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ccording to the American Heart Association, 4,600,000

people have congestive heart failure, and 550,000 new

cases of congestive heart failure are diagnosed each year
(1). Pharmacological intervention is the main therapy for most of
these patients, but many become refractory to medical therapy. If
these patients are suitable candidates, they are placed on the wait-
ing list for heart transplantation. Those who are not candidates
for transplant or for whom an organ is not available in a timely
fashion may require mechanical support for their failing hearts
with a left ventricular assist device (LVAD). This device may be
used as a “bridge to recovery” or, in patients where no recovery
is expected, as a “bridge to transplant” (2, 3).

The first experimental bridging devices were used at the Texas
Heart Institute in 1968, 1978, and 1981 (4). However, all of the
patients receiving the devices died while awaiting a donor heart
for transplantation. The first successful bridge to transplant oc-
curred in 1985 at the Texas Heart Institute (5). More recently,
data from the REMATCH trial (for which Baylor University
Medical Center was one of 20 US sites) indicated that LVAD
treatment is a plausible alternative to medical therapy for pa-
tients who are not candidates for heart transplantation (6). This
group of patients is beginning to receive LVADs as “destination
therapy,” with no intention of transplantation or removal of the
device. LVAD destination therapy has now been approved by the
US Food and Drug Administration (FDA) and the Centers for
Medicare and Medicaid Services (6).

The cost of LVAD implantation is considerable but less than
the cost of maintaining a status I candidate for heart transplant
for 42 days, the median waiting time in 2001 (1). About 90% of
patients fitted with an LZVAD can be discharged from the hospital,
and about 75% survive to undergo transplantation (7). Many
studies suggest that patients with LZVADs do better at transplant
than those without such devices. The contention is that patients
with LZVADs demonstrate physiologic improvements that lead to
better survival (8).

After reviewing the 3 FDA-approved LVAD:s, this article
highlights 2 experimental devices and discusses anesthetic and
technical considerations in their use.

APPROVED DEVICES

The 3 LVADs currently approved by the FDA for “bridge to
transplant” are the HeartMate Left Ventricular Assist System
(implantable pneumatic [IP] and vented electric [XVE] models)
(Thoratec Corporation, Pleasanton, CA) (Figure 1), the Novacor
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Figure 1. The HeartMate Implantable Pneumatic Left Ventricular
Assist System. Reprinted with permission from reference 1.

Wearable Left Ventricular Assist System (World Heart Corpora-
tion, Ottawa, Canada) (Figure 2), and the Thoratec Ventricular
Assist System (Thoratec Corporation, Pleasanton, CA) (Figure
3). The goal of all 3 devices is to assume the function of the failing
left ventricle. Each device drains blood from the left ventricle into
a pump that ejects blood into the ascending thoracic aorta via
a conduit. The Thoratec device is unique in that it may also be
used to support the right ventricle with a second pump interposed
between the right ventricle and the pulmonary artery (9).
These devices use unidirectional valves in the inflow and out-
flow conduits between the ventricle and aorta (1, 10). HeartMate
and Novacor use porcine valves, while Thoratec uses mechani-
cal valves (1). Regarding the need for long-term anticoagula-
tion, HeartMate is unique with respect to the blood-contacting
surfaces. It uses textured material to promote the formation of
a pseudointimal lining, and thus only aspirin therapy is needed
to prevent thrombosis (11). The Novacor and Thoratec devices
have smooth surfaces and do not promote pseudointimal lin-
ings, and thus patients must be chronically anticoagulated with

warfarin (10, 11).
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Figure 2. The Novacor Wearable Left Ventricular Assist System.
Reprinted with permission from reference 1.

Both HeartMate and Novacor are fully implanted in the body.
The pumps are placed in the left upper quadrant of the abdomen,
and only the driveline, which connects the pump to the control
unit, transverses the skin (10, 11). The Thoratec device, in con-
trast, is positioned in a “paracorporeal” location, which allows
some flexibility in using this pump in smaller patients (12). The
conduits transverse the skin to connect with the pump, which is
external to the skin on the upper abdomen.

All 3 devices provide pulsatile flow with a stroke volume
that is determined by the preejection chamber volume and the
outflow resistance. The heart continues to beat in its own rhythm,
but since the left ventricle is volume unloaded throughout the
cardiac cycle, it contributes very little to the aortic flow. The
right ventricle continues to function as a pump for pulmonary
circulation except when the right-sided portion of the Thoratec
pump is in use. All 3 pumps work in a fill-and-empty mode, with
the contents of the pump being delivered with each cycle of the
pump. Thus, preload of the pump is very important in determining
the stroke volume delivered. HeartMate and Novacor can deliver
10 L/min, and Thoratec can deliver >7 L/min (1).

All pumps connect by a driveline to a controller unit that
is worn on a belt. The HeartMate and Novacor devices have a
battery pack to power the unit, but the Thoratec device although
portable is not wearable (1). These pumps, either pneumatically or
electrically, pressurize air supplied by the driver to move the inter-
nal compliance chambers inside the pumps. Blood is moved along
the one-way valves connecting the left ventricle to the aorta.

COMPLICATIONS

The most frequent complications of ventricular assist devices
are bleeding, infection, thromboembolism, renal failure, hemo-
lysis, and neurological dysfunction (13, 14). Bleeding and infec-
tion are the most prevalent and immediate complications (13,
14). Bleeding is due to the coagulopathy of hepatic dysfunction
secondary to right heart failure and is the result of the extensive
surgical procedure required. Cardiopulmonary bypass and blood-
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Figure 3. The Thoratec Ventricular Assist System in the biven-
tricular support configuration. RVAD indicates right ventricular
assist device; LVAD, left ventricular assist device. Reprinted
with permission from reference 1.

pump rheology also cause platelet dysfunction. Infection rates are
about 30% to 40% and contribute to significant morbidity (15).
Infection usually occurs because the driveline acts as a conduit
from the outside environment; moreover, the large surgical pocket
created to house the LVAD can collect undrained blood and serve
as a potential culture medium.

LATEST DEVICES

The MicroMed DeBakey VAD (Figure 4) and the Jarvik 2000
are new LVADs currently under clinical investigation in heart
transplant patients (2). Both provide continuous nonpulsatile
flow by a rotating vaned propeller. Baylor University Medical
Center was one of the first 4 centers in the USA selected for
the initial FDA trial of the DeBakey VAD and remains in a
select group of major heart transplant centers approved to use
the device. To date, over 260 DeBakey VADs have been placed
worldwide, with results similar to those of other LVADs.

The continuous flow technology of the new devices eliminates
the need for valves, compliance chambers, and an externalized
vent, thus minimizing thrombus formation in the device. The
small size of each device allows its use in smaller patients, and
the entire device is placed in the thoracic cavity, thus eliminat-
ing the need for access to the abdominal cavity and potentially
lowering infection rates (2). Moreover, in some situations, such
as in patients with multiple prior sternotomies, the small size of
the device allows placement via a lateral thoracotomy. Another
potential advantage of the axial flow pumps is that they can also
act as true LVADs. The output of the device can be adjusted and
thus allow for ventricular recovery. Other LVADs are true left
ventricular replacement devices.

The anesthetic and surgical management of the DeBakey
VAD and Jarvik 2000 differs from that of other LVADs and thus
deserves comment.
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Figure 4. The DeBakey Left Ventricular Assist Device. Reprinted with permission
from MicroMed.

Anesthetic management

Preoperative assessment should focus on any neurological defi-
cits, cardiac function, hepatic function, and coagulation status.
Preoperative drug therapies should be continued into the opera-
tive period. Preoperative prophylactic antibiotics are imperative
since LVAD patients have a high incidence of infection.

Standard cardiac hemodynamic monitoring is used. A mixed
venous pulmonary artery catheter is usually placed before induc-
tion of anesthesia, and a transpulmonary pressure gradient (mean
pulmonary artery pressure minus pulmonary capillary wedge pres-
sure) is calculated. This gradient is helpful in distinguishing the
degree of pulmonary hypertension resulting from left ventricular
failure from that resulting from increased pulmonary vascular
resistance.

Transesophageal echocardiography (TEE) is now considered
standard in LVAD cases. Anesthesiologists should be skilled at
TEE since each phase of the LVAD implant requires ongoing
evaluation of the left ventricle and the cardiologists cannot
be expected to stay in the operating room for that purpose. A
complete TEE assessment should be performed before cardio-
pulmonary bypass is started. Left and right ventricular function
should be evaluated with particular attention to any thrombus at
the apex of the left ventricle since this is the insertion site of the
LVAD. Aortic valve insufficiency of moderate grade or greater
will cause blood to leak back into the left ventricle when the
device is activated (2). The atrial septum needs to be carefully
inspected for any defects since activation of the device will result
in decreased left atrial pressures and thus a right-to-left shunt via
a patent foramen ovale. This will decrease systemic oxygenation
and can be detrimental in an already compromised patient. The
thoracic aorta should be inspected for plaque or defect as this is
where the outflow graft of the LVAD device is connected. Care-
ful alignment of the DeBakey VAD’s inlet between the apex of
the left ventricle and mitral valve is important to ensure proper
function and flow of the device. TEE is also used to ensure de-
airing of the heart before weaning from cardiopulmonary bypass
and activation of the device.
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As the DeBakey VAD can pump 8 L/min from the left ven-
tricle, the main problem during weaning from bypass is maintain-
ing inflow from the right heart.

Right ventricular failure usually occurs to varying degrees
in most of the patients presenting for LVAD; thus, maintaining
pulmonary vasodilation and supporting right ventricular function
is imperative. Epinephrine, amrinone, or milrinone is often used
for this purpose. Norepinephrine is used to maintain systemic
vascular resistance, and vasopressin can be added if necessary. If
pulmonary vascular resistance remains high after these measures,
then inhaled nitric oxide can be added. Prostaglandin E; infusions
and sildenafil have also been used to treat pulmonary hyperten-
sion in LVAD patients.

As weaning from the bypass occurs, the DeBakey VAD speed
is increased by 1000-rpm increments (2). As flow rate of the
pump increases, sufficient blood is shunted through the pump to
prevent the aortic valve from opening. This can cause stasis of
blood in the aortic root and decreased coronary blood flow. By
using TEE, the pump flow is adjusted to allow the aortic valve
to open. The dynamic relation between left ventricular inflow,
right ventricular function, preload, afterload, aortic valve move-
ment, and pump speed is carefully adjusted using TEE and the
pulmonary artery catheter.

Patients are usually transported to the intensive care unit
while sedated with propofol. Ongoing adjustments of vasopres-
sors, pulmonary vasodilators, and preload are individualized to
each patient. When hemodynamically stable, patients can be
extubated and administered analgesics as necessary.

Technical management

The technical aspects of implantation of these newer devices
are similar to the techniques used with the more conventional
LVADs. The advantages of the newer, axial flow devices are re-
lated to their smaller size, eliminating the need to construct a
preperitoneal pocket and therefore limiting the operative time
significantly. More emphasis is placed on positioning the inflow
conduit in the ventricle, which accents the importance of the
anesthesiologist’s expertise with TEE.

The shorter operative time, the more limited surgical proce-
dure, and therefore the smaller area for potential bleeding may
decrease the need for many of the blood products that are often
necessary when implanting LVADs. However, the underlying co-
agulopathy related to the hepatic congestion, as discussed above,
usually mandates the need for some component therapy.
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