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An external clinical temporary ventricular assist device (VAD)
has been developed with the use of our universal, multipurpose
cardiac prosthesis with specially desngned inflow and outflow
cannulas. The cannulas allow flexibility in application of the VAD,
which can access the vascular system via either the atrium or
ventricle for inflow, and the aorta or pulmonary artery for outflow.
A high-pressure pneumatic actuator activates the pusher-plate of
the VAD. The clinical drive system for this VAD has complete
redundancy and automatic switching to a backup system in the
event of any component failure. Six VADs were tested in calves as
a temporary left VAD before clinical use and functioned well.

Index terms: Artificial organs @ Heart, mechanical  Pros-
thesis, cardiac
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Circulatory support utilizing various forms of mechanical
ventricular assist 1s now an accepted mode of therabpy in
refractory cardiogenic shock in several institutions.

At The Cleveland Clinic Foundation, various forms of
cardiac prostheses have been developed over several dec-
ades. In 1977 we began the development of a universal
cardiac prostheses (UCP), which could be used for tran-
sient, interim, or permanent replacement of cardiac func-
tion. It was established that all components of such a device
must be (1) adaptable and interchangeable for each of the
above pump configurations, (2) mass producible, and (3)
biocompatible and sterilizable.

Before development of a temporary ventricular assist
device system (VAD), the blood pump had already been
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Fig. 1. The Cleveland Clinic Foundation temporary cardiac
assist pump and cannula system.

evaluated as a long-term implantable (intrathor-
acic) left VAD in 11 calves for as long as seven
months without the use of anticoagulants.7‘8
Based on these good results, a temporary VAD
for clinical use was designed, built, and tested in
calves.

This report summarizes the development of
the temporary VAD system and the results of
VAD performance evaluations.

Materials and methods
Blood pump

The convex circular blood pump consists of a
rigid epoxy housing with inlet and outlet ports,
pneumatic actuator, and polyolefin rubber dia-
phragm supported by a pusher-plate (Fig. 7). The
polyolefin rubber was selected on the basis of its
demonstrated high flex life.

All blood-contacting surfaces of the pump are
coated with a thin (10-50 wm), smooth, and
seamless aldehyde-treated protein to provide for
blood compatibility. The stroke volume of the
pump was designed to be 90 ml with a pusher-
plate excursion of 1.5 cm. Regurgitation through
the valves lowers the effective stroke volume to
about 80 ml. The pusher-plate position trans-
ducer consists of a Samarium cobalt permanent
magnet bonded to the pusher-plate and a Hall
effect sensor (American Aerospace Control
Model HI-5) bonded to the pump housing. The
resultant voltage signal, which is proportional to
the distance between the sensor and magnet, is
linearized by a logarithmic amplifier and allows
the continuous measurement of pusher-plate po-
sition and thus pump stroke volume.

Cannulas

We chose a cannula set that would allow the
option of either ventricular apex to aorta or
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atrium to aorta vascular access, depending on the
patient’s condition. For the apical inflow site, a
modified Bernhard system was used.? The out-
flow consisted of an 18mm low porosity Dacron
graft protected by a series of metal rings em-
bedded in a layer of silicone tube and covered
with an outer Dacron fabric sleeve (Fig. I).

Two modifications were made. First, the Dac-
ron graft attached to the apical inflow cannula
was externally coated with Biomer to render the
tube impervious to air during vacuum applica-
tion. Second, the outer Dacron sheath that covers
the inflow and outflow tubes where they pass
through the chest wall was glued to the underly-
ing silicone tube to minimize the potential for
infection traveling inward alongside the cannula.
The left atrial cannula, modified from that used
by Pierce et al®> was made with a Biomer-coated
51 French venous return cannula with a right-
angle bend. Trileaflet tissue valves (22mm inter-
nal diameter) are used at the pump inflow and
outflow for unidirectional flow and are fabricated
from human dura mater.

Drive system

The drive console is a single integrated unit
(Fig. 2). It consists of four subsystems: (1) power
supply unit, (2) pneumatic unit, (3) control unit,
(4) monitor and alarm unit.

1. Power supply unit: a battery power supply is
included, which can function for as long as 35
minutes during patient transport from the oper-
ating room to the intensive care unit, and will
automatically engage should AC power fail.

2. The pneumatic unit provides fail-safe opera-
tion with completely redundant backup pneu-
matics.

3. The control unit can operate in four differ-
ent modes in order to cope with a variety of
clinical situations and problems arising from both
the patient and VAD. These are (a) manual
mode, which allows the easy removal of residual
air from the VAD during start up, (b) asynchron-
ous (Asyn) mode (fixed rate), (c) synchronous
(Syn) mode (electrocardiogram-triggered), (d)
fill/empty (F/E) mode. In the last mode a Hall
effect sensor used to indicate pusher-plate posi-
tion triggers a circuit, which has adjustable end
points, hence initiating filling at end ejection and
ejection at end filling. This results in a pump
with a preload- and afterload-dependent rate but
a stroke volume that can be adjusted manually.

4. The monitor and alarm unit allows continual
evaluation of physiological and VAD functions.
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Electrocardiogram (ECG), blood pressure,
pusher-plate position, or driving pressure signals
can be selectively displayed on a long-persistence,
dual-trace oscilloscope to aid in adjusting best
VAD operation. Also, pump rate and flow are
shown digitally.

The alarm panel conveniently displays com-
plete system status, including pump performance,
pneumatic and power-related failures, low pump
rate, low pump flow, automatic 1:2 mode (when
the heart rate exceeds 130 beat/min, the syn-
chronous ratio is automatically reduced to 1:2
and an alarm sounds), pneumatic pressure loss,
vacuum loss, back up pneumatic if in use, and
battery operation (low voltage and over voltage).

In vitro studies

In vitro performance evaluations of this pump
have been previously reported in detail. " In brief,
in vitro dynamic performance and flow visuali-
zation studies were performed in a mock circu-
latory system.

This pump was designed to meet the criteria
of the National Heart, Lung and Blood Institute
(NHLBI, Department of Health, Education and
Welfare, RFP HV-77-8, January 1977); it pro-
vides a flow rate of approximately 10 L/min at
a pumping rate of 120 beats/min against a mean
arterial pressure of 120 mm Hg with mean filling
pressure of 15 mm Hg.

In vivo studies

These studies were designed to evaluate system
performance and team readiness before initiation
of clinical application. Six VADs were positioned
externally through a left thoracotomy in healthy
calves weighing 80-110 kg.

In three cases, the apex was cannulated, while
in the other three, the left atrial appendage was
accessed. The outflow cannula was sutured to the
side of the midthoracic aorta. The two cannulas
were passed through percutaneous transthoracic
holes made in the 6th intercostal space (Fig. 3).

The assist pump, previously flushed with saline,
was attached to the cannulas, and placed exter-
nally on the lateral chest wall. Slow manual pump-
ing was initiated to completely remove residual
air from the system. When the air was removed,
the pumping mode was switched to either Syn,
F/E, or Asyn mode.

Arterial pressure, left atrial pressure (Statham
P-23 pressure transducer, Gould) and left ven-
tricular pressure (Konigsberg transducer Model
P-20) were continuously monitored throughout
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Fig. 2.

Drive console.

the experiments. Hematologic studies and circu-
lating blood volume (Volumetron, Miles Labs,
Inc) were checked periodically. The assist pump
was examined on removal and complete autop51es
were performed at the end of the experiments.

Results
In vitro studies

Testing of the pump indicates that a net max-
imum stroke volume of 80 cc was obtained. Com-
plete filling of the pump takes place in 230 msec
with an inlet pressure of 15 mm Hg, resulting in
a flow of 9.6 L/min at a pumping rate of 120
beats/min. Flow visualization studies demon-
strated good filling and ejection flow patterns
with good washing of all surfaces.

In vivo studies: clinical course

The results of the six in vivo experiments are
summarized in Table 1. The average period of
continuous pumping in each calf was 12 days.
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Fig. 3. Preclinical calf experiment (81534). Temporary left ventricular assist device is connected to the calf.

There were no unexplained deaths during the
experiments. One calf (81491) was sacrificed
after nine days of pumping because of massive
hemorrhage due to dehiscence at the ventricular
cannulation site, which was a direct result of
overwhelming infection (Pseudomonas aeruginosa).
In calf 81534, an attempt was made at 12 days

Table 1.

to remove the VAD, because of declining pump
flow. However, hemorrhage-induced ventricular
fibrillation ensued and the experiment was ter-
minated. Autopsy confirmed that the cause of
the low-flow state was partial obstruction of the
left atrial cannula tip by the atrial appendage.
This was attributed to improper fit of the cannula

Summary of preclinical experiments

Duration of

Experiment no. Cannulation pumping (days)

Survival after pump removal

Cause of termination Pumping mode

79365 14 No; pump removal Elective Syn
not attempted
79376 Apical 11 No; pump removal Elective Syn
not attempted
81491 J 9 No; pump removal Hemorrhage Syn
not attempted due to infec-
tion
81507 14 Yes; sacrificed 14 Elective Syn, F/E, Asyn
days later
81534 > Atrial 12 No; ventricular fi- Ventricular fi- F/E, Asyn
brillation at brillation
pump removal
81536 ) 13 Yes; sacrificed 14 Elective F/E

days later

Syn = synchronous, F/E = fill /empty, Asyn = asynchronous.
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Fig. 4. Pump from preclinical experiment (calf 81536).

tip in the small left atrium of the normal calf.
After changing the design of the Dacron collar
on the cannula tip to properly fit a calf, there was
no recurrence of this problem. Two animals
(81507, 81536) were kept alive for 14 more days
after removal of the pump. No calf showed clin-
ical evidence of central nervous system emboli or
renal emboli. Good tissue anchoring of the outer
Dacron covering of the inflow and outflow can-
nulas was observed in most cases. The six pairs
of tissue valves and cannulas were clean. In two
pumps some minor deposition was observed on
the diaphragm consistent with a low-flow state
(<3 L/min, 81534) or with severe infection
(81491). The other four pumps were clean (Figs.
4 and 5).

Hematologic studies

In most cases, the hematocrit decreased slightly
during the first week after implantation, followed
by a gradual return to the preoperative value.
Blood trauma was minimal as evidenced by the
low values for plasma hemoglobin (Fig. 6) and
constant value of red blood cell osmotic fragility.

Fibrinogen values remained unchanged from
preoperative values. A moderate reduction in
platelet count was observed (first postoperative
day, P < 0.01), but returned to the preoperative
level within seven days (Fig. 6). The serum elec-
trolytes, serum proteins, bilirubin, blood urea
nitrogen, and creatinine values were not differ-
ent from preoperative values in all experiments.

Hemodynamics

Pump flow for each animal is shown in Figure
7. Average pump flow was 7.8 L/min with ven-

Fig. 5. Left atrial inflow cannula (calf 81536).
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Fig. 6. Serial determinations of plasma hemoglobin, fibrino-
gen, and platelet count.
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Fig. 7. Pump flow versus time for each preclinical calf experi-
ment.

tricular cannulation and 4.4 L/min with atrial
cannulation. The calves with apical cannulation
maintained better VAD filling and consistently
higher flow without assist vacuum to the pump
diaphragm. For atrial cannulation in any mode,
assist vacuum (10-30 mm Hg) had to be used to
enhance pump filling and flow during the entire
period of pumping. Circulating blood volume did
not change postoperatively from preoperative
value (P > 0.05). Hemodynamic parameters dur-
ing pump on/off studies are shown in Table 2.
Under pumping conditions with apical cannula-
tion in the synchronic mode, heart rate (P <
0.01), left atrium (LA) and left ventricular end-
diastole (LVED) pressure (P < 0.05) decreased,
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Fig. 8. Percent reduction (pump off to on) in tension time
index (TTI) versus time.

while aortic (Ao) pressure increased (P < 0.05),
compared to values with the pump off.

During pumping with atrial cannulation in fill /
empty mode, LA pressure and heart rate de-
creased significantly (P < 0.05). Ao pressure var-
ied according to pump timing. It was lower when
the pump was counter pulsating and higher when
the heart and pump ejected simultaneously (co-
pulsation).

Percent reduction (pump off to on) in tension
time index (TTI) is shown in Figure 8. In general,
greater percent TTI reduction was observed in
the early postoperative period. Moreover, per-
cent TTI reduction with apical cannulation was
greater than with atrial cannulation during the
first week. However, by the tenth postoperative
day, percent TTI reduction was approximately
the same for both cannulation methods.

Table 2. Hemodynamic comparison of pump on versus pump off with apical and atrial cannulation

Pump Pressure (mm Hg)
Cannulation on/off Pump flow Heart rate
(Exp. No.) (n=3) Mode (L/min) (beats/min) LA (mean) LVED Ao % TTI)
Apical (79365) On Syn 5.4x0.8 94 + 6° 2.7+ 2.4° 3.3+28° 145 £ 5*°/90 = 7° 47+ 5
(108 = 7y
Off 101 =5 4.8+26 16 = 1.1 128 +8/84+6
94+ 9)
Atrial (82507) On F/E 50x1.3 98 + 4* 3.7+1.22 6.3 £ 2.0 138 +8/81 £ 7 26 + 2
(103 £ 9)
Off 101 + 4 53+26 8014 124 +4/74 %5
(89 = 8)

LA = left atrium; Ao = aorta; LVED = left ventricular end-diastole; Syn = synchronous; F/E = fill/fempty; %TTI| = percent reduction in

tension time index.

2 Significance: P < 0.05 compared with pump off (paired t test).
® Significance: P < 0.01 compared with pump off (paired t test).
Data above taken on the day of surgery (M x SD).
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Discussion

The efficacy of mechanical circulatory assist-
ance in the treatment of profound left ventricular
(LV) failure has been documented from both a
theoretical basis and from laboratory studies.
The intra-aortic balloon pump (IABP) has been
used in a significant number of patients with LV
failure; however, some patients cannot survive
with this form of cardiac assistance and require
escalating degrees of cardiovascular support. The
VAD is more effective than IABP which is a
volume-displacement device that augments exist-
ing circulation. The VAD is a true blood pump,
which can temporarily replace the function of the
failing heart to allow a period of rest and recov-
ery. The currently available pumps vary in design
(concentric tube, sac, or pusher-plate type), blood
contacting surface (flocked, highly smooth poly-
mer, or highly smooth protein), and valve type
(tissue or mechanical); but all models have proved
safe and effective in normal calves for periods of
use exceeding the intended duration of clinical
use.

Berger et al* employed an axisymmetric pump
with a flocked surface and tissue valves, while
Pierce et al® used a sac-type device with a highly
smooth polymer surface and mechanical valves.
The unique feature of our temporary VAD is a
pusher-plate pump that facilitates control, and
blood-contacting surfaces coated with a seam-
free, highly smooth protein. The trileaflet valves
are fabricated from human dura mater. Antico-
agulants are not required with this pump.

The pneumatic drive system to be used for
clinical work is the same basic device as that
developed and used for several years in long-
term VAD experiments under National Institutes
of Health (NIH) contracts at our laboratory. The
purpose in repackaging this unit for clinical use
was to design a drive system that could be easily
used by clinical personnel, with the capability for
mobile operation, and sufficient flexibility to
cope with varying circulatory assist situations. A
new control mode, F/E, was developed as an
alternative to Syn or Asyn operation.'® It was
recognized that the F/E mode was preferable
with atrial cannulation (to maintain sufficient
flow), and could also be used with ventricular
cannulation when natural heart conditions pre-
clude use of the synchronous mode, such as tach-
yarrhythmia or poor ECG signals. F/E mode has
also been found to be the most sensitive to pre-
load and afterload. When the VAD stroke vol-
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ume is adjusted properly, excellent synchroniza-
tion can be achieved without the use of an ECG
signal.

Controversy remains over the best method of
vascular access during left VAD pumping for
patients with severe LV failure. Our experiments
in calves have demonstrated the superiority of
apical cannulation over atrial cannulation in de-
compressing the left ventricle and reducing myo-
cardial oxygen consumption. However, these
studies were not performed in animals with se-
vere LV failure. A review of clinical VAD expe-
rience reveals more survivors of atrial cannula-
tion than apical cannulation,>'' suggesting that
left atrial perfusion may be more effective in
instances of severe LV failure. Because of the
difficulty in achieving a reliable LV failure model
in laboratory animals, further clinical experience
is necessary to reach a conclusion as to the best
method of vascular access.

There has been steady progress in the devel-
opment of assist devices. Some systems are pres-
ently in clinical use ranging from simple centrif-
ugal pumps to sophisticated electronically con-
trolled pumps.!!-13 Golding et al*'* reported 11
cases in which centrifugal pumps were employed
in patients who could not be weaned from car-
diopulmonary bypass after cardiac surgery. Eight
of the 11 patients were weaned, with 2 long-term
survivors. More recently, Pierce et al® reported a
50% survival rate with the use of VAD after

cardiac surgery in patients who could not be
weaned. In general, the overall survival rate in
these patients is about 20%."°

We are encouraged by the high degree of
success of our temporary VAD experiments. The
Food and Drug Administration has approved this
device for human use, and current clinical studies
are underway for patients requiring temporary
support of ventricular function in accordance
with NIH clinical protocol.
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