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The heart: two double chamber pulsed pumps In

series

Left heart responsible for
peripheral circulation. High
hydraulic resistance, high
pressure load

Right heart responsible for
pulmongry ci_rculation. Low Zrany ™"
hydraulic resistance, low
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Cardiac function
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Electrical stimulation

Legend

Sinoatrial node

Atrioventricular node

Remote aftrial surface

Bundle of His

Anterior surface of right ventricle
Apical surfaca

Posterior basal area
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« Myocardial contraction or relaxation depends on the relevant
electrical pulse

« Permanent arrhythmias problems result in pacemaker implantation
(subdermal)



P-V diagram of cardiac function

a:Ventricular filling. Work

from blood to ventricle

b: 1Isovolumetric contraction.

No work

c: Injection. Work from
ventricle to blood

d: Isovolumetric relaxation.

No work

ESV: End systolic volume
EDV: End diastolic volume
SV: Stroke volume = EDV-

ESV

Injection fraction: ESV/EDV
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Surgical operations using
artificial organ implantation

Arrhythmias: Pacemaker _

Myocardial problems
(temporary) (defibrillator)

Open heart: Heart lung
machine

Ventricular assist devices: |
Right or left (RVAD, LVAI

Total artificial heart (TAH)




Heart lung machine in function
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FIG. 11. Circuitry for heart-lung bypass.



Heart lung machine (Univ. Patras)

Extracorporeal circulation: cardiac isolation from blood
circulation, blood oxygenation

Peristaltic

Application of cryo-plegia and recovery

Blood heparinization to avoid thrombus formation
Air bubble entrapping systems



Hikaru Matsuda (Ed.)

Rotary Blood Pumps

New Developments
and Current Applications

With 72 Figures, Including 1 in Color

Fluid Engineering Aspect for
Development of the Centrifugal
Blood Pump with Magnetically
Suspended Impeller

TeERUAKI AKAMATSU', TomoNoRI Tsukiva?, and TakavosHi Ozakr’

Engineering Development of
Rotary Blood Pumps



Centrifugal LVAD - RVAD

Rotary centrifugal LVADs have two sealed chambers: a pump chamber
that moves the blood; and a motor chamber which contains the mechanism
that drives the pump. Power is transmitted between the chambers by
magnetism.

Two tubes leaving the pump chamber carry the blood between the LVAD
and the heart. Blood enters near the top center of the pump and leaves
from the side.

The third tube to the motor chamber contains the wires to power the unit.

Blood enters through
an eccentric inlet port ’

Top bearing

Pump chamber
Bottomn bearing

Primary vane
< .

Impelier
magnet

48 Bicod exits

Motor magnet

Motor chamber

Il An electric motor turns a pair of magnets in the motor chamber.
The magnets turn magnets in the pump chamber.

The pump chamber magnets are attached to vanes that move the
blood through the pump.

W Smaller than pulsatile, so more promise for use in women
and children B Less mechanical wear than the axial flow Il Low
energy requirement B Easier to manufacture

W No long-term experience in humans il er than axial flow
pumps M Continuous flow is significantly different from natural heart
action; physiologic effects not totally understood.

Source: Baylor College of Medicine




Rotational-centrifugal design
Blood damage
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FIG. 5. Shear stress contours are shown in Design 2.
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FIG. 6. Shown are traces of particles in the radial impeller (A);
traces of particles of Design 1 (B); traces of particles of Design 2
(C); traces of particles of Design 3 (D); and traces of particles of
Design 4 (E).

C D

FIG. 8. Shown is trajectory of Particle 29 (Design 2) (A); trajectory of Particle 92 (Design 2) (B); trajectory of Particle 10 (radial blade)
(C); and trajectory of Particle 88 (radial blade) (D).



Rotational-centrifugal design
Blood damage

Radial straight blade

I
HHIT
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FIG. 4. Shown are velocity vectors in the radial blade (A); ve-
locity vectors in Design 1 (B); velocity vectors in Design 2 (C);
velocity vectors in Design 3 (D); and velocity vectors in Design
4 (E).

FIG. 1. Blade profiles for the impeller designs are shown.
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HEARTMATE

FIG. 1. Shown is the HeartMate Il inflow (a), pump (b), rotor (c),
motor (d), and outflow (e).

FIG. 3. Section view of the HeartMate Il lower housing and mo-
tor are shown: spiral cavity outside of, and in plane with, the
volute (a), base plate (b), radius around the bottom corner of the
pump (c), stator iron (d), motor and levitation coils (e), implanted
electronics (f).



Blood pumps

NEDO TAH Sy8tgm and its
_Implantation if Patients

Inlet Port

S
v

Im

Qutlet Port

Anternalivattery’
WIthRVAD Ends
SYAD CONTro1Ier:

Impeller Magnet

Secondary vane

Alumina Ceramic Shaft

FIG. 3. Shown is a schematic diagram of the NEDO Gyro cen-
trifugal blood pump.



Pulsed-diaphragm R-LAD

Electric pulsatile LVADs have two sealed chambers: a pump chamber
that moves the blood; and a motor chamber which contains the mechanism
that drives the pump. A diaphram with a flexible membrane keeps the
two chambers apart.

Two tubes leaving the pump chamber carry the blood between the LVAD
and the heart. Two porcine valves determine which tube carries blood to
the LVAD and which carries blood away.

The tube to the motor chamber contains the wires to power the unit, and
an air hose connected to an implanted compliance chamber that allows
the diaphram to go up and down without resistance.

Titanium alloy housing

Porcine valve (valve Ramped cam __
from pig's heart) :

Ramped cam

N

Bearing

A low-speed electric motor turns a
pair of bearings that push against
two ramped cams.

H The cams move the flexible
diaghram up to its highest position,
pushing blood out.

The pump fills passively after the
bearing slips past the ramped cam,
drawing blood in.

m Mimics the natural heart rhythm B Long-term experience with
similar devices in humans

Too large for many women and all children B If completely
contained within the body, needs an exira chamber for air expelled
in the pumping action B Complicated system contains many stress
points where pump can fail

Source: Heart Failure, December 1994/ January 1995, Clinical Experience With the HeartMate
Left Ventricular Assist Device.



NOVACOR LVAS

 Bridge to transplantation
» Bioprosthetic valves

« 1) Fill- to empty mode

« 2) Fixed - rate mode
 3) synchronized mode




LVAD VERSUS




VERSUS IV - In calf







HeartMate
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Rotary-axial pumps
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DELTA STREAM

Diagonal
Pumps

Intracorporeal

0 Extracorporeal



ectric (BERLIN)




Catheter pumps: implantation

Pump is placed in left ventricle
» Through femoral artery (less invasive)
» Through ascending aorta (invasive)




Powering the heart pumps

Most totally implanted heart pumps will be powered by rechargeable, exter-
nal batteries. A pair of coils, known as a transcutaneous energy transmis-
sion device, is used for power transfer across the intact skin, eliminating
wires going through the skin and avoiding the risk of infection. One coil is
implanted under the skin and a ringlike

coil is strapped over it outside the body.

When showering, the battery packs and 1\_’_/
external coil can be removed and the /I

ump works off an internal battery. f
pump ¥ __/r' | / |"'-\\‘“-~._

Heart pumps draw blood from —— ~__ =
the apex of the left ventricle el I el N
with the opening directed I/

toward the mitral valve.
The blood is pumped into
the ascending aorta and

circulates thoughout the
body.

External coil

Implanted coil

Internal wires
Rechargeable internal battery

__ Mechanical
k pump
Reserve battery pack
Primary
Sources: Novacor, Heart Failure,
December 1984 Januany 19935, Clinical
Experience With the HeartMate Left
Ventricular Assist Device.

Controller



Skeletal muscle p

Myo-
stimulotor

Prassure [mmHg]
150

&0

Pulsss & 3 12 2 12 i 14
8o 02 1 3 6 10 P 42
Days | 22 2 E 103 133 161

Clenbuterol

FIG. 1. Shown is a skeletal muscle ventricle (SMV) around an intrathoracic elastic training device (Top). A muscular contraction induces
a pressure increase within the cavity of the elastic device. Original pressure curves (Bottom) during a dynamic training from an SMV of
Group 1 without B,-stimulation (A) and from an SMV of Group 2 supported by clenbuterol (B). Clenbuterol-supported SMVs of Group 2
maintained pressure (function) at a high level over time. The stimulation pattern is shown with an increasing number of pulses per burst.

umps

FIG. 2. Topography of a biomechanical heart in
aorta-descendens position in a goat is shown. The
aorta is ligated between the two anastomoses.
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Heart preparation before TAH
Implantation
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—3 Similar technique with heart transplantation

BN



Alr pressure driven artificial heart In

275

Aorta
Pulmonary
Artery

Total Artificial Heart

Biomedical Engineering in

connection
SynCardia

Outflow graft
/ SPUS, Dacron graft, Velour

Inflow Cuff 25mm Outer Quick Connect
fon mesh, SPUS, Velour — +— Isoplast
27mm Outer Quick Connect -7 o 25mm Medtronic Hall Outflow Valve
Titanium, Pyrolytic Carbon

Isoplast
7mm Meditronic Hall Inflow Valve/ ’
Titanium, Pyrolytic Carbon

27mm Inner Quick Connect
Isoplast

~——— 25mm Inner Quick Connect
Isoplast

¥ velcro
Housing Assembly

SPUS, Dacron mesh

Blood Diaphragm —

SPUS Redundant Air Diaphragms

SPUS

Base Assembly —>
Isoplast

Steel Reinforced Air Hose
PVC, SPUS, Velour

Human Heart

P!



Pneumatic
TAH
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FIG. 1. Shown is 1 cycle of the TAH work in the following test condition (() mean average value): (AP) = 1 kPa, (AoP) = 13.3 kPa, HR
=90 bpm, 40% systole, DP = 30/-5 kPa (systole/diastole pressure). Included are the time dependent driving pressure (DP); inlet flow (Qi)
and outlet flow (Qo); pressure gradients on the membrane, inlet, or outlet valve (APm, APvi, APvo, respectively); and energy dissipated
on the membrane (ELm), outflow valve (ELvo), and inflow (ELvi) valve.




Diaphragm eccentric
CORTAH




mini Accor - In calf

Accor




The Abiomed total artificial heart

The Abiomed total artificial Front cross-
heart (TAH) uses a centrifugal Flaxible section
pump to move silicone hydrau- double

lic fluid, which drives the device. membrane
A sleeved, rotating valve shut-
tles the fluid between the left

and right blood pumps.

Hydraulic
flow

Right-side cutaway ~ [i9"

Left
pump

Woven "/

lyester ,

lexible Tri-leaflet valves made of
tubing n{gl;ralted o % polyetherurethane plastic
ascending aorla prevent blood backflow.
and pulmonary trunk. ll 3

Valve motor

Rotating

Clear epoxy parts are easily —l-_- vaive

cast into iregular shapes, and

allow visual inspections for proper
pump function and to ensure that no
air is present before the artificial heart
is turned on.

Pump impeller
Titanium-alloy case

Twist-lock quick con-
nectors allow su
without the artificial
heart in the way.

Polyester
cloth cuffs are ———»
sutured onto

the remaining

atria.

Sources: Steven Parnis, Texas Heart Institule, Ablomed, Inc.

Piston diaphragm

The Penn State total artificial heart

The Penn State total artificial heart (TAH) is driven by an electric motor.
The motor turns a rollerscrew nut that pushes the rollerscrew sideways.
The motor reverses polarity every four and one-half revolutions, and the
rollerscrew is driven in the opposite direction. This back and forth motion
within the artificial heart duplicates the pulsing of a real heart.

Shaft keeps plates stable, properly
separated and prevents them from turning

Left pump chamber
(oxygenated blood)

Rollerscrew nut

Right pump chamber
(deoxygenated blood)

Titanium-
Pusherplate - alloy
case

Rollerscrew
Flexible
sac
Motor
magnat
& 2yl Motor W i)
[ ]_,/ chamber =
| Tubetoair U =1
../_J,- compliance o -“””J
chamber B
T ™
i 11

Source: Dr. Gerson Rosenberg, Penn State



TAH motorized

Center axis
Motor Blood
. b chamber

Rotary - a

arm \ =

=l Roller

Blood [ .
chamber 3 e

Reduction . P
gear assembly Casing

FIG. 1. Shown is the structure of the eccentric roller type TAH
developed at Hiroshima University.

FIG. 3. The main assemblies of the TAH include the blood cham-

bers, eccentric rollers, and casing equipped with motor and gear
train.

FIG. 2. The photograph is an external view of the eccentric roller
type TAH developed at Hiroshima University.



TAH motorized

FIG. 4. The photograph shows the main molding parts for the
silicone blood chambers.

e \ ’t

L7 = s

FIG. 5. The photograph shows the TAH during the Donovan FIG. 7. Shown is the eccentric roller type TAH in the acute ani-
mock test for evaluating individual pump flow characteristics. mal experiment.



CARMAT

Seventy-five days after a transplant of the
world’s first artificial heart, the Carmat, the
Georges Pompidou European Hospital in Paris
has announced the 76-year-old man who
received it has died.

CCARMAT

The cause of death is not yet known, but the
man had been suffering from terminal heart
failure and was only given days, or a few
weeks, to live.
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Clinical results




The future

Molecular approach



