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Abstract

Heart transplantation is commonplace, the supply is
limited. Many exciting changes in the field of mechani-
cal circulatory support have occurred in the past few
years, including the axial flow pump. Left ventricular
assist device (LVAD) therapy is ever evolving. As the
use of LVAD therapy increases it is important to under-
stand the indications, surgical considerations and out-
comes.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.
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Core tip: Left ventricular assist devices provide a du-
rable, long-term alternative to heart transplant for
those with end-stage heart failure. In an era of limited
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transplant donor supply, axial flow pumps are a viable
alternative.
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INTRODUCTION AND OVERVIEW

It is estimated that 5 million individuals are affected by
heart failure. In general patients with heart failure have
a poor prognosis and while cardiac transplantation is an
effective long-term therapy for a select group of patients,
the number of transplants have plateaued". While phat-
macologic therapy and cardiac resynchronization have
improved symptoms and survival in heart failure patients,
the survival for patients on inotropes is approximately 6%
at 12 mo™”. Due to the severe organ shortage and mar-

ginal improvements in outcomes with medical manage-
ment alternate therapies such as mechanical circulatory
support have developed. Since the first generation pulsa-
tile pumps were developed approximately 50 years ago,
improvements have been made to the design and have
largely been replaced by axial purnpsm. This article will
review mechanical circulatory support, specifically left
ventricular assist device (LVAD) axial flow pumps, and
indications for use, surgical considerations and outcomes.

History of axial pumps

The first sets of pumps were developed over fifty years
ago at the National Heart, Lung and Blood institute!.
First generation pumps were pulsatile and included the
Heartmate XVE and Novacor device. Originally placed
as a bridge to transplant, the REMATCH trial showed an
unprecedented improvement in eatly survival compared
to conventional therapy and they were approved for

destination therapym. In 2009, Slaughter ez al” showed
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significantly better survival for axial flow pumps, 68%
at 1 year and 58% at 2 years. These findings resulted in
a significant change in practice and increased the use of
axial flow pumps by tenfold",

Pump mechanics

Compared to pulsatile devices, axial flow pumps are
smaller in size and easier to implant. In addition they
have a singular moving part, making axial flow pumps
more reliable with a lower adverse event profile. Axial
flow pumps have a blood inlet and an outlet. A single in-
ternal rotor or impeller continuously unloads the left ven-
tricle propelling blood in the axial direction. The impeller
is kept within a rigid house. There are several bearing
designs that drive the impeller, which include mechani-
cal/pivot design, hydrodynamics, electromagnetic or a
permanent magnet .

In an axial flow pump, mechanics are based on pre-
load, speed at which the impeller rotates and afterload.
For example, as the blood volume decreases, such as in
hemorrhagic shock, the pump will continue to flow and
the ventricle will collapse and result in inlet obstruction.
In contrast, the patient might be volume overloaded and
the speed of the pump might be inadequate to unload
the ventricle resulting in signs and symptoms of heart
failure.

Axial flow pumps are sensitive to afterload and
this can have a profound impact on the flow mechan-
ics. As the blood pressure increases the impeller has to
increase its power to generate rotation in an attempt to
maintain the constant rotations per minute (rpm). With
an increased afterload, even at a set rpm, the increased
afterload causes decrease in flows and hemodynamic sup-
port[g]. In this scenario the pulsatility index (PI) will be
elevated and the flows will be decreased. It is therefore
important to control blood pressure in the acute and out-
patient setting,

Axial flow pumps run by setting the speed of the
impeller, or rpm. Pump speeds are based on the patient’
s clinical status, volume status and echocardiographic
ﬁndings[s]. The monitor provides information on speed,
power, PI and calculated flows. The monitor can alert cli-
nicians about proper pump function and changes in the
PI or power may be a result of pump malfunction or a
change in clinical status.

To summarize, axial flow pumps are durable pumps
with a 58% survival at 2 years for destination therapy.
Long term durability is attributed to minimal friction and
heat production. Pump function is based on the patient’
s clinical status and pump speed. And finally due to con-
tinuous blood flow patients lack a pulse and may require
Doppler blood pressure measurement.

How long have they been used

Axial flow pumps went into trial in 2003. Primary end-
points for bridge to transplant (BTT) patients included
rate of survival to transplant or survival at 180 d. The
primary endpoint for destination therapy patients was
a composite endpoint at 2 years that included survival,
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adverse events and pump durability. The study found
improved survival rates, improvement in quality of life
and functional status in both groups. Axial flow devices,
specifically the Heartmate II, were approved by the Food
and Drug Administration in 2008 as a bridge to trans-
plant and in 2010 as destination therapym. Since then a
morte recent review of outcomes for destination therapy

. 10
demonstrates 74% survival at one year'"”.

TYPES OF USE

Second generation and third generation axial flow de-
vices have a high degree of reliability. This has resulted
in a tenfold increase in their use'”. Current indications

include, myocardial recovery, BTT, bridge to decision and
destination therapy. Device strategy is dependent on the
patient’s clinical status, co morbidities, end organ dys-
function and social support.

Bridge to recovery

Very few patients after LVAD placement will have myo-
cardial recovery. A recent analysis of approximately 1100
Heartmate I patients showed a 1.8% rate of recovery!',
In a few, long term left ventricular unloading may provide
reversal of atrophy in the cardiomyocytes and recovery
of left ventricular geometry and function"”. One such
strategy includes the addition of pharmacological therapy
to patients with continuous flow devices, to promote re-
verse remodeling. Birks ez /" showed in a small group of
patients the addition of high dose ACE inhibitors, beta
blockers plus clenbuterol promotes myocardial recovery.
While much is unknown about myocardial recovery after
LVAD implantation, a considerable amount of research
is being performed in this area.

Bridge to decision

Patients receiving mechanical circulatory support prior
to determining eligibility for transplant are considered
bridge to decision. In these patients end organ dysfunc-
tion including pulmonary hypertension, renal failure, obe-
sity, medical compliance, tobacco abuse can be absolute
or temporary contraindications for heart transplant. For a
few of these patients, organ dysfunction will be reversible
with mechanical circulatory support or afford them the
opportunity to modify lifestyle making them eligible for
transplantation.

Bridge to transplant
Bridges to transplant are patients who are eligible for car-
diac transplant but have had progression of their disease.
On any given day, there are 3000 patients on the waitlist
per day, since survival is poor, approximately 43% will
require mechanical circulatory support to “bridge” them
until an organ is available!"". The goal is to prevent end
organ dysfunction for continued eligibility. Additionally,
during that wait-list time, the patient is able to be out
of the hospital, enjoying a reasonable quality of life and
gaining strength and conditioning;

The use of LVAD therapy in candidates for heart
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transplant is not benign and careful consideration should
be made regarding the risks and benefits. While LVAD
therapy will support end-organ function and improve
quality of life, LVAD therapy will require an additional
sternotomy for placement and redo sternotomy at the
time of transplant. Additional concerns include blood
transfusions at the time of placement, infections, stroke,
and complications with the pump.

Destination therapy

Most patients in heart failure are not candidates for
transplantation. Without advanced therapy, many will die
within a year or continue to have poor function and qual-
ity of life.

The REMATCH trial was the first study to compare
mechanical circulatory support to medical management.
In this landmark trial the survival rate was 52% in the
patients receiving mechanical circulatory support and
23% in the medical management groupm. In 2002 the
first generation pumps were approved and in 2010 the
second-generation pump was approved for destination
therapy. Since then the survival rates have improved and
mechanical circulatory support provides patients equiva-
lent survival to transplant patients at one yearlﬁ’lsj.

With the support of LVAD’s, destination therapy pa-
tients have improved quality of life and improvement in
their function. A study from Rogers ¢z al'” reported on
functional capacity and quality of life of patients under
long-term LVAD support. NYHA functional class, 6-min
walk distance, patient activity scores as well as quality of
life (Minnesota Living With Heart Failure and Kansas
City Cardiomyopathy Questionnaires) were collected
before and after LVAD implantation. Following implant,
80% of destination treatment patients at 6 mo and 79%
at 24 mo improved to NYHA functional class T or II.
Mean 6-min walk distance in these patients was 204 m in
patients able to ambulate at baseline, which improved to
350 and 360 m at 6 and 24 mo. There were also signifi-
cant and sustained improvements from baseline in both
quality of life scores. The relative bridge to recovery is
minimal between indications.

TYPES OF PUMPS

Heartmate II

The Heartmate II is a continuous axial flow device. It
contains an internal rotor with helical blades that curve
around a central shaft. As blood enters the chamber the
internal blade rotates and converts the radial velocity of
the blood flow to an axial direction, hence the term axial
pump. The pump weighs 350 g and can flow up to 10
L./min. The inflow cannula is placed in the left ventricle
apex and the outflow graft is connected to the ascending
aorta. Due to pump size the pump housing is placed in
the left upper quadrant in the pre-peritoneal pocket. The
device is connected to controller viz a driveline that is

tunneled thru the subcutaneous tissue and brought out to
the skin.
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Jarvik 2000

The Jarvik 2000 is a continuous flow pump that unlike
the Heartmate II is placed within the left ventricle. It
weighs approximately 85 g. A single impeller is housed
within titanium housing completely inside the ventricle.
Interestingly the outflow can be connected to either the
ascending or descending aorta. The pump flows up to 7
L/min. One added benefit of the Jarvik pump is the skull
mounted driveline. Unlike other pumps the skull implant
is designed to be resistant to infection and allows patients

. 1
to shower, bath or swim''”.

INCOR

The INCOR is a continuous axial flow pump developed
by Berlin Heart. The INCOR design is slightly differ-
ent in that the impeller is levitated by an electromagnetic
bearing and therefore the parts do not come in contact
with each other. The lack of contact improves long-term
durability by decreasing heat and friction. The pump can
flow up to 6 L/min. The INOR is currently not available
in the United States'"”.

Micromed debakey

The Micromed Debakey is a fully implantable electro-
magnetic axial flow pump. The pump weighs 93 g. Due
to its small size it can be placed in the intra-pericardial
position. The pump consists of an inflow cannula, apical
ring, the pump, and outflow graft. A flow probe encircles
the outflow graft providing real-time cardiac output. The
pump can flow up to 5 L./min. The pump is connected
thru a driveline to a controller module and runs off
12-volt DC batteties for 4 to 6 h'"”.

TECHNICAL CONSIDERATIONS

Aortic insufficiency
Pre-operative aortic insufficiency (Al) is important to
identify in LVAD patients. Patients with greater than
moderate aortic insufficiency prior to implant should
be surgically treated at the time LVAD implant. Since
the ventricle does not contract the ventricle fills during
the cardiac cycle creating a circular loopm. Since the left
ventricle does not have time to unload this may affect
the long term durability of the pump. More importantly
aortic insufficiency leads to high pump flows and low
total cardiac outputm]. For patients with mild Al who
are undergoing LVAD placement for long term support
the Al may progress over time and should be monitored.
Cowger et al” found that patients supported at 18 mo
had moderate or worse Al and half the individuals with
moderate or worse Al required readmission for heart
failure or an arrhythmia. They pointed out that while the
long-term significance is not known increase in Al might
have real clinical impact on long-term mechanical sup-
port.

A second group of patients develop Al over time due
to degeneration or fusion of the leaflets. Since patients
with LVAD’s have minimal or no pulse in the native LV,
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although contracting the LV may not generate enough
pressure to open the aortic valve. The lack of pulse is im-
plicated in postoperative AT, Decreasing pump speed
may reduce the transvalvular gradient and temporarily im-
prove systemic perfusion especially in patients who devel-
op Al after LVAD placement. But this may be temporary
solution. More durable options include the Park stitch,
over sewing of the valve with patch, or replacement with
a tissue valve, but come with increased morbidity.

Surgical options for the treatment of aortic insuf-
ficiency include repair or replacement of the aortic
valve. The Park stitch is described as a central coaptation
stitch has been shown to be a durable option up to two
years after LVAD placement™. Another option includes
over sewing of the outflow tract and keeping the valve
leaflets intact. Patients with an over sewn aortic valve
are completely dependent on the LVAD. If an aortic
valve replacement is needed, a tissue valve is preferred.
Mechanical valves leave patients with increased risk of
thromboembolic phenomena, since the lack of ventricu-
lar contraction leads to sub valvular thrombus formation
and stasis around the struts.

Mechanical aortic valve

Preexisting mechanical aortic valves are considered a
relative contraindication to LVAD placement. Leaving a
mechanical aortic valve leaflets patients at higher risk of
thromboembolic complications and the possibility that
the valve could remain in the open position. Replacement
of mechanical valve at the time of LVAD operation in-
creases pump times and may not be tolerated in sicker
patient. Therefore careful consideration should be made
when placing LVAD’s in this patient population[zs].

Mitral regurgitation

In most cases mitral regurgitation does not need to be
corrected at the time of implantation. Once the LV is
decompressed, in most cases mitral insufficiency can be
managed by increasing or decreasing pump speed. In a
few patients, specifically BT'T candidates, the addition
of a mitral valve regurgitation may result in a decrease
in pulmonary vascular resistance (PVR) and may permit
certain patients thought to be ineligible for transplanta-
tion to become candidates™. It should be noted that
patients with myocardial recovery who undergo LVAD
explanation might need an additional operation for mitral
insufficiency at the time of device explant.

Tricuspid regurgitation

Tricuspid regurgitation in patients with right heart dys-
function is associated with poor prognosism. Continued
tricuspid regurgitation after LVAD may progress after
LV decompression, resulting in further annular dilatation
and right ventricular (RV) failure. Also there is increased
operative mortality in patients undergoing isolated redo
tricuspid valve (TV) operation especially in the face of
worsening right heart failure. While there are increased
cardiopulmonary bypass times in patients who undergo
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concomitant TV repair/replacement, repair/or replace-
ment of the TV at the time of implantation results in
improved short term results including less RV failure and
may promote remodeling of the RV*?,

Patent foramen ovale

Investigations for a patent foramen ovale (PFO) should
be performed prior to LVAD implantation. Imaging stud-
ies include surface or trans esophageal echocardiography
combined with “bubble study” and concurrent color
Doppler. Patients can perform a Valsalva maneuver with
release to identify hidden PFO’. Doppler echocardiogra-
phy may show a left to right shunt, but the bubble study
may not reveal a PFO in the setting of high elevated left
atrial pressuresm. After LVAD implantation, unloading of
the left ventricle may uncover a PFO. Patients may pres-
ent with stroke or pump thrombosis. One of more com-
mon consequences of a PFO includes the development
of severe hypoxia due to a right to left shunt, making it
important to identify prior to LVAD implantation”"

Mitral stenosis

Mitral stenosis is a bigger problem for patients undergo-
ing LVAD placementm. Mitral stenosis limits left ven-
tricular filling and limit pump flows™. In addition, the
persistently elevated left atrial pressure lead to continued
pulmonary hypertension. Treatment options include

. . 8
commisurotomy or tissue replacementl J.

Ventricular tachycardia

Ventricular tachycardia (VT) is common in patients with
heart failure. Most patients undergoing LVAD’s already
have an implantable defibrillator at the time of the sut-
gery. Despite ventricular unloading many patients con-
tinue to have VT. Reversible and non-treversible causes
of VT should be determined since continued VT after
LVAD placement can lead to inadequate systemic perfu-
sion. Reversible causes include suction events or can-
nula position. Patients with irreversible causes should be
managed with pharmacological therapies and or catheter
ablation”". A unique option includes scar mapping and
ablation for resistant ventricular arrhythmias. A recent se-
ries by Cantillon ez al’? showed that out of 32 diagnostic
and ablation procedures out of 611 LVAD implantations,
the dominant mechanism was intrinsic myocardial scar,
with only 14% of VT circuits involving the apical inflow
cannulation site. Ablation was acutely successful (VT
non-inducible) in 86% of patients, with freedom from
recurrent VT of 67% during a mean duration of LVAD
support of 120 d.

DURABILITY OF PUMP

Pump technology has improved significantly since the
original pulsatile devices. The current second generation
pumps have an estimated clinical life of greater than 5
years. Due to improved durability we are now seeing a
different number of adverse events.
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Complications

Thrombosis and bleeding are common complications
in patients with mechanical circulatory support. Patients
with LVADs are prone to thrombosis due to the blood
device interaction. In order to prevent this patients are
maintained on a regimen of coumadin and antiplatelet
agents. The current rates of pump thrombosis is any-
where from 0.014 to 0.03 events per patient-year and ac-
tually may be increasing in incidence™. Pump thrombosis
is a difficult problem to diagnose and even more difficult
to treat. Laboratory monitoring of lactate dehydrogenase,
plasma free hemoglobin and increased pump power alert
physicians to pump thrombus but additional studies such
as RAMP protocols help to diagnose thrombus. The
question remains how best to treat the problem. Increase
in pump speed, change in international normalized ratio
goals, or additional antiplatelet agents may help to resolve
the pump thrombosis. Ultimately some patients will have
to their pump changed out due to the thrombosis; which
comes with and increased morbidity and mortality.

Bleeding

Bleeding is another common problem seen in patients
with LVAD’. The combination of anticoagulation and
acquired hematologic problems due to device flow char-
acteristics results in a bleeding diathesis. Bleeding is a sig-
nificant problem and results in 3% mortality from bleed-
ing complications[34]. Gastrointestinal bleeding is a long
been recognized complication of axial flow pumps. Ac-
quired von Willebrand syndrome or distention of submu-
cosal venous plexus from diminished pulsatility is thought
to be a key event. An attempt at decreasing pump speeds
to restore pulsatility and stop the destruction of large von
willebrand factor multimers may be of benefit™. Other
treatment options include epinephrine or octreotide. For
patients with recalcitrant bleeding, long-term cessation
of anticoagulation or surgical management of the culprit
gastrointestinal tract lesion has also been used.

Stroke

The incidence of stroke after LVAD placement is re-
ported to be 8.0% to 25.0%", Depending on the antico-
agulation regimen, antiplatelet regimen and device type
the stroke rates will vary®™. Approximately a third of
ischemic strokes will convert to a hemorrhagic stroke.

Infection

Infection remains a considerable complication with
LVAD patients. Infections can be grouped into three cat-
egories; VAD specific, VAD related or non-VAD related
infections””. Of the VAD specific infections, pocket
infections occur in ten percent of the population. Drive-
line infections are a much larger problem in the LVAD
population. The rate of infection is somewhere between
0.37-0.58 events per patient year. Driveline infections are
generally related to driveline movement. Chronic move-
ment prevent in growth of tissue into the external velour
layer of the driveline. Once a driveline infection is sus-
pected, treatment should include both systemic and local
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antibiotics. It is important to note that infections in the
LVAD patients may lead to pump infections, bacteremia

. . 33
and even more worrisome pump thrombosis™ .

Pump failure

The newer second generation are estimated to have long-
term clinical durability; greater than 5 years'). But with
increased wear and tear it exposes the LVAD to device
related problems. Failure of the controller and power
source are rare. The most susceptible to damage is the
external driveline due to tugging, twisting or kinking. The
estimated rate is approximately 0.03 events per patient
year™. In most cases of pump failure, patients are trained
on trouble shooting the controller and power source.

Brief comparison compared to heart failure

The REMATCH trial evaluated the efficacy and safety of
long-term left ventricular assist device support chronic
end-stage heart failure patients. Compared with optimal
medical management, LVAD implantation significantly
improved the survival and quality of life. Favorable re-
sults in this bridge to transplant population encouraged
the design of the multicenter REMATCH trial to evalu-
ate the efficacy and safety of long-term LVAD support.
Compared with optimal medical management (z = 61),
LVAD implantation (7 = 68) doubled the 1-year survival
rate (from 25% to 51%). While the original trial com-
pared first generation pumps to medical management,
the outcomes with LVADS were superior. At two years
the survival was 23% compared to 8% in the medical
therapy group. Functional status and quality of life were
improved at one year in the LVAD group”. A second
study comparing first generation devices to the current
axial flow devices showed improved survival. One-year
survival was 68% and 58% at the second year compared
to original REMATCH trial results'”.

EFFECTS ON PHYSIOLOGY

End organ perfusion

An animal study using the Terumo DuraHeart LVAD, an
axial flow device, found an increase in the plasma renin
levels without a significant increase in the blood pressure
despite the up regulation™. But the clinical relevance is
unknown. More work is needed to evaluate and closely
study the effect of continuous-flow devices in select pop-
ulations of heart failure patients, such as those with base-
line severe multisystem organ failure. In addition, longer-
term studies are needed to assess end-organ function
with continuous-flow devices, which may have important

implications for use as destination therapy!.

Renal failure

Forty five percent of patients with heart failure have
associated renal dysfunction. Cardiorenal syndrome is
related to low output and low flow to the kidneys and
venous hypertension. Since chronic kidney disease is a
relative contraindication to heart transplant, patients with
heart failure and renal dysfunction may be candidates for
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destination therapy. LVAD therapy improves forward
flow and improves renal function in a large proportion
of patients. Initial improvements can be seen in the first
month, but plateaus thereafter. The implantation of
LVAD therapy might help differentiate reversible and ir-

reversible renal dysfunction in heart failure",

PA pressures

Fixed pulmonary hypertension is a contra indication for
patients with heart failure. Many times it is unclear if pul-
monary hypertension is due to left ventricular failure or
intrinsic lung disease. Generally these patients will have
a transpulmonary gradient greater than 14 mmHg and a
pulmonary vascular resistance greater than 3 Wood units.
For patients with reversible pulmonary hypertension,
unloading of the left ventricle may decrease pulmonary
hypertension. A study from John e a/* showed improve-
ment in mean pulmonary pressures and improvement
in PVR. While the improvements in pulmonary artery
pressures are seen in the first 6 mo, the changes in pul-
monary pressures plateau. The hemodynamic changes in
pulmonary artery pressures appear to persist after heart
transplant.

Right ventricle

After LVAD placement, end organ perfusion improves
and there may be a drastic decrease in afterload of the
pulmonary circulation. In some patients this is beneficial,
but in a third of patients this will result in right ventricu-
lar failure. Hannan e# @/’ looked at the outcomes of right
ventricular failure after LVAD placement. Overall, 30 (6%)
patients receiving left ventricular assist devices required
a right ventricular assist device, 35 (7%) required ex-
tended inotropes, and 33 (7%) required late inotropes. A
significantly greater percentage of patients without right
ventricular failure survived to transplantation, recovery,
or ongoing device support at 180 d compared with pa-
tients with right ventricular failure. They concluded that
right ventricular failure is associated with worse outcomes
than without. An extremely difficult problem to manage
both medically and surgically, acute RV failure comes
with high short and long term mortality. Predicting RV
failure is difficult. Optimizing volume status, decreasing
pulmonary pressures and the addition of inotropes is im-
portant. Post operatively the use of inhaled nitric oxide
and pulmonary vasodilators will help to augment right
ventricular function.

Coagulation

Recent reports have indicated that there may be an in-
crease in the relative rate of thrombosis of axial flow
devices™. The exact etiology of this observation is un-
known but does make one more aware of the need for
meticulous attention to anticoagulation in these implant-
able devices with a continuous blood interface.

SUMMARY/OVERVIEW

Although heart transplantation is commonplace, the
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supply is limited. Many exciting changes in the field of
mechanical circulatory support have occurred in the past
few years, including the axial flow pump. LVAD therapy
is ever evolving. As the use of LVAD therapy increases it
is important to understand the indications, surgical con-
siderations and outcomes.
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