanted battery. In
another embodiment an implantable dynamo is provided, which can
be rotated’ by means of an outside magnet to fill the capacity

of the implanted battery during the operation of the pump.

According to a further aspect the invention refers to a method
for assisting blood flow in the cardiovascular system of a hu-
man, in particular for increasing the cardiac output of a hu-
man. The method comprises plabing a pump inside the left ven-
tricle of a human heart, the pump'sucking in blood within the
left ventricle and ejecting blood within the 1left ventricle
thereby préducing' a blood flow directed to the aortic valve

entraining blood volume from distal and outside of the device.
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Preferably, the‘pump sucks in the blood from the apex region of
the left ventricle, in particular from a region near the apex
in which the blood coming into the left ventricle via the mi-

tral valve swirls in a vortex.

Preferably, the method comprises producing a pulsatile blood
flow that is synchronized with the heartbeat. In particular,
the pump flow is produced during the systole of the heart,

while no blood flow is produced during the diastole.

Preferably the method further comprises driving the pump from
outside the heart, in particular by using an electric or pneu-
matic motor that is arranged outside the heart and coupled to
the pump by a coupling traversing the cardiac wall, in particu-
lar by a contact-free coupling. Preferably, a magnetic coupling
is used as said contact-free coupling. Preferably, the coupling
traverses the cardiac wall in the region of the apex of the

heart.

Alternatively, the rotary drive for driving the pump rotor may
also be arranged within the heart. Preferably, the rotary drive
comprises a hollow stator with the blood driving impeller being
arranged as a rotor within the stator and supported by electro-

magnetic forces.

According to a further aspect the invention refers to a method
for placing a ventricular assist device inside a human heart,
which comprises the following steps:

- exposing the heart via a small left thoracotomy (the size
of the thoracotomy is similar to that of a transcatheter
aortic valve implantation, TAVI),

- exposing the left ventricle within the pericardial cradle

thereby allowing a view to the apical region,
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- placing a guide wire via the left ventricle into the aorta
and advancing the guide wire into the descending aorta,

- advancing a dilatator via the apex into the left ventricu-.
lar cavity and advancing the same along the guide wire
into the aorta,

- cutting a hole into the cardiac wall in the region of the
apex of the heart,

- advancing an expandable mounting ring around the dilatator
through the hole and expanding it radially within the left
ventricle,

- placing a second mounting ring at the outside of the heart
vis-a-vis the first mounting ring and puncturing the myo-
cardium with needles arranged on the second mounting ring,

- covering the second mounting ring with a hemostyptic and
hemostatic material to prevent oozing of blood,

- pressing the first mounting ring against the second mount-
ing and squeezing the rim of the hole in the cardiac wall
between both rings,

- removing the dilatator,

- advancing the pump via the guide wire and positioning the
pump within the mounting rings, preferably by use of a

rapid closure system.

Preferably, the nozzle's flexible part 1is positioned towards
the outflow tract allowing optimal flow into the aortic valve

and is then fixed.

Further, 1if as a result of a reverse remodeling occurring with-
in the heart the flexible part of the pump is not oriented to-
wards the aorta any more, the flexible part is repositioned,

which may be achieved by percutaneous activation.
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DETAILED DESCRIPTION

Aspects of the present invention are disclosed in the following
description and related figures directed to specific embodi-
ments of the invention. Those skilled in the art will recognize
that alternate embodiments may be devised without departing
from the spirit or the scope of the claims. Additionally, well-
known elements of exemplary embodiments of the invention will
not be described in detail or will be omitted so as not to ob-

scure the relevant details of the invention.

It should be understood that the described embodiments are not
necessarily to be construed as preferred or advantageous over
other embodiments. Moreover, the terms “embodiments of the in-
vention”, “embodiments” or "“invention” do not require that all
embodiments of the invention include the discussed feature,

advantage or mode of operation.

Fig. 1 is a schematic illustration of an assist device of the
instant invention, Fig. 2a 1is a schematic illustration of a
human heart with an assist device according to Fig. 1 being
implanted and driven by an electric motor, Fig. 2b is an illus-
tration according to Fig. 2a with the assist device being driv-
en by a pneumatic drive, Fig. 3 is schematic illustration of a
human heart with an alternative embodiment of the assist device
being implanted, Fig. 4 1is a schematic illustration of an ad-
justable outflow end region of a pump, Fig. 5 1is a schematic
illustration of a ECG signal, a sensor signal representing the
ventricular volume and a sensor signal representing a ventricu-
lar pressure of a human heart, and Figs. 6a and 6b show the

implantation of the inventive assist device.
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In Fig. 1 is a schematic illustration of an assist device of
the instant invention. The assist device comprises a pump with
a tubular housing 1 and a shaft 2. The shaft 2 is held in a
rotational manner in a first axial bearing 3 and a second axial
bearing 6. Further, the shaft is guided in a first radial bear-
ing 4 and a second radial bearing 5. Wash borings for the bear-

ings are denoted by 7.

The tubular housing 1 comprises an inlet opening 8 for sucking
in blood form the left ventricle of a human heart. The inlet
opening is configured so that blood flows into the tubular
housing in a substantially radial direction. In the inside of
the tubular housing 1 an axial rotor 9 is arranged in a rotata-
ble manner and mounted to the drive shaft 2. When driven to
rotation, the rotor 9 ejects blood via the outlet opening 10
into the 1left ventricle. The pump 1is mounted to the cardiac
wall of the heart such that the flow leaving the pump via the
outlet opening 10 is directed to the aortic wvalve. In order to
adjust the flow direction, a tip portion 11 of the tubular
housing is configured to be flexible or bendable. Further, the
inner circumference of the tip portion 11 of the tubular hous-

ing 1 tapers so as to form a nozzle togéther with the central

tip portion 12.

Preferably, the tip portion 11 of the tubular housing has at
least one radial inlet opening schematically illustrated by
arrow 13 so as to have additional blood sucked into the pump by
the entraining action of the axial blood flowing in the tubular

housing according to the injector principle.

Further, the tip portion 11 may have a beveled outlet opening

10 so as to obtain an end face that is inclined relative to the
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axis of the pump. The inclined end face is schematically denot-

ed with dotted line 16.

The flow direction of blood located outside of the pump housing

that is entrained by the effect of the pump is denoted by 17.

A first coupling element 14 of a magnetic coupling is fixed to
the shaft 2. The first coupling element 14 cooperates with a
second coupling element (not shown) in a non-contact manner.
The first and the second coupling elements form a magnetic cou-
pling. The second coupling element ié connected to an electric
or pneumatic motor, wherein the magnetic coupling transmits a
rotational movement of the motor to the shaft 2. The cardiac
wall is schematically denoted by 15. Thus, the electric or

pneumatic motor is arranged outside of the heart.

Figs. 2a and 2b are schematic illustrations of a human heart
with an assist device according to Fig. 1 being implanted. The
heart comprises a heart muscle 18, a left ventricle 19, a mi-
tral wvalve 20, an aortic wvalve 21 and an aorta 22. The pump
comprises a housing 23, a rotor 24, an inlet 25, an outlet 26,
an anchor element 27, a drive (electric motor or pneumatic mo-
tor) 28, an energy supply line 29 (an electric wire in case of
an electric motor, see Fig. 2a, or a catheter for gas supply in
case of a pneumatic motor having a gas supply line 2%a and a
return line 29b, see Fig. 2b). In case of a pneumatic drive the
motor 28 is configured as a turbine driven by the gas supplied
through gas supply line 29a. The pump is oriented such that the

outflow is directed to the aortic valve 21 and the aorta 22.

Fig. 3 shows an alternative embodiment, in which the electric

motor for driving the pump rotor is arranged within the ventri-
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cle of the heart. The pump comprises a hollow rotor 30, a sta-

tor 31, rotor magnetic part 32 and stator magnetic part 33.

Fig. 4 is a schematic illustration of an adjustable outflow end
region of the pump. The outflow end region comprises or is con-
figured as a nozzle 34. Further, the outflow end region com-
prises an adjustable segment 35, the orientation of which can
be changed in order to adjust the outflow direction of the
blood pumped by the pump. The end region may comprise, in addi-
tion to the blood inlet 8 of the pump as shown in Fig. 1, an
additional blood inlet 37 for entraining blood volume distal to
the impeller. Further, a blood outlet 38 is provided. The ad-
justable segment 35 cooperates with an actor 39, such as an
electric motor in order to adjust the outflow direction of
blood. The adjustable segment 35 may be configured as a flexi-
ble or bendable end region of the pump housing. The actor 39
may be controlled by a percutaneous or internal flow signal.
For example, an ultrasound flow sensor may be mounted on the
adjustable segment to allow a periodic measurement of blood
flow in the vicinity of the outlet 38 to automatically adjust

the orientation of the orifice toward the aortic valve.

Fig. 5 shows the ECG signal, the ventricular volume of the left
ventricle 19 and the ventricular pressure in the left ventricle
19 as a function of time, wherein the time period corresponding
to the systole is denoted by 40. The ventricular pressure is
denoted by 41, the ventricular volume is denoted by 42 and the
electrocardiogram signal is denoted by 43. In a healthy heart,
the average ventricular pressure during systole should be as
denoted by 44. In contrast, a weakened, unassisted heart usual-
ly has a ventricular and aortic pressure during systole as
shown at 45. Further, in a healthy heart the average ventricu-

lar volume during systole usually is as shown at 47, whereas
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the ventricular volume during systole for a weakened, unassist-

ed heart is denoted by 48.

With the use of a ventricular assist device according to the
instant invention the ventricular pressure of a weakened heart
can be raised to normal levels as denoted by 46 during systole
and the ventricular volume can be lowered to the level of a

healthy heart as denoted by 49.

Figs. 6a and 6b show the implantation of the inventive assist
device. First, the ventricle 19 is punctured by a needle 50 and
a guide wire 51 is advanced into the aorta 22 (Fig. 6a). There-
after a knife with cross blades enlarges a hole dilating a port
52 in the ventricular wall and an expandable inner ring 53 is
arranged to lie against the inner wall of the ventricle in a
manner surrounding the port 52. A hemostyptic outer ring 54 is
arranged at the outer wall of the ventricle in a manner sur-
rounding the port 52, whereby the inner ring 53 1is fixed
against the outer ring 54 thereby allowing bloodless fixation
of the pump 55. The adjustable segment 35 of the pump is at-
tached to a steering element 56, which is able to adjust the
outflow orientation of the pump so as to direct the outflow .
towards the aorta 22. The steering element 56 is actuated by a
motor 39, which is controlled by an implanted ultrasound sensor
57 by means of a closed loop control or by a percutaneous sig-
nal. The electric or pneumatic drive of the pump is denoted by

28.

The foregoing description and accompanying figures 1illustrate
the principles, preferred embodiments and modes of operation of
the invention. However, the invention should not be construed

as being limited to the particular embodiments discussed above.
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Additional variations of the embodiments discussed above will

be appreciated by those skilled in the art.

Therefore, the above-described embodiments should be regarded
as illustrative rather than restrictive. Accordingly, it should
be appreciated that variations to those embodiments can be made
by those skilled in the art without departing from the scope of

the invention as defined by the following claims.



10

15

20

25

30

WO 2016/005803 PCT/IB2015/001086

22

Claims:

1. A ventricular assist device for intraventricular placement

inside a human heart comprising:

- an anchor element configured to be mounted to the heart in
the region of the apex,

- a pump connected to the anchor element and comprising a
preferably tubular housing having an inlet and an outlet
and further comprising drive for driving a rotor arranged
within the housing,

- a control unit connected with the drive for controlling
the pump, said control unit comprising a first sensor for
sensing a heartbeat of the heart and configured to control
the pump to be driven in a pulsatile manner in synchroni-

zation with the heart beats.

2. The assist device of c¢laim 1, wherein the inlet and the

outlet of the housing are arranged within the ventricle.

3. The assist device of claim 1 or 2, wherein the pump com-
prises a magnetic coupling for coupling the drive to the rotor,

the drive preferably beihg positioned outside the heart.

4. The assist device of claim 1, 2 or 3, wherein the drive is
at least partially arranged proximally of the anchor element so
as to be placed at least partially outside of the heart when in

use.

5. The assist device of any one of claims 1 to 4, wherein the
control unit is configured to control the rotational speed of
the pump rotor as a function of heart rate signals derived from

the first sensor.
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6. The assist device of any one of claims 1 to 5, wherein the
control unit comprises at least a further sensor for sensing a
blood pressure, a cardiac output, a blood flow velocity, a de-
rivative of the blood pressure and/or a pulse wave velocity and
is configured to control the rotational speed of the pump rotor

as a function of the signals derived from the further sensor.

7. The assist device of any one of claims 1 to 6, wherein the
control unit comprises a memory for storing at least one char-
acteristic curve representing a set value for a blood pressure

as a function of the heart rate.

B. The assist device of claim 7, wherein the control unit is
configured to calculate a pressure difference of a blood pres-
sure derived from the further sensor and a set value for the
blood pressure derived from the characteristic curve and to
control the rotational speed of the pump rotor as a function of

said pressure difference.

9. The assist device of claim 1, wherein a flow cross-section
of the pump continuously decreases in a flow direction at the
outflow end of the pump housing so as to form a nozzle able to
direct the flow towards the aortic valve and entraining sur-

rounding blood.

10. The assist device of claim 1, wherein an end region of the
pump housing 1is percutaneously adjustable to adjust the flow

direction of blood exiting the pump towards the aortic valve.

11. The assist device of claim 10, wherein the adjustable end
region comprises an ultrasound sensor for sensing a blood flow,

the sensor signal being used for periodically adjusting the
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orientation of the adjustable end region of the pump housing to

be oriented towards the aortic valve.

12. The assist device of claim 10, wherein the adjustable end
region cooperates with fixing means to fix the end region in

the adjusted position.

13. A method for assisting blood flow in the cardiovascular
system of a human, in particular for increasing the cardiac
output of a human, comprising placing a pump inside the left
ventricle of a human heart, the pump sucking in blood within
the left ventricle and ejecting blood within the left ventricle
thereby producing a blood flow that is directed to the aortic

valve.

14. The method of claim 13, wherein the pump sucks in the
blood from the apex region of the left ventricle, in particular
from a region near the apex in which the blood coming into the

left ventricle via the mitral valve swirls in a vortex.

15. The method of claim 13 or 14, further comprising producing

a pulsatile blood flow that is synchronized with the heartbeat.

16. The method of claim 13 or 14, further comprising driving
the pump from outside the heart, in particular by using an:
electric or pneumatic motor that is arranged outside the heart
and coupled to the pump by a coupling traversing the cardiac

wall, in particular by a contact-free coupling.
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