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Abstract

Left ventricular assist devices (LVADs) are increasingly used to treat patients with end-stage heart failure.
Implantable LVADs were initially developed in the 1960s and 1970s. Because of technological constraints,
early LVADs had limited durability (eg, membrane or valve failure) and poor biocompatibility (eg, driveline
infections and high rates of hemolysis caused by high shear rates). As the technology has improved over the
past b0 years, contemporary rotary LVADs have become smaller, more durable, and less likely to result in in-
fection. A better understanding of hemodynamics and end-organ perfusion also has driven research into the
enhanced functionality of rotary LVADs. This paper reviews from a historical perspective some of the most
influential axial-flow rotary blood pumps to date, from benchtop conception to clinical implementation. The
history of mechanical circulatory support devices includes improvements related to the mechanical, anatom-
ical, and physiologic aspects of these devices. In addition, areas for further improvement are discussed, as
are important future directions—such as the development of miniature and partial-support LVADs, which are
less invasive because of their compact size. The ongoing development and optimization of these pumps may
increase long-term LVAD use and promote early intervention in the treatment of patients with heart failure.
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Introduction

ardiovascular disease is the leading cause of death globally, representing 32% of all deaths worldwide.' Heart

failure (HF)—broadly defined as impairment of the heart’s pumping function’—accounts for approximately

10% of the deaths attributable to cardiovascular disease.” Each year, there are approximately 400,000 HE-
related deaths in the United States, with 1.9 million such deaths worldwide.*

Heart failure affects approximately 6 million people in the United States, and this number is expected to increase
to 8 million by 2030.? Heart failure can present with a multitude of symptoms, primarily shortness of breath and
fatigue. Patients with HF may also exhibit functional deterioration, such as a reduced stroke volume with decreased
cardiac output. The decrease in cardiac output can be caused by a reduction in cardiac ejection (systolic dysfunction)
or a reduction in ventricular filling (diastolic dysfunction). The New York Heart Association (NYHA) has outlined
4 levels of subjective (patient-reported) symptoms and 4 levels of objective criteria for classifying HF according to
severity.® Patient symptoms range from none (no limitation on activities) to HF symptoms at rest (inability to carry
on any physical activity without discomfort). Similarly, objective criteria range from none (no symptoms and no
limitations on activities) to evidence of severe cardiovascular disease (symptoms at rest, severely limited activity).®
Traditionally, HF is treated first with medication, and then, if necessary, with mechanical circulatory support (MCS).

Modern implantable MCS devices can be categorized as either a total artificial heart or a ventricular assist device
(VAD). A total artificial heart replaces the native ventricles and takes over cardiac function,” whereas a VAD assists
1 or both ventricles and relieves the sequelae of HF by improving organ perfusion and reducing pulmonary con-
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gestion.® A VAD’s pumping mechanism can be either
positive displacement or, more commonly, rotary pro-
pulsion; rotary pumps can be further classified accord-
ing to whether the flow path is centrifugal or axial and
according to the device’s physiologic interface with the
heart, such as whether the pump acts in parallel with
the heart or in series. Typically, centrifugal-flow pumps
are large (which complicates achieving anatomical fit)
and operate at low speeds. Conversely, axial-flow pumps
are smaller and have higher operating speeds. Although
axial pumps generally fit easily, ensuring hemocompat-
ibility is difficult.

Here, the authors discuss the mechanical, anatomical, and
physiologic aspects of the axial-flow rotary blood pump
and its contributions to the history of MCS devices.

Historical Overview

Implantable left VADs (LVADs) were developed in
the 1960s and 1970s as an extension of the work of
Dr Michael DeBakey, Dr Domingo Liotta, and oth-
ers.*® Between 1976 and 1979, 22 intra-abdominal
LVADs were implanted at The Texas Heart Institute
in Houston, and 1 of the recipients became the first
person to be bridged to transplant with an LVAD." Be-
cause the first era of heart transplantation (1967-1971)
had largely met with failure, by 1989 the US National
Institutes of Health was directing funding (eventually
totaling more than $266 million) primarily toward the
development of pulsatile mechanical LVADs, and the
companies contracted to develop these LVADs spent at

A
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Abbreviations and Acronyms

FDA US Food and Drug Administration
HF heart failure

LVAD left ventricular assist device
MCS mechanical circulatory support
Ml myocardial infarction

NYHA New York Heart Association
PIV particle image velocimetry
VAD ventricular assist device

least that much.”? Laboratory work done at The Texas
Heart Institute in collaboration with the engineering
experts at Thermo Cardiosystems Inc resulted in the de-
velopment of the pneumatic HeartMate pulsatile LVAD
(Thoratec Corporation) (Fig. 1A).** Around the same
time, a group at Stanford University led by Peer Portner
and Norman Shumway developed the Novacor electri-
cal circulatory assist device (Baxter Healthcare Corp)
(Fig. 1B).>"" Each of these pulsatile output pumps used
a compressible blood chamber with inlet and outlet
valves to achieve forward flow. These devices confirmed
that timely MCS could rescue patients facing imminent
death from end-stage HF.

Fig. 1 Photographs show early pulsatile circulatory assist devices: A) pneumatic HeartMate; B) Novacor. Reproduced from
Farkas et al. Expert Review of Medical Devices. 4(6), 769-774. Reprinted with permission from Expert Review of Medical
Devices (Copyright ©2007). Taylor & Francis Ltd. All Rights Reserved.”
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In 1994, the pneumatic HeartMate LVAD became the
first implantable pump approved by the US Food and
Drug Administration (FDA). In 1998, the Novacor
LVAD and an electromechanical version of the Heart-
Mate device (the XVE) were FDA approved for long-term
implantation in patients with HE*" However, because
these early LVADs were large, their clinical application
was limited by patient body size and contour. The devices
also had limited durability, usually because of membrane
wear, which typically resulted in device failure after 24 to
36 months.” As a result, the only meaningful clinical use
for these LVADs in patients with HF was as a bridge to
transplant. Even so, heart transplant was limited from the
outset by donor availability and by the likelihood of late
death, primarily from chronic rejection.

In the late 1970s and early 1980s, Dr O.H. Frazier used
the Biomedicus centrifugal rotary pump (Medtronic)
to support circulation in patients who required extra-
corporeal membrane oxygenation or temporary LVAD
support. In 1987, this pump was implanted in a 9-year-
old child—the first pediatric patient to be bridged to
transplant. During that era, advocates and skeptics alike
engaged in numerous debates centered around the vari-
ous issues posted by implantable continuous-flow rotary
pump technology, such as physiologic aberration of the
baroreceptor response, disruption of the juxtaglomeru-
lar response, having a nonlubricated bearing in the
bloodstream, and blood damage from high speeds in
the axial-flow pump.

In the 1980s, in an effort to create a smaller, more du-
rable pump, laboratory researchers at The Texas Heart
Institute collaborated with Drs Richard Wampler and
Robert Jarvik to show the utility of 2 continuous-flow
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rotary LVADs: the Hemopump® (Nimbus Medical,
Inc) (Fig. 2A) and the Jarvik 2000 FlowMaker* (Jar-
vik Heart Inc) (Fig. 2B), respectively. Each of these
devices worked at a high rotational speed and used a
nonlubricated, blood-washed bearing in its axial-flow
mechanism. The first successful clinical implementa-
tions of these technologies (the Hemopump in 1988 and
the Jarvik 2000 2 years later) were foundational for the
development of subsequent continuous-flow LVADs.**

The HeartMate II (Thoratec Corporation) (Fig. 3),”
a descendant of the Hemopump, was first successfully
implanted in a patient in November 2003.% Since then,
the HeartMate II has been implanted in more patients
than any other LVAD to date, with approximately
30,000 implanted in patients with HF worldwide; the
longest a patient has lived with a HeartMate II is more
than 15 years.”? Overall, more than 50,000 patients
around the globe have been treated with long-term,
continuous-flow, blood pump support.?

The field of MCS has continued to expand over the past
15 years, with the introduction of the centrifugal-flow
HeartWare (HeartWare International Inc/Medtronic),
HeartMate III (Thoratec Corporation), EVAHEART
(EvaHeart, Inc), and VentrAssist (Ventracor Ltd)
LVADs (all of which have noncontact bearings).”?
Progress in this field has been characterized by the im-
proved durability of rotary blood pumps, reduction in
pump size (along with a concomitant reduction in im-
plantation morbidity), and earlier implementation.* In
the future, further reducing the pump size may allow
long-term device implantation in the catheterization lab,
which has the potential to further accelerate expansion

of the field.

111240

B

Fig. 2 Photograph shows early continuous-flow rotary circulatory assist devices. A) Hemopump; B) Jarvik 2000.
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A

Fig. 3 A) Photograph shows the HeartMate Il device. B) Illustration shows the HeartMate Il implant location with external
batteries and controller. Reproduced from Butler et al. Annals of Thoracic Surgery. 68(2), 790-794. Reprinted with permission
from Annals of Thoracic Surgery (Copyright ©1999). Elsevier. All Rights Reserved.®

The following sections review the various mechanical,
anatomical, and physiologic aspects of the major im-
plantable axial-flow rotary blood pumps developed in
the past 40 years.

Hemopump

Invented by Dr Wampler in 1975, the Hemopump (Fig.
2A) was designed and produced by Nimbus starting
in 1983. Nimbus was acquired by Johnson & Johnson
Interventional Systems in 1991, and then by Medtronic
in 1995.' The Hemopump was a miniature (7 mm in
diameter x 20 cm in length), cable-driven, axial-flow
rotary pump with an external motor.”” This device was
capable of capturing up to 80% of cardiac function in
short-term applications, such as during minimally inva-
sive coronary bypass surgery and in patients with acute
myocardial infarction (MI), postcardiotomy left ven-
tricular (LV) failure, or cardiogenic shock.”*** At rota-
tional speeds of 17,000 to 26,000 rpm, the Hemopump
could pump 3 to 4 L/minute.” Approximately 300 mL
of 40% dextrose purge fluid was needed per day to wash
out the seal and to lubricate the drive cable and hydro-

dynamic bearing.*"**

The Hemopump could be inserted through the femoral
artery and positioned in a transvalvular orientation with
the inflow in the left ventricle and the outflow in the
aorta, just distal to the left subclavian artery.”” How-
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ever, this insertion path was problematic in patients
with peripheral vascular disease, aortic aneurysm, or
aortic valve stenosis. Although the aortic valve func-
tions normally in most patients,* the Hemopump was
contraindicated in patients with an aortic valve replace-
ment.”* Thrombus in the left ventricle also interfered
with pump operation.”

Before 1988, when the FDA approved clinical studies of
the Hemopump in patients with terminal cardiogenic
shock, the device was tested in more than 80 calves in
both long-term and short-term studies.” In a 24-calf
study (3 controls, 21 implanted with a Hemopump),
plasma-free hemoglobin levels and platelet counts were
found to be within the acceptable range.” Hemody-
namics were studied by turning the pump off and on
while monitoring pressures during normal heart func-
tion and ventricular fibrillation. When the pump was
on during normal heart function, LV pressure dropped
and aortic pulsatility decreased. During induced fibril-
lation, the Hemopump maintained aortic pressure for
45 minutes.” All organ function was normal after the
2-week study period concluded.

In 1988 and 1989, a pilot study of the Hemopump was
performed in 20 patients; it was used effectively in 12 of
them.” The device was most often implanted under flu-
oroscopic guidance, with access into the femoral artery
through an anastomosed Dacron graft.** In other cases,
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a cannula implantation approach was used to place the
pump directly through the ascending aorta.® Of the
12 patients in this study, 10 (9 adults, 1 child) were
successfully weaned from the pump, and 3 of these pa-
tients returned to normal daily activities. Ultimately, the
Hemopump was implanted in more than 200 people
across multiple centers.

As common practices were developed for the He-
mopump, clinicians found that the most successful
approach was to initially run the pump at maximum
speed to unload the heart as quickly as possible, and
then to wean the patient off the pump by reducing the
speed as the heart recovered.” Patient hemodynamics
improved after Hemopump implementation, indicat-
ing the reversal of cardiac shock.”>* Although driveline
fracture was common (60%) in early clinical trials, a
subsequent design modification reduced stress concen-
tration points and lowered the incidence of driveline
fracture.”* Other documented risks included supraval-
vular dislodgement and inflow cannula obstruction;
generally, these complications could be detected and ad-
dressed at the bedside.” Because the Hemopump (like
all rotary blood pumps) is afterload dependent,** care
had to be taken to maintain adequate pressure to ensure
renal perfusion without increasing pressures to the point

of impeding pump flow."

The Hemopump set a precedent for all axial-flow
pumps (both short term and long term) developed since
its initial clinical use in April 1988.7

Jarvik 2000

The Jarvik 2000 (Fig. 2B) is an axial-flow intraventricu-
lar pump with a length of 55 mm, a diameter of 25
mm, a weight of 85 g,”” and a flow of 3 to 7 L/minute
at speeds of 8,000 to 12,000 rpm.*” From 1985 to 1991,
preclinical studies at The Texas Heart Institute were
conducted in 37 calves implanted with the Jarvik 2000,
with chronic studies averaging 70 days. Hemolysis lev-
els were elevated from baseline values only slightly with
the administration of heparin and warfarin. Neurologic,
renal, hepatic, and pulmonary functions were normal.””

In the late 1990s, clinical trials of the Jarvik 2000 were
initiated in 1 man at Oxford in the United Kingdom
and 1 woman and 2 men at The Texas Heart Institute
in the United States. The average length of support was
65 days. During that time, the cardiac index in these
patients improved by an average of almost 2.5 times
that of the preimplant value, and the size of the heart
decreased, as shown by echocardiographic data.”>**¥

The Texas Heart Institute Journal 2023, Vol. 50, No. 2

Evolution of Axial-Flow LVADs

By 2002, 37 patients had undergone implantation of
the Jarvik 2000 in the United States and Europe. At 1
year, the survival rate was 57%. Twelve of those patients
underwent a heart transplant, and 4 had continually
functioning devices 2 years after implantation.” Several
patients survived for as long as 7.5 years with a Jarvik
2000.%4 Although the Jarvik 2000 has not been ap-
proved by the FDA for use in the United States, it is

popular in Japan because of its small size.”

HeartMate Il

The HeartMate II (Fig. 3)* is a refinement of the
axial-flow technology first introduced with the He-
mopump. The HeartMate technology was initiated by
Dr Wampler, Dr John Moise, and Dr Ken Butler, who
worked with Nimbus to address the need for long-term
implantable cardiac support.

The HeartMate II is 4.0 cm in diameter, 7.0 cm long,
and weighs 782 g.* It has jewel bearings and percu-
taneous leads that connect it to its external power
source.”** This pump is designed with a best efficien-
cy point of 6.0 L/minute against 100 mm Hgat 11,000
rpm.*® The blood tube is surrounded by a motor stator,
and the rotor contains a 2-pole magnet.” When flow
through the pump was examined using computational
and experimental methods, the rotor was well washed,
but some recirculation was observed on the convex side
of the stator and between the rotor and stator. In addi-
tion, low flow near the pump shutoff was problematic
because it created longer blood residence times resulting
from greater circumferential flow than axial flow as well
as large recirculation zones.”

Preliminary studies of the HeartMate II were performed
in 6 calves. Studies in 2 of the 6 calves were concluded
electively, whereas studies in the other 4 calves were
concluded because of pump malfunction caused by
high power usage and low flow rate.” These preclini-
cal studies were eventually expanded to include more
than 40 calves” before clinical studies began in Israel
in July 2000.*“ Unfortunately, poor clinical outcomes
in patients who underwent HeartMate II implantations
in Europe resulted in temporary cessation of the clini-
cal program. This poor result was believed to be related
to the sintered titanium placed on the interior surface
of the HeartMate II pump. This, combined with the
negative pressure required to generate meaningful flow
in patients, was speculated to be the cause of early pump
thrombosis and failure. In 2003, after removal of the
sintered titanium surface, the first clinical implanta-
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tion of the HeartMate II pump was performed in the
United States. The patient had the device for 2.5 years
of uncomplicated support before undergoing a heart
transplant.” The most common adverse events in the
clinical studies that followed were bleeding and drive-
line infection.” A study conducted at Texas Children’s
Hospital from 2008 through 2011 showed that patient
outcomes in a pediatric population (11- to 18-year-olds)
were similar to those in adult patients.”

Because the HeartMate II was the first long-term im-
plantable rotary LVAD, much was learned about the
clinical management of HF in patients with these
pumps. For example, because this device is free of the
valves that earlier pulsatile pumps required, pump speed
must be maintained at sufficient levels to avoid retro-
grade flow through the pump. In addition, because of
the continuous draw of negative pressure at the pump
inlet, obstruction can result from a malalignment of the
inlet conduit.”

Fig. 4 Photograph shows the Impella CP (left) and Impella
5.0 (right) devices.

The Texas Heart Institute Journal 2023, Vol. 50, No. 2
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Impella
The Impella (ABIOMED) (Fig. 4) device is a micro-

axial pump developed at the Helmholtz Institute in
Aachen, Germany. It has a diameter of 6.4 mm and a
length of 60 mm. During the design process, the goal
was to achieve a pump speed of 3.0 L/minute at 80 to
100 mm Hg,* although at 32,500 rpm, the 2-blade im-
peller can pump 4.5 L/minute against physiologic pres-
sures.” The impeller is positioned in the pump housing
with a 0.1-mm blade tip clearance.”

In the 1990s, 3 different visualization methods were
used to examine flow path in the Impella pump: par-
ticle image velocimetry (PIV), oil streaking, and flow
threads. The focus of PIV was to identify stagnation
regions and to visualize flow in the channel between the
vanes. Oil streaking was used to qualitatively examine
surface shear stresses by using a water-insoluble dye that
streaks under shear forces; with this technique, dye de-
posits indicate stagnation regions. To examine the flow
even closer to the surface than the oil dots, short silk
fibers (flow threads) were glued to the hub, and their
orientation was photographed during pump operation.
The PIV results revealed a mismatch between flow di-
rection and stator incidence angle.”®

Computational fluid dynamics studies were conducted
in an attempt to predict hemolysis by assessing the shear
rates and exposure time of erythrocytes to these shear
rates. In the blade tip gap, shear rates could reach as
high as 1,000 Pa, but only 3.6% of the fluid was ex-
posed to that region, whereas more than 75% of the
fluid was exposed to shear rates lower than 25 Pa.>* This

computational fluid dynamics study was validated with
PIV data.”

Early clinical experience showed that the Impella could
be used as an alternative to a heart-lung machine,” with
the most significant clinical benefit over a heart-lung
machine being the drastically reduced need for blood
products.”® The Impella line of pumps was therefore
expanded to include other variations: the Impella 2.5,
used in normothermic percutaneous coronary interven-
tions”; the Impella 5.0, used for placement in the left
ventricle via the femoral artery; the Impella LD, used
for placement in the left ventricle via the aortic arch;
and the Impella RP, used as a right VAD.* Notably, the
Impella has been shown to reduce infarct size after M1.*

Before clinical implementation of the Impella, other
designs and manufacturing processes were considered.
In 1 design, 3 impeller blades and 3 stator vanes were
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attempted.” In another, the motor was magnetically
coupled to the impeller with a pivot bearing at each end
of the impeller. However, the magnetic coupling could
not support the necessary torque and the pivot bearings
were inadequate to prevent vibration above 15,000 rpm.”
Opver time, the manufacturing process was refined to
reduce blood trauma. Switching from machined and
hand-polished surfaces to injection-molded and ma-
chine-polished surfaces improved the modified index of
hemolysis from a range of 3 to 39 to consistently less
than 10. In addition, pressure sensors were added to the
inflow and outflow of the pump to facilitate positioning
and to assess preload and afterload.”

HeartAssist 5

The HeartAssist 5 (ReliantHeart, Inc) (Fig. 5) was
developed under the direction of Dr DeBakey and
MicroMed Technology Inc as part of a collaboration
between the Johnson Space Center and Baylor College
of Medicine.”” The HeartAssist 5 consists of an inflow
cannula, a stator fixed to the pump housing, a flow
straightener, an impeller, and a diffuser.® The front-
end flow straightener acts as a mechanical pivot bearing,
and the stationary diffuser downstream of the impeller
contains a rear mechanical pivot bearing.”” Rare-earth
magnets are embedded in the impeller blades as part of

Evolution of Axial-Flow LVADs

the motor driving the impeller.””** This pump, with a
length of 75 mm and a diameter of 25 mm, uses 10 W
of power to maintain a rotational speed of 10,000 rpm
and produces 5 to 6 L/minute of flow against a pressure
head of 100 mm Hg.**® The pump is capable of rotat-
ingas fast as 12,500 rpm to produce up to 10 L/minute
of flow.”*® To reduce the risk of thrombosis, the internal
blood-contacting surfaces of the device are coated with
CARMEDA BioActive Surface (W. L. Gore & Associ-
ates, Inc).”

Chronic in vivo studies of the HeartAssist 5 in calves
showed that 90 days after implantation, the index of
hemolysis remained at less than 0.0002 g per 100 L
blood,” which is well below the accepted limit. More-
over, kidney and liver function was normal under both
resting and exercise conditions in vivo, and no evidence
of thrombus formation was reported.” In 2000, a mul-
ticenter clinical study of the FDA-approved HeartAssist
5 was initiated.*** By September of that year, Baylor
College of Medicine reported that 51 adult patients had
received the HeartAssist 5 as a bridge to transplant.”
Before 2002, this device had been tested in 14 heart
centers in 7 countries, with average flow rates of 3.6 to
5.0 L/minute.””® More recently, ReliantHeart reconfig-
ured the HeartAssist 5 to eliminate the inflow cannula;
this new version is called the aVAD.

Fig. 5 Photograph shows a cross-section of the HeartAssist 5 device.
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Miniaturized VADs

The HeartWare Miniaturized Ventricular Assist Device
system” (HeartWare International, Inc) had a displace-
ment volume of 15 mL and could generate flows of
1 to 8 L/minutes at operating speeds of 12,000 to
20,000 rpm.”*”* The impeller was suspended magneti-
cally, with hydrodynamic thrust bearings on the cir-
cumferential surface of the impeller blades to provide
radial stiffness. In 1 version of this device, the pump was
inserted apically, with an outflow graft radially exiting
the body of the pump for anastomosis to the aorta.”” In
another version, a pedestal was anchored to the ven-
tricular wall so that the pump itself was situated within
the LV chamber on a standoff pipe. Blood was then
drawn into the pump in the ventricle with an adjustable-
length outflow cannula (14.5-15.5 cm) placed across the
aortic valve to eject blood into the aorta. This pedestal
and standpipe—mounted device was later known as the
HeartWare Longhorn, although it was hydraulically
the same as the miniaturized VAD.* The Longhorn
device was tested in a study of 10 calves in Louisville,
Kentucky, and exhibited hemodynamic efficacy and
low blood trauma. The calves were thrombus free for
up to 30 days during the operative and postoperative
periods.”

Synergy

The Synergy circulatory assist device (CircuLite Inc)
(Fig. 6) was developed at the Helmholtz Institute in
Aachen, Germany, in the mid-1990s.” CircuLite Inc
was purchased by HeartWare International 3 years be-
fore HeartWare was purchased by Medtronic.*”* With
a diameter of 14 mm, a length of 49 mm, and a weight
of 25 g, the Synergy device pumps 1.9 to 2.9 L/minute
in vivo at an operating speed of 20,000 to 24,000 rpm.”

m‘-,m\)mm\nm\Vmmnmm\\mmnmm\“"“1

Fig. 6 Photograph shows the Synergy system with inflow
cannula and outflow graft.

Evolution of Axial-Flow LVADs

Its inflow is positioned in the left atrium, and the out-
flow is connected to the subclavian artery. The pump
itself sits subcutaneously in the pectoral region, similar
to a pacemaker.”® The inflow is a 20.5-cm-long cannula
made of nitinol-reinforced silicone, with an inner diam-
eter of 6 mm; the outflow is a 15-cm-long graft made of
I-mm-thick expanded polytetrafluoroethylene, with an
inner diameter of 8 mm.” The length of the graft can
be adjusted to suit the patient’s anatomy. The driveline
is 100 cm long and has a 16-cm veneer in the region
crossing the skin barrier to prevent infection.”®

In clinical trials, 7 of the first 10 patients had pump
thrombosis severe enough to warrant a pump exchange
within 2 months of implantation. In each of these cases,
the inflow cannula was left in place while the pump and
outflow graft were replaced.” Additional studies showed
that older patients (>70 years of age) tolerated the pump
well and perhaps had better recovery from the less-inva-
sive surgery than they would from the thoracotomy re-
quired to implant a full-flow VAD.* The Synergy pump
was ultimately implanted in more than 100 patients but
is no longer used.”

Berlin Heart Incor

The Incor (Berlin Heart AG) was a magnetically levi-
tated axial-flow LVAD whose first clinical use was de-
scribed in 2004.% It weighed approximately 200 g and
had a 30-mm diameter. It operated at 5,000 to 10,000
rpm to produce flows of up to 7 L/minute against a
pressure rise of 150 mm Hg.® The Incor was placed
with an inlet cannula positioned in the LV apex and
the outlet cannula anastomosed to the aorta. The most
revolutionary feature of the Incor was its axial magnetic
levitation system, which enabled contactAfree rotation of

Fig. 7 Photograph shows a prototype of the Aortix device.
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the impeller to eliminate wear points and reduce blood
trauma.*

Procyrion Aortix

The Aortix pump (Procyrion, Inc) (Fig. 7) is a catheter-
based, intra-aortic, partial-support LVAD. To function
in series with the left ventricle, it is inserted percuta-
neously via the femoral artery for deployment in the
descending aorta and is affixed to the walls of the
aorta with nitinol struts. In a mock circulatory loop,
the Aortix pump was shown to decrease LV work by
15%; in a sheep model, the pump increased cardiac out-
put from 3.5 L/minute to 4.6 L/minute.® The Aortix
pump head and motor mimic those of the Impella 5.0.
In acute studies at The Texas Heart Institute, hemo-
dynamic status during pump operation was studied in
3 pigs with pharmacologically induced HE. In 2013,
the performance of the Aortix pump was reported to
be similar to that of an intra-aortic balloon pump.®
Since then, clinical trials have commenced both within
and outside the United States. In 2021, Procyrion an-
nounced successful treatment of the first patients with
cardiorenal syndrome enrolled in the company’s first-
in-humans pilot trial evaluating the performance of the
Aortix device.”

Observations of the Past as Con-
siderations for the Future

In the 1980s, when rotary blood pumps were first re-
ceiving serious attention from researchers, many clini-
cians criticized continuous-flow devices because of the
altered physiology induced by their use—an issue that
has yet to be satisfactorily addressed in systematic stud-
ies. Primary concerns include the effects of rotary blood
pumps on the baroreceptor response, physiologic blood
pressure, the juxtaglomerular apparatus, and right heart
function.® In the mid-2000s, a major clinical risk asso-
ciated with continuous flow was a markedly increased
incidence of hemorrhagic stroke, particularly in pa-
tients with the HeartMate II.”' This risk was believed
to be related to the continuous positive pressure and
flow throughout the cardiac cycle. The conversion of
the normal passive diastolic flow to constant positive
pressure flow was considered an important facet of this
devastating complication and was addressed by aggres-
sive pharmacologic lowering of blood pressure. In ad-
dition, aortic valve opening time typically is reduced
or altogether absent in patients with continuous-flow
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pumps, making the measurement of blood pressure
impossible with commonly used pneumatic pressure
cuffs. Instead, blood pressure must be measured with
a Doppler apparatus after the arterial line is removed.
Atypical gastrointestinal bleeding, primarily from ar-
teriovenous malformations in the small intestine, also
has been documented in patients with a rotary blood
pump.®” This response to decreased pulsatility was first
documented by Dr E.C. Heyde in 1958 in patients with
severe advanced aortic stenosis.” The narrowing of the
normal pulse pressure induced by constant-pressure
pump flow is believed to play a similar role in this com-
plication. Therefore, despite the clinical and engineer-
ing successes that have produced today’s rotary blood
pumps, challenges related to the anatomical interface
and physiologic consequences of this promising technol-
ogy remain to be addressed.”

Even though several LVAD designs are available for
clinical use, none is perfect. This article has provided
an in-depth review of many axial-flow LVADs, whose
primary advantage over centrifugal pumps is size: Axial
pumps have the potential to be implemented in a smaller
form, which may advance both the minimally invasive
LVAD field and the pediatric LVAD field. Nonetheless,
whether the optimal LVAD of the future will be axial or
centrifugal is yet to be determined.

In the future, reducing pump size may improve the ana-
tomical fit of the device, but this approach often increas-
es blood trauma because smaller pumps typically have
small high-shear stress gaps.** Given that LVAD implan-
tation typically requires an invasive surgical procedure
and increases the risk of adverse events, physicians often
decide against earlier implantation (Interagency Regis-
try for Mechanically Assisted Circulatory Support) lev-
els 4 through 6 or NYHA class I1Ib),” choosing instead
to manage the patient’s condition with pharmacother-
apy until MCS or heart transplant becomes inevitable.

Another area of focus besides size reduction is improved
biocompatibility, both with the blood and with the tis-
sue around the device. Relevant to hemocompatibility,
rotary pumps induce hyperphysiologic shear stresses
that can cause hemolysis and damage to other blood
components, particularly von Willebrand factor. It is
believed that the mechanical cleaving of von Willebrand
factor by high shear stress leads to diminished clotting
ability and the potential for bleeding.” As for tissue
compatibility, the driveline poses particular risk for in-
fection. Research is being pursued to power the pump
wirelessly through a transcutaneous energy transmission

. _https;//doi.org/10.14503/THIJ-
http://pnme-;?c?f/-wg'tg% A

ark.pr|me-prog.zriag?gctgrf/.]gom/ | 2025-01-03



Wang, et al

system. The first of these systems was tested in humans
in 2019.”

Although HF is a disease of unknown etiology, strong
evidence supports the notion that unloading the left
ventricle, either by bed rest”* or by MCS,*** allows for
myocardial reconditioning in some patients. Restoring
the Frank-Starling response and maintaining pulsatility
are both significant benefits to early LV unloading that
can mitigate cardiac deterioration and improve patient
quality of life. Therefore, intermittent flow devices that
allow the aortic valve to briefly function more normally
may be beneficial to many of these patients.

With the advances in minimally invasive cardiac inter-
ventions, focus is also being placed on developing min-
iature LVADs that partially support the left ventricle.
More-compact, less-invasive axial-flow blood pumps are
being developed for long-term use and early interven-
tion to treat HE”'*' Some are intended to serve as early
intervention devices that target myocardial recondition-
ing,"” which may remove the need for chronic MCS
and reduce the number of patients on the heart trans-
plant wait list."

Although continuous-flow devices cannot completely
mimic normal physiology, future devices may mitigate
the complications associated with continuous-flow
pumps by providing rhythmic, reproducible changes in
rotational speeds. A more physiologic arterial pulsatility
can reduce peripheral resistance and improve end-organ
perfusion. Because diminished pulsatility may result in
elevated vascular impedance and stiffness, a rhythmic
change in rotational speed may restore normal vascu-
lar impedance and compliance. An additional benefit
of periodic speed variations is that they could provide
washout to potentially stagnant regions. A reproducible
change in rotational speeds can also modulate the aortic
pressure waveform, which may enhance coronary flow
by providing higher driving force for myocardial per-
fusion. With such improvements, blood pumps might
more closely approximate normal circulatory physiology

while maintaining adequate circulatory support.”**
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