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The pneumatically actuated total artificial heart (TAH) can 
maintain normal physiology in man and in experimental animals 
for several months with extracorporeal pneumatic actuation 
through the skin. The ultimate goal is the development of a totally 
implantable cardiac prosthesis that functions for a minimum of 
two years. The Cleveland Clinic Foundation's cardiac prosthesis 
is a pusher-plate type of blood pump that uses protein-coated blood 
contact surfaces and trileaflet dura mater valves. The pusher-plate 
design for mechanical actuation provides a net stroke volume of 
80 ml. It can pump as much as 9.6 L/min at 120 beats/min with 15 
mm Hg inlet pressure. Total artificial hearts and the left ventric-
ular assist devices (LVAD) were implanted in calves without anti-
coagulation for as long as seven months. Our group is developing 
a mechanically actuated universal blood pump for use as a TAH 
and LVAD, compatible with either thermal or electrical actuation 
systems. We have also developed a parathoracic version of the 
LVAD. The application of newly developed implantable actuation 
systems to cardiac prostheses offers many alternatives to the tra-
ditional pneumatic method. These methods should allow the pa-
tient to live a nearly normal life. We summarize the recent work 
in this area and identify the relevant design features and mechan-
ical actuation systems for cardiac prostheses. 
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Biomaterials are the basis for the construction of all 
artificial organs, whether they are made from totally syn-
thetic materials or fabricated f rom specially treated natural 
tissues. T h e development of cardiovascular materials has 
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been hampered by the lack of satisfactory mate-
rials of sufficient durability and strength. Re-
quirements for biomaterials vary significantly de-
pending on duration of use, intended method of 
application, and function1 (Table 1). Blood com-
patibility of materials is the most important con-
sideration, even in transient applications. 

No single material has yet fulfilled all require-
ments for blood compatibility and mechanical 
durability for use in cardiac devices. Two ap-
proaches have been directed to the development 
of surfaces, which either (1) form blood linings 
[(pseudoneointima (PNI)] or (2) minimize cellular 
or protein reactions. For short-term or interim 
(two weeks to one month) use of LVADs, both 
approaches appear equally advantageous.2 

Certain types of smooth surfaces are believed 
not to activate the blood coagulation system. 
Silicone-based elastomers, polyurethanes, pyro-
lytic carbons, polyethylene, Biomer, Avcothane 
51, and other relatively new synthetic polymers 
have shown good blood compatibility. In general, 
the advantages of these smooth elastomers alone 
or in combination with special surface treatment 
are minimal thrombosis and fibrin deposition. 
Anticoagulation may be required. In long-term 
implantation, calcification occurs on both smooth 
and rough materials. Calcified deposits are seen 
preferentially in the stress concentration areas of 
the moving diaphragm. Location of the calcified 
deposits also coincides with the loci of surface 
imperfections or surface defects.3 It has been 
suggested that degenerative changes in the bulk 
structure and surface properties of long-term 
mechanically active polymers may account for 
diminished functions or complete failure of the 
device.4 

Rough surfaces, such as those typically found 
in textured materials, such as woven Dacrons, 
polytetrafluoroethylene (PTFE) knitted velours, 

T a b l e 1. Classification o f biomaterials 

A. Intended period of use or application 
1. Permanent 
2. Long-term 
3. Transient 

B. Intended method of application 
1. Reconstruction and augmentation of tissues and organs 

(spare parts, e.g., heart valves) 
2. Reconstruction and augmentation of physiological function, 

e.g., cardiac prosthesis, dialysis 
C. Function 

1. Passive—structural components 
2. Active—moving structure 

and texturized metal materials, generate PNI 
formation. These strongly adherent biologically 
derived linings require anticoagulation to control 
layer thickness. Pseudoneointimal linings on 
blood pump bladders perform as stable biological 
linings derived first from the deposition of cir-
culating blood elements and the formation of an 
organized fibrin matrix. With time, cellular pro-
liferation is seen, and in situ collagen synthesis 
may be observed.5 The disadvantage of these 
materials is the possibility of emboli originating 
from their surface or calcification of the layer, 
leading to a loss of compliance.6 Using this con-
cept, several laboratories have introduced cell-
seeding techniques. Cultured endothelial cells 
and bovine fetal cells are being used to accelerate 
the development of a thin organized cellular 
interface.7 8 T h e formation of pseudoneointimal 
linings composed of native collagen is considered 
highly desirable by some, since it represents an 
end stage in the intravascular healing process.9 

Biolized surfaces 

We have attempted to develop a smooth, biol-
ized gelatin surface for all blood-contacting areas 
of the blood pumps.10 Smooth glutaraldehyde-
treated gelatin coatings on blood pumps im-
planted in calves for up to seven months without 
anticoagulants did not elicit PNI formation and 
showed excellent blood compatibility without any 
signs of biodégradation.11 

Our laboratory has accumulated considerable 
experimental data in recent years regarding the 
characteristics of biolized materials for cardiac 
prosthesis.12,13 Biologically derived chemically 
treated natural materials, such as glutaraldehyde-
treated pericardium and glutaraldehyde-treated 
gelatin, are termed "biolized" materials. 

The term "biolization" was conceived in the 
laboratories of the Department of Artificial Or-
gans of The Cleveland Clinic Foundation (CCF) 
in 197114 ,15 and has since been used to refer to 
either the chemical or thermal treatment of nat-
ural tissue or protein (natural tissue derivatives) 
by either coating or blending protein with other 
polymers. 

T h e hypothetical process for the production of 
biocompatible and blood-compatible materials is 
illustrated in Figure 1.14 T h e materials could be 
either natural or artificial in origin, but must 
contain protein, polysaccharide, or other biolog-
ical components. Synthetic polymers could be 
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(Thromboresistant) (Biocompatible) 

"BIOLIZATION", HYPOTHETICAL PROCESS TO GENERATE BIOCOMPATIBLE MATERIAL 
Fig. 1. Biolization, the hypothetical process that generates biocompatible material. 
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conditioned either by blending with biological 
components or by coating them (biological acti-
vation). We hypothesized that blood-compatible 
surfaces can be created by the use of surface 
protein a n d / o r polysaccharides in their inacti-
vated form. A surface treated with heat or alde-
hyde becomes "biologically inactivated," which is 
the denaturation, insolubilization, or cross-link-
ing of biological components. As a result of these 
findings, it was conceived that extracting proteins 
or other biological components f rom natural tis-
sue and blending them with synthetic polymers 
would improve the blood compatibility of the 
polymer. This concept affords the versatility of 
selecting polymers based on physical properties 
for a given application, rather than restriction to 
the use of only natural tissue or to a narrow 
range of available medical polymers. T h e "bio-
logically activated polymer" is aldehyde treated 
in a solid state to produce a biolized polymer. 

Types of cardiac prostheses 
In 1964 the National Heart Lung and Blood 

Institute (NHLBI) initiated the NHLBI heart 
program with the overall goal of developing de-
vices that could be used effectively to rehabilitate 
patients with advanced heart disease.16 Research 
was focused on temporary left heart assist sys-

tems, permanent (2-5 years) left heart assist sys-
tems and the total artificial heart (TAH). Differ-
ent types of prostheses can fulfill different clinical 
needs and therefore require different criteria for 
clinical use and development.17 T h e basic consid-
erations related to device development are out-
lined in Table 2. Table 3 summarizes cardiac 
prostheses in terms of potential applications and 
intended period of use. 

Pump design and fabrication 
The Cleveland Clinic Foundation left ventricular 
assist device 

T h e major design objective of the LVAD for 
temporary use is the complete unloading of the 
left ventricle with total capture of cardiac output. 
Mechanical support of the failing heart and cir-
culation must function to (1) decrease cardiac 
work, (2) increase systemic perfusion, and (3) 
increase the myocardial oxygen supply/demand 
ratio. For permanent use, the LVAD would 
maintain a near normal systemic circulation. T o 
satisfy these demands, the current left ventricular 
assist pump for both temporary and permanent 
application was designed specifically for human 
implantation.18 This pusher-plate pump was de-
signed for use with a mechanical actuation sys-
tem. T h e pump is 11 cm in diameter and 3 cm 
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Table 2. Basic blood pump design considerations 
related to device development 

A. Blood surface interactions 
1. Cellular 
2. Physicochemical 
3. Rheological 

B. Material durability 
1. Material selection 
2. Design 
3. Fabrication 
4. Pump geometry 
5. Shelf life 
6. Sterilization 

C. Actuation 
1. Pneumatic 
2. Hydraulic 
3. Mechanical 

D. Power source 
1. Electric 
2. Thermal 

E. Placement 
1. Intrathoracical 
2. Parathoracical 
3. Extracorporeal 
4. Abdominal 

F. Size and weight 
G. Mode of pumping 

1. Nonpulsatile 
a. Roller pump 
b. Centrifugal pump 

2. Pulsatile 
a. Pusher-plate pump 
b. Sac type pump 

thick, providing a net stroke volume of 80 ml 
through a pusher-plate displacement of 1.5 cm 
(Fig. 2). It is capable of pumping up to 9.6 L / 
min at 120 beats/min with 15 mm Hg inlet 
pressure. A major consideration was the exact 
location of the pump in the body. For best con-
formance to anatomical constraints, the pump, 
the most reliable component, was placed intra-
thoracically and the actuator was placed para-
thoracically. The ribs would protect all vascular 

connections. T h e pump would be close to the 
natural heart to provide maximum efficiency, 
effectiveness, and minimal orientation effects on 
filling. Blood is obtained f rom the left ventricular 
apex and returned to the descending thoracic 
aorta (Fig. 3). T h e pump geometry and place-
ment inside the chest were arrived at by detailed 
anatomy studies using computerized axial to-
mography,19 angiography, conventional radiog-
raphy, and anatomical measurements of living 
patients. T h e pump was designed to fit the cur-
vature of the left lateral thoracic wall to minimize 
lung displacement and avoid compression of the 
major vessels and pulmonary hilus. Space for the 
actuator is created by removal of the 6th or 7 th 
rib to allow use of the rib space together with the 
subcutaneous location (Fig. 3). 

T o actuate the pusher-plate mechanically, a 
simple interim method of actuation was needed 
during the early phase of development. A pneu-
matic cylinder appeared simplest since existing 
pneumatic drive systems could be used with slight 
modifications for high-pressure operation. A 
small pneumatic actuator was designed and fab-
ricated for subsequent testing. The actuator pro-
vides positive displacement of the pusher-plate 
shaft only in the systolic direction. In diastole, 
the actuator shaft is retracted, allowing the 
pusher-plate shaft to return at its own rate. Thus, 
filling is completely passive, with no vacuum or 
mechanical assistance applied to the pusher-plate 
or diaphragm during diastole. This closely simu-
lates how the electrical energy converter would 
operate with the pump. Figure 4 is a cross-section 
drawing of the pump with the pneumatic actuator 
used in testing. T h e main components of the 
blood pump include the cast epoxy outer and 
inner housings, polyolefin rubber diaphragm, 
and the pneumatic actuator. 

T o mechanically anchor the biolized coating 
on both the pump housing and diaphragm, the 

Table 3. Applications of cardiac prosthesis 
Type Function Device Duration Features 

1. Transient Temporary support Intraaortic balloon pump (IABP) Days—weeks (2) Readily available 
of the failing heart Cardiopulmonary bypass and easily re-

Temporary L V A D moved 
Biventricular bypass pump 

2. Interim Support patient await- LVAD < one month Readily available 
ing transplantation Biventricular bypass pump and easily re-

T A H moved 
3. Permanent Total support of the T A H S 2 years Totally implanta-

circulation L V A D ble 

LVAD = left ventricular assist device, T A H = total artificial heart. 
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Fig. 2. T h e Cleveland Clinic Foundation left ventricular assist device (LVAD). 
This pneumatic pusher-plate LVAD has been used in animals for as long as seven 
months and is being used clinically as a temporary assist device. T h e pump is 
equipped with an epoxy housing, a polyolefin rubber diaphragm, and is coated 
internally with aldehyde-treated gelatin. Dura mater valves are used in the inflow 
and outflow ports of the housing. T h e pneumatic actuator is located below the 
pump in this photograph. 

surfaces must be textured. T h e diaphragm sur-
face was integrally textured with the use of a salt 
casting technique af ter compression molding.20 

T h e pump housing surface is coated with a tex-
tured layer of polyurethane (Avcomat 610), with 
the use of a similar technique. T h e resulting 
surface texture is nominally 100 /urn thick with 
open pores nominally 20 ¿¿m in diameter (Fig. 5). 
After final assembly, biolization is done by dip-
ping the entire pump in a gelatin solution with 
the use of vacuum to fill the pores in the textured 
surfaces, and then crosslinking the gelatin coating 
in place with glutaraldehyde. By coating the 
pump after assembly, the entire blood contact 
surface is seamless, with no discontinuities. With 
gelatin impregnated into the pores, additional 
coatings provide a smooth surface for blood con-
tact.21 This biolized surface, combined with the 
natural tissue valves fabricated f rom human dura 
mater, eliminates the need for anticoagulants. 

Six implants were done to evaluate iong-term 
biocompatibility and performance. T h e experi-
ments in this series ranged f rom three to seven 
months. All experiments were terminated elec-
tively. Results revealed that the biolized pumps 
were all generally clean even in the presence of 
infection (Fig. 6). 

Total art if icial hear t development 

T h e pusher-plate type blood p u m p has also 
been used for the T A H . T h e design of this pump 
has evolved directly f rom the LVAD pump. For 
the T A H , two pusher-plate pumps are used to 
replace the right and left ventricles of the natural 
heart. T h e dimensions of the pumps are similar 
to those of the LVAD; however, the T A H pumps 
are in a flat rather than curved configuration and 
the blood ports have been changed to accom-
modate the arterial and atrial connections. Ac-
tuation of the pumps is provided by the same 
pneumatic actuators as those used in the LVAD 
system. Although this design has not been final-
ized to accommodate human configuration, it 
allows testing of the device and various control 
methods. This device has been implanted for as 
long as 108 days in calves, dur ing which various 
control methods were evaluated. 

A magnetic (Hall-effect) position sensor and a 
new electronic control system allow each pump 
to be operated at a constant stroke volume and a 
variable rate. Both the right and left pumps can 
run independently with rates set by both filling 
pressure and afterload, synchronously with either 
the left or the right being the master or slave, or 
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Fig. 3. Model showing the clinical configuration of 
the blood pump integrated with the electrical energy 
system. Since the parathoracic energy converter is mod-
ular and accessible by simple skin incision, the entire 
power system can be replaced without entering the thorax 
or disturbing the blood-contacting components. 

in an alternate beating mode with either pump 
setting the rate. No invasive feedbacks, such as 
atrial or arterial pressure monitorings are used, 
unlike other groups.24 Preliminary results indi-
cate that this system can provide more physiolog-
ical hemodynamics than previous types of pumps. 
T h e permanently implantable cardiac prostheses 
will be composed of two pusher-plate pumps com-
bined with an energy conversion system. 

Compl iance chamber development 
A totally implantable LVAD would be a 

"closed" system. T h e actuation system and blood 
pump are contained within the body with no 
direct communication to the outside. In displace-
ment-type pumps, the nonblood side of the pump 
undergoes a volume change equal and opposite 
to that of the blood side. In a closed system this 
volume must be accommodated. A compensator 
under study includes a highly compliant chamber 
open to the back of the pusher plate. Fluid is 
shuttled back and forth f rom the back side of the 
pump to the compliance chamber located else-
where in the body (Fig. 7.) 

T h e basic design of the compliance chamber 
consists of a titanium backplate curved to fit the 
inside of the rib cage and a flexing diaphragm 
that faces the lung, which can be inflated to 150 
ml with negligible pressure. O u r first attempts in 
designing this compliance chamber utilized 
smooth flexing surfaces.25 

O u r latest studies show that a Dacron-velour-
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Fig. 4. Drawing of the left ventricular assist device assembly with housing and attached pneumatic 

actuator. 
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ci*inq of rubber and 
dissolving of son 

S A L T C A S T T E C H N I Q U E F O R T E X T U R I N G SURFACE 

Fig. 5. Salt cast technique for texturing the polyolefin rubber diaphragm surface before the application of gelatin; (center) control-
textured polyolefin rubber; right X 1000, smooth surface obtained after the application of the biolized gelatin coating. 

textured surface26 has outper formed the smooth 
surface used previously and increased device du-
ration and performance. This textured series of 
compliance chambers, which has been function-
ing for more than two years, appears promising 
for totally implantable blood pump systems. 

Implan tab le lef t vent r icular assist device and 
energy convers ion systems 

Table 4 describes the blood pumps and the 
energy converter systems currently undergoing 
development and evaluation by our laboratory. 

Texture formed a f t e r 
solvent evaporo I ion 

5 months 4 months 

6 months 7 months 
Fig. 6. Appearance of the blood-contacting surface of the pusher-plate left ventricular assist device pumps coated 

with gelatin af ter implantation in calves for four to seven months, respectively. Housing and diaphragm are clean 
without thrombus. 

Par n a i l , cursd 
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Fig. 7. Schematic of the compliance chamber required for the closed system 
left ventricular assist device. Both actuation system and blood pump are contained 
within the body with no direct communication to the outside. 

T a b l e 4 . Experimental LVAD and coordinated implantable energy conversion systems 

Blood pump/conve r t e r Description 
Blood pump material 

interface 
Pump flow 

capacity Actuation 

Actuator 
weight/vol-

ume Implantation site 

1. CCF L V A D / N i m b u s Pusher plate diaphragm 
pump; brushless DC motor 

Smooth aldehyde-
treated gelatin 
coated on tex-
tured polyure-
thane and poly-
olefin rubber 

9.6 L / m i n Electrohydraulic 0.35 k g / 1 8 3 
cc 

Intrathoracic left 
ventricular 
apex to de-
scending aorta 

2. CCF LVAD; Nimbus 

3. T h e r m o Electron 
PVAD model; JCGS 
Stirling Cycle Engine 

High-speed, motor-driven 
gear pump pressurizes hy-
draulic fluid to produce 
force on actuator piston 
which moves pusher plate 

Pusher-plate diaphragm pump 

Engine generates high pres-
sure fluid which drives 
blood pump 

Pusher-plate diaphragm pump 
Engine generates high pres-

sure fluid which drives 
blood pump 

Same as above 9.6 L / m i n Thermal-pneumatic 0.99 k g / 4 3 0 

Tex tu red powdered 
metal housing 

Polyester flock dia-
phragm 

11.5 L / 
min 

Thermal-hydraulic 0.93 k g / 4 1 0 

Intrathoracic left 
ventricular 
apex to de-
scending aorta 

Parathoracic left 
ventricular 
apex to de-
scending tho-
racic aorta 

LVAD = left ventricular assist device, PVAD = parathoracic ventricular assist device, JCGS = Joint Center for Graduate Study, University of Washington, 
Richland, WA. 
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E-3C Left Heart Assist System 

IfflEHW. 

EXÎERNAL 

Fig. 8. Schematic of the complete CCF/Nimbus system composed of the combination of external 
components worn by the patient, implanted blood pump and energy system, and separate exterior 
support equipment. 

T h r e e permanently implantable left ventricu-
lar assist systems (LVAS) are being developed. 
T h e CCF biolized blood pump is being adapted 
for use in two energy conversion systems, one 
electrical and one thermal. T h e third LVAS sys-
tem combines a parathoracic ventricular assist 
device (PVAD) with another thermal energy con-
verter. 

Electrohydraulic Systems: Cleveland Clinic 
Founda tion / Nimbus 

T h e C C F / N i m b u s (Nimbus Incorporated, 
Rancho Cordova, CA) system is comprised of a 
combination of external components worn by the 
patient, implanted components, and separate sup-
port equipment (Fig. 8). Externally, the patient 
wears the main power source; a battery is incor-
porated into a vest or belt pack. Implanted com-
ponents provide blood pumping and synchroniz-
ation control and include a limited-capacity bat-
tery for maintaining operation without external 
power. Support equipment functions include bat-
tery charging and processing and interpretation 
of diagnostic data. Specific components compris-
ing this concept and being developed as part of 
the electrohydraulic system include the follow-
ing: the (1) blood pump, (2) energy converter, 
(3) variable volume device, (4) internal battery, 
(5) wiring harness, (6) energy transmission de-

vice, (7) external battery, (8) battery charger, and 
(9) diagnostic signal monitor .2 7 , 2 8 Figure 9 shows 
the integrated electrohydraulic system and blood 
pump. 

This electric version of the LVAS uses a high 
speed, continuous running motor that drives a 
hydraulic gear pump. For maximum efficiency, 

Fig. 9. Integrated CCF/Nimbus left ven-
tricular assist system. T h e clinical blood pump 
is machined from titanium. 
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Fig. 10. Current developmental Nimbus MK-9 thermal energy 
conversion system. 

the electric controls modu la t e mo to r speed in 
response to varying physiological demands . 

T h e in ternal ba t te ry unit is in the thoracic 
region, which mainta ins assist system opera t ion 
in the event of loss of power f r o m the external 
source. Multiple nickel cadmium cells conta ined 
in t i tanium housings p rov ide opera t ion capability 
for approximate ly 30 minutes . T h u s , the pat ient 
can be completely f r e e of external componen t s 
for a limited per iod of t ime. With this assist 
device, electrical power and signals must be trans-
mit ted across the intact skin by induct ive cou-
pling of an external p r imary coil and an im-
planted secondary coil. In vivo exper imen t s with 
the in tegra ted b lood p u m p and e lec t rohydraul ic 
energy system show good func t ion , control , and 
synchronizat ion. 

Thermal ventricular assist systems 
1. Cleveland Clinic Foundation/Nimbus 

A fully implantable the rmal type energy con-
ver te r for LVADs was initiated by Nimbus , In-
co rpo ra t ed t h r o u g h col laborat ion with CCF. T h e 
main componen t s of t he the rmal L V A S a re an 
engine, ac tua tor , pneumat i c controls , blood 
p u m p , and cooling system.2 9 T h e C C F biolized 
L V A D will be used as t he blood p u m p in this 
system. T h e basic concept of the the rmal power 
systems involves the conversion of heat to pneu-
matic power and the subsequent use of this power 
to ac tua te and cont ro l the blood p u m p . T h e flow 
of pressurized hel ium gas f r o m a r egene ra t ed 
t he rmocompres so r eng ine drives a blood p u m p 
ac tua tor . T h e use of hel ium as a work ing fluid 
provides an iner t e n v i r o n m e n t for the internal 
componen t s of the system a n d eliminates the 
need for in te rmedia te ene rgy conversion com-
ponents . T h e c u r r e n t N imbus MK-9 the rmal en-
gine opera tes as a gas compressor , using a modi-
fication of the Stirl ing t h e r m o d y n a m i c cycle, and 
provides the hel ium flow ra te and pressure to the 
ac tua tor and pneumat i c controls (Fig. 10). T h e 
componen t s and a schematic illustration of the 
system circuit a re shown in Figure 11. Energy for 
the system can be ob ta ined f r o m e i ther a radiois-
o tope or a periodically hea ted the rmal salt, using 
the heat of fusion to s tore energy. T h e MK-9 
engine is be ing designed fo r a 14-watt heat 
source, and fea tures hermetical ly sealed modu la r 
components , t i tanium for external surfaces, the 
el imination of in te rmedia te ene rgy conversion 
devices, and reduc t ion in overall eng ine size. 

EXTERNAL POWER 

Fig. 11. Schematic showing the primary components of the Nimbus thermal LVAD concept. 
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T h e pneuma t i c ene rgy supplied by the eng ine 
is d i rected to the ac tua to r piston by means of the 
pneumat ic cont ro l logic. T h e ac tua tor fo rce is 
t ransmi t ted by means of a linear magnet ic cou-
pling to a magne t assembly a t tached to the pusher 
plate. A compress ion spr ing is also coupled to the 
pusher plate to a l ternately s tore energy d u r i n g 
b lood-pump filling a n d con t r ibu te energy d u r i n g 
ejection. T h e blood is the heat sink for the waste 
heat f r o m the engine. In vi tro test ing of the 
engine and system c o m p o n e n t s fo r e n d u r a n c e is 
cont inuing. An initial implant of the N i m b u s 
system in calves was t e rmina ted a f t e r 23 days 
because of infect ion. 

Joint Center for Graduate Study/Thermo Electron 
Corporation / 
2. The Cleveland Clinic Foundation 

T h e second approach to developing a the rmal 
ventr icular assist device (TVAS) is a system co-
ord ina ted t h r o u g h the e f fo r t s of the Jo in t Cen t e r 
fo r Gradua t e Study (JCGS) at the University of 
Washington, Richland, WA, the T h e r m o Elec-
t ron Corpora t ion ( T E C O ) Wal tham, MA, and 
CCF. 

T h e object ive of the J C G S thermal energy 
system deve lopment is to obtain a clinically use-
ful , pe rmanen t ly implantable S t i r l ing /hydrau l ic 
system to ope ra t e a L V A D blood pump. 3 0 

Fig. 13. Integrated thermal left ventricular assist device system. T h e System 
7 thermal engine is mounted on the parathoracic ventricular assist device blood 
pump. This version of the thermal ventricular assist pump is being tested in 
animals. 

CLINICAL TVAS SYSTEM 
CONCEPT 

Fig. 12. Thermal ventricular assist system. T h e com-
pletely implantable clinical prototype will be available for 
animal testing in 1984. 
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Fig. 14. Block diagram showing the major components of the JCGS-7 system (Joint Center for 
Graduate Study, University of Washington, Richland, WA). 

T E C O and CCF began development of the 
parathoracic ventricular assist device in 
1975.31 '32 This pump was designed for develop-
mental purposes to be implanted in a parathora-
cic location in calves with the main pump body 
outside of the thoracic wall but under the skin 
and muscles. The inflow and outflow ports pass 
through the thoracic wall, in the space left by the 
removal of one rib, and connect by conduits to 
the left ventricle and descending aorta. The ther-
mal system designed for human implantation 
(Fig. 12) has an integrated heat exchanger that 
allows for dissipation of heat into the blood pass-
ing through the pump. 

T h e present TVAS (System 7) consists of the 
JCGS-7 energy converter mounted directly on 
the inner cover (adjacent to the lung when im-
planted) of the blood pump (Fig. 13). T h e JCGS 
energy system is schematically outlined in Figure 
14. Heat produced by an electric heater (or in-
ternal radioisotope source) is stored in a thermal 
battery until required by the Stirling engine. T h e 
engine produces pneumatic power, which is con-
verted to hydraulic power and then stored in an 
accumulator for use by the blood-pump actuator. 
Hydraulic logic regulates the engine speed and 
limits power requirements of the engine to only 
that required by the natural heart. T h e pump 
actuator/control ler hydraulic logic is sensitive to 
the blood-pump filling rate and volume and is 
programmed to operate the blood pump in syn-
chronous counterpulsation with the natural 
heart. In the present configuration, the engine, 
actuator, and pump are all closely coupled, but it 
is possible to separate the engine and actuator 
and connect them via flexible hydraulic lines. 

T h e hydraulic oil carries the waste heat f rom the 
engine to the heat exchanger on the blood 
pumps. 

In vivo evaluations of Systepi 7 have been 
rather limited as yet, but during the few short-
term tests that have been conducted, TVAS 7 
has been capable of providing over 10 L / m i n 
blood flow, and fully synchronous beat-for-beat 
operation was obtained at rates < 1 4 4 beats/min. 

Summary 
T h e acceptance of a clinically implantable 

blood pump system with a two-year-period of 
intended use has become a realistic goal. T h e 
feasibility and physiological effectiveness of these 
devices to provide continuous circulatory support 
has been effectively demonstrated with pneumat-
ically actuated systems. Acceptable in vivo system 
performance has been achieved in terms of ma-
terial durability, mechanical control, and hemo-
dynamic response to physiological needs. This 
achievement has been possible through continu-
ous improvements in pump design, biomaterials, 
control and driving systems, and collaborative 
team efforts. Totally implantable blood pumps 
offer the patient greater opportunities for a more 
normal life style. In a number of selected clinical 
areas the LVAD would serve as a method of 
choice for the long-term treatment of inoperative 
cardiac failure and the T A H as an alternative to 
cardiac transplantation. 
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