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Heart failure is a disease with many different etiologies.
The prevalence of heart failure is approximately 1% (1),
but it is one of the leading causes of death in the devel-
oped countries. In the USA, 3 million people present
symptoms of heart failure and ca. 400,000 new diagnoses
are registered each year (2). There are a number of guide-
lines for the treatment of heart failure, published for ex-
ample by the World Health Organization and the Ameri-
can Heart Association, which include ACE-inhibitors,
B-blockers, diuretics, digitalis, and pacemaker implanta-
tion (3). Despite a significant improvement of long-term
follow-up in patients treated with ACE-inhibitors and hy-
brid B-blockers affecting the a-adrenoreceptors (4-7),
35,000 patients die annually in the US because of end-
stage heart failure (8). The first heart transplantation
(HTx) was performed in 1967 and, since the introduction
of cyclosporin in clinical practice in 1980, heart transplan-
tation has become an established therapy for heart failure
with good outcome (9). However, HTx is limited because
there are an increasing number of patients on the waiting
list and a decrease in the number of available donor
hearts. Our experience shows that approximately one-
third of patients awaiting transplantation could by kept
alive until HTx only by the use of ventricular assist devices
(VAD:s).

The development of VADs began in the early 1960s.
The first successful LVAD implantation was performed
by DeBakey in 1966 (10). In 1970 the National Heart and
Lung Institute started a support program for implantable
VADs, and in 1978 the first patient was successfully
bridged to HTx. In 1982 the extracorporeal Thoratec Ven-
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tricular Assist Device (11) and in 1988 the Berlin Heart
were introduced in clinical use (12). At this time, implant-
able LVADs were developed, and in 1984 the Novacor
System and in 1986 the HeartMate System were clinically
used for the first time (13,14). Both these systems are
vented and electrically driven and are now in clinical use
worldwide. All these devices are capable of supporting the
failed heart for several years (15-18). In patients in whom
transplantation cannot be carried out, long-term support
may be an alternative to HTx. Since 2000 the Arrow Lion
Heart, a fully implantable LVAD, and since 2001 the Abi-
cor, a fully implantable BVAD, both with transcutaneous
energy transfer and an implantable compliance chamber,
have been implanted in patients for permanent use.

The vented, electrically driven implantable or pneu-
matically driven extracorporeal systems produce pulsatile
blood flow by compression of the blood reservoir and
need biological or mechanical valves (two or four, depend-
ing on whether the configuration is univentricular or
biventricular). The blood reservoir and driving system of
the currently used implantable pulsatile devices have a
large artificial surface and are bulky and heavy. Therefore,
they need a large space for pre- or intraperitoneal implan-
tation. The large wound created leads to an increased risk
of bleeding and infections with subsequently increased
morbidity (15,16,19-29). The extracorporeal systems have
an elevated risk for infection because of large skin inci-
sions for the cannulas, and the extracorporeal blood
pumps and cannulas represent an additional psychological
strain for the patients (30).

THE MICROMED DEBAKEY™ VAD

The MicroMed DeBakey VAD was developed in col-
laboration between the NASA Johnson Space Center and
Baylor College of Medicine. The DeBakey VAD is a small
axial pump weighing 93 g and is 86 mm long and 25 mm
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wide. Within the flow tube, the titanium components con-
sist of an impeller, a fixed flow straightener that acts as a
front bearing for the impeller, and a fixed rear diffuser,
which provides a rear bearing for the impeller. The dif-
fuser retards the highly tangential blood flow velocity by
redirecting it axially, this action resulting in a fluid pres-
sure build. Rare earth magnets, which are embedded in
the blades of the impeller, act as a rotor in the brushless
motor, causing it to spin in a magnetic field
(31,32). The computer-designed components (33,34) of
the pump are shown in Figure 1. The pump is connected
with the apex of the left ventricle via a titanium inflow
cannula and with the ascending aorta by a Dacron graft
(Figure 2). It is implanted into a pericardial space above
the diaphragm. The impeller is the only moving part of the
pump. Moreover, because of the axial flow, the pump does
not need any valves. The rotations of the impeller can be
set between 7500 and 12,000 per minute. The pump pro-
duces in vitro a flow of 5 to 6 L/min against 100 mmHg
pressure at 10,000 rpm. In the clinical setting, the rpm
were set between 9500 and 10,000, depending on the filling
of the left ventricle, to provide a cardiac index of 2.8 to 3.5
L/min/m? and to avoid excessive suction on the inflow
cannula and collapse of the left ventricle with subsequent
cessation of the pump flow. The speed adjustment was
necessary only in the early postoperative period. In pa-
tients the pump requires 10-14 W of power (35). The en-
ergy transfer and control are performed transcutaneously
via a small cable. The ultrasonic flow meter around the
outflow cannula controls the pump flow. The measure-
ment of the pump flow is displayed either on the external
controller or, when connected, on the data acquisition sys-
tem (DAS) together with pump speed, power consump-
tion, and current of the pump. The controller has audio

and visual alarms for low pump flow, battery status, and
technical problems. The power is supplied from 12 V bat-
teries or from the DAS, which is a little larger than a
laptop computer and is used in the early period after im-
plantation or for rpm adjustment. The DAS allows online
recording of all parameters and alarm history.

The MicroMed DeBakey VAD has advantages com-
pared with pulsatile LVADs. These are:

no blood sack

small artificial surface

no artificial valves

only one moving part

low power consumption

small weight and size

no noise

possible use in small adults and children

Because of the high speed rotations of the impeller,
hemolysis could be expected. In experimental studies,
however, no significant hemolysis has been noted (36,37).
In a clinical setting, Wieselthaler et al. reported increased
serum activity of lactate dehydrogenase (LDH) (38,39).
Compared with patients in whom the Novacor LVAD was
implanted, we also found increased LDH levels after im-
plantation of the MicroMed DeBakey VAD, as well as
increased levels of B-thromboglobulin (40), which indi-
cated some evidence of trauma of blood cells by the ro-
tating impeller. In our patients and in patients in Vienna
reported on by Wieselthaler et al. (38,39), the serum free
hemoglobin level remained low. The need for transfusions
of platelets or red blood cells was similar in patients with
Novacor and DeBakey VADs (39,41). Probably attribut-
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Figure 1. Inside view of the computer-
designed pump of the MicroMed DeBakey
VAD (published with permission of Mi-
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able to the small artificial surface and the absence of
valves, the MicroMed DeBakey VAD does not cause any
microembolic signals (42), which are common for devices
with valves such as the Novacor or HeartMate and occur
in relation to clinically relevant thromboembolism (43—
45). However, comparison of the thromboembolism rate
in patients supported by pulsatile and by continuous flow
devices should be performed.

DOES THE MICROMED DEBAKEY VAD
PRODUCE NONPULSATILE BLOOD FLOW?

From the pathophysiological point of view, the continu-
ous flow form produced by the axial pump is nonphysi-
ological. Discussion of the effects of nonpulsatile flow on
organ function during short-term and long-term use of
mechanical circulatory support has been underway since
the cardiopulmonary bypass became routinely used (46—
52) and the number of publications is huge. Despite nu-
merous experimental and clinical studies, the pathophysi-
ology of nonpulsatile flow is poorly understood. Pulsatility
is an attribute of species at a high stage of evolution. The
principle “Nature knows best” is widely accepted (53-56).
The benefit of pulsatility is probably mediated by its effect
on systemic vascular resistance and on the microcircula-
tion (57) as a result of less endothelial damage (58) and
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Left Ventricle

Figure 2. Implantation of the MicroMed
DeBakey VAD. The titanium inflow can-
nula is connected to the apex of the left
ventricle and the Dacron outflow cannula
to the ascending aorta (published with per-
mission of MicroMed Inc., Woodlands,
TX).

Inflow Cannula

normal NO release (59). Some reports have suggested that
pulsatile flow improves splanchnic perfusion (60), brain
microcirculation and cerebrospinal fluid movement (61),
and the maintenance of capillary patency through preven-
tion of sludging. Other authors have suggested an im-
provement of aerobic tissue metabolism (50). These phe-
nomena have been explained by decreased stimulation of
carotid receptors because of the absence of pressure peaks
and by increased renin release with subsequent angio-
tensin II dependent vasoconstriction. However, the effect
on the renin-angiotensin system remains controversial
(47,52).

It is well known that most of the time the blood flows
through the capillaries and veins, where the flow is non-
pulsatile. The gas and metabolic exchange between blood
and tissue takes place in the capillaries. A number of stud-
ies showed no differences between pulsatile and nonpul-
satile flow forms (62,63), especially if the flow was over 95
mL/min/kg (64). These findings mean that the flow vol-
ume is more important than the flow form.

Immediately after implantation of the MicroMed De-
Bakey VAD the following were all nonpulsatile: the blood
flow measured by flow meter installed around the outflow
canula, the tracings from an invasive arterial pressure
catheter in the radial or femoral arteries and from the
sensor of peripheral O, saturation, as well as signals from
transcranial Doppler measured in the middle cerebral ar-
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teries (Figure 3). During this period, only one patient
showed a mild orthostatic reaction. Wieselthaler et al. re-
ported good experience with exercise training without any
orthostatic reactions (39). Figure 4 shows systolic and di-
astolic pressures during the first 2 weeks after implanta-
tion of the DeBakey VAD. For comparison, the systolic
and diastolic pressures in patients after implantation of the
pulsatile LVAD of the Novacor type are shown. Interest-
ingly, after 2 weeks, the amplitude of the blood pressure in
patients with DeBakey VAD has already risen to the pre-
operative amplitude. The normal circulatory regulation
during the first few weeks could be explained by adapta-
tion of central reflexes to low systolic pressure, while the
mean pressure was in the normal range of between 70 and
80 mmHg. However, the regulation of macro- and micro-
circulation and adaptation mechanisms in patients after
implantation of continuous flow VADs merits further in-
vestigation.

Some time after implantation, the flow becomes pulsa-
tile, with pulsatility increasing continuously in all patients
(Figures 5, 6) (35), so that in some patients, a “pulse wave”
could be detected in the peripheral arteries, and Korot-
koff’s sound could even be heard during noninvasive
blood pressure measurement. The simultaneous echocar-
diography studies demonstrated closed aortic valve and
good unloading of the left ventricle at all times. Opening
of the aortic valve could be achieved while the rpm were
slowed for echocardiographic examinations or during
physical exercise (39).

The question then arises as to what could be the origin
of this pulsation. The MicroMed DeBakey VAD, being an
axial pump, is pressure dependent. That means that the
output of the pump is dependent on the pressure differ-
ence (Ap) between the inflow (p;,) and outflow cannulas
(pout) during the cardiac cycle. The constant Ap during the
cardiac cycle leads to nonpulsatile flow through the pump.

After unloading on the MicroMed DeBakey VAD and
recovery to some extent of the left ventricle (not lasting
recovery but an increase in contractility of the unloaded
left ventricle), the contractions of the left ventricle caused

pressure changes at the inflow cannula (i.e., different Ap
between the inlet and the outlet of the pump during one
cardiac cycle), and the flow became pulsatile with high
flow during the systole and low flow during the diastole
(Figure 7). The pulsatility was independent of the after-
load of the pump. Our experience with pulsatile LVADs
shows that, after unloading of the ventricle, some patients
demonstrate good left ventricular function, which remains
stable after LVAD explantation (65).

A brief example of the development of pulsatiliy fol-
lows. Immediately after implantation of the MicroMed
DeBakey VAD the end diastolic and end systolic pres-
sures in the badly damaged and poorly contracting left
ventricle are nearly identical; for example, 10 mmHg.
Given that the MAP is 70 mmHg, the Ap between the
pump’s inlet and outlet is 60 mmHg during a whole cardiac
cycle, and the pump flow and subsequent blood pressure
are nonpulsatile. After a period of unloading (in some
patients this takes some weeks) the nearly empty left ven-
tricle begins to contract. With constant rpm, the end dia-
stolic pressure in the left ventricle remains 10 mmHg (Ap
= 60 mmHg), but the end systolic pressure in the recov-
ered and now contracting left ventricle rises to up to 40
mmHg. This pressure is not sufficient to open the aortic
valve (mean arterial pressure 70 mmHg) but the Ap at the
end of the systole is 7040 = 30 mmHg. Because the axial
pump is a pressure-dependent pump, and the rpm remain
unchanged, the pump pumps more blood at the end of the
systole because of lower Ap, and the flow becomes pulsa-
tile (Figure 8).

This hypothesis has been proved in a mock circulation
with a pneumatically driven pulsatile pump and with pul-
satile and nonpulsatile Ap with large numbers of fluids,
hydrodynamics, and pumping parameters (66). In vitro, on
the basis of the flow characteristic chart [F = f(Ap), rpm]
with given rpm, p;, and p,,; and their curvature, the flow
pulsatility can be calculated and is comparable to clinical
findings. Figure 9 shows the mock circulation with a “left
ventricle” (Berlin Heart, 80 mL) and the MicroMed De-
Bakey VAD connected to the side of the Berlin Heart
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pump. The MicroMed DeBakey VAD acts as a pressure
amplifier for a low ventricular pulsatile pressure. Figure 10
presents changes of flow by different Ap with a group of
characteristic curves evaluated by different rpm. Figure 8
explains the pulsatility in vitro as a pressure amplification
by pulsatile Ap and shows the pulsatile flow produced by
the MicroMed DeBakey VAD.

During the early period after implantation, the
MicroMed DeBakey VAD produces a low pulsatile blood
flow. The pulsatility rises with recovery of the left ven-
tricle and almost reaches physiological levels in some
patients. These findings accordingly preclude the use of
the term “nonpulsatile pump” in connection with the
MicroMed DeBakey VAD. In our opinion, the term “con-
tinuous flow” better reflects the flow form produced by
the device.

JECT. 2003;35:274-283

CLINICAL IMPLICATIONS

The DeBakey VAD provides an output of up to 8 L/min
depending on right ventricular function and volume status.
The pump output is sufficient to maintain body perfusion
and enable mobility in daily life, physical exercise (39,67),
and even sexual activities.

The internal organs can function satisfactorily only if
their perfusion and tissue metabolism are preserved. Dur-
ing the period of low pulsatility, patients presented normal
liver and kidney function (Figures 11, 12). Similar results
have been reported by other authors (39,68).

Wieselthaler et al. reported an elevation of LDH with-
out correlation with the plasma free hemoglobin level. The
concomitant administration of antibiotics in these patients
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Figure 7. The monitor of the data acquisi-
tion system of the Debakey VAD showed
pulsatile blood flow in the outflow graft and
in the radial artery 6 weeks after implanta-
tion.
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was discussed as a possible origin (39). We observed LDH
elevation over 800 U/L in one patient 1 month after sur-
gery. This elevation was probably caused by hypovolemia.
After IV rehydration, the LDH level decreased to values

between 250 and 300 U/L. A slight elevation of the free
hemoglobin level was observed during this period.

After removal of the intraarterial catheter, blood pres-
sure measurement in patients supported with continuous
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flow pumps becomes a significant problem. We used the
commercially available blood pressure cuff and a pocket
Doppler device. First, the position of the radial artery was
marked with a pen; then the cuff was inflated, and the
Doppler signal corresponded with the systolic blood pres-
sure. A similar experience has been reported by Wie-
selthaler et al. (38).

Stoppage of the MicroMed DeBakey VAD, if the au-
tomatic restart fails, leads to a back flow of between 1.5
and 2 L/min. In some patients, the recovered left ventricle
tolerated the back flow and provided adequate output for
some minutes to some hours. However, ligation of the
outflow graft through a small subxyphoidal incision should
be immediately performed (39). A broken cable connector

JECT. 2003;35:274-283

caused pump stops in the Berlin and Vienna patients (39)
in the early experience. Following use of a new cable con-
nector, it never happened again. The other cause of pump
stops was thrombus in the pump. The advantage of the
axial pump is that, if it is blocked by a large thrombus,
systemic thromboembolism is prevented. Successful
thrombolysis has been reported (69).

The study protocol allowed individual anticoagulation
management according to each center’s previous experi-
ence. Therefore, different anticoagulation protocols are in
clinical use (39,40), and no definitive management has
been established up until now. Recently, a proposal for
anticoagulation management in patients with the De-
Bakey VAD has been published (70).
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The patients supported with the MicroMed DeBakey
VAD showed faster recovery than patients on the im-
plantable pulsatile systems. Patients with the MicroMed
DeBakey VAD may be discharged from the hospital, but
they need to participate in the outpatient care program
(39,67,71). Special attention should be given to the anti-
coagulation regime. Use of a self-testing device (Coagu
Chek, Boehringer Mannheim, Mannheim, Germany) and
regular testing of platelet function (40) are necessary.

SUMMARY

The results obtained in over 100 patients implanted with
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Figure 11. Total bilirubin level in patients
with MicroMed DeBakey VAD and Nova-
cor LVAD as a parameter for hepatic func-
tion. Data are given as mean + standard
deviation. The horizontal line represents
the reference value. The DeBakey VAD
group consisted of eight patients; the No-
vacor group also consisted of eight con-
secutive patients.

Figure 12. Urine output in patients with
MicroMed DeBakey VAD and Novacor
LVAD as a parameter for renal function.
Data are given as mean =+ standard devia-
tion. The DeBakey VAD group consisted of
eight patients; the Novacor group also con-
sisted of eight consecutive patients.

the MicroMed DeBakey VAD in several centers in Eu-
rope and USA (September 2001, M. Loebe, personal com-
munication) demonstrate that the effectiveness of the
MicroMed DeBakey VAD is comparable to that of the
pulsatile devices and that it also shows some superior
properties. Recently, other axial pumps—the Jarvic 2000
(72) and HeartMate II (73)—have come into clinical use.
Because the patients show good tolerance of the nonpul-
satile blood flow in the early postoperative period, and
pulsatility increased with recovery of the left ventricle be-
cause of unloading, we believe that the axial pumps will
gain wide acceptance and provide a new option in the
treatment of heart failure.
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