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Abstract
The use of newer generation centrifugal continuous flow left ventricular assist
devices (cfLVADs) in supporting patients with refractory heart failure mandates
understanding aspects of patient-pump interactions, which are studied in the course
of this thesis.
Hypertrophic cardiomyopathy traditionally precludes LVAD use due to small
ventricular cavity; we report favourable short to medium term outcomes with
centrifugal cfLVADs.
We identified excess angiodysplasia and bleeding with third generation centrifugal
cfLVAD support (7.6%) when compared the general population (0.8%). Thus, we
advocate evaluation for angiodysplasia prior to support with centrifugal cfLVADs.
Pump thrombosis related to LVADs is only partially mitigated by antiplatelet and
anticoagulation use; we demonstrate successful treatment with intravenous
thrombolysis.
We longitudinally assessed the interplay between centrifugal cfLVADs and the
haemostatic milieu; centrifugal cfLVAD use is associated with longitudinal changes in
haemostasis. Additionally, we studied the effect of pulsatility on von Willebrand factor
(VWF) studies and bleeding; pulsatility may contribute to recovery of VWF profile,
and thereby potentially lower bleeding risk.
Better understanding of pump physiology and its interaction with patient physiology
fuels pump design innovation. We examined the effect of increasing pump speed at
rest and with exercise on invasively measured central haemodynamics. Pump flow
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increases with up-titration of pump speed and with exercise. Though increased pump
speed decreases filling pressures at rest, the benefit is not seen with exercise
despite concurrent up-titration of pump speed.
We performed two parallel studies to tease out the individual contribution of heart
rate and venous return on pump output. Centrifugal cfLVAD flows are only
significantly affected by changes with body position and passive filling, suggesting
that previously demonstrated exercise-induced changes in pump flows may be
related to altered loading conditions, rather than changes in heart rate.
Our final study encompassed a multi-modal assessment of reverse remodelling
following centrifugal cfLVAD support. We demonstrate its presence at multiple levels
(regression of cardiomyocyte hypertrophy; improvement in ventricular ejection
fraction measured by 3-D echocardiography), in the absence of changes in the
microRNA transcriptome.
As a whole, this thesis provides insights into understanding the complex interaction
between the patient and the third-generation centrifugal cfLVAD.
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Chapter 1: Introduction

1

This thesis comprises of a series of studies that provide insights into
understanding the complex patient-pump interaction in centrifugal continuous
flow left ventricular assist device (cfLVAD) supported patients. A comprehensive
review of literature encompassing major aspects of the thesis including; blood
interaction, physiology and reverse remodeling are presented in this
introduction, highlighting the clinical and scientific importance of the thesis.
Included in this introductory chapter is an outline of the evolution of mechanical
circulatory support in aspects of design, indication for support and
complications.

Patient-Pump Interaction

2

1.1 Cardiac failure – Burden of disease and mortality
Cardiac failure is a global epidemic with a prevalence of more than 23 million
worldwide, carrying 5-year mortality rates that rival those of many cancers 1, 2.
Advances in treatments, particularly the use of beta-blockers and angiotensin
converting enzyme inhibitors promote longer survival. However, cardiac failure
attains a top ten position as one of the leading causes of death in Australia 3.
The increase in prevalence parallels rates of hospitalisations for cardiac failure
and the growing use of mechanical circulatory support for the management of
patients with end-stage refractory cardiac failure.
It is known that mortality risk increases steadily after a new diagnosis of cardiac
failure. The Framingham Heart Study quotes a 30-day mortality of 10%, 1-year
mortality of 20-30% and 5-year mortality of 45-60%4. It is estimated that
approximately 5% of patients with cardiac failure have refractory or Stage D
disease. Estimated 5-year mortality rates in this subset approximates 80%5.

1.2 Management of refractory cardiac failure
1.2.1 Cardiac transplantation
Cardiac transplantation offers the potential for improved exercise capacity,
quality of life in addition to reduced mortality in comparison with conventional
medical treatment of end stage cardiac failure. Strict selection criteria identifies
suitable patients6. Contraindications to transplant include: current alcohol or
drug abuse; poor compliance with medication; serious uncontrollable mental
disease; irreversible severe pulmonary hypertension; significant non-cardiac
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comorbidity such as systemic infection, severe renal or hepatic disease, active
malignancy or less than 5 years remission7.
Five-year survival after cardiac transplantation is 70-80% with
immunosuppression regimes that include three agents. Novel advances in the
non-invasive monitoring of rejection following transplant includes the use of
Allomap gene expression profiles and the and Cylex immune monitoring score 8.
This favourable prognosis is moderated by early allograft rejection (usually
within first year) and later complications associated with long-term
immunosuppression such as infections, hypertension, renal failure,
malignancies, and transplant vasculopathy7.
1.2.2 Mechanical circulatory support
Whilst heart transplantation provides a remarkable improvement and quality of
life in selected patients with advanced cardiac failure, the number of procedures
performed is limited by donor availability9. New generation durable mechanical
assist devices are used to improve the haemodynamic status of patients
awaiting transplant or as long-term permanent support in patients precluded
from transplantation10-13.
One year survival rates are greater than 80% thanks to the advances in
evolution of pump design and optimal patient selection criterion11, 14.

1.3 Evolution of mechanical circulatory support
In the field of mechanical circulatory support, the evolution of pump design and
flow profiles have been pivotal in driving clinical progress.

4

1.3.1 Early concepts and the development of the Total Artificial Heart
The possibility of mechanical circulatory support has been discussed since the
nineteenth century writings of the French physician and physiologist Le Gallois.
However it was not until the use of cardiopulmonary bypass in cardiothoracic
surgery in the 1950s that roller pump technology was developed for patients
requiring longer term mechanical circulatory support.15,16 These pumps,
however, had several limitations and posed significant trauma to the blood
stream coupled by difficulties in speed modulation.
In the late 1950s and early 1960s, experimental studies using the total artificial
heart (TAH) in animal models were reported. These pneumatically driven
devices comprised of two polyvinyl chloride pumps which were able to support
the circulation for up to 24 hours17. The first successful TAH used as bridge to
cardiac transplantation was implanted in 1969. This device was developed by
the Liotta and DeBakey Baylor-Rice research team and provided support for 64
hours until cardiac transplantation18. The first permanent TAH (Jarvik-7) was
implanted in 1982, with a subsequent support duration of 112 days19,20, followed
shortly by the implantation of a TAH by Copeland and colleagues which formed
the basis of the current CadioWest TAH21,22. The CardioWest TAH is a
biventricular, pneumatic, pulsatile blood pump, weighing 160g and delivering a
cardiac output of over 9 L/min23. This device may be useful in patients in whom
left ventricular assist devices are contraindicated either due to aortic
regurgitation, intractable arrhythmias, intra-cardiac thrombus or ventricular
septal defects.
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1.3.2 First generation left ventricular assist devices
First generation left ventricular assist devices (LVAD) were developed in the
early 1980s; collaborative efforts between device engineers, scientists,
physicians and surgeons led to the invention and application of the Novacor
(World Heart Corp, Oakland, Calif) left ventricular assist device system24. This
was shortly followed by Pearce-Donachey (Thoratec,Houston,Tex)
paracorporeal pneumatic VAD system25. In 1992, a succesful implantation of
the implantable pneumatic HeartMate VAD (ThermoCardiosystems Thoratec,
Pleasantson, Calif) as bridge to cardiac transplantation was performed26. Other
first generation pulsatile devices include the HeartMate XVE LVAD (Thoratec
Inc.) and the Berlin Heart Excor (Berlin Heart AG, Berlin, Germany). All these
devices can also be used to support the right ventricle.
The Thoratec pneumatic VAD and Excor are placed outside the body and are
connected to the left ventricle and ascending aorta by flexible transcutaneous
cannulas. They are pneumatically driven by large consoles or smaller “portable”
consoles. The HeartMate XVE and Novacor are implantable VADs which are
placed intra-abdominally or preperitonealy in a pocket under the rectus
abdominis and connected to the apex of the left ventricle and the ascending
aorta. These devices are electrically driven by portable battery packs and a
transcutaneous driveline. This system enables better patient mobilsation in
comparison to the paracorporeal system.
The first generation pulsatile devices have been reported in several studies to
bridge patients successfully to cardiac transplantation. In other studies,
periopertaive mortality has been quoted around 15-20% and survival to cardiac

6

transplantation (device explantation) of up to 70%27, 28 . In Australia, the first
pulstaile LVAD was inserted at St. Vincent’s Hospital, Sydney in 199529.
1.3.3 Second generation left ventricular assist devices
The second generation LVADs are non-pulsatile rotary blood pumps. These
continuous flow devices are smaller than the pulsatile first generation pumps. In
1998, Debakey and Noon, in collaboration with the National Aeronautics and
Space Administration of America developed a small axial flow LVAD called the
Micromed Debakey VAD. This was followed shortly thereafter by the Jarvik
2000 (Jarvik Heart Inc., New York, New York) in 1999 and the
Nimbus/HeartMate II (Thoratec Inc) axial flow pump in 2000. These second
generation pumps have an internal rotor within the blood flow path that is
suspended by contact bearings, which imparts tangential velocity and kinetic
energy to the blood. The net action results in generation of a net pressure rise
across the pump. An external system driver connected by a percutaneous lead
powers the device. Generally, these second generation LVADs have two
cannulas (inflow and outflow) with no valves. There is a need for anticoagulation
to prevent thrombus formation30. The longest reported patient to have a second
generation axial flow pump was supported for aduration of 6 years with a Jarvik
2000 device31.
A study published in the New England Journal of Medicine in 2009 showed that
treatment with a continuous-flow left ventricular assist device in patients with
advanced heart failure significantly improved the probability of survival free from
stroke and device failure at 2 years as compared with a pulsatile device. Both
devices significantly improved the quality of life and functional capacity13.
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1.3.4 Third generation left ventricular assist devices
The third generation LVADs are centrifugal continuous flow pumps with an
impeller or rotor suspended in the blood flow path using a non-contact bearing
design which uses magnetic or hydro dynamic levitation. The levitation
suspends the moving impeller within the blood field without any mechanical
contact, eliminating frictional wear and heat generation. These features promote
durability30. The third generation devices in clinical application are HVAD
(HeartWare Corp.,FL,USA), DuraHeart (Terumo,Inc MI, USA), EVAHEART
LVAS (Sun Medical Technology Research Corporation, Nagano, Japan), Berlin
Heart Incor (Berlin Heart, Berlin, Germany), Levacor VAD (Worldheart) and
VentrAssist (Ventracor Ltd., Sydney, Australia). VentrAssist is no longer in
production.
The DuraHeart was the first third-generation device to enter clinical trials which
began in Europe in 2004; favourable outcomes in comparison to pulsatile
devices led to the increasing utilisation of third-generation devices worldwide 32,
33

. The advantage of the Heartware HVAD is its smaller size hence enabling it

to be positioned entirely within the pericardial space 34. The one year survival in
patients supported with these pumps is 90.7%, with functional improvement as
measured by 6-minute walk distances11.
1.3.5 Novel concepts and future prospects
The Bivacor Artificial Heart device (BiVACOR™) is an advance from current
third generation devices and is specifically designed for biventricular support
provided by a single pump; two separate impellers (connected to left and right
heart circulations) are controlled by the pump. BiVACOR™ can support both
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sides of a failing heart (BV Assist) or may act as a total artificial heart replacing
the heart completely (BV Replace)35. This device is yet to be tested in vivo35.
An important trend in evolution of pump development has been miniaturisation.
Pumps such as the CircuLite Synergy micro-pump, used as partial circulatory
support is capable of delivering up to 3L/min of flow from the left atrium into the
subclavian artery. This pump is implanted without cardiopulmonary bypass via a
mini thorocotomy36,

37

.

HeartWare MVAD is a miniature axial continuous flow ventricular assist device
roughly one-third of the size of the HVAD. Despite miniaturisation, the device is
capable of supporting the heart’s full cardiac output with potential further
benefits of simplified implantation procedures and improved durability38,

39

.

Completely implantable LVADs with internal components are being developed.
This progress is being innovated by availability of implantable batteries which
are rechargeable transcutaneously. This may permit remote monitoring akin to
advances in implantable pacemakers and defibrillators in addition to enabling
the patient to be submerged in water40.

1.4 Evolution of Indications for LVAD support
1.4.1 Destination therapy and bridge to recovery
Historically, left ventricular assist devices were pioneered to provide support to
the failing ventricle as bridge to cardiac transplantation in patients with stage D
heart failure. In the past two decades, the evolution in pump design coupled
with several landmark clinical trials has led to its use as permanent support.
9

The REMATCH trial (Randomized Evaluation of Mechanical Assistance for the
Treatment of Congestive Heart Failure) was a seminal study that pushed
forward this concept of permanent device therapy often referred to as
destination therapy41. REMATCH was a multi-instituitional, NIH (National
Institute of Health) sponsored trial of the HeartMate XVE LVAD, reported in
2001, and demonstrated a significant survival benefit at 1 and 2 years
compared with medical therapy for patients with end-stage heart failure, who
were not candidates for cardiac transplantation.
In 2010, the approval of the Heartmate II axial continuous flow LVAD for use in
the United States of America as destination therapy led to a subsequent
significant increase in the number of transplant ineligible patients supported
with the device long-term42,

43

. Preceding this, Slaughter et al had elegantly

demonstrated both survival and quality of life benefit in destination therapy
patients implanted with continuous flow devices 13. A further prospective
validation study of 247 patients replicated and supported the original pivotal
clinical trial of the Heartmate II LVAD 13, 44. The fifth INTERMACS annual report
reflects this evolution with almost 40% of patients implanted with the durable
mechanical assist devices as destination therapy45.
Several studies have reported myocardial recovery induced by mechanical
unloading of the ventricle following ventricular assist device support 46-48. This
observation had led to the concept of ventricular assist device use as bridge to
recovery in concert with pharmocological therapy. Birks et al demonstrated
significant myocardial recovery in 60% of patients with non-ischaemc dilated
cardiomyopathy implanted with continuous flow LVADs, meeting pre-specified
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criteria for device explantation49. With the increasing number of patients
implanted with LVADs as an alternative to cardiac transplantation, a proportion
of patients now benefit from its as use as a bridge to recovery.
1.4.2 Use in hypertropic cardiomyopathy and restrictive cardiomyopathy
Traditionally, LVAD support was used in patients with refractory
cardiomyopathy of dilated and ischaemic origin. Patients with hypertrophic and
restrictive cardiomyopathy were not represented in studies of patients bridged
to transplant or as destination therapy50. Hypertrophic cardiomyopathy was
previously considered a contraindication for LVAD support due to small
ventricular cavity size in anticipation of high risk of suction. With the evolution of
LVAD design and intrapericardial implantation methods for third generation
LVADs such as the Heartware HVAD, the potential for extending use into these
previously contraindicated patient populations is raised. Topilsly et al report the
successful use of the axial flow Heartmate II in patients with restrictive and
hypertrophic cardiomyopathy51, though no prior reports of successful use of
centrifugal cfLVADs exist to our knowledge.
1.4.3 Use in left ventrciular non-compaction cardiomyopathy
The hypertrabeculation and pro-arrythmic potential in ventricles of patients with
non-compaction poses inherent risks to LVAD therapy. Nonetheless, a
succesful series of patients with non-compaction cardiomopathy with good
freedom form early mortality has been reported recently52. However, high rates
of pump thrombosis were observed in this cohort.
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1.5 Evolution of pump complications
1.5.1 Primary mechanical failure
The complex biological interaction between the patient and pump predisposes
to complications. The evolution of pump design has enhanced durability,
however other complications such as bleeding, thrombosis, stroke and infection
prevail with the newer continuous flow devices. Mechanical failure due to valve
dysfunction and bearing wear in first-generation pulsatile pumps occurred in
approximately 35% of recipients of the Heartmate XVE 13, 53. In contrast, second
and third generation continuous flow devices designed with impellers with near
frictionless bearings associate with significantly lower rates of primary
mechanical failure13,

54

. In the Heartmate II bridge to transplant experience

reporting experience in 133 patients, there was no incidence of primary pump
failure10. Similar results were noted in the HeartWare bridge to transplant trial11.
1.5.2 Bleeding
Bleeding complications are a major problem after continuous flow LVAD
implantation. In the initial study of the HVAD centrifugal flow pump, 30% of
patients experienced bleeding complications in the first year of follow-up55.
Heartmate II axial flow support is associated with even higher bleeding rates,
seen in 44% to 59% of patients56, 57. Though multifactorial, one of the
unanticipated hazards specific to continuous flow device design is the higher
gastrointestinal bleeding rates from arteriovenous malformations. Crow et al
have reported that gastrointestinal bleeding is ten times more frequent in
patients supported with cfLVADs compared with pulsatile LVADs 58. Findings by
Hayes et al echo this observation59. Bleeding events in cfLVAD supported
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patients occurred at varying time points post implant whereas patients with
pulsatile flow devices did not experience a similar bleeding profile.
Lack of pulsatility, coupled with recurrent obstruction of the submucosal
vessels, lead to the development of gastrointestinal angiodysplasia in these
patients. The exposure to continuous shear then causes destruction of the
largest von Willebrand factor (vWF) multimers60,

61

. High shear induces a

structural change in the von Willebrand molecule which then promotes cleavage
by metalloprotease ADAMTS13 62. This then leads to the development of
acquired type 2 von Willebrand syndrome (vWS), characterised by the loss of
the largest von Willebrand multimers which are essential in promoting platelet
glycoprotein GPIb-IX-V binding in mediating haemostasis63. Bleeding risk is
compounded by the need for anticoagulation and antiplatelet therapy. Risk
factors and markers for bleeding and thrombotic events have been incompletely
studied thus far.
1.5.3 Thromboembolism
Although durability of LVADs has undisputedly extended, the inherent risks of
thromboembolism ranging from pump thrombus to strokes still prevail. Stroke
rates are comparable in both pulsatile and continuous flow LVADs (0.08
events/patient-year for cfLVADS vs 0.11 events/patient-year for pulsatile flow
LVADs)36, 56. Rates of pump thrombus parallels stroke rates. In a recent
analysis of 382 HeartWare bridge to transplant and continued access protocol
patients, the event rate for pump thrombus was 0.08 events/patient-year64.
In the early stages of continuous flow support with axial flow devices such as
the Heartmate II, there were concerns that the device design may predispose
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patients to increased thromboembolic risks; hence enhanced anticoagulation
and antiplatelet regimens were adopted. The guidelines in the HeartMate II
Pivotal Trial protocol recommended achieving and maintaining an international
normalized ratio (INR) of 2.0 to 3.0 as soon as post-operative bleeding was
achieved in addition to antiplatelet therapy. Initial clinical studies revealed low
thromboembolic risks with this device65, 66. More recently however, the observed
rates of pump thrombosis with HeartMate II axial cfLVAD necessitating pump
exchange was reported to have increased between year 2011-2012, perhaps a
result of lower antiplatelet and anticoagulation strategies. Survival rates
however have remained close to 80%67.

In the initial stages, device exchange was considered early in patients with
suspected or proven pump thrombosis. In recent times, there has also been an
evolution in management strategies of pump thrombosis. Medical management
with glycoprotein IIa/IIIb inhibitors such as tirofiban and epfibatide have been
used successfully68-70. The use of direct thrombolytic with the use of tissue
plasminogin activator (tPA) is another management strategy. Delgado et al
continuously infused recombinant tissue plasminogen activator (tPA) into the
left ventricle of two patients implanted with the Jarvik 2000 pump until
successful thrombolysis was achieved 71. It follows that a similar strategy would
be effective in pump thrombosis affecting third generation centrifugal cfLVADs.
1.5.4 Intrinsic pro-coagulatory responses following LVAD support
To minimise complications of bleeding and thromboembolism which carry
significant morbidity and mortality to now widely used centrifugal cfLVAD
supported patients we need to understand the adaptations of the haemostatic
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milieu to prolonged centrifugal flow. There is currently paucity of literature
comprehensively characterising this interaction in vivo. Haematological
responses during support may be constantly changing, hence necessitating
continual adjustments of antiplatelet and anticoagulation. In addition,
understanding the relationship of rheological interactions with the surface of the
centrifugal cfLVAD pump may lead to innovations in optimising pump surface
coatings.
Despite biocompatibility, the titanium based pumps such as the HeartWare
HVAD may still result in activation of the coagulation and fibrinolytic system.
Systemic anticoagulation and high continuous flow reduce blood flow stasis
results in lower but not negligible thromboembolic rates11, 72.
The coagulation cascade is initiated when pump surface encounters plasma
proteins such as factor XII, prekallikrein, factor XI and high molecular weight
kininogen73. This results in elevated thrombin generation, increased thrombin
activity and fibrinolysis. Coagulation can be assessed by a global whole blood
system (Thromboelastography, TEG) which quantifies the kinetics and strength
of clot formation74.
Spanier and collegues have demonstrated a time dependant biphasic change in
a pro-thrombotic phenotype in pulsatile-flow LVAD supported patients75. Whilst
the initial phase reflected the perioperative response; the latter phase was
resultant from a progressive population of the LVAD surface with cells whose
adherence and subsequent activation led to a pro-coagulant environment.
Menconi and associates showed by ribonucleic acid hybridization analysis that
these colonising cells actively expressed genes encoding proteins for cell
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proliferation markers, cell adhesion molecules, cytoskeletal structures, and
extracellular matrix components76. This therefore suggests that the cells lining
the LVAD surface are not biologically inert; they become activated, leading to
the generation of a local proinflammatory/procoagulant state.
Do new generation centrifugal devices behave in a similar manner? The
HeartWare HVAD has a textured (sintered) inflow cannula. This enables the
absorbtion and entrapment of circulating elements to form a densely adherent
biological lining on the inside of the device with the aim of minimising
thrombogenicity; however could this be equally pro-thrombotic as shown with
older generation pulsatile devices? It is therefore prudent to characterise the
response to this innovation in order tailor time dependant anticoagulation
strategies.
The relatively non-pulsatile flow typical of centrifugal cfLVADs is characterised
by increased shear stress. Centrifugal flow pumps exhibit shear rates of greater
than 10,000 per second. Platelets are known to activate and aggregate in
response to shear (pro-coagulatory). In vivo testing however has shown that
shear caused by centrifugal flow pumps may also cause impaired platelet
aggregation due to platelet dysfunction (anti-coagulatory)77. This dysfunction
may be potentiated by the fact that platelet lysis in response to shear occurs at
a much lower threshold in comparison to other cell lines 78. Kawahito et al have
demonstrated the enhanced release of specific proteins in platelet alphagranules namely beta-thromboglobulin (beta-TG), and platelet factor 4 (PF-4) as
a signature of platelet damage in response to centrifugal type LVAD support 79.
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The final step in platelet activation in response to pathological shear is the
release of membrane fragments known as microparticles (less than 1um in
diameter)80, 81. Microparticles from apoptotic and mechanically disrupted
platelets express phosphatidylserine which plays a central role in the initiation
and propogation of the coagulation cascade 82. A persistent and systemic
generation of platelet microparticles can lead to sustained pro-coagulatory and
pro-inflammatory state. Platelet microparticles contain cytoplasm and surface
characteristics of platelets. According to their surface receptors, they can be
quantified and phenotypically characterised by flow cytometry.

1.6 Continuous flow support pump-patient physiology
The superior clinical outcomes seen with continuous flow LVADs 13 challenges
the physiological dogma that cardiovascular homeostasis requires pulsatile
blood flow and pressure83. In comparison to pulsatile-flow LVAD support,
continuous-flow LVAD support results in differing interaction with the patients
cardiovascular system and unloading of the heart: [1] aortic pressure pulsatility
is lower than normal84; [2] continuous unloading of the ventricle with no volumeshifting counterpulsatile effects; [3] higher afterload sensitivity.
1.6.1 Effect of continuous flow support on autonomic function
The relationship between the rotation speed setting and autonomic nervous
activity during continuous-flow left ventricular assist device studied in 23 adult
patients showed higher sympathetic activation at lower rotational speeds
(higher ratio of low-frequency over high-frequency spectral level (LF/HF),
representing enhanced sympathetic activation). This higher sympathetic tone
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translated to less reverse remodelling at lower rotational speed demarcated by
higher NT-proBNP levels in comparison to those with higher rotational speed 85.
Paradoxically, it has been shown that the low pulse pressure levels generated
by continuous flow support are sufficient to restrain sympathetic nervous system
activity through various baro-reflex mechanisms83 Dimopoulas et al have shown
that LVAD patients suffer impaired chronotopic response and abnormal heart
rate recovery post exercise after implantation, indicating significant cardiac
autonomic abnormalities86. Moreover, these abnormalities persisted 3 months
after LVAD implantation. In direct contradiction, a more dynamic and normal
autonomic response (as assessed by heart rate variability) to postural and
breathing change was observed in cfLVAD supported patients in comparison to
unsupported heart failure patients 87.
1.6.2 Circadian variation
As the use of centrifugal continuous flow LVADs has only recently been
integrated into routine clinical use, in vivo studies of both short and long term
impact on cardiovascular physiology and adaptation is limited. In cfLVAD
supported patients, systemic blood flow is primarily determined by pump flow
which is influenced by both the pump speed as well as the pressure gradient
across the pump. At constant speed, pump flow is affected by pump preload
(determined by venous return and residual ventricular function) and afterload
(determined by systemic blood pressure). Recent work has demonstrated a
predictable circadian variation in centrifugal flow pump-output88; similar
observations were noted in patients supported with axial flow LVADs 89. In a
study of 28 patients following a support duration of at least 30 days, Slaughter
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et al demonstrated a circadian pattern marked by a consistent nocturnal
decrease, and then increase of the LVAD flow while at fixed speed89. This
implicates that continuous-flow LVADs have an intrinsic automatic response to
physiologic demands. The aetiology of the observed circadian variation may be
two-fold; variation in heart rate and/or a variation in venous return. The authors
observed recovery of blunted autonomic control of blood pressure and heart
rate control following LVAD implantation in support of the symbiotic contribution
of native physiological responses to flow in addition to pump speed
parameters89.
1.6.3 Determinants of pump flow
Although pump speed is the primary determinant of the rate of pump flow,
changes in the head pressure (aortic pressure minus ventricular pressure),
brought on by changes in preload and/or afterload, do influence pump output90,
91

. An increase in head pressure results in a decrease in flow through the LVAD.

Hence, one of the intrinsic physiological determinants of flow include mean
arterial pressure; an elevated arterial pressure increases the head pressure,
leading to greater impedance of flow and a reduction in pump output92.
Similarly, preload reduction results in a wider pressure differential across the
pump translating to a reduction in flow through the device 90.
In theory, the preload and afterload dependence of the centrifugal pump would
mean that flow (cardiac-output) would be affected by different loading conditions
as seen with exercise and different body positions (standing/supine). Several
studies have shown an increase in flow in response to graded exercise 93, 94. In
normal individuals, the increase in cardiac output during exercise is dependent
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upon the interplay between both central motor command as well as skeletal
muscle mechanoreceptors in augmenting heart rate and myocardial
contractility95. This response in continuous flow LVAD supported patients is not
well understood. We know however that baroreflexes are known to exhibit a
blunted response in non-pulsatile flow96. It would be interesting to tease out the
relative extent to which heart rate (mechano and baroreceptor function) or
increased venous return influences flow with exercise in patients supported with
centrifugal continuous flow LVADs.
1.6.4 Pump speed modulation – is this warranted?
There is generally little modulation in pump speed post cfLVAD implantation.
The appropriate pump speed for each patient is often decided arbitrarily with
modest reference to intra-operative transoesphageal interventricular septal
position; LV and RV chamber dimensions; set from determinations of highest
delivery of blood from the ventricle under resting conditions. It is known that
excessive increase in pump speed may pose an inherent risk of ventricular
suction and ventricular arrhythmias97. In the setting of assessing native
ventricular function it has been noted that decreasing pump speed (short-term)
with both centrifugal and axial flow devices was safe but associated with a
significant decrease in pump flow97,

98

. It has been also observed that

decreasing axial flow pump speed was associated with a reduction in exercise
capacity marked by a 23% decrease in peak oxygen consumption98.
We know that flow through a continuous flow device may be augmented with
increasing venous return even at fixed pump speed. The initial increase in
cardiac output established after cfLVAD implantation of a fixed-speed device
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has translated to improvements in exercise capacity99. However, despite
support, these patients are often working at the limits of their exercise capacity.
Therefore, there may be an advantage to augmenting cardiac output by
increasing pump speed to further meet metabolic and perfusion demands with
exercise. Brassard et al have described improvements in peripheral muscle
perfusion when speed is up-titrated with exercise in patient supported with axial
flow devices93. There is however a paucity of literature on haemodynamic
effects, i.e. safety and benefit of increasing pump speed to meet demands with
exercise in patients supported with centrifugal devices.
Although LVAD implantation aims primarily at restoring body perfusion,
promoting recovery of the ventricle is a noble secondary aim. Mechanical
unloading may normalise the neurohormonal milieu and hence promote
structural remodelling. However, in most cases, there seems to be a disconnect
between improvement in cardiac structure and functional recovery sufficient to
obviate the need for continued support100, 101. A proposed mechanism to
promote functional recovery is to avoid extensive periods of completely resting
the myocardium and to promote controlled training to adapt to increasing load.
Moscato et al have proposed control strategy to automatically reduce pump
speed in response to reduced venous return and keep pump flow independent
of simulated vasoconstriction (increased afterload)102. This may promote
intrinsic chamber function to aid functional recovery. Data to support this view
remain limited to simulation with a mathematical model; validation in a patient
population is, however, still awaited.
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1.7 Reverse remodelling with left ventricular assist devices
The term “reverse remodelling” describes the restoration of ventricular volume,
mass and shape which is reflected by shifts in the left-ventricular end-diastolic
pressure-volume loop towards normal. This phenomena encompasses a myriad
of changes at the molecular, cellular, and organ level and has been observed
following medical and device therapies such as cardiac resynchronization
therapy that improve heart failure morbidity103.
LVAD support occasionally also reverses the process of cardiac failure following
favourable patterns of reverse remodelling 104-107. This is primarily due to the
haemodynamic unloading of the failing heart and changes in both systemic and
intra-cardiac neurohormonal activity.
1.7.1 Cardiac ventricular remodelling
Ventricular remodelling occurs in response to stress and strain; resulting in
change in ventricular volume and composition. Pathological remodelling as
seen with clinical heart failure is often associated with a reduction in contractile
function and an increase in intra-cardiac filling pressure. This phenotypic
change is paralleled by histologic, cellular and molecular changes in cardiac
structure and function. This includes: [1] myocyte hypertrophy; [2] changes in
the excitation-contraction coupling that alter myocyte contractile properties; [3]
beta-adrenergic desensitisation; [4] expansion of the extracellular matrix (ECM)
secondary to alterations in collagen metabolism and altered balance between
matrix metalloproteinase activators and inhibitors 108. This leads to progressive
ventricular dilatation and increase in end-diastolic dimensions. As a result, there
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may be increased oxidative stress, free-radical generation and an up-regulation
of such gene clusters.
1.7.2 Reverse remodelling
There is now a body of evidence to suggest that LVAD support may lead
towards normalisation of the afore mentioned perturbations; this process is
described as “reverse remodelling”109-112. The ability to obtain human
myocardial tissue from LVAD supported patients bridged to transplantation
offers the opportunity to study this phenomenon. The precise cellular and
molecular mechanisms that are responsible for this process are not well
understood. The variation in the degree of this reversal process with different
types of mechanical circulatory support also warrants further study.
1.7.3 Myocyte contractile performance
Dipla et al have studied myocytes from 35 LVAD supported patients and found
significant improvements in fractional shortening, equating to an improvement in
contractile performance111. In addition, the time to peak contraction and the time
to 50% relaxation were reduced significantly in comparison to myocytes
obtained from unsupported hearts. Other studies have also confirmed the
reversal of myocyte contractile defects following pulsatile flow LVAD support 113.
However, not all studies have been congruous; Ogletree-Hughes et al did not
find any significant difference in myocyte contractile function following LVAD
support114.
The improvement in myocyte contractility observed with primarily pulsatile-flow
LVADs can be attributed to the favourable changes in calcium handling: [1]
faster sacrolemmal calcium entry; [2] shorter action potential duration; [3]
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improvement in calcium content in the sarcoplasmic reticulum; as well as [4]
improved abundance of sarcoplasmic/endoplasmic reticulum calcium ATPase.
In a study by Chaudhary et al, LVAD-supported failing myocytes exhibited faster
decay in both early and late stages of the transient inward [Ca2+]i current
compared with myocytes from unsupported failing hearts115. There was no
significant difference however in the abundance of sarcoplasmic reticulum
Ca(2+) adenosine triphosphatase (SERCA), but a significant decrease in
activity of the Na(+)/Ca(2+) exchanger (NCX) suggesting that reverse
remodelling may involve selective, rather than global, normalization of the
pathologic patterns associated with the failing heart115.
1.7.4 Reversal of myocyte hypertrophy
Myocyte hypertrophy may be triggered by a number of pathophysiological
processes including neurohormonal activation as well as haemodynamic
overload. Isolated human myocytes from hearts with end-stage ischaemic and
idiopathic dilated cardiomyopathy increased substantially in volume, length with
smaller increases in myocyte diameter116, 117. The mechanical unloading
provided by LVAD support is known to promote favourable central
haemodynamics118,

119

. In addition, James et al have elegantly described the fall

in several hormones of the neuroendocrine axis (epinephrine, norepinephrine,
plasma renin activity, arginine vasopressin) following pulsatile LVAD support 120.
As such, it is no surprise that studies have reported a decrease in myocyte size
after the initiation of LVAD support121,

122

. Though the type of LVAD support was

not standardised in these studies (pulsatile versus continuous flow), the studies
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consistently report an improvement in cell size using parameters such as a
reduction in myocyte volume, cell length and cell width.
Reassuringly, LVAD unloading does not induce hypertrophy regression to the
point of atrophy and degeneration. Diakos et al have recently examined
myocardial tissue and hemodynamic and echocardiographic data from 44 LVAD
patients and 18 untransplanted normal donors and found that the myocyte size
significantly decreased after LVAD unloading but not beyond that of normal
donor hearts (682 +/- 56 μm2)123. Electron microscopy ultrastructural evaluation,
cardiomyocyte glycogen content, and echocardiographic assessment of
myocardial mass and left ventricular function also did not suggest myocardial
atrophy123.
In contrast to that observed in the left ventricle, Barbone et al have
demonstrated that the decrement in myocyte size was not seen in the minimally
unloaded right ventricle. This possibly supports the primary role of mechanical
unloading rather than the neurohormonal milieu in promoting regression in cell
size124.
1.7.5 Gene expression, MicroRNAs and proteonomic profiling with reverse
remodelling
Several studies have observed the genomic and proteonomic (transcriptomal)
milieu by defining changes to critical regulatory genes governing myocardial
remodelling. These changes are observed in response to: [1] significant
reductions in wall stress; [2] improvements in beta-adrenergic signalling114, 125;
[3] regulation of metabolism and growth factor signalling pathways 126.

25

Gene expression profile analysis using gene chips with 199 myocardial samples
from failing, LVAD supported and non-failing human hearts demonstrated only a
modest transcriptomal change127.
Recent work has also focussed on the identification of genetic markers that may
predict reverse remodelling leading to recovery. In a study of 18 LVAD
supported patients, those who recovered (n=13) had higher levels of gene
expression involved in the cyclic AMP signalling pathways (Gialpha2, EPAC2)
and lower levels of IGF2 at LVAD implant compared to patients who failed to
recover128.
1.7.6 Micro-ribonucleic acid
Micro-ribonucleic acid (miRNAs) represent an abundant class of non-coding
RNAs of 20-23 nucleotide length. These small RNAs have the capacity to downregulate target messenger RNAs (mRNAs), often playing potent and
widespread roles in post-transcriptional regulation of gene expression.
Individual mRNAs are commonly targeted by multiple miRNAs, thus allowing for
enormous combinatorial complexity. MiRNAs affect diverse pathways including
apoptosis, cell growth and proliferation as well as stem cell activation129.
Studies have shown certain miRNAs such as mir-1/206, mir-133a/b, mir-208a/b
and miR499 to be contributory towards myocardial function130,

131

.

Data from different studies in patients with heart failure revealed an
upregulation of some miRNAs (miR-21, -23a, -125b, -195, -199A, -214, and 342) and a downregulation of others (miR-1, -7, -29b, -30, -133, -150, and 378)132-137.
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With respect to observing the patterns of miRNA expression following
mechanical unloading, Matkovich et al
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have demonstrated the normalisation

of 8 miRNA following LVAD support. However, it remains unknown which
miRNA expression changes are associated with clinical end-points that
correlate with reverse remodelling and recovery.
Ramani et al have observed the relationship between the expression levels of
miRNAs at the time of LVAD implantation and the ability of the heart to recover
following LVAD support. The study reported 4 miRNAs, namely mir-15b, mir
23a, mir 26a and mir 195, to be siginificantly decreased in recovered hearts in
comparison to hearts that were LVAD dependent138. These miRNAs, however,
do not have mRNA targets that are thought to be involved in either reverse
remodelling or myocardial recovery.
1.7.7 Ventricular regeneration following reverse remodelling
Wohlschlaeger et al have shown that LVAD unloading may lead to
cardiomyocyte duplication and regeneration139. Cardiomyocyte DNA content,
nuclear morphology and the number of nuclei per cell before and after LVAD
support was studied. It was found that a proportion of cardiomyocytes that are
not terminally differentiated could re-enter the cell cycle during the regenerative
process triggered by LVAD support. Adjunctive stem cell therapy is thought to
be able to potentiate this in the future 140.
1.7.8 Monitoring reverse remodelling
Echocardiography. 2-D echocardiography has been historically used to image
LVAD supported patients to assess structural and functional improvements.
Significant reverse remodelling allowing for device explantation has been
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suggested when the left ventricular ejection fraction is >45% with end-diastolic
dimensions < 5.5cm when the pump is momentarily “turned-off”48,

141

.

Longitudinal functional improvements have been assessed following axial-flow
LVAD supported by serial assessments of LV ejection fraction, LV volume, LV
mass as well as diastolic function142.
More recently, the use of 2-D echo has extended to assess and monitor
haemodynamic improvements. Estep et al have found doppler
echocardiographic techniques to correlate with invasive central haemodynamic
measurements to assess improvement in mean pulmonary capillary wedge
pressure in Heartmate II supported patients 143. The composite score integrating
mitral inflow velocities, right atrial pressure, systolic pulmonary artery pressures
and left atrial volume index was 90% accurate in distinguishing normal from
elevated left ventricular filling pressures 143.
Biomarkers. Several biomarkers have been used to presage or detect reverse
remodelling. Surrogate markers for myocyte stress include B-type natriuretic
peptide (BNP); amino-terminal pro-BNP (NT-proBNP); mid-regional pro-atrial
natriuretic peptide (MR-proANP); proBNP1-108; somatostatin receptor 2
(sST2)144. Although by no means specific for LV ejection fraction or volumes,
there has been a link between the reduction natriuretic peptide levels and left
ventricular reverse remodelling 145.
Other biomarkers such as galectin-3146 have biological links to the development
of myocardial fibrosis. Though studies have not validated its use to monitor for
an improvement in the profile of the extracellular matrix, the plausibility remains.
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1.8 Summary
Left ventricular assist devices have evolved since their inception, alongside the
evolution in device use, indication and complications. Left ventricular assist
devices may alter rheology, haemostasis and the coagulation system.
Physiological changes following continuous flow LVAD support include
alterations to autonomic function. Varying pump haemodynamic profiles alter
effects on central haemodynamics and native physiology. Additionally, the
reversal of ventricular remodelling following mechanical unloading induces
changes to myocardial structure, function and alteration in genomic
transcriptome.

1.9 Aims of current research
This thesis consists of a series of publications aimed at providing insights into
understanding the complex biological and physiological interactions following
third generation centrifugal continuous flow left ventricular assist device support.
These insights would stand to address the deficiencies in the current literature
in the three major aspects: adaptive/maladaptive responses to the third
generation centrifugal pump; providing a platform in establishing tailored
management; decision making strategies. Each publication illustrates a
summary of prior work with research content exploring individual aspects of the
patient-pump interactions.
1.9.1 Novel use in hypertrophic cardiomyopathy
Chapter 2 reports on the novel use of third generation centrifugal LVADs in
hypertrophic cardiomyopathy, characterising favourable short to medium term
outcomes in patients bridged to cardiac transplantation.
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Hypothesis 1: Third generation centrifugal LVADs offer acceptable safety and
clinical outcomes as bridge to transplant for end-stage hypertrophic
cardiomyopathy.
1.9.2 Gastrointestinal angiodysplasia and bleeding
Chapter 3 represents a study characterising the incidence of angiodysplasia
and bleeding with third generation centrifugal cfLVADs.
Hypothesis 2: Third generation centrifugal LVAD use confers excess
angiodysplasia and gastrointestinal bleeding risk in comparison with historical
published cohorts of unsupported patients on combination therapy with dual
antiplatelet and anticoagulation.
1.9.3 Pump thrombosis and thrombolysis
Chapter 4 describes the incidence of pump thrombosis with third generation
LVADs despite enhanced dual antiplatelet and anticoagulation therapy and
thrombolysis as an alternative therapy to pump exchange.
Hypothesis 3: Thrombolysis is an effective therapy for the management of
suspected pump thrombosis affecting third generation centrifugal LVADs.
1.9.4 Longitudinal effects and the effect of pulsatility on haemostaseology
Chapter 5 consists of a study that details the haemostatic milieu by
characterising both pro- and autoanticoagulatory markers by quantifying novel
assays, together with bleeding and thromboembolic associations.
Hypothesis 4a: Longitudinal changes in markers of pro- and anti-coagulation
occur following third generation centrifugal LVAD implantation.
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Hypothesis 4b: Changes in pro- and anti-coagulation associate with bleeding
and thrombotic events following third generation centrifugal LVAD implantation.
Hypothesis 4c: Pulsatality, indicated by aortic valve opening, associates with
favourable von Willebrand factor profile following third generation centrifugal
LVAD implantation.
1.9.5 Effect of exercise and pump speed on patient haemodynamics
Chapter 6 is a study illustrating patient and pump haemodynamic responses to
graded supine bicycle exercise and the effect of concomitant speed increments
on these parameters.
Hypothesis 5: Increasing pump speed with patient exercise improves invasively
measured central haemodynamics following third generation centrifugal LVAD
implantation.
1.9.6 Impact of native heart rate and venous filling on pump function
In two parallel studies presented in the publication in Chapter 7, we sought to
determine the relative extent to which these two factors influenced LVAD flow
first by increasing or decreasing pace-maker rate and second by observing the
effect s of flow on changes in venous return by manipulation of hydrostatic
gradients.
Hypothesis 6a: The increase in pump flow with exercise following third
generation centrifugal LVAD implantation is due to patient heart rate increase.
Hypothesis 6b: The increase in pump flow with exercise following third
generation centrifugal LVAD implantation is due to increased venous return.
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1.9.7 Reverse remodelling and transcriptomic change
Chapter 8 is a publication that comprehensively details structural and functional
changes at both a cellular and macroscopic level following chronic centrifugal
cfLVAD support.
Hypothesis 7a: Myocyte size and number decrease following chronic support
with third generation centrifugal LVAD.
Hypothesis 7b: Left and right ventricular ejection fraction measured by 3-D
echocardiography increases following chronic support with third generation
centrifugal LVAD.
Hypothesis 7c: NT-proBNP (as a marker of cardiac chamber stretch) decreases
following chronic support with third generation centrifugal LVAD.
Hypothesis 7d: MicroRNA profile changes associate with myocardial recovery
following chronic support with third generation centrifugal LVAD.
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Centrifugal Continuous-Flow Left Ventricular Assist Device in
Patients With Hypertrophic Cardiomyopathy: A Case Series
Kavitha Muthiah,*† Justin Phan,* Desiree Robson,* Peter S. Macdonald,*† Anne M. Keogh,* Eugene Kotlyar,* Emily
Granger,* Kumud Dhital,* Phillip Spratt,* Paul Jansz,* and Christopher S. Hayward*†

Methods

Left ventricular assist device (LVAD) therapy has been used
primarily in patients with end-stage dilated cardiomyopathy (DCM), and patients with hypertrophic cardiomyopathy
(HCM) are generally excluded. We compared outcomes in 3
HCM patients with 36 DCM patients. While HCM patients
had smaller left ventricular end-diastolic dimensions, average pump flows for the two groups were similar. All patients
had marked improvement in mean pulmonary arterial pressures and cardiac index at 5 months. This analysis shows that
patients with end-stage heart failure resulting from HCM
do benefit from centrifugal cfLVAD therapy in the short to
medium term. ASAIO Journal 2013;59:183–187.

Patient Population
We analyzed the data of 39 patients implanted with centrifugal
cfLVADs (VentraAssist, Ventracor, Sydney, Australia, n = 20;
HeartWare HVAD HeartWare Inc., Framingham, MA, n =
19) either as bridge to cardiac transplant or as destination
therapy. The analysis was approved by St. Vincent’s and
Mater Health Service Human Research Ethics Committees.
Patients were categorized into two groups on the basis of
history and echocardiographic features of the LV chamber:
either HCM with increased wall thickness, relatively normal
chamber dimensions, and systolic impairment (n = 3); or
DCM with severe LV dilatation and systolic impairment
(n = 36; nonischemic: n = 26, ischemic: n = 10). There was
no difference in baseline LV chamber dimensions between the
nonischemic and ischemic DCM patients.

Key Words: left ventricular assist device, hypertrophic
cardiomyopathy, outcomes

Left

ventricular assist devices (LVADs) are effective as
mechanical circulatory support in bridge to cardiac transplant, bridge to recovery, or destination therapy in patients
with end-stage dilated cardiomyopathy (DCM).1,2 More
recently, several studies have shown a mortality and morbidity benefit in patients implanted with the continuousflow devices compared with those with pulsatile LVADs.3–5
Patients with hypertrophic cardiomyopathy (HCM) are generally excluded from LVAD therapy because of the reduced
LV end-diastolic dimensions seen in these patients,6 and
perceived risk of suction in the setting of continuous-flow
devices. Topilsky et al.7 recently reported outcomes of
patients with HCM implanted with an axial continuous-flow
LVAD (cfLVAD; HeartMate II, Thoratec, Pleasanton, CA) and
concluded that this cohort of patients may benefit from LVAD
support. Outcomes of HCM patients implanted with centrifugal cfLVAD have not been previously reported. We reviewed
patient characteristics and outcomes in three HCM patients
implanted with centrifugal cfLVADs.

Implantation Technique
The HeartWare device was implanted in a routine fashion in
HCM patients. The sewing ring was attached to the LV apex
using interrupted pledgeted mattress sutures (Figure 1). The apex
was cored and the pump was attached with the outflow graft
running along the diaphragmatic surface and then along the
atrioventricular groove to the aorta. The graft was attached to the
aorta using a side-biting clamp with a continuous 4.0 prolene
suture (Figure 2). All procedures were performed whilst on cardiopulmonary bypass. The heart was deaired and weaned from
cardiopulmonary bypass whilst concurrently commencing flow
through the device. Patients with HCM did not undergo myomectomy. Figure 3 shows a parasternal long-axis view of a transthoracic echocardiography in a patient with HCM implanted
with the HeartWare LVAD. The same technique was used for
the dilated cardiomyopathy patients implanted with HeartWare.
For the implantation of the VentraAssist device, the pump was
implanted via a sternal incision in the posterior rectus sheath or
in a preperitoneal position. The inflow cannula was connected
to the LV apex and the outflow cannula to the ascending aorta.

From *the Heart Failure and Transplant Unit, St. Vincent’s Hospital;
and †Victor Chang Cardiac Research Institute, Sydney, Australia.
Submitted for consideration April 2012; accepted for publication in
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Postoperative Care
All patients were managed in the intensive care unit during the
immediate postoperative period. Inotropic support was gradually
weaned when pump speed was titrated on the basis of echocardiographic and hamodynamic parameters. Once stable, patients
were then managed in the coronary care unit where they underwent further training and education on pump management.

Copyright © 2013 by the American Society for Artificial Internal
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DOI: 10.1097/MAT.0b013e318286018d
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Figure 1. Changes in left ventricular end-diastolic dimension at
3–6 months after left ventricular assist device support. *p = 0.02,
**p < 0.01. DCM, dilated cardiomyopathy; HCM, hypertrophic
cardiomyopathy.

Demographic and Hemodynamic Data
A retrospective analysis of medical records, database records, and
LVAD log profiles was performed for preoperative demographic
data, echocardiographic data, pump flow, and right heart catheter
data. Laboratory values in the immediate preoperative period were
obtained. Table 1 shows the baseline values for the two groups

Figure 3. Changes in mean pulmonary arterial pressures at
3–6 months after left ventricular assist device support.**p < 0.01;
***p = 0.01. DCM, dilated cardiomyopathy; HCM, hypertrophic
cardiomyopathy.

of patients. Echocardiographic data obtained preoperatively
and at the 5–6 months scheduled visit was then analyzed.
Similarly, pump flow data from the 3–6 months follow-up visit
was analyzed. Clinical end points recorded were mortality at 3
months and change in mean pulmonary artery pressures.
Statistical Analysis
Data were checked visually looking for outliers. Continuous,
normally distributed parameters were presented as means ±
Table 1. Baseline Characteristics
Characteristic
Age (n)
Sex (n)
BMI (kg/m2)
BSA (m2)
Hematocrit (%)
Creatinine (μmol/L)
Bilirubin (μmol/L)
LVEDD (mm)
LVESD (mm)
IV septum (mm)
Mean RA (mm Hg)
Mean PA (mm Hg)
Mean PCWP (mm Hg)
Mean TPG (mm Hg)
CO (thermodilution; L/min)
CI (L/min/m²)

Figure 2. Changes in right atrial pressure at 3–6 months after left
ventricular assist device support. DCM, dilated cardiomyopathy;
HCM, hypertrophic cardiomyopathy.

HCM

DCM

p value

47.8 ± 16.1
1(F) 2(M)
24.1 ± 2.9
1.73 ± 0.13
35.0 ± 5.0
136.6 ± 22.7
48.0 ± 28.7
54 ± 15
46.6 ± 17.5
12.0 ± 1.7
18.0 ± 7.8
43.3 ± 4.9
29.3 ± 2.1
14.3 ± 6.7
2.8 ± 1.0
1.5 ± 0.2

42.3 ± 14.2
11(F) 25(M)
24.9 ± 4.6
1.87 ± 0.25
32.8 ± 8.7
141.8 ± 76.6
41.16 ± 29
71 ± 37
62.5 ± 14
8.58 ± 1.3
13.6 ± 4.9
34.8 ± 9.1
24.6 ± 7.8
10.2 ± 4.9
3.4 ± 1.0
1.8 ± 0.5

0.57
0.92
0.8
0.34
0.68
0.90
0.70
0.07
0.08
0.001
0.13
0.13
0.31
0.20
0.30
0.65

BMI, body mass index; BSA, body surface area; CI, cardiac index;
CO, cardiac output; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; IV, interventricular; LVEDD, left ventricular
end-diastolic diameter; LVESD, left ventricular end-systolic dimension; PA, pulmonary artery; PCWP, pulmonary capillary wedge
pressure; RA, right atrial; TPG, transpulmonary gradient.
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standard deviation and were compared using the Student’s
t-test or paired t-test. Categorical data were compared between
groups using the Fisher’s exact test. Patients were censored at
the time of last follow-up or at the time of death or heart transplantation. All p values were two sided, and values < 0.05 indicated statistical significance.
Results
Baseline Characteristics
Apart from etiology, baseline characteristics of the two populations were similar (Table 1). All three patients with HCM were
implanted with the Heartware HVAD. Consistent with etiology,
HCM patients tended to have smaller LV dimensions, LV enddiastolic diameter (LVEDD) 54 ± 15 vs.71 ± 37 mm, p = 0.07
and greater septal wall thickness 12.0 ± 1.7 vs. 8.58 ± 1.3 mm,
p = 0.001. All three patients with HCM had familial HCM.
These patients were implanted with the LVAD as they continued to have recurrent presentations with decompensated
heart failure after failed optimal medical treatment. One HCM
patient was implanted from venoarterial extracorporeal membrane oxygenation (ECMO) after resuscitated cardiac arrest,
and the remaining two patients were Interagency Registry for
Mechanically Assisted Circulatory Support (INTERMACS) category 2 at the time of LVAD implantation. All three patients
had the LVADs implanted as bridge to cardiac transplantation.
Three patients in the DCM group were implanted with LVADs
as destination therapy. The remaining patients in this group
were implanted as bridge to transplantation. All patients had
New York Heart Association Class IV heart failure and were
INTERMACS category 1 or 2 at the time of the LVAD implant.
Hemodynamic data obtained from preimplant right heart catheter measurements showed elevated right atrial pressures,
mean pulmonary artery pressures, and mean pulmonary capillary wedge pressures in all patients (Table 1).

Table 2. Postoperative Outcomes at 3 Months
Outcome
Entire cohort (n)
V-PA ECMO (n)
LVEDD (mm)
Mean RA (mm Hg)
Mean PA (mm Hg)
Mean PCWP (mm Hg)
Mean TPG (mm Hg)
CO (thermodilution; L/min)
CI (L/min)
Pump speed (RPM)
Pump flow (L/min)
Alive at 3 months (n)

HCM

DCM

p value

3
1
47.3 ± 20.1
11.3 ± 5.1
22.3 ± 2.8
12.7 ± 3.8
8.4 ± 2.4
4.1 ± 1.1
2.4 ± 0.17
2698 ± 100
5.06 ± 1.28
3

36
4
64.8 ± 11.1
12.2 ± 5.7
22.9 ± 6.4
15.2 ± 5.2
9.6 ± 3.1
4.5 ± 1.4
2.3 ± 0.8
2364 ± 408
5.36 ± 1.28
33

0.54
0.02
0.80
0.88
0.41
0.43
0.65
0.98
0.17
0.71
0.60

CI, cardiac index; CO, cardiac output; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; LVEDD, left ventricular
end-diastolic diameter; PA, pulmonary artery; PCWP, pulmonary
capillary wedge pressure; RA, right atrial; TPG, transpulmonary gradient; V-PA ECMO, veno-pulmonary arterial extracorporeal membrane oxygenation.

22.3 ± 2.8 mm Hg (p < 0.01; Figure 6). Despite tending to have
higher pulmonary pressures than patients in the DCM group at
baseline (43.3 ± 4.9 vs. 34.8 ± 9.1 mm Hg, p = 0.13; Table 1), the
mean pulmonary pressures in the two groups were comparable
after mechanical unloading (22.3 ± 2.8 vs. 22.9 ± 6.4 mm Hg, p
= 0.88; Table 2). Both groups showed a significant improvement
in cardiac output measured by thermodilution at 3–6 months
after LVAD support (Figure 7).
Discussion
This is the first report of outcomes in HCM patients implanted
with a centrifugal cfLVAD. Despite concerns because of

Clinical Outcomes
Veno-pulmonary arterial ECMO support was initiated in four
of the 36 patients in the DCM group and in one of the three
patients in the HCM group in the immediate postoperative
period. This patient had received VA ECMO support before
LVAD implant for cardiogenic shock. We found no difference
in early mortality between the two groups (3/33 vs. 0/3, p =
0.60) at the end of 3 months. Table 2 shows the postoperative
outcomes of the two groups at 3–6 months.
We compared the results of echocardiographic and
hemodynamic data from before LVAD implant and at 3–6
months. The LVEDD decreased similarly in both groups of
patients: from 54 ± 15 to 47.3 ± 20.1 mm in the HCM group
and from 71 ± 37 to 64.8 ± 11.1 mm in the DCM group. LVEDD
after LVAD implant was significantly smaller in the HCM
group compared with that in the DCM group, 47.3 ± 20 vs.
64.8 ± 11.1 mm (p = 0.02; Figure 4). There were no significant
changes in septal wall thickness with LVAD support in either
HCM or dilated groups. However, there was an improvement
in the mean pulmonary arterial and right atrial pressures in
both groups (Table 3). In the HCM group, the mean right atrial
pressure improved from 18 ± 7.8 to 11.3 ± 5.1 mm Hg (Figure 5),
and the mean pulmonary pressure improved from 43.3 ± 4.9 to

Figure 4. Changes in thermodilution cardiac output at 3–6
months after left ventricular assist device support. **p < 0.01. DCM,
dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy.
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Table 3. Changes Within Each Group Pre- and Post-LVAD Implant
HCM

Mean RA (mm Hg)
Mean PA (mm Hg)
Mean PCWP (mm Hg)
TPG (mm Hg)
CO (thermodilution; L/min)
LVEDD (mm)

DCM

Preimplant

3–6 months

p

Preimplant

3–6 months

18.0 ± 7.8
43.3 ± 4.9
29.3 ± 2.1
14.3 ± 6.7
2.8 ± 1.0
54.3 ± 15.0

11.3 ± 5.1
22.3 ± 2.8
12.7 ± 3.8
8.4 ± 2.4
4.1 ± 1.1
47.3 ± 20.1

0.06
< 0.01
0.02
0.18
< 0.01
0.42

13.6 ± 4.7
34.7 ± 9.6
24.6 ± 7.8
10.2 ± 4.9
3.4 ± 1.0
71 ± 37

12.2 ± 5.7
22.9 ± 6.4
15.2 ± 5.2
9.6 ± 3.1
4.5 ± 1.4
64.8 ± 11.1

p
0.44
0.01
< 0.01
0.17
< 0.01
< 0.01

CO, cardiac output; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; LVEDD, left ventricular end-diastolic diameter;
PA, pulmonary artery; PCWP, pulmonary capillary wedge pressure; RA, right atrial; TPG, transpulmonary gradient.

smaller ventricular dimensions before implantation, these
patients show a marked improvement in their hemodynamic
parameters after implantation of LVAD with similar mediumterm outcomes in patients with DCM.
Most LVAD trials in the literature have reported outcomes
in patients with DCM,5,8 however, there is little experience
with LVADs in patients with HCM. Indeed, a recent review
lists HCM as one of the contraindications to LVAD implantation, and many centers exclude LVADs in patients with
HCM.6 Because the medical management of this cohort of
patients with end-stage disease is as challenging as patients
with DCM, precluding LVADs from patients with HCM may
increase their mortality whilst on the waiting list for heart
transplantation.
One study to date by Topilsky et al.7 compared the
outcomes in 8 patients with restrictive cardiomyopathy (n =
4) and HCM (n = 4) from a cohort of 75 patients implanted
with HeartMate II axial-flow cfLVAD. They concluded that
LVAD therapy may improve outcomes in patients with
end-stage restrictive or HCM with survival compared with
patients with LVAD with ischemic DCM.7 Out of the four
HCM patients in that cohort, two also underwent a limited
myomectomy to increase LV chamber size at the time of
the LVAD implant. Although myomectomies were not
performed in any of the three HCM patients in our study
despite the smaller LV cavity, two of the three patients did
not have any hemodynamically significant suction events
on review of the device alarms. One patient experienced
inlet obstruction, but had not had suction events in the 5

Figure 5. Apical ring of HeartWare HVAD.

months before. Whether the lower myocardial compliance
associated with HCM contributed to the lower than expected
suction events is unknown.
All three HCM patients with the centrifugal cfLVAD were
implanted with the Heartware HVAD. The pump housing of
this device sits inside the pericardial sac of the LV in contrast to axial-flow pumps where the pump is typically placed
in an abdominal pocket.9 To date, one of the three patients
with HCM has been successfully been bridged to cardiac
transplant (duration of support: 708 days). One patient is still
being supported with the centrifugal cfLVAD (duration of support: 744 days). One patient died 161 days (> 3 months) after
LVAD implant as a result of intraventricular clot with inlet
obstruction. This patient had presented with symptoms of a
posterior circulation transient ischemic attack a week before.
Her antiplatelet therapy was modified to include dipyridamole in addition to aspirin and warfarin. She represented with
low pump flows soon after discharge in cardiogenic shock.

Figure 6. Intrapericardial implantation of HeartWare HVAD.
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in baseline pulmonary pressures in HCM patients, normalization with hemodynamic unloading may be expected to a similar extent as for DCM patients.
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Figure 7. Parasternal long-axis echocardiographic view of HeartWare HVAD in a patient with hypertrophic cardiomyopathy.

Postmortem findings were suggestive of pump inlet obstruction with thrombus.
Conclusion
We conclude that patients with HCM can benefit from centrifugal cfLVAD therapy in the short to medium term and that
these patients should not be excluded from consideration of
mechanical circulatory support. Despite significant elevation
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Background: Continuous flow left ventricular assist devices (cfLVADs) are used in clinical practice for
the management of end-stage heart failure. Axial flow cfLVADS have been associated with increased
rates of adverse gastrointestinal events such as bleeding angiodysplasia. The purpose of this study
was to determine the incidence of bleeding gastrointestinal tract angiodysplasia and the profile of
patients supported with the centrifugal cfLVAD, referred for endoscopy.
Methods: A retrospective analysis of 66 patients implanted with Ventrassist (n = 33) and Heartware
(n = 33) centrifugal continuous flow LVADs was performed. All patients were on warfarin, aspirin and/
or clopidogrel. Endoscopy was performed in all patients with either active gastrointestinal bleeding
(n = 6) or anemia with positive fecal occult blood (n = 6).
Results: Bleeding gastrointestinal angiodysplasia was demonstrated in 5 out of the 12 (41.6%) patients who underwent endoscopy from the cohort of 66 cfLVAD supported patients (7.6%). The incidence of bleeding angiodysplasia was higher than the age-standardized rate of andiodysplasia from
literature (0.8%). Active gastrointestinal bleeding in one other patient was due to diverticulosis. The
five patients with bleeding angiodysplasia tended to be older than the remaining 61 patients (58.8 ±
10.3 vs 49.6 ± 15.7 years, p = 0.2).
Conclusions: We found excess bleeding angiodysplasia in patients on centrifugal cfLVAD support. It
may be appropriate to screen for angiodysplasia particularly in older patients prior to support by centrifugal cf LVADs. Reasons for the higher rate of bleeding angiodysplasia in cfLVAD patients warrant
further study.
Keywords: Ventricular assist devices, Angiodysplasia, Gastrointestinal Bleeding, Incidence
Accepted: March 18, 2013

INTRODUCTION
Mechanical support systems in use today for the management of end-stage cardiomyopathy were developed
more than 35 years ago (1). In the past two decades,
these systems have undergone revolutionary change
from pulsatile systems to axial flow continuous flow systems (2). More recently, centrifugal continuous flow left

ventricular assist devices (cfLVADs) have been trialed in
clinical practice as bridge to cardiac transplantation, bridge to recovery, and as destination therapy (3-4). Centrifugal pumps differ from axial flow pumps as they have
an impeller, magnetically levitated and with no contact
with pump bearings. This continuous flow generated to
support systemic circulation exhibits characteristic mean
flow patterns and altered flow hemodynamics have been
449
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implicated in the pathophysiology for the development of
gastrointestinal angiodysplasias (5). We sought to investigate the incidence of gastrointestinal tract angiodysplasia
and arteriovenous malformations in patients supported
with centrifugal cfLVADS.

METHODS
We reviewed all patients implanted with a centrifugal
cfLVAD at St Vincent’s Hospital between October 2004
and July 2011. This audit was approved by St Vincent’s
and Mater Health Human Research Ethics Committee
(HREC). Patient demographics are shown in Table I. All
patients were on warfarin and anti-platelet therapy with a
target INR range between 2.0 and 3.0. Patients supported with the device referred for endoscopy were identified via the data-base and clinical records. Only those
LVAD patients (9 VentrAssist, 3 HeartWare) with active
gastrointestinal bleeding (n = 6) and/or iron deficiency
anemia (ferritin <30 ug/l) with positive fecal occult blood (Hemoccult blood SENSA, Asquith Diagnostic fecal
occult blood test, n = 6) were investigated with endoscopy. Endoscopy was not performed in the remaining
LVAD patients, who did not have evidence of gastrointestinal bleeding.

RESULTS
Endoscopy was performed in twelve patients, all male
(12/66, 18.6%) (Fig. 1). Six patients (9.1%) were referred for
investigation of gastrointestinal bleeding, and six patients
(9.1%) were referred to investigate iron deficiency anemia or
the presence of fecal occult blood. The mean age of those
referred for endoscopy was 59.8 years, on average 231 days
post pump implant. Bleeding gastrointestinal angiodysplasia was seen in 5 out of 12 patients who underwent endoscopy (41.7%). There was no significant difference in age
(59.4 ± 10.3 v 61.1 ± 12 years) or duration of support at
the time of scope (8.0 ± 8.9 v 5.0 ± 4.0 months) between
those with bleeding angiodysplasia (n = 5) and those without active bleeding (n = 7) on endoscopy. All patients with
angiodysplasia had endoscopy performed for active bleeding. Four patients had gastric antral vascular ectasia
(GAVE); one patient had colonic angiodysplasia and required placement of coils to stop hemorrhage. Table II characterizes the type of arteriovenous malformation found
on endoscopy and number of bleeding events in patients
with angiodysplasia. Those patients investigated with endoscopy for anemia or fecal occult blood did not demonstrate any apparent bleeding source. Of the patients with
angiodysplasia, only one had evidence of persistent, rightsided, elevated pressures with peripheral edema.

TABLE I - 
DEMOGRAPHIC AND LABORATORY DATA BETWEEN LVAD PATIENTS WITH PROVEN GASTROINTESTINAL
ANGIODYSPLASIA AND ALL OTHER LVAD PATIENTS
LVAD patients with proven
angiodysplasia (n = 5)

All other LVAD patients
(n = 61)

P-value

58.8 ± 10.3

49.6 ± 15.7

P = 0.21

Type of LVAD

Heartware (n = 1)
Ventrasssist (n = 4)

Heartware (n = 32)
Ventrassist (n = 29)

Etiology of HF

Ischemic (n = 2)
DCM (n = 3)
HCM (n = 0)

Ischemic (n = 24)
DCM (n = 36)
HCM (n = 2)

554.4 ± 507.3

363.6 ± 295.3

Mean Hb (g/dl)

11.2 ± 7.0

13.5 ± 9.6

0.81

Mean HCT (%)

33.8 ± 4.3

33.4 ± 7.6

0.91

Mean creatinine (umol/l)

118.8 ± 36.7

124.6 ± 63.4

0.84

Mean bilirubin (mmol/l)

27.8 ± 22.4

42.2 ± 37

0.40

239.6 ± 144.8

192.4 ± 84.7

0.26

2.6 ± 0.66

2.8 ± 0.7

0.53

Mean age (years)

Mean Implant duration (days)

Mean platelet count (× 106/ml)
Mean INR

0.194

LVAD = left ventricular assist device; HF = heart failure; DCM = dilated cardiomyopathy; HCM = hypertrophic cardiomyopathy; Hb = hemoglobin; HCT = hematocrit;
INR = international normalized ratio.
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Fig. 1 - Findings in LVAD patients referred for endoscopy.

DISCUSSION
In this series we describe a greater than expected incidence
of bleeding angiodysplasia, arterio-venous malformations
in the gastrointestinal mucosa, in patients investigated with
endoscopy. We report an incidence of 7.5% in our LVAD
population, with over 70 cumulative patient-pump years of
followup, significantly greater than the age-standardized incidence in a general referral population (6). While there have
been reports of gastrointestinal bleeding in patients implanted with axial flow pumps, this is the first description of
increased bleeding angiodysplasia incidence and arteriovenous malformation in patients with centrifugal flow pumps.
Lanas et al have quoted an incidence of angiodysplasia
of 2 cases/100,000 population patient-years in patients
hospitalized for gastrointestinal bleeding (6). In that cohort
23% of the 66 patients with angiodysplasia were receiving
aspirin or NSAIDs, and 27% were receiving anticoagulant
therapy. Whether patients receiving a combination of both
were more likely to bleed is not available from that study.
It is certainly possible that the lower angiodysplasia rates
in Lanas’ study may have been underestimated due to
less intensive antithrombotic therapy. Similary, Foutch et al
have reported a prevalence of 0.83% for angiodysplasia, in

apparently healthy, asymptomatic patients undergoing surveillance endoscopy for carcinoma with a similar age range
as that in our study (7). There is literature documenting the
increased incidence of gastrointestinal bleeding (with a
proportion attributable to angiodysplasia) in patients supported with axial flow cfLVADS (8-10), however, there have
not been any prior descriptions in patients supported with
centrifugal continuous flow devices.
Several theories attempting to explain the pathophysiology
and pathogenesis of angiodysplasia have been proposed,
one of which is thought to be due to intermittent, recurrent low-grade obstruction and congestion of submucosal
veins at the level of the muscularis propia (11). With time,
this obstruction and congestion may result in dilatation
and tortuosity of the draining areas such as the submucosal vessels, venules and superficial capillaries. Our angiodysplasia patients were exposed to marginally longer
implant duration (554 days vs. 364 days, Tab. I), although
this was not significant given the small numbers. Nonetheless, it is likely that the duration of exposure contributes to
the development of angiodysplastic vessels.
The association of angiodysplasia with aortic stenosis was
first recognized in 1950s (12). It was postulated that the
chronic low output state, vascular congestion of the gastrointestinal mucosa, and decreased blood flow pulsatililty through the stenosed valve also contributed to the
development of angiodysplasia (5). These factors are very
similar to the hemodynamic milieu associated with centrifugal continuous flow LVADs, where the continuous flow
results in low arterial pulsatility, which may contribute to
the development of angiodysplasia.
Previous studies have demonstrated abnormal gastric tonometry related to splanchnic ischemia induced by the use

TABLE II - TYPE OF ARTERIOVENOUS MALFORMATION SEEN ON ENDOSCOPY AND NUMBER OF BLEEDING EVENTS
Age (years)

Time from implant to
endoscopy (months)

Scope Finding

No. of Bleeds

Bleeding per patient
pump-year

56

14

GAVE

1

0.19

64

3

Colonic
Angiodysplasia
GAVE

2

0.66

69

21

GAVE

1

1.89

65

1

Colonic
Angiodysplasia

2

1.81

43

1.4

GAVE

1

4.76

GAVE = gastric antral vascular ectasia.
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of vasoconstrictors such as noredrenaline in the immediate
post-operative period (13-14). This ischemia may be further
aggravated by increased venous congestion in the setting
of right heart failure, as is seen in up to 30% of cfLVAD
patients early post-operatively (15-19). In our series, there
were no differences in age-matched patients (5 patients
with angiodysplasia, 5 patients with no angiodysplasia) in
terms of early post-operative inotropic requirements.
In 1999, Junquera et al sought to investigate whether angiogenesis contributes to the pathogenesis of human colonic angiodysplasia, by examining the expression of basic
fibroblast growth factor (bFGF) and vascular endothelial
growth factor (VEGF), and its endothelial cell receptors flt-1
and KDR (20). They detected a strong immunoreactivity for
vascular endothelial growth factor in the endothelial lining of
blood vessels of all sizes in 89% of specimens of colonic angiodysplasia. In contrast, very limited immunoreactivity was
found in normal colon. Vascular staining for flt-1 was observed in 44% of the colonic angiodysplasia but not in normal
colon. Vascular immunoreactivity for basic fibroblast growth
factor was observed in 39% of specimens from patients
with colonic angiodysplasia, whereas either very limited or
no immunostaining was found in normal mucosal margins.
The authors thus concluded that the increased expression
of angiogenic factors was involved in the pathogenesis of
angiodysplasias (20). In 2004, Hall et al performed a statistical analysis of a gene expression library and identified genes
that were upregulated after mechanical unloading following
LVAD support. The analysis revealed a high percentage of
genes involved in the regulation of vascular networks including neuropilin-1 (a VEGF receptor), FGF9, Sprouty1, stromal-derived factor 1, and endomucin (21). This upregulation
of genes involved in vascular signaling may also contribute
to the development of a higher incidence of angiodysplasia
in patients on LVAD support seen in our study and others
(10, 22), and warrants further investigation. Whether the loss
of pulsatility is one of the driving forces for these gene regulation changes is unknown at present.
A secondary observation from our study was the high rate
of active bleeding and anemia in our cohort of centrifugal
cfLVAD-supported patients (12 out of 66 patients, 18.3%),
all of whom were on anticoagulation with warfarin, aspirin as
well as typically clopidogrel. Lamberts et al recently reviewed
rates of fatal and non-fatal gastrointestinal bleeding after initiation of combination antithrombotic plus antiplatelet therapy in patients following myocardial infarction and report a
crude incidence rate of 22 events per 100 patient-years soon
452

after commencing “triple therapy,” and decreasing to approximately 10 events per 100 patient-years out to one year (23).
Equivalent rates in our cohort would be 12 patients with active bleeding or anemia in cumulative 68 patient-pump years,
equivalent to 17.6 patients per 100 patient pump-years. Direct comparison is complicated by the significant differences
in age between the two cohorts (50.3 years in the current
study compared to approximately 75 years in Lamberts’
study). The relatively high rate of bleeding in our cohort
may be further attributable to the loss of the high molecular weight von-Willebrand multimer due to pump-associated
sheer stress as has been reported in cfLVAD-supported patients (24-26). Stern et al have demonstrated an increased incidence of gastrointestinal bleeding with an axial continuous
flow LVAD (Heartmate II) (27). More recently, Demirozu et al
found that 10 out of 32 patients with the axial flow Heartmate
II device scoped for gastrointestinal bleeding had gastrointestinal arteriovenous malformations (10).
Crow et al have compared actual gastrointestinal bleeding
rates among non-pulsatile and pulsatile LVAD recipients
(28). The non-pulsatile (HeartMate II axial continuous flow
LVAD) recipients had a bleeding event rate of 63 per 100
patient-years compared with a rate of only 6.8 per 100
patient-years in pulsatile (HeartMate XVE) recipients (28).
The bleeding rates were thought to be greater than rates that may be expected from the use of anticoagulation
alone (28). One major difference seen between the two
types of devices is the infrequent opening of the aortic valve in the non-pulsatile continuous flow cohort. Diminished
pulse pressure physiology/abnormal arterial pulse wave
may cause distension of the submucosal plexus and thus
contribute to the higher rates of angiodysplasia in patients
on a cfLVAD. It is interesting therefore that the current
bleeding rates that we have found (6/66, 9%) are closer
to that of the pulsatile pump, than the recent report with
HeartMate II (10).

Limitations
The current study is limited by a relatively small number
of LVAD implants. Endoscopy was only performed in patients with active/suspected GI bleeding, hence the exact
incidence of angiodysplasia in patients supported with centrifugal cfLVAD remains unknown, which implies the actual
rates may even be higher than we report here. While the
Ventrassist pump device is less seen in contemporary clinical practice, it has very similar physiology to the HeartWare
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centrifugal flow pump. Nonetheless, this remains one of the
largest series incorporating endoscopic findings in centrifugal continuous flow centrifugal LVADs.
In conclusion, we have observed an increased incidence
of angiodysplasia in patients with centrifugal continuous
flow LVADs and postulate that conditions for the development of angiodysplasia in this cohort are somewhat
similar to those seen in patients with aortic stenosis. The
association of hemodynamic factors, promotion of angiogenesis and upregulation of angiogenic signaling post
LVAD warrant further prospective investigation. With increasing older destination LVAD patients, it is likely that
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Thrombolysis for Suspected Intrapump
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Assist Device
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Abstract: The current recommended anticoagulation
regimen during continuous flow centrifugal left ventricular
device support is a combination of antiplatelet therapy as
well as oral anticoagulation. Despite this, pump thrombosis
occurs in rare situations. We report the risk factors and
nonsurgical management and outcomes of five patients
implanted with continuous flow centrifugal left ventricular
assist devices who displayed clinical, hemodynamic, and
laboratory features of intrapump thrombosis. This information may support the use of intravenous thrombolytics
for suspected pump thrombus in these newer generation devices. Key Words: Ventricular assist devices—
Thrombosis—Thrombolysis—Outcomes.

Left ventricular assist devices (LVADs) are used in
patients with end-stage heart failure as a bridge to
cardiac transplantation, as destination therapy, or
more recently as bridge to decision or bridge to
recovery (1–3). The complex interaction between the
pump surface and blood mandates the use of antiplatelet and anticoagulation to reduce the risk of
thromboembolic complications.
HeartMate XVE, a first generation pulsatile
device, was often managed with antiplatelet therapy
alone due to its textured surface and biological
valves. Newer generation continuous flow (cf)
devices have decreased intrapump clearances and
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require a combination of oral vitamin K antagonists
and specific antiplatelet therapy. Despite this intensity of antithrombotic therapy, there have been multiple documented cases of pump thrombus in axial
flow LVADs (4–7), as well as in centrifugal cf-LVADs
(8–10). We report the risk factors and outcomes of a
series of five patients out of our total of 51 consecutive patients implanted with the centrifugal HeartWare LVAD treated with intravascular thrombolysis.
Clinical and electronic records were reviewed for
medical history, patient demographics, laboratory,
pump, and echocardiographic details. Where available, continuous pump data recordings were analyzed for flow and power characteristics during
documented pump thrombosis and postintervention.
Patient characteristics and laboratory values for the
five cases are shown in Table 1. Of the five patients
with pump thrombosis/suspected pump thrombosis,
three patients were successfully bridged to cardiac
transplantation with ongoing full pump support after
thrombolysis. No patient underwent pump exchange.
RISK FACTORS FOR PUMP THROMBOSIS
In our unit, standard postoperative therapy for
LVAD therapy involves dual antiplatelet therapy
with aspirin (100 mg) and clopidogrel (75 mg), as well
as oral anticoagulation with warfarin (target international normalized ratio [INR]: 2–3). There was at
least one recognized risk factor for pump thrombosis
in four of the five cases. There were dual underlying
risk factors for thrombosis in three patients (Table 2).
Pump thrombosis occurred prior to achieving therapeutic anticoagulation in one patient (patient #1) and
in two patients in whom usual anticoagulation protocol had been interrupted due to semi-urgent gynecological surgery (patient #3) and aspirin withdrawal
(patient #4) due to gastric ulceration. Concomitant
Gram-negative urinary tract infection was documented at the time of suspected thrombosis in the
same two patients. Pump thrombosis occurred
despite supratherapeutic INR in two patients (#2
and #4). In patient #4, this was a reflection of acute
hepatic failure secondary to hypoperfusion. The INR
on the day preceding the event was therapeutic at 2.8.
Patient #5 was switched from clopidogrel to prasugrel
for presumed clopidogrel resistance after initial
presentation with hemolysis but continued to have
Artificial Organs 2013, ••(••):••–••
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TABLE 1. Baseline characteristics and laboratory values at the time of pump thrombosis/suspected pump thrombus

Age (years)
Gender
Etiology of CM
Implant—first thrombosis (days)
No. of thrombosis/suspected
thrombosis
Antiplatelet therapy
Anticoagulation
Laboratory results
Hb (g/dL)
Platelet count (109/L)
WCC (109/L)
INR
APTT
LDH
Plasma-free Hb (mg/dL)

Patient #1

Patient #2

Patient #3

Patient #4

Patient #5

Mean ⫾ SD

40
M
Isch DCM
5
2

40
M
IDCM
28
4

54
F
IDCM
160
1

53
F
HCM
176
1

58
M
Isch DCM
541
5

49 ⫾ 8.4
—
—
160 (median)
—

ASA (ceased
day prior)
Heparin

ASA, clopid

ASA, clopid

ASA, clopid

—

Warfarin

Heparin

ASA, clopid,
dipyridamole
Warfarin

Warfarin

—

98
189
19.0
1.8
45
6050
180

102
273
7.4
3.9
51
3630
28

99
232
11.2
1.6
40
2560
6

135
291
22.0
3.8
53
N/A
179

113
134
6.8
2.5
27
5345
326

109 ⫾ 16
224 ⫾ 64
13.8 ⫾ 7.8
2.7 ⫾ 1.1
43.2 ⫾ 10.4
4396 ⫾ 1591
122 ⫾ 129

APTT, activated partial thromoplastin time; ASA, aspirin; clopid, clopidogrel; CM, cardiomyopathy; F, female; Hb, hemoglobin; HCM,
hypertrophic cardiomyopathy; IDCM, idiopathic dilated cardiomyopathy; Isch DCM, ischemic dilated cardiomyopathy; LDH, lactate
dehydrogenase; M, male; N/A, not applicable; SD, standard deviation; WCC, white cell count.

further episodes of suspected pump thrombosis. No
underlying cause was demonstrated, and prothrombotic screen was negative.
It was recognized early in the CE Mark International HeartWare trial that a manufacturing irregularity resulted in an area of reduced flow (D. Tamez,
personal communication, Clinical Research Director,
HeartWare, Inc., Framingham, MA, USA), and two
of the patients (patients #1 and #2) in the current
series were thought to be affected. Pump exchange
was not required and both were subsequently successfully transplanted. The manufacturing defect was
corrected and the trial completed successfully (11).
From May 2011, the HeartWare inflow cannula is
supplied with sintering below the tip, thought to
improve tissue adhesion and limit excessive thrombosis at the cardiac apex. We have not documented
any further episodes of thrombosis after this manufacturing modification.

IMAGING STUDIES
Although transthoracic echocardiography was
negative for definite presence of thrombus in all five
patients, it should be noted that the acoustic shadowing from the inflow cannula prevents the complete
exclusion of intracavity thrombosis. The aortic valve
was closed at rest in all patients on transthoracic
echocardiography. Clinical diagnosis of pump thrombosis was made on the basis of evidence of hemolysis
(elevated lactate dehydrogenase and plasma-free
hemoglobin) in association with an otherwise unexplained change in pump power from patient baseline
at constant pump speed.
Table 3 shows the change in pump flow parameters
and outcomes in each of the cases. Continuous data
recordings were available for serial time points from
diagnosis of pump thrombosis to initiation of tissue
plasminogen activator (tPA) for patients #4 and

TABLE 2. Individual patient risk factors for pump thrombosis and thrombolytic treatment given
Patient
1
2

Suspected triggers for pump thrombosis
Prior to therapeutic anticoagulation
Manufacturing defect
Manufacturing defect

3

Withdrawal anticoagulation and antiplatelet therapy for laparotomy
Klebsiella pnemoniae UTI

4

Withdrawal aspirin due to gastric ulcer
Escherichia coli UTI
Unknown

5

Type and dose of IV antithrombolytic
IV tirofiban; nil thrombolytics
Alteplase (3 ¥ 15 mg) IV
Tenecteplase 15 mg IV
Tenecteplase 25 mg IV
Tenecteplase (2 ¥ 12.5 mg) IV
Tenecteplase 25 mg IV
Alteplase 50 mg IV
Alteplase 15 mg IV
Alteplase (2 ¥ 10 mg) IV

UTI, urinary tract infection.
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TABLE 3. Pump data and outcomes

Baseline
Flow (L/min)*
Power (W)
Speed (rpm)
Preintervention
Flow (L/min)
Power (W)
Speed (rpm)
Intervention
Postintervention
Flow (L/min)
Power (W)
Speed (rpm)
Echothrombus
Outcome

Patient #1

Patient #2

Patient #3

Patient #4

Patient #5

5.8
4.0
2600

6.7
5.4
2400

7.5
2.8
2200

3.80
4.81
2600

4.79
4.85
2600

9.5
12
2700
IV tirofiban

10
7
2400
Thrombolysis

10
4.5
2400
Thrombolysis

2.25
4.58
2600
Thrombolysis

12
5.13
2600
Thrombolysis

6.1
4.4
2700
Nil
CTX 188 days

6.4
5.4
2400
Nil
CTX 143 days

6.5
3.8
2400
Nil
Death

0.75
3.96
2400
Yes (TOE)
Death

4.3
4.78
2600
Nil
CTX 8 days

* Estimated pump flow derived from pump power.
CTX, cardiac transplant; TOE, transesophageal echo; W, watts.

#5. Figure 1 illustrates the changes in power in patient
#5 (at diagnosis and post-thrombolysis) and Fig. 2 is a
snapshot of flow, power, and speed with episodes of
pump thrombosis in this patient.The type and dose of
intravenous therapy used in each patient are shown
in Table 2.
DETAILED CASE HISTORIES
Patient #1 developed classical macroscopic hemoglobinuria on the fifth postoperative day prior to
achieving therapeutic anticoagulation with either
heparin or warfarin. The plasma-free hemoglobin
was markedly elevated at this time point and there
was an otherwise unexplained increase in pump flow
and power requirements. He was treated with
tirofiban but developed a massive left hemothorax
requiring emergency surgical drainage. Subsequent
recovery was successful, apart from intermittent
epistaxis, and the patient was transplanted 6 months
later.
Patient #2 developed hemoglobinuria and elevated
pump flows, at 1 month postimplant. He went on to
have recurrent episodes of hemoglobinuria despite
adequate anticoagulation and antiplatelet therapy.
The dose of clopidogrel was doubled to 75 mg bd, and
he was treated with bolus thrombolytic therapy on
four occasions and was successfully transplanted at
4 months post-LVAD implant. This patient also
required recurrent nasal packing for epistaxis on the
increased antiplatelet therapy.
Patient #3 died with multiorgan failure. The patient
had come off oral anticoagulation in preparation for
resection of an 11-cm suspected ovarian carcinoma
associated with markedly elevated Ca-125 (117 kU/
L). Despite initially progressing well postlaparotomy,

the patient had difficulties with fluid balance and
developed recurrent ventricular arrhythmias. A subsequent hypotensive episode in association with the
ventricular arrhythmias necessitated intensive care
unit admission. Progressive increase in pump power
requirements and flows were noted, despite being
commenced on postoperative heparin therapy.
Thrombolysis was administered on two occasions
with acute reduction in pump power requirements,
but the patient died within the following 24 h. Urine
cultures from the time of ICU admission grew Klebsiella pneumoniae.
In Patient #4, hemodynamic changes of pump
occlusion were evident following a coughing fit/
valsalva. The patient presented to the emergency
department and reported a sudden decrease in pump
flow immediately following the coughing fit with flow
readings of 2.24 L/min from a baseline flow of 3.8 L/
min, contrary to the other patients where there was
an increase in pump-estimated flows due to increased
power consumption (Fig. 3). Over the next 12 h, the
patient developed cardiogenic shock necessitating
emergent placement on femoral veno-arterial extracorporeal membrane oxygenation (ECMO) support
allowing further therapy and a bridge to decision.
Obstructive thrombus was suspected due to the
abnormal pump sound and sudden onset low-flow
data. The patient received intravenous tPA (recombinant tPA, 15-mg alteplase) repeated three times
within 60 min and an additional dose of 15-mg
alteplase with improvement in pump sound and
decrease in pump power requirements. Pump flow
remained low due to concomitant ECMO support
(Fig. 3). This patient died 2 days later with multisystem organ failure. Prior to thrombolysis, a thrombus
was clearly visualized within the inflow cannula of the
Artif Organs, Vol. ••, No. ••, 2013
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FIG. 1. Blood biomarker profile and left ventricular assist device flow/power traces of
patient #5. Hb, hemoglobin; LDH, lactate
dehydrogenase.

LVAD on transesophageal echocardiography and
demonstrated on postmortem examination of the
pump (Fig. 4). At the time of diagnosis, the patient
had an elevated white cell count (WCC) of 22.0 and
subsequent urine cultures were positive for Escherichia coli.
Patient #5 had two prior documented episodes
of hemolysis as characterized by elevated blood
hemolysis biomarkers in the year following device
implantation (Fig. 2a, August 2010 and March 2011).
He subsequently displayed additional changes in
pump hemodynamic parameters (Fig. 2b, July 2011).
In the latter episode of pump thrombosis, he was

treated initially with intravenous heparin, but pump
flow and power were slightly improved by tirofiban
and only normalized after intravenous tPA (Fig. 1).
Normalization in blood biomarkers followed thereafter (Fig. 2b) and he went on to have a successful
cardiac transplantation 8 days later.
DISCUSSION
In this case series, pump thrombosis was recognized by the association of characteristic changes in
pump function parameters in concert with changes of
hemolysis on blood film. We have shown that patients
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FIG. 2. Changes in estimated pump power (W) and estimated
pump flow (L/min) through each interventional time point for
patient #5. It can be seen that pump flow estimate is significantly
elevated in the setting of clinically suspected thrombosis, as well
as a slight increase in pump power requirements. Tirofiban
decreases pump flow initially (30 min), but at 20 h, pump flows
have returned to above preset maximum flow rate (>12 L/min).
Pump flows and power requirements returned to normal levels
post-thrombolysis. Note that values for pump flow are an estimate
derived from pump power calculations, which is increased in the
setting of pump thrombosis.

may be able to be managed without pump replacement using bolus intravenous thrombolytic therapy
via a peripheral cannula. Treatment with thrombolysis resulted in correction of elevated pump flows and
power requirements and normalization of blood
biomarkers.
Four recent series have documented pump
replacement for LVAD thrombosis (10,12–14). In
the Heartmate-II clinical trial (an axial cf-LVAD),
pump thrombus managed with device replacement
occurred in 1.4% of patients equating to an event
rate of 2.2 per 100 patient-years of support (12). In
the recent US ADVANCE HeartWare clinical trial,

FIG. 3. Changes in pump flow from baseline, preintervention,
and postintervention. Whereas patients #1, #2, #3, and #5 were
thought to have intrapump thrombosis, patient #4 was shown to
have inlet obstruction, explaining the low-flow state. The postintervention low pump flow was in the context of veno-arterial extracorporeal membrane oxygenation hemodynamic support.

FIG. 4. Clot in the inflow cannula discovered on device explantation from patient #4.

pump replacement for pump thrombosis occurred
with an event rate of 3 per 100 patient-year (15).
Initial subanalysis of the ADVANCE data suggested
that those with lower INR and lower doses of aspirin
were more likely to suffer pump thrombosis (16). In
the Bad Oeynhausen HeartWare series, four out of
six pump thromboses were treated with pump
replacement (10). In that series, thrombolysis was
successful in only one out of two patients who
received it. One difference may be the duration of
thrombosis and later recognition. In both of those
patients, pump power requirements had increased to
19 and 13 W, respectively, compared with 4.5–12 W
in this series. None of the current patients were
hemodynamically compromised, in contrast to those
reported by Aissaoui et al.
Administration of intravenous thrombolytic
therapy following administration of either intravenous heparin or intravenous GpIIb/IIIa inhibitors led
to successful dissolution of thrombus in all patients.
While some investigators have suggested intracavity
ventricular thrombolysis, we have shown that intravenous therapy via a peripheral cannula is sufficient
to acutely improve pump function (4,8). Whereas
intraventricular thrombolysis requires expertise of
the cardiac catheterization laboratory (4), the peripheral administration of tPA can be performed safely,
with lesser delay in a high dependency unit. None of
the patients treated with tPA suffered cerebral hemorrhage or systemic bleeding in the current series.
Patient #1 treated with intravenous tirofiban suffered
hemothorax requiring surgical drainage related to
the early postoperative state (day 5). Pump exchange,
which has been the management in some of the other
reports (10,12–14), can be associated with high morbidity and mortality (12).
Artif Organs, Vol. ••, No. ••, 2013
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Historical risk factors that predispose for thrombus formation in cf devices include subtherapeutic
INR, atrial fibrillation, bacteremia, or other defined
hypercoagulable state (8). Combinations of these
factors were present in four of the five patients mandating the importance of aggressive screening and
timely management of these factors. Elevated WCC
was present in three of the five patients, two of whom
had positive microbiological cultures. Infection may
predispose to a hypercoagulable state and exploring
the role for increasing anticoagulation during episodes of sepsis may be beneficial in reducing the risk
of clot formation (17–20).
CONCLUSION
We have shown that clinically significant pump
thrombosis occurs in centrifugal cf-LVADs but can
usually be successfully treated with intravenous
therapy. Interruption of anticoagulation, inadequate
antiplatelet therapy, and sepsis need to be considered
as potential underlying etiology in suspected thrombosis. Awareness and prevention of these identifiable
risk factors may reduce the occurrence of pumpthrombus formation. Consideration of increased
antithrombotic therapy (e.g., short-term intravenous
heparin) could be considered in the setting of systemic sepsis. Clear differences exist in pump data for
intrapump thrombosis compared with inlet obstruction. Pump exchange can be avoided with repetitive
thrombolysis in some patients.
Acknowledgments: We acknowledge Drs. A.
Jackson and B. Manasiev, Department of Anaesthesiology, St. Vincent’s Hospital Sydney, for assistance
with transesophageal echocardiography and imaging.
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Background: Bleeding and thromboembolic events are identified complications in patients
supported with newer cfLVADs. Bleeding events have been associated with acquired von
Willebrand syndrome (vWS) in these patients, though longitudinal changes and the impact of
pulsatility remain unquantified. We evaluated longitudinal effects of third generation
centrifugal flow left ventricular assist devices (cfLVADs) on haemostatic biomarkers as well as
non-surgical bleeding and thromboembolic events. We investigated the association between
pulsatility (as defined by aortic valve opening) on von Willebrand Factor (VWF) profile and
bleeding.
Methods: We prospectively studied 28 patients implanted with HeartWare (Framingham, MA)
cfLVAD for up to 360 days (D360). We performed bleeding and coagulation assays at eight time
points from pre-implant to D360 post-implant, including: platelet aggregometry; VWF collagen
binding activity to antigen ratio (CBA:Ag); thromboelastography; soluble P-selectin; plateletspecific marker soluble glycoprotein VI (sGPVI); platelet microparticles. Aortic valve opening
was assessed by echocardiography at each time point. Bleeding and thromboembolic events
were documented.
Results: Fourteen patients (50%) had bleeding events. Maximal platelet inhibition occurred by
D30. VWF profile impairment (VWF CBA:Ag <0.8) was demonstrated in 89% of patients at D30,
with subsequent recovery but further deterioration after D180. Bleeding associated with
elevated pre-implant sGPVI (p=0.008). Pulsatility associated with higher VWF CBA:Ag (p=0.02)
and a trend to less bleeding.
Conclusion: Third generation cfLVADs associate with longitudinal changes in haemostasis.
Pulsatility may contribute to recovery of VWF profile, and potentially lower bleeding risk.
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Introduction
The growth of left ventricular assist device (LVAD) use in the management of patients with
refractory heart failure is partly due to the availability of smaller, durable centrifugal flow left
ventricular assist devices (cfLVADs) 1. One year survival / transplant rates are up to 90.7% in
cfLVAD patients2. Despite these advances, morbidity related to these newer generation pumps
remains an issue; bleeding and thromboembolic events contribute significantly 2, 3.
Centrifugal flow pumps such as the HeartWare (Framingham, MA) are magnetically levitated
with hydrodynamic thrust bearings. A thin film of blood between the impeller and pump
housing creates a wearless durable system4. However, shear stress exists and disrupts the
haemostatic milieu4. It is known that shear stress predisposes development of acquired von
Willebrand syndrome (vWS): unfolding of the von Villebrand Factor (VWF) multimer and
enzymatic destruction by ADAMST13 (a disintegrin and metalloproteinase with a
thrombospondin type 1 motif, member 13) 5. Acquired vWS and loss of pulsatility contributes
to gastrointestinal bleeding seen in LVAD patients6, 7. However, to our knowledge, there has
been no parallel longitudinal study of VWF profiles and pulsatility in cfLVAD-supported
patients.
Plasma platelet and cell microparticle levels may be used to predict thrombotic events due to
enhanced procoagulant potential 8. Additionally, platelet adhesion signalling receptor
glycoprotein VI (sGPVI) levels increase with pathological shear9. Shear stress triggers a
metalloproteinase-mediated release of sGPVI that is not abrogated by anti-platelet
therapeutics9, 10 . This marker of shear stress has not previously been investigated in LVAD
patients.
This study aims to establish the longitudinal impact of third generation cfLVAD therapy on
haemostasis and determine correlates with bleeding and thromboembolic events. Whilst
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acquired vWS and bleeding have been associated with Heartware cfLVADs; the effect of
pulsatility and the longitudinal change in vWF levels is unknown. This may have implications
for antiplatelet and anticoagulation therapeutics.

Methods
Consecutive patients were enrolled from the Cardiac Transplant Unit at St. Vincent’s Hospital
(Sydney) between January 2011 and August 2012; 28 patients implanted with the Heartware
cfLVAD were studied longitudinally for up to 360 days (D360).
Serial patient evaluations (blood sampling, echocardiography) were carried out at pre-implant
(D0) and at D7, D30, D90, D180, D360 or until cardiac transplant or death (if earlier).
The study was approved by the St.Vincent’s and Mater Health Human Research Ethics
Committee; informed consent was obtained from all eligible patients.

Laboratory Tests
Detailed methodology is provided as Supplementary Material.

Echocardiography
Serial 2-dimensional transthoracic echocardiography (Phillips iE33) determined aortic valve
opening status from the parasternal long-axis view.

Antiplatelet therapy and Anticoagulation
Dual antiplatelet therapy with aspirin and clopidogrel followed device implantation.
Anticoagulation with warfarin followed heparin bridging with a target International Normalized
Ratio (INR) between 2.0-3.0.
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Adverse event monitoring
Adverse events were defined as per 2013 Interagency Registry for Mechanically Assisted
Circulatory Support (INTERMACS) definitions: arterial, venous and pump thrombosis
constituted thromboembolic episodes; bleeding was suspected internal or external bleeding
resulting in death, re-operation, hospitalisation or transfusion of red blood cells. All potential
gastrointestinal bleeding events were evaluated with endoscopy (gastroscopy and/or
colonoscopy) and/or mesenteric angiography; gastrointestinal bleeding source was noted
following investigations.

Statistical Analysis
Data are expressed as mean ± standard deviation (unless specified). Statistical analysis was
performed using STATA (Version 12; StataCorp LP, College Station, TX) and R 2.14.1 software
(The R Project for Statistical Computing, www.r-project.org). Longitudinal data were analysed
using linear regression with robust errors; corrected for age, sex and biventricular assist device
(BiVAD). Categorical data were analysed using Fisher’s exact test. Cumulative survival free
from non-surgical bleeding based on aortic valve status was estimated using Kaplan-Meier
survival analysis. p<0.05 indicate statistical significance.

Results

Patient Characteristics
Characteristics of the 28 patients are shown in Table 1. The study cohort demonstrated male
preponderance (n=25/28; 89%) and mean age 48±14 years. Four patients had biventricular
support with the HeartWare cfLVAD placed in both left and right ventricles (BiVAD). At
implant, INTERMACS categories were: category 1, n=8; category 2, n=18; category 3, n=2.
Sixteen patients (57%) were implanted from temporary mechanical support: intra-aortic
69

balloon pump (IABP) alone (n=9); IABP followed by veno-arterial extracorporeal membrane
oxygenation support (VA-ECMO) (n=6); VA-ECMO alone (n=1). Aetiology of cardiomyopathy
requiring support was: dilated cardiomyopathy (n=14); ischaemic cardiomyopathy (n=11); and
hypertrophic cardiomyopathy (n=3). All except one patient was implanted as bridge to cardiac
transplant.
Post-operatively, 9 patients required veno-pulmonary arterial (VPA) ECMO for an average of
8.5 days. Nine patients underwent cardiac transplantation and 6 patients died within the
follow-up period of 360 days.

Blood product requirements
Twenty seven patients received transfusions of one or more blood products including red cells,
platelets, cryoprecipitate, fresh frozen plasma, albumin and prothrombin complex
concentrates (Prothrombinex®-VF) during implant surgery. Median transfusion requirement
was 14.5 units of packed cells, 3.5 units of platelets and 9 units of fresh frozen plasma. The
majority of blood products were required before D7, with a median of only 0.5 units of packed
cells per subject from D30 (Supplementary Table 1).

Bleeding and thromboembolic events
Fourteen patients experienced 22 episodes of non-surgical bleeding (Figure 1), occurring at an
average of 74 days post-device implant. Gastrointestinal bleeding was most prevalent,
comprising 55% (12 events in 9 patients), and occurring at an average of 50.5 days. Endoscopy
confirmed: arteriovenous malformations (n=5); erosive gastritis/duodenitis (n=2); colonic
polyps (n=2); unknown (n=1). Intracranial haemorrhage (ICH) in 3 patients accounted for 4
bleeding events (18% of bleeds) and occurred late (earliest 139 days, average 223 days); 2 ICH
were fatal. Other bleeding events included haematuria (n=3), epistaxis requiring blood
transfusion (n=1), arterial bleed requiring transfusion (n=1) and haemoptysis (n=1). The latest
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non-ICH bleed occurred at day 112. There were 8 thromboembolic events in 6 patients: 4
pump thromboses at an average of 262 days and 1 patient having 3 events; peripheral
thrombus/haematoma (n=2); left ventricular thrombus (n=1), and an embolic cerebrovascular
event (n=1).

Figure 1. Percentage of types of bleeding following centrifugal flow left ventricular assist
device (cfLVAD) support.

Laboratory Assays
Laboratory assay results, including measures of platelet function, platelet activation and
coagulation assessments are summarised in Figure 2 and Supplementary Table 2.
Haemoglobin (Hb), haematocrit (Hct), platelet count (plt), INR: Both Hb and Hct dropped
significantly at D1 (p=0.002, 0.001 respectively), with return to baseline by D90 (p=0.46, 0.54
respectively). Maximal reduction in Hb (15.7 g/L, p<0.001) and Hct (0.05 unit, p<0.001) from
baseline occurred at D7. Platelet counts dropped significantly from baseline at D1 (50.4 x
71

109 /L, p=0.014), but rebounded with peak at D30 (131 x 109/L above baseline, p<0.001).
Patients with BiVAD (n=4), had significantly lower baseline platelet counts (125 below those
with LVAD alone; p=0.005). INR results were significantly higher than baseline beyond D30
following introduction of warfarin before D7.
Platelet function studies: Multiplate™ platelet aggregometry testing revealed significant mean
platelet inhibition from baseline following stimulation with at least one of five agonists (testing
the effect of aspirin, clopidogrel, VWF function) from D1 to D180. Moreover, significant mean
platelet inhibition occurred at D7 or D30 for all agonists; longitudinal profile for aspirin,
clopidogrel and impaired VWF function were similar.
von Willebrand factor studies: The fall in VWF CBA:Ag ratio was greatest at D30 (0.45 below
baseline, p<0.001). Ratio subsequently increased until D180 with another significant drop at
D360 (0.28 below baseline, p=0.004). At D30, 89% of patients had ratios below 0.8 (hereafter
referred to as impaired VWF profile). No difference between BiVAD and LVAD patients was
seen.
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Figure 2. Longitudinal procoagulant and prothrombotic assay levels following centrifugal
continuous flow left ventricular assist device support.
INR, International Normalised Ratio; ADP HS, Adenosine Diphosphate High Sensitivi ty (clopidogrel effect); ASPI,
As pi rin (aspirin effect); COL, Col lagen (aspirin effect); Risto, Ristocetin (VWF deficiency i n a ddition to effect of
cl opidogrel a nd aspirin); TRAP, Thrombin Receptor Acti vating Peptide (glycoprotein IIa/IIIb a ntagonist effect); VWF,
von Wi l lebrand Factor; CBA, Col lagen Binding Activi ty; s Pselectin, s oluble P –s electin; Sol GPVI, s oluble glycoprotein
VI; PPL, Pl a sma Procoagulant Phospholipid; TEG, Thromboelastrography; MA, Ma xi mum Amplitude; CI, Coa gulation
Index
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Figure 3. Longitudinal changes in soluble Glycoprotein VI stratified according to bleeding (using
values at temporally closest patient evaluation).

Platelet activation: sGPVI, soluble P-selectin (sP-selectin), platelet microparticles, plasma
procoagulant phospholipids (PPL): sGPVI levels were high at baseline and remained elevated
until D180. Pre-implant VA-ECMO (n=7) portended higher baseline sGPVI levels (87.1±28.7 vs
60.4±29.2 ng/mL, p=0.05). IABP use carried no association with baseline sGPVI (p=0.13).
Significantly higher baseline sGPVI levels were present in those patients who went on to have a
bleeding event than those who remained bleed-free (86±52 vs 52±19ng/mL, p=0.008). This
difference was sustained despite exclusion of those implanted from VA -ECMO (79±31 vs
45±16ng/mL, p=0.01). Additionally, bleeding-events associated with greater sGPVI measured
at the closest patient evaluation time point at D7 (p=0.046), with a similar trend at D30 ( Figure
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3). sP-selectin was lower at D360 compared to baseline (5.3ng/ml, p<0.04), but was unchanged
at earlier time points. Longitudinal mean platelet microparticle levels and PPL activity did not
change significantly from baseline. Platelet microparticle counts were highest at D360.
Coagulation; thromboelastography: Measures of thromboelastography (R time, K, ἀ, MA, CI)
changed significantly from baseline for at least one or more measures from D90 onwards. The
rise in maximum amplitude (MA), denoting clot strength, from baseline was greatest at D90
and D360 (p<0.001 and 0.02 respectively) with BiVAD patients having significantly lower
results (p<0.012). The rise in coagulation index (CI) from baseline was greatest at D90
(p<0.001). Results were not significantly different from baseline at D360.

Haemodynamic outcomes
Effect of VPA-ECMO post LVAD: With the exception of haemoglobin and haematocrit values,
which were significantly higher in those who received VPA-ECMO (p<0.0001 and <0.001
respectively), there was no significant difference in change from baseline in all other
biomarkers at D7 in comparison to those who did not receive VPA-ECMO. Patients with VPAECMO support received more units of red cell transfusions.
Effect of Aortic Valve Opening: Five patients had an open or intermittently open aortic valve
(AV) at D30, with two additional patients with open AV at D180; no patients proceeded from
open AV to closed AV at a subsequent evaluation. Poor acquisition windows precluded AV data
collection in one patient.
Higher VWF CBA:Ag ratio associated with aortic valve opening (p=0.02 by ANOV A). In patients
where the AV was closed at D30, VWF CBA:Ag fell significantly by 0.49±0.1 below baseline
(p<0.0001), whereas in those who had a degree of pulsatile flow through the open or
intermittently open AV, the fall from baseline was non-significant, 0.16±0.2 (p=0.47) (Figure 4).
This pattern persisted to D180, albeit non-significant: patients with closed AV had a
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persistence of low VWF CBA:Ag (0.27±0.19 below baseline, p=0.16); patients with open AV
demonstrated rise in VWF CBA:Ag (0.09±0.3 above baseline, p=0.78).
Patients with AV opening at the closest echocardiographic evaluation trended toward less
bleeding (29%) compared to the closed AV group (71%), p=0.08 (Figure 5). There was a trend
to improved bleed-free survival in patients in whom the AV was open by D360 (p=0.20, Figure
6).

Figure 4. Longitudinal changes in von Willebrand Collagen Binding Activity:Antigen relative to
baseline stratified according to status of aortic valve opening (using values at temporally
closest patient evaluation).
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Figure 5. Percentage of bleeding episodes in patients with open/intermittently open vs closed
aortic valve, p=0.08.
AV;aortic valve
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Figure 6. Survival free from non-surgical bleeding after centrifugal continuous flow ventricular
assist device implantation stratified by aortic valve opening.

Discussion
We describe here longitudinal changes in haemostatic markers with chronic centrifugal flow
LVAD support with the HeartWare device alongside associations with bleeding and thrombotic
outcomes. Most importantly, we have demonstrated the potential utility of pre-implantation
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sGPVI as a marker for non-surgical bleeding risk with these LVADs. Additionally, pulsatility
(marked by aortic valve opening defined by echocardiography) associates with recovery of
VWF profile, and trends toward freedom from bleeds. Despite late episodes of
thromboembolic complications, we did not find evidence of enhanced platelet activation. We
found a high number of bleeding events and significantly lower VWF CBA:Ag ratios postimplant.

Bleeding tendency and pulsatility in preserving VWF profile and reduced bleeding
Over half of our patients experienced one or more episodes of non-surgical bleeding, which is
greater than that seen in other studies of axial or centrifugal pumps2, 11, 12 . Moreover, 57% of
our patients required red cell transfusion beyond D7 post-operatively. We acknowledge our
use of dual antiplatelet agents alongside warfarin; prior studies have variably used
combinations of aspirin and warfarin with 12 and without dypiridamole2, 11. However, platelet
inhibition in our study was only partly explained by aspirin and clopidogrel use, as indicated by
Multiplate aggregometry testing.
Bleeding risk with continuous flow type LVADs exceeds that described with antiplatelet
therapy and anticoagulation use alone 7, 13. Additional risk is contributed to by impairment of
VWF profile 6, 14-16, consistent with our study. We identified maximal platelet inhibition between
D7 and D30: impaired platelet aggregation due to VWF function was implicated by testing with
ristocetin. Similar ristocetin response was described with axial flow devices, with subsequent
normalization following device explantation at heart transplant 17 . This apparent causal
relationship is explained by pump-induced shear stress, with structural and functional changes
in VWF, which results in acquired vWS and predisposition to bleeding. Small series of patients
with axial flow LVADs have reported acquired vWS with clinical bleeding events 6, 14, 18. Our
study is the largest to date to characterise contributors to this syndrome longitudinally in
patients supported with the Heartware centrifugal flow device.
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Our data demonstrate separate early and late falls in VWF CBA:Ag ratio after cfLVAD,
indicative of VWF profile impairment occurring in two separate phases in the first and twelfth
months. We speculate that this contributes to early gastrointestinal and other as well as late
intracranial bleeding. Only ICH bleeding events occurred after 4 months of cfLVAD
implantation; additional risk factors such as vascular remodelling and blood pressure
fluctuation beyond haemostatic change may contribute to ICH risk.
A predominance of gastrointestinal bleeding and arteriovenous malformations at endoscopy
was seen in our study. The corollary is Heyde’s syndrome, where acquired vWS co-exists with
arteriovenous malformations in patients with aortic stenosis 19. Pathogenesis of Heyde’s
syndrome is postulated to involve interplay between: acquired vWS due to low pulsatility and
turbulent flow resulting in shear stress; additional angiodysplasia as a consequence of low
output and vascular congestion of gastrointestinal mucosa. This complex of physiological
factors is identical to that seen in our study patients. Indeed, loss of pulsatility with continuous
flow LVADs has been implicated in the pathophysiology of bleeding gastrointestinal
arteriovenous malformations associated with acquired vWS 11.
Patients supported with first-generation pulsatile LVADs do not acquire vWS20 . In contrast,
axial flow LVAD patients demonstrate increased bleeding with reduced pulsatility11 . Our study
demonstrates a similar trend: preserved VWF CBA:Ag ratios associated with pulsatility.

Predictors of Bleeding
Our data show that baseline sGPVI levels have prognostic significance in terms of post-VAD
bleeding risk. Moreover, early post-implant bleeds were associated with elevated levels
around the time of bleeding. sGPVI in plasma results from metalloproteolytic shedding of the
type 1 62-kDa GPVI transmembrane receptor expressed on megakaryocytes and platelets,
releasing an ~55-kDa ectodomain fragment10. Exposure of platelets to supra-physiological
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levels of shear stress induces sGPVI release from platelets9. Yamashita et al demonstrated that
plasma sGPVI levels were significantly elevated in comparison to hospitalised controls without
bleeding or thrombosis: following non-cardiac surgery; in patients with thrombotic
microangiopathy; and in patients with disseminated intravascular coagulation 21.
High levels of sGPVI were present in our end-stage heart failure patients which persisted for six
months following cfLVAD before declining. This observation was more marked in VA-ECMO
supported patients, in keeping with increased sheer forces. Of particular note, pre-implant
sGPVI associated with subsequent bleeding events, which remains significant even after
exclusion of confounding VA-ECMO supported patients.
The enhanced shedding of GPVI attenuates platelet reactivity to collagen. Both familial and
acquired defects of GPVI, such as enhanced shedding, predispose to bleeding tendency22. Thus,
shear induced shedding mediated by centrifugal cfLVADs may additionally contribute to
bleeding tendency observed in our patients. Shedding of another platelet membrane receptor
that binds VWF (GPIb) early post cfLVAD support, has also been associated with increased nonsurgical bleeding in LVAD supported patients 23. However, our study identified elevated preimplant sGPVI level as a risk marker for bleeding, which would facilitate earlier tailoring of anticoagulation regimen for patients if validated in clinical series.

Late thromboembolic events
Fewer thromboembolic than bleeding events were observed in our patients, with later onset
(average 225 days). Lower platelet inhibition was seen beyond D180 and thromboelastography
favoured thrombus formation and clinical thrombotic complications beyond D90 with
increased clot strength. Several studies have demonstrated increased thrombotic
complications in patients with increased maximum amplitude on thromboelastography, both
following major surgery and in intrinsic pathological states24, 25.
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Thromboembolic events occurring in cfLVAD supported patients may be a result of platelet
activation. In our study, platelet microparticle counts were elevated from baseline and peaked
at D360, potentially contributing to late onset of thromboembolic events. Generation of
platelet microparticles occurs during cellular activation at high shear rates and may result in a
prothrombotic state 26, 27. The role of platelet microparticles in hypercoagulable states resulting
in atherothromboembolism is established26, 28, 29. Diehl and colleagues have demonstrated
significantly increased platelet microparticle counts, used as a surrogate for platelet activation
in patients supported with LVADs in comparison to controls8 . In contrast, sP-selectin levels
were lower than baseline beyond the initial peri-operative period, a finding in keeping with
observations in axial flow LVADS30 .

Study Limitations
We profiled haemostasis longitudinally, but did not assess markers at the time of a
bleeding/thromboembolic event. Aortic valve opening was used as a surrogate for pulsatility
without beat-beat variation in instantaneous flow rates or pulse pressures. However,
stratification by HeartMate II pulsatility index and aortic valve opening status has shown
similar bleeding event trends11. No direct comparisons with alternative LVAD devices were
made.

Conclusions
Third generation cfLVAD support leads to longitudinal changes in both anticoagulant and
procoagulant markers which result in early bleeding and late thromboembolic events. Preimplant sGPVI levels may portend higher bleeding risk after cfLVAD support. Preserved
pulsatility is associated with improved VWF profiles and reduced bleeding tendency. Hence,
we would advocate encouraging pulsatility to minimise bleeding risks in cfLVAD supported
patients.
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Supplemental Methods
Blood Sample Collection, Processing and Laboratory Assays
Venous blood samples were obtained within 2 days pre cfLVAD implantation
(baseline) and at days 1, 7, 30, 90, 180 and 360 post device implantation. Patients
who were transplanted or died prior to day 360 were studied up until the last prespecified time point. Twenty millilitres (ml) of blood collected at each time-point was
divided in hirudin (3ml Verum Diagnostica GmBH Germany; 1 tube), citrate (2.7ml
BD Vacutainer 9NC 0.109M; 2 tubes), ethylenediaminetetraacetic acid, EDTA (4.0ml
BD Vacutainer K2E 7.2mg; 1 tube), serum (5.0ml BD Vacutainer SST II Advance; 1
tube) and a 5 millilitre syringe.
Platelet Poor Plasma (PPP) was generated by centrifugation (Heraeus Megafuge
16R Centrifuge Thermo Scientific, USA) of whole blood at 1,500g for 20 minutes
from citrate, EDTA and serum collection tubes. PPP of citrate samples was
transferred into a 5ml flow tube (BD Falcon 5ml Polystyrene Round-Bottom, USA)
and further spun at 1,500g for 20 minutes. A volume of 1.5ml PPP from citrate,
EDTA and serum was transferred into 3 x 1.5ml microcentrifuge tubes, each with an
equal volume of 500µl. All PPP samples were stored at -80°C freezer (Revco Elite
Plus ULT2586-6-w41 Thermo Scientific, USA).
Testing of full blood count (platelet count, haemoglobin, haematocrit) as well as
coagulation studies (international normalised ratio, INR) formed part of routine
clinical testing and these results were recorded.
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Platelet function studies
Platelet function testing was performed immediately from samples collected into
hirudin tubes by whole blood impedance (Multiplate™) aggregometry. A volume of
300µl 0.9% saline was added into 300µl hirudinised blood and incubated at 37
degrees Celsius for 3 minutes. This was followed by incubation with 20µl of one of
the following agonists; adenosine diphosphate (ADP; to test the effect of
clopidogrel), adenosine diphosphate plus prostaglandin E1 (ADP HS high sensitivity;
to test the effect of clopidogrel), arachidonic acid (AA; to test the effect of aspirin),
collagen (COL; to test the effect of aspirin), thrombin receptor activating peptide
(TRAP; to test the effect of glycoprotein IIa/IIIb antagonist) and ristocetin high
(RISTO; to test von Willebrand factor deficiency in addition to effect of clopidogrel
and aspirin). Aggregation over 6 minutes was recorded as Aggregation Units.
von Willebrand studies
Using citrate anticoagulated PPP, von Willebrand Factor Antigen (VWF Ag) and von
Willebrand Factor Collagen Binding Activities (VWF CBA) were measured using
enzyme-linked immunosorbent assay (ELISA) kits obtained from Hyphen BioMed
(Neuville-sur-Oise, France) as per the manufacturer’s instructions. From this, the
VWF CBA to Ag ratios were derived. Ratios below 0.8 have an 80% sensitivity for
the detection of vWS6.
Platelet activation, platelet microparticles, plasma procoagulant phospholipids
(PPL)
Soluble P-selectin (sPselectin) levels were measured using the ELISA kit (R&D
Systems USA). Soluble glycoprotein VI (sol GPVI) levels were measured from PPP
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using an ELISA developed at the Australian Centre for Blood Diseases, Monash
University1.
Platelet microparticles were derived from PPP. In a 5ml flow tube, 30µl of citrate PPP
was incubated for 30 minutes at room temperature with 2.5µl Lactadherin-FITC, 5µl
CD41a-PerCP-Cy5.5 and 27.5µl HEPES buffered saline. After incubation, 1000µl of
HEPES buffered saline was added and analysed using flow cytometry (SORP LSR
II, BD Biosciences, NJ, USA). The flow cytometer was connected to a forward
scatter PMT for small particle analysis. Counting was performed using TRUCount
tubes (BD Biosciences). Platelet derived microparticles were defined as
CD41+/Lactadherin+events<1.1μm.
Thromboelastography
According to the manufacturers guidelines, celite-activated TEG® using a
Thromboelastograph Coagulation Analyzer TEG®; Haemoscope Corporation was
performed within 5 minutes of collection of venous blood (0.5mls), obviating the need
for citrated blood. The R time (min) which is the time to initial fibrin formation, K time
(min) which measures the rapidity in reaching a certain level of clot strength, angle ἀ
(degrees) reflecting clot strengthening and the rapidity of fibrin build-up, maximum
amplitude (MA, mm) representing the clot strength and maximum dynamics of fibrin
and platelet bonding and finally the coagulation index (CI) which is a measure of all
of the above was recorded. CI of less than -3 predicts bleeding and >3 predicts
thrombosis.

91

3
1
2
1

3
3
0
0
3
0
0
2
1
3
2
0
3
3
1
1

5
4
2
5

19
19
11
2
7
6
1
4
2
19
2
6
40
8
0
3

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

8
8
0
0
4
0
0
4
0
12
4
0
6
10
0
6

4
4
4
6

0

4
4
8
0
4
0
0
0
1
12
4
4
14
8
2
0

4
2
4
8

0

0
0
0
0
0
0
0
0
1(PTX)
1(PTX)
0
0
0
0
2(PTX)
0

0
1(PTX)
0
2(PTX)

0

O
0
0
2(PTX),8(A)
0
0
0
0

3
8
7
0
1
2
0
1
1
10
2
4
3
4
3
0

0
0
2
3

0

0
6
6
1
1
0
1
0
0
5
0
3
7
0
0
0

0
0
2
0

0

Day 1
RC P
9
4
6
4
3
1
0
0
0
0
0
0
1
0

0
24
22
6
2
0
6
0
0
18
0
4
40
0
0
0

0
0
4
0

0

C
7
4
0
0
0
0
0

0
29
8
4
4
0
4
0
0
20
0
4
35
2
0
0

2
0
4
0

0

FFP
7
9
2
4
0
0
0

0
1(PTX)
0
1(PTX)
0
0
0
1(A)
0
0
0
0
0
0
0
0

0
0
0
3(A)

0

O
0
0
0
0
0
0
0

2
8
5
0
4
1
0
3
1
11
2
2
11
6
2
0

2
0
4
12

0

0
1
1
1
0
0
0
0
0
2
0
0
2
1
0
0

0
0
0
3

0

0
0
0
6
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
4

0

0
6
0
4
2
0
4
1
0
0
0
0
7
0
0
0

2
0
0
5

0

Day 2 – Day 7
RC P C FFP
0
0 0
0
1
0 0
0
3
0 0
0
3
0 0
0
0
0 0
0
0
0 0
0
0
0 0
0

0
0
0
1(PTX)
0
0
0
2(A)
0
4(A)
0
0
0
0
0
0

0
0
0
1(Int),11(A)

0

O
0
0
0
0
0
0
0

1
15
32
0
0
2
1
2
0
10
9
10
12
18
0
0

0
2
2
10

0

0
2
13
0
0
0
0
0
0
1
0
0
0
1
0
0

0
0
0
0

0

0
0
15
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
4

0

0
8
14
0
0
0
0
0
0
0
0
0
2
2
0
0

0
3
0
6

0

Day 8 – Day 30
RC
P
C
FFP
7
2
0
3
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
3(A)
0
4(PTX),
12(A)
4
0
14(A)
0
0
0
0
1(A)
0
0
0
0
13(A)
0
0
0

0

O
5 (PTX)
0
0
0
0
0
0

44
10
35
0
0
0
0
0
0
0
2
10
19
0
0
0

10
3
25
3

0

2
0
5
0
0
0
0
0
0
0
0
0
0
0
0
0

3
3
5
5

0

0
0
4
0
0
0
0
0
0
0
0
0
0
0
0
0

12
0
15
12

0

6
0
2
0
0
0
0
0
0
0
0
0
2
0
0
0

8
3
12
8

0

Day 31 – Day 360
RC P
C
FFP
1
0
0
0
0
0
5
0
1
0
0
0
2
0
0
0
0
0
0
0
0
0
0
0
20 4
8
12

RC, red cells; P, Platelets; C, cryoprecipitate; FFP, fresh frozen plasma; O, other; A, albumin; PTX, Prothrombinex®-VF

0

0

Intra-op/Day of op
RC P
C FFP
6
1
4
2
5
1
4
4
8
2
6
8
3
2
0
4
0
1
0
1
0
1
0
4
2
1
0
2

Supplemental Table 1. Transfusion of blood products.
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1
2
3
4
5
6
7
8
9
10
11
12

Patient
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1(PTX),22(A)
2(PTX),42(A)
12(A)
0
0
0
0
0
0
0
0
0
14(A)
0
0
0

2(PTX)
1(PTX)
1(PTX)
0

0

O
0
0
0
0
0
0
3(PTX)
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2.15

4.41

2.5
0.82
4.73

0.09

30.4
19.2

18.7
12.4

14.9
20.0
13.0

2.16

3.90

-2.5
-0.84
5.67

11.5

3.19
2.5
-433

-0.19

-15.1
-48.0

-23.8
-2.9

1.47

4.17

2.0
0.69
3.09

8.1

6.34
7.7
907

0.11

22.7
20.5

13.7
8.7

7.02
9.9
8.7

0.01
20.3
0.15

Day 1
SE
4.5

0.14

0.35

0.23
0.23
0.07

0.16

0.61
0.75
0.63

0.09

0.51
0.02

0.09
0.74

0.02
0.48
0.29

0.001
0.014
0.12

p
0.002

1.78

6.84

1.37
-0.27
4.36

0.31

-4.49
7.6
1149

-0.25

17.7
-27.8

-26.3
-0.97

-14.8
-26.3
-18.4

-0.05
23.5
0.21

Coef
-15.7

1.44

4.20

2.6
0.76
3.48

8.04

5.44
7.6
100
1

0.10

23.2
20.0

12.0
9.74

6.0
9.5
8.4

0.01
28.4
0.20

Day 7
SE
4.4

0.22

0.11

0.60
0.73
0.21

0.97

0.41
0.32
0.25

0.01

0.45
0.17

0.03
0.92

0.02
0.01
0.03

<0.001
0.41
0.29

p
<0.001

0.27

7.58

0.26
0.29
4.68

-3.19

-8.77
2.71
1486

-0.44

-43.9
-118.4

-27.2
23.1

-13.9
-29.6
-11.6

-0.03
135
0.59

Coef
-10

2.16

4.28

-2.4
1.17
3.40

6.67

5.24
8.41
127
0

0.10

22.4
20.3

11.5
9.92

7.9
9.5
9.4

0.02
29.3
0.20

Day 30
SE
4.7

0.90

0.08

0.92
0.81
0.17

0.63

0.10
0.32
0.24

<0.001

0.05
<0.001

0.02
0.02

0.08
0.002
0.22

0.03
<0.001
0.003

p
0.04

5.09

16.4

-4.7
-1.68
13.07

-10.01

-8.83
-2.27
2871

-0.28

-70.76
-118.2

-20.1
2.1

-14.5
-26.4
-15.6

0.01
62.6
0.54

Coeff
3.9

1.41

3.82

1.9
0.70
3.10

6.3

5.04
8.4
216
0

0.15

22.8
25.4

13.4
9.8

8.3
11.4
9.8

0.02
21.8
0.18

Day 90
SE
5.2

0.02
0.23
<0.00
1
<0.00
1
<0.00
1

0.11

0.08
0.75
0.19

0.002
<0.00
1
0.07

0.14
0.83

0.08
0.02
0.12

0.5
0.005
0.003

p
0.5

4.43

6.32

-4.93
-1.57
9.18

-6.8

-6.69
-4.34
853

-0.25

-76.9
-118.8

-25.3
-0.59

-17.4
-28.7
-22.5

0.02
18.4
0.46

Coeff
10.3

1.52

5.38

1.92
0.60
3.45

7.4

5.17
8.23
119
5

0.13

23.5
22.6

14.0
11.9

8.6
11.1
9.6

0.02
21.5
0.17

Day 180
SE
5.8

0.005

0.24

0.01
0.01
0.009

0.36

0.20
0.60
0.48

0.001
<0.00
1
0.06

0.07
0.96

0.04
0.01
0.02

0.16
0.40
0.009

p
0.08

1.8

9.16

-1.8
-0.09
8.45

-9.17

-11.1
-23.9
5490

-0.28

-99.7
-129.0

-4.42
25.1

10.6
-17.0
-0.05

0.02
29.2
1.02

Coeff
8.5

2.17

3.70

3.13
1.29
2.97

9.8

5.3
7.34
3351

0.10

29.4
22.3

37.8
11.8

17.8
19.4
13.7

0.03
25.4
0.30

Day 360
SE
9.4

SE, standard error; Coeff, coefficient; INR, International Normalised Ratio; ADP HS, Adenosine Diphosphate High Sensitivity; ASPI,Aspirin; COL, Collagen; TRAP, Thrombin
Receptor Activating Peptide; VWF, von Willebrand Factor; CBA, Collagen Binding Activity; sPselectin, soluble P –selectin; Sol GPVI, soluble glycoprotein VI; PPL, Plasma
Procoagulant Phospholipid; TEG, Thromboelastrography; MA, Maximum Amplitude; CI, Coagulation Index

-4.6

CI

58.6

66.48

35.9
76.4
4024

sPselectin (ng/ml)
Sol GPVI (ng/ml)
Platelet
microparticles
(MP/µL)
Procoagulant
PPL

MA(mm)

0.89

CBA:Ag

14.3
3.16
58.4

245.8
202.9

VWF studies
Antigen
CBA

R(sec)
K(sec)
Angle(˚)

5.6

90.8
97.2

Ristocetin
TRAP

TEG

4.9
10.1
940

50.05
86.8
103.3

Multiplate
ADP HS
ASPI
COL

-16.4
-6.9
-9.4

-0.05
-50.4
-0.23

0.3
278.9
2.0

Haemoglobin
(g/L)
Haematocrit
Platelet (x109/L)
INR

0.02
32.1
0.21

Coeff
-14

Baseline
SE
99.9
4.8

Supplemental Table 2. Changes in laboratory tests from baseline.

0.41

0.02

0.57
0.94
0.005

0.35

0.04
0.001
0.10

0.001
<0.00
1
0.004

0.91
0.04

0.55
0.40
1.00

0.4
0.25
0.001

p
0.4
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Effect of exercise and pump speed modulation on
invasive hemodynamics in patients with centrifugal
continuous-ﬂow left ventricular assist devices
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BACKGROUND: Continuous-ﬂow left ventricular assist devices (CF-LVADs) improve functional
capacity in patients with end-stage heart failure. Pump output can be increased by increased pump speed
as well as changes in loading conditions.
METHODS: The effect of exercise on invasive hemodynamics was studied in two study protocols. The
ﬁrst examined exercise at ﬁxed pump speed (n ¼ 8) and the second with progressive pump speed
increase (n ¼ 11). Patients underwent simultaneous right-heart catheterization, mixed venous saturation,
echocardiography and mean arterial pressure monitoring. Before exercise, a ramp speed study was
performed in all patients. Patients then undertook symptom-limited supine bicycle exercise.
RESULTS: Upward titration of pump speed at rest (by 11.6 ⫾ 8.6% from baseline) increased pump ﬂow from
5.3 ⫾ 1.0 to 6.3 ⫾ 1.0 liters/min (18.9% increase, p o 0.001) and decreased pulmonary capillary wedge pressure
(PCWP; 13.6 ⫾ 5.4 to 8.9 ⫾ 4.1 mm Hg, p o 0.001). Exercise increased pump ﬂow to a similar extent as pump
speed change alone (to 6.2 ⫾ 1.0 liters/min, p o 0.001), but resulted in increased right- and left-heart ﬁlling
pressures (right atrial pressure [RAP]: 16.6 ⫾ 7.5 mm Hg, p o 0.001; PCWP 24.8 ⫾ 6.7 mm Hg, p o 0.001).
Concomitant pump speed increase with exercise enhanced the pump ﬂow increase (to 7.0 ⫾ 1.4 liters/min, p o
0.001) in Protocol 2, but did not alleviate the increase in pre-load (RAP: 20.5 ⫾ 8.0 mm Hg, p ¼ 0.07; PCWP:
26.8 ⫾ 12.7 mm Hg; p ¼ 0.47). Serum lactate and NT-proBNP levels increased signiﬁcantly with exercise.
CONCLUSIONS: Pump ﬂow increases with up-titration of pump speed and with exercise. Although increased
pump speed decreases ﬁlling pressures at rest, the beneﬁt is not seen with exercise despite concurrent up-titration
of pump speed.
J Heart Lung Transplant 2015;34:522–529
Crown Copyright r 2015 Published by Elsevier Inc. on behalf of International Society for Heart and Lung
Transplantation. All rights reserved.
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of normal organ function and improved quality of life5,6 has
resulted in rapid uptake into destination therapy as bridge to
cardiac transplant1,7 and, more recently, as bridge to
recovery.8,9 Despite constant pump speed, pump output
from CF-LVADs varies according to level of activity and
circadian rhythm.10,11 Pump output can also be increased by
increasing pump speed, although adjustments are not
frequently required once patients are stable.
Despite the physiologic level of pump ﬂows at rest,
patients supported by CF-LVADs may still have signiﬁcant
exercise intolerance. We examined the hemodynamic effects
of exercise at ﬁxed rates and with graduated increases in
pump speed in stable patients in two studies.

Methods
Study cohort
Patients studied were between 18 and 75 years of age and
implanted with a centrifugal CF-LVAD for end-stage heart failure
as bridge to cardiac transplantation. Characteristics of the patients
are presented in Table 1. All patients were at INTERMACS
(Interagency Registry for Mechanically Assisted Circulatory
Support) Levels 1 to 3 at implant. All were ambulatory outpatients

Table 1

and assessed at a median of 124 (range 61 to 490) days after pump
implant. Patients recruited between 2009 and 2010 were implanted
with the VentrAssist (Ventracor, Ltd., Chatswood Australia) CFLVAD (Protocol 1). Subsequent patients received the HeartWare
HVAD (HeartWare, Inc., Framingham, MA) CF-LVAD (Protocol 2).
All patients were anti-coagulated with warfarin, aspirin and/or
clopidogrel. The study was approved by the human research and
ethics committee at St. Vincent’s Hospital, Sydney, Australia
(SVH HREC 08/197 and SVH HREC H07/025). All patients
provided written, informed consent.

Study protocol
Patients were studied supine with hemodynamic measurements
obtained using a 7.5Fr continuous cardiac output (CCO) Swan–Ganz
catheter (CCOmbo; Edwards LifeSciences, Irvine, CA). After
calibration with pulmonary venous blood, mixed venous saturation
(SVO2) was calculated continuously (Vigilance II Monitor; Edwards
LifeSciences). Mean resting cardiac output by CCO thermodilution
was 5.54 ⫾ 1.75 liters/min and by LVAD ﬂow estimate 5.22 ⫾ 1.01
liters/min (p ¼ 0.53). Corresponding cardiac output with exercise at
baseline speed (available from both cohorts) was 6.17 ⫾ 1.80 liters/
min and 6.21 ⫾ 1.02 liters/min (p ¼ 0.95).
Non-invasive mean arterial pressure (MAP) was measured using arterial Doppler-guided sphygmomanometry. Arterial

Patients’ Characteristics

Baseline
Etiology of
Implant
pump
cardioBSA
duration Age
Patient speed
(days)
(years) myopathy Gender (m2)
(rpm)
ID
Series 1
VA01
VA02
VA04
VA07
VA08
VA10
VA11
VA12
Series 2
HW1
HW2
HW3
HW4
HW5
HW6
HW7

523

RV function
MAP
AV
LVEDD LVEF or
(mm Hg) status (mm) (%) impairment

Medicationsa
W,
W,
W,
W,
W,
W,
W,
W,

2,000
2,100
2,000
2,100
2,200
2,100
2,100
2,000

490
274
313
140
157
101
222
120

44
46
19
50
46
43
29
37

IHD
IHD
DCM
IHD
IHD
DCM
DCM
DCM

M
M
F
M
M
M
M
M

2.19
1.80
1.60
1.96
2.20
1.84
2.10
2.14

90
100
70
95
86
120
65
90

c
c
c
c
c
c
c
c

81.0
53.0
51.0
71.0
66.0
69.0
71.0
63.0

16
20
21
25
23
10
13
20

Mild
Normal
Mild
Mild

2,800
2,600
2,800
2,800
2,700
2,500
2,600

166
365
449
95
110
81
61

51
40
57
51
43
22
48

HCM
DCM
IHD
IHD
IHD
DCM
IHD

M
F
M
M
M
F
M

1.53
1.57
2.1
1.59
1.61
2.39

84
74
92
68
70
68
90

c
c
c
i
c
c
NA

38.0
49.0
86.0
87.0
49.0
55.0
NA

64
35
20
30
25
15
35

Normal
Normal
Moderate
Mild
Mild
Mild
Normal

HW8 2,700

89

42

DCM

F

1.61

83

NA

NA

20

Mild

HW9 2,800
HW10 2,700
HW11 2,700

75
103
124

40
57
56

HCM
DCM
IHD

M
M
M

2.39
1.96
1.96

98
68
72

o
i
c

59.0
54.0
43.0

20
20
35

Mild
Normal
Normal

Moderate
Moderate
Normal

A, S
A, S, Amiod, I
A, L, Amiod, PPI
A, C, L, AA
C, S, ACE, Mg
A, B, ACE, L
A, ACEI, AA, L
A, C, AA, B, PPI

W, A, C, B, D
W, A, C, AA, L
W, A, C, AA, D, L, S
W, A, C, B, AA, L
W, A, C, ACEI, AA, D, S
W, A, C, A2RA, B, D, L
W, A, C, A2RA, AA,
Amiod, L, PPI
W, A, C, ACEI, AA, D, L,
PPI
W, C, A, AA, B, PPI
W, C, A, AA, L, PPI
W, C, A, B, Amiod,
A2RB, AA, PPI, S

AV, aortic valve; BSA, body surface area; DCM, dilated cardiomyopathy;
HCM, hypertrophic cardiomyopathy; IHD, ischemic heart disease; LVEDD, left ventricular end-diastolic dimension; LVEF, left ventricular ejection fraction;
MAP, mean arterial pressure; rpm, revolutions per minute; RV, right ventricular.
a
AV status: c, closed; i, intermittently open; o, open; NA, not available. Medications: W, warfarin; A, aspirin; B, beta-blockers; C, clopidogrel; D, digoxin;
S, statins; AA, aldosterone antagonists; Amiod, amiodorone; ACEI/A2RA, angiotensin-converting enzyme inhibitor/angiotensin II receptor antagonist,
renin-angiotensin-aldosterone system blockade; L, loop diuretics; PPI, proton pump inhibitor; I, insulin.

97

524

The Journal of Heart and Lung Transplantation, Vol 34, No 4, April 2015

blood pressure was measured using manual Doppler sphygmomanometry. Aortic valve status was assessed by supine transthoracic
echocardiography (Acuson Cypress, Universal Diagnostic Solutions, Oceanside, CA) at each time-point. Serum lactate and Nterminal pro-B-type natriuretic peptide (NT-proBNP; ElecSys,
Roche Diagnostics, Ltd., Basel, Switzerland) were measured
before exercise and 5 minutes post-exercise. Hematocrit was
checked before exercise and LVAD pump set-up was updated
when indicated.

Ramp speed protocol
Pump speed was increased in 50- to 100-rpm increments from
baseline to a maximum 2,400 rpm in patients implanted with the
VentrAssist device and in 80-rpm speed increments, with an aim
to achieve a maximum speed of 3,200 rpm in HVAD patients at
2- to 3-minute intervals. All invasively measured central
hemodynamics, right atrial pressure (RAP), mean pulmonary
artery pressure (MPAP) and pulmonary capillary wedge pressure
(PCWP), as well as SVO2, CCO, heart rate and MAP measurements, were repeated with each pump speed increment. Stopping
pump speed was then returned to baseline after measurements at
maximal speed had been completed and measurements repeated.
Transthoracic echocardiography was performed at each timepoint. Aortic valve opening was assessed over at least four
cardiac cycles. The severity of aortic and mitral regurgitation was
deﬁned by vena contracta width12 and LV chamber dimensions
were assessed using M-mode measurements in the parasternal
long-axis view. Semi-quantitative right ventricular (RV) function
was documented from prior 2-dimensional transthoracic echocardiographic studies.

Exercise protocol
Exercise with ﬁxed pump speed—Protocol 1. Patients were then
studied during exercise at baseline pump speed while cycling
on a supine bicycle ergometer (Lode B.Y. Medical Technology). Workload was gradually increased from 0 W up to a
maximum of 60 W based on 70% of estimated VO2max,
calculated using contemporaneous 6-minute walk data. 13 All
invasive and non-invasive hemodynamic and pump measurements were repeated at 2- to 3-minute intervals for a duration of
up to 20 minutes and 5 minutes after completion of exercise,
while at rest.
Concurrent pump speed increase with exercise—Protocol 2.
Patients implanted with the HeartWare CF-LVAD were studied
with supine bicycle exercise for 5 minutes at baseline speed and
then with continuing exercise at increasing pump speed from
baseline by 80 rpm every 2 minutes (to a maximum of 3,200 rpm).
All invasive and non-invasive hemodynamic and pump output
measurements were repeated at each speed increment with
exercise.

Statistical analysis
Statistical analyses were conducted using the Analysis Toolpak in
Microsoft EXCEL 2003 and EZANALYSE software. The effects of
pump speed and of exercise were examined using repeated-measures
analysis of variance (ANOVA). Pre- and post-exercise lactate and NTproBNP were assessed using paired t-tests. Two-tailed signiﬁcance
was set at p o 0.05.

Results
Demographic and clinical characteristics
Detailed demographic and clinical characteristics are
presented in Table 1. Nineteen patients (15 males,
4 females), mean age 43.2 ⫾ 10.7 years (range 19 to 57
years), were studied. The average LV ejection fraction (LVEF)
of the study cohort was 24.6 ⫾ 12%. The aortic valve remained
closed at rest in 15 patients, and opened intermittently in
2 patients. The status of the aortic valve opening was unavailable
for 2 patients. All patients continued all medications on the day
of study (Table 1).

Effect of pump speed titration at rest
All 19 patients underwent measurement of hemodynamics
with upward pump speed titration at rest. Eleven patients
achieved the maximal allowed speeds (VentrAssist: 2,400
rpm; HVAD: 3,200 rpm). Over the entire group, pump
speed was increased by 11.6 ⫾ 8.6%, resulting in an
increase in pump ﬂow from 5.3 ⫾ 1.0 to 6.3 ⫾ 1.1 liters/min
(mm Hg) (p o 0.001). This was associated with a
signiﬁcant improvement in mean pulmonary artery pressure
(MPAP; 21.8 ⫾ 7.6 to 19.4 ⫾ 7.3 mm Hg, p o 0.01) and
mean pulmonary capillary wedge pressure (MPCWP;
13.6 ⫾ 5.4 to 8.9 ⫾ 4.1 mm Hg, p o 0.001). RAP, HR,
MAP and LV end-diastolic dimension (LVEDD) did not
change signiﬁcantly in response to pump speed changes
alone. Hemodynamic results for the effect of pump speed
alteration for two protocols (with different devices) are
reported individually in Table 2 and Figure 1. It can be seen
that, despite the different cohorts and devices used,
hemodynamic responses are very similar.

Hemodynamic effect of exercise at baseline pump
speed
Changes in invasive and non-invasive hemodynamics,
pump output and echocardiographic measurements preand post-exercise are shown in Table 2 (Protocols 1 and 2)
and Figure 1 (Protocol 1). At an average workload of 56 ⫾
19 W at baseline pump speed, there was a signiﬁcant
increase in estimated pump ﬂow from baseline 5.3 ⫾ 1.1 to
6.2 ⫾ 1.0 liters/min (p o 0.001). Exercise was also
associated with changes in mixed SVO2 (66.0 ⫾ 6.3 to 39.2
⫾ 12.7%, p o 0.001) and HR (77.7 ⫾ 22.9 to 109.8 ⫾ 20.5
beats/min, p o 0.01). Right- and left-sided ﬁlling pressures
increased with exercise (RAP to 16.6 ⫾ 7.5 mm Hg, MPAP
to 34.8 ⫾ 8.3 and MPCWP to 24.8 ⫾ 6.7 mm Hg, p o
0.001). The aortic valve was open with each contraction in
1 of 17 (6%) at rest, and in 7 of 15 (47%) with available
images at peak exercise. There was no signiﬁcant change in
the degree of aortic or mitral regurgitation at any time-point
across the cohort. Both MAP and LVEDD remained stable
throughout the course of exercise.
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Hemodynamic Effects at Maximal Pump Speed, at Peak Exercise, at Maximal Speed and at Peak Exercise
Exercise at ﬁxed pump speed (Protocol 1)

Baseline

Exercise at baseline and then increased pump speed (Protocol 2)

Maximum speed Peak exercise Baseline

Speed (rpm)
2,075 (71)
2,331 (88)a
Flow (liters/min)
5.4 (1.0)
6.4 (1.0)a
LVAD power (W)
5.1 (0.7)
6.8 (0.9)a
SVO2 (%)
67.2 (5.7)
73.2 (4.3)b
PCWP (mm Hg)
13.9 (6.9)
8.8 (4.5)b
MPAP (mm Hg)
21.5 (8.4)
17.8 (7.8)c
TPG (mm Hg)
7.6 (1.5)
9.0 (3.3)
RAP (mm Hg)
10.6 (5.8)
10.0 (5.6)
MAP (mm Hg)
89.5 (17.2) 90.0 (18.7)
CCO (liters/min)
5.8 (1.6)
6.8 (1.9)
PVR (WU)
1.3 (0.9)
1.3 (1.7)
HR (beats/min)
84.9 (15.2) 83.0 (13.6)
LVEDD (mm)
65.6 (10.6) 65.1 (13.9)

2,075
6.6
5.7
32.0
24.9
35.6
10.7
17.3
98.4
6.3
1.7
124.6
71.1

(71)
2,700 (100)
(0.7)a
5.2 (1.1)
(0.7)a
4.2 (0.6)
(11.2)a 66.3 (6.1)
(6.3)a
13.4 (3.9)
(11.3)a 21.6 (7.0)
(5.0)c
8.2 (3.1)
(6.8)c
8.7 (4.8)
(15.4)
78.8 (11.0)
(1.0)
5.3 (1.2)
(0.2)
1.5 (2.5)
(12.7)a 72.4 (26.7)
(11.4)
59.6 (19.7)

Maximum
speed
3,002
5.8
5.7
64.9
8.8
20.2
11.4
8.7
80.2
5.7
2.0
77.4
56.8

(125)a
(1.2)c
(0.8)c
(21.4)
(4.0)c
(6.7)
(2.7)c
(5.9)
(8.9)
(1.9)
(1.4)
(13.4)
(16.1)

Exercise at
baseline
speed

Exercise at
maximum
speed

2,700
5.9
4.4
42.8
23.9
32.8
8.9
17.0
84
6.0
1.5
99.1
57.6

2,911
7.0
5.7
25.5
26.8
35.7
8.9
20.5
78.3
6.0
1.5
113.5
59.5

(100)
(1.1)c
(0.5)
(12.8)c
(7.4)a
(8.0)a
(0.6)
(8.0)a
(11.3)
(2.4)
(0.3)
(18.5)b
(19.7)

(162)d,g
(1.4)e
(1.2)f
(7.8)f
(12.7)
(9.2)
(3.5)
(8.0)
(24.3)
(1.8)
(1.4)
(20.2)
(18.0)

All results reported with standard deviation. CCO, continuous cardiac output; HR, heart rate; LVAD, left ventricular assist device; LVEDD, left ventricular
end-diastolc dimension; MPAP, mean pulmonary artery pressure; PCWP, pulmonary capillary blood pressure; PVR, pulmonary vascular resistance; RAP, right
atrial pressure; SVO2, mixed venous saturation; TPG, transpulmonary gradient.
a
p o 0.001
b
p o 0.01
c
p o 0.05 (vs baseline).
d
p o 0.001
e
p o 0.01
f
p o 0.05 (vs peak exercise).
g
p o 0.001 (for peak exercise in Protocol 1 vs maximum speed in Protocol 2).

Hemodynamic effect of exercise with concurrent
increase in pump speed
After 5 minutes of exercise (at a workload of 15.5 ⫾ 5.2 W),
pump speed was increased from baseline 2,700 ⫾ 100 to
2,911 ⫾ 162 rpm, and workload was also gradually
increased (to a maximum workload of 42.7 ⫾ 23.3 W).
Mean total exercise duration was 10.9 ⫾ 3.1 minutes.
There was a synergistic effect of exercise with concurrent
increased pump speed. Pump ﬂow estimate increased from
5.9 ⫾ 1.1 at baseline pump speed to 7.0 ⫾ 1.4 liters/min at
maximum pump speed (p o 0.001). However, exercise left
and right heart ﬁlling pressures remained elevated (RAP:
17 ⫾ 8 mm Hg baseline speed vs 20.5 ⫾ 8 mm Hg peak
speed, p ¼ 0.72; MPCWP: 23.9 ⫾ 7.4 mm Hg baseline
speed vs 26.8 ⫾ 12.7 mm Hg peak speed, p ¼ 0.47). MPAP
continued to increase further (32.3 ⫾ 7.8 to 35.5 ⫾ 8.8 mm
Hg, p o 0.05) as did HR (99.1 ⫾ 18.5 to 113.5 ⫾ 20.2
beats/min, p o 0.01). There was no signiﬁcant change in
MAP (84 ⫾ 11.3 vs 78.3 ⫾ 24.2, p ¼ 0.51; Figure 2). SVO2
fell from 42.8 ⫾ 12.8% to 25.5 ⫾ 7.8% with progressive
exercise (p o 0.05). The aortic valve opened with each
contraction in 1 of 9 (11%) at rest, in 2 of 7 (29%) with
available images at peak exercise, and in 4 of 9 (44%) postexercise. There was no signiﬁcant change in the degree of
aortic or mitral regurgitation at any time-point across the
cohort. LVEDD did not change during the course of the
study (57.6 ⫾ 19.7 vs 59.6 ⫾ 17.9 mm, p ¼ 0.19).
Hemodynamic effects of a single hypertrophic cardiomyopathy patient with preserved ejection fraction is presented

in Table 3. Increase in pump ﬂows and PCWP in this patient
were similar to the remaining cohort.

Biomarkers
Exercise resulted in a signiﬁcant rise in serum lactate (1.3 ⫾
0.4 to 3.8 ⫾ 1.5 U/liter, p o 0.001) and NT-proBNP (1,376
⫾ 868 to 1,485 ⫾ 930 pg/ml, p o 0.01; Figure 3).

Discussion
In this study we have reported the effect of exercise and
pump speed titration on invasively measured hemodynamics
in patients supported with a centrifugal CF-LVAD. At rest,
pump speed titration resulted in an increase in cardiac output
as well as improvement in left-sided ﬁlling pressures.
Exercise resulted in a similar signiﬁcant increase in cardiac
output, but was associated with increases in both right- and
left-sided ﬁlling pressures. Pump speed titration aimed
toward industry-recommended upper limits during exercise
synergistically enhanced pump ﬂow but did not reduce
ﬁlling pressures. Increased venous return during supine
exercise exceeding the unloading capacity of the LVAD may
have contributed to the increased ﬁlling pressures observed
with exercise with pump speed titration. It remains unknown
whether increased LV unloading (greater rpm up-titration)
would curb/minimize exercise induced elevated ﬁlling pressures. It is possible that the effect of exercise with pump speed
titration may be more effective during upright exercise.
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Effect of increased pump speed and then exercise at baseline pump speed on invasive hemodynamics (Protocol 1).

Long-term LVAD support is associated with an improvement in central hemodynamics, exercise capacity and
quality of life.2,14–18 Increases in LVAD pump speed in
patients supported with continuous-ﬂow devices leads to
increases in ﬂow and cardiac output at rest.19 It has been
further recognized that pump ﬂow increases in response to
exercise in both animal20 and clinical studies.11,21 even in
the setting of ﬁxed pump speed with CF-LVADs. Exercise
is also associated with an increase in cardiac output in
patients supported with axial continuous-ﬂow devices.21,22
Despite this, exercise capacity in CF-LVAD-supported
patients continues to be limited by fatigue and breathlessness in many patients. The elevated PCWP with exercise
seen in the current study would be expected to contribute to
breathlessness. Brassard et al recently elegantly demonstrated that, even with near-normal increases in cardiac
output, both central and peripheral perfusion is reduced in

LVAD-supported patients in comparison to normal controls,
further contributing to ongoing exercise intolerance.21
Given the non-physiologic responses of CF-LVADs at
ﬁxed pump speed,23 we tested the hypothesis suggested
initially by Frazier et al24 that an increase in pump speed
with exercise in centrifugal CF-LVAD-supported patients
would result in an improvement in right- and left-sided
ﬁlling pressures. Despite an increase in pump speed
sufﬁcient to augment pump output and decrease LV ﬁlling
pressures at rest, we found progressive rises in ﬁlling
pressures with exercise in patients supported with centrifugal CF-LVADs, suggesting inadequate pump output with
exercise. In Protocol 1, where exercise was completed at
baseline pump speed, an increase in pump ﬂow was seen
due to the increased pre-load, but the output was not
sufﬁcient to maintain low ﬁlling pressures, as the head
pressure across the pump did not change. In Protocol 2,
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Effect of exercise at baseline pump speed and then in combination with increased pump speed on invasive hemodynamics
(Protocol 2).

where exercise was performed in combination with an
increase in pump speed, although there was a decrease in
head pressure across the pump, there was an inadequate rise
in output to cope with the increased ﬁlling pressures, most
likely due to the after-load dependency of the pump.
Although pump ﬂow did increase signiﬁcantly in both
cohorts, the fall in SVO2 with exercise demonstrates that the
increase was physiologically insufﬁcient and was not
abrogated by the increased pump speed.
We did not observe signiﬁcant changes in mean arterial
blood pressure and LVEDDs at the two maximum pump
speed titrations at rest and with exercise. Of the 11 patients

implanted with a HeartWare device, 3 achieved pump speed
titration up to 3,120 rpm. Hence, despite a signiﬁcant
increase from baseline pump speed, maximal LV unloading
may not have been achieved.
Poor exercise capacity in patients with heart failure is
multifactorial. It is recognized that exercise in the unsupported
heart is associated with an increase in pulmonary capillary
wedge pressure.25 Impaired myocardial blood ﬂow during
exercise may contribute to myocardial ischemia in patients
with cardiomyopathy independent of the presence or absence
of coronary artery disease.26 Peripheral muscle blood ﬂow is
severely reduced at peak exercise in patients with end-stage
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Table 3

Hemodynamic Effects of Exercise and Pump Speed Titration in a Patient With Underlying Hypertrophic Cardiomyopathy

Speed
Flow (liters/min)
Power (W)
SVO2 (%)
PCWP (mm Hg)
MPAP (mm Hg)
RAP (mm Hg)
MAP (mm Hg)
CCO (liters/min)
HR (beats/min)
LVEDD (mm)

Baseline

Maximum speed

Exercise at baseline speed

Exercise at maximum speed

2,800
3.8
4.1
70
9
19
8
84
3
64
38.0

3,120
3.8
6.2
73
9
18
8
82
3.1
62
38.0

2,800
4.4
5.3
60
14
28
15
86
2.8
112
29.0

3,120
6.1
6.2
29
19
33
16
86
3.9
89
37.0

CCO, continuous cardiac output; HR, heart rate; LVAD, left ventricular assist device; LVEDD, left ventricular end-diastolc dimension; MPAP, mean
pulmonary artery pressure; PCWP, pulmonary capillary blood pressure; PVR, pulmonary vascular resistance; RAP, right atrial pressure; SVO2, mixed venous
saturation; TPG, transpulmonary gradient.

heart failure, which contributes to fatigue.27,28 In addition,
high-energy phosphates are depleted in skeletal muscles and
lactic acidosis develops more rapidly in these patients.29
Increased sensitivity of the peripheral arterial chemoreceptors
in heart failure contributes to the increased ventilatory drive
and, in turn, fatigue with exercise in this cohort of
patients.30–32 It is likely that, even with improvement in
functional capacity post-LVAD, some of these peripheral
muscle impediments to exercise will remain.
The acquired elevation in RAP with exercise is noted
with an increase in PCWP and MPAP, suggesting that
acquired right-side HF is secondary to partial LV unloading
at peak exercise (elevated PCWP) and secondary pulmonary
hypertension. This ﬁnding was evident both in patients with
impaired RV function (deﬁned by transthoracic echocardiography) and in those with preserved RV function.
However, pre-existing RV impairment may further contribute to ongoing exertional intolerance.33 It has been shown
that exercise capacity is greater with biventricular support
compared with LVAD support, supporting the limiting
effect of RV function on cardiac output.34
Although exercise is usually associated with augmentation in native cardiac output, failure to do so is
pathognomonic for heart failure. The aortic valve did not
open during exercise in the majority of patients in the
current study, which consistent with severe residual
ventricular impairment. Post-exercise, as the after-load falls,
the aortic valve opened in the majority of patients. The lack
of decrease in ventricular dimensions with acute increases in
Lactate (U/L)
4

***

1600

1400

2

NT-proBNP (pg/mL)
**

1200

1000

0

Baseline
Figure 3

Post
exercise

Baseline

Post
exercise

Acute effect of exercise on biomarkers.

pump speeds is similar to previous ﬁndings.35 That study,
which evaluated exercise responses in HeartMate II patients,
demonstrated similar increases in pulmonary pressures to
those seen in the current study.

Limitations
Ours was was a single-center study with a relatively small
sample size for each type of centrifugal rotary pump
(8 VentrAssist and 11 HeartWare). The effect of exercise at
maximum pump speed was only examined in 11 patients
(Protocol 2 using the HeartWare). These observations may
not apply to axial-ﬂow rotary pumps.
In Protocol 2, despite a signiﬁcant increase in LVAD
pump speed with exercise, we were unable to achieve the
maximal speed set at rest due to development of both
peripheral muscle fatigue and respiratory fatigue from the
increased ventilatory drive with exercise. It is likely that the
progressive decrease in SVO2 at higher pump speed was due
to ongoing exercise. Further study with a rapid speed
increment protocol at early an exercise phase, with maximal
speed titration achieved at peak exercise, should be
considered to further investigate the effect of exercise on
central hemodynamics in centrifugal CF-LVAD-supported
patients.
In conclusion, in this study we have shown that
progressive upward titration of pump speed does not result
in an improvement in intracardiac ﬁlling pressures with
exercise in patients supported with centrifugal CF-LVADs.
Although an increase in pump speed at rest resulted in
signiﬁcant improvement in central hemodynamics, exercise
was associated with elevated pressures and oxygen extraction, which may contribute to ongoing exercise intolerance
in LVAD patients. Any beneﬁt of increases in pump speed
with exercise will need to be further assessed in the context
of RV function as well as LV ﬁlling.
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Body Position and Activity, But
Not Heart Rate, Affect Pump Flows
in Patients With Continuous-Flow
Left Ventricular Assist Devices
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ABSTRACT
OBJECTIVES The aim of this study was to determine the contribution of pre-load and heart rate to pump ﬂow in
patients implanted with continuous-ﬂow left ventricular assist devices (cfLVADs).
BACKGROUND Although it is known that cfLVAD pump ﬂow increases with exercise, it is unclear if this increment is
driven by increased heart rate, augmented intrinsic ventricular contraction, or enhanced venous return.
METHODS Two studies were performed in patients implanted with the HeartWare HVAD. In 11 patients, paced heart rate
was increased to approximately 40 beats/min above baseline and then down to approximately 30 beats/min below
baseline pacing rate (in pacemaker-dependent patients). Ten patients underwent tilt-table testing at 30 , 60 , and 80
passive head-up tilt for 3 min and then for a further 3 min after ankle ﬂexion exercise. This regimen was repeated at 20
passive head-down tilt. Pump parameters, noninvasive hemodynamics, and 2-dimensional echocardiographic measures
were recorded.
RESULTS Heart rate alteration by pacing did not affect LVAD ﬂows or LV dimensions. LVAD pump ﬂow decreased from
baseline 4.9  0.6 l/min to approximately 4.5  0.5 l/min at each level of head-up tilt (p < 0.0001 analysis of variance).
With active ankle ﬂexion, LVAD ﬂow returned to baseline. There was no signiﬁcant change in ﬂow with a 20 head-down
tilt with or without ankle ﬂexion exercise. There were no suction events.
CONCLUSIONS Centrifugal cfLVAD ﬂows are not signiﬁcantly affected by changes in heart rate, but they change
signiﬁcantly with body position and passive ﬁlling. Previously demonstrated exercise-induced changes in pump ﬂows may
be related to altered loading conditions, rather than changes in heart rate. (J Am Coll Cardiol HF 2014;2:323–30)
© 2014 by the American College of Cardiology Foundation.

T

he use of continuous-ﬂow left ventricular

to transplant and destination therapy (1–3). Reﬁne-

assist devices (cfLVADs) in the management

ment in pump design has led to more widespread

of end-stage heart failure is the standard of

use of the newer-generation axial and centrifugal

care in many tertiary centers globally, both as bridge

continuous-ﬂow pumps (2,4–6). Because these pumps
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Heart Rate and Body Position on LVAD Flows

ABBREVIATIONS

continuously drain the LV, they are sensitive

PACING STUDY. Patients were studied supine in the

AND ACRONYMS

to changes in pre-load and excessive pump

heart and lung transplantation ambulatory care unit.

speeds can result in suction events (7).

Heart rate and baseline mean arterial blood pressure

AV = atrioventricular
cfLVAD = continuous-ﬂow left
ventricular assist device

MAP = mean arterial blood
pressure

RV = right ventricle/ventricular

Current cfLVADs are set at a ﬁxed pump

(MAP) were measured using transcutaneous arterial

speed determined at implant to provide suf-

Doppler ultrasound (811B, Bosco Medical, Murarrie,

ﬁcient delivery of blood from the LV (8). At

Australia) and a cuff sphygmomanometer. LVAD

constant pump speed, pump ﬂow is deter-

pump ﬂow (l/min), power (W), and speed (rpm) were

mined by pre-load and afterload, systemic

recorded. Standard transthoracic echocardiography

venous return, and arterial pressure (9). It has

(Acuson 128XP/5 system, Siemens Medical Solutions,

been shown in several studies that LVAD pump ﬂows

Bayswater, Australia) was performed and M-mode

with continuous-ﬂow devices increase in response to

measurements taken from the parasternal long-axis

exercise (10–14). It is unknown the extent to which

view. LV end-diastolic and end-systolic dimensions,

the increase in ﬂow observed with exercise is due to

status of aortic valve opening, and degree of aortic and

an increase in heart rate or to changes in pump-

mitral regurgitation were recorded. RV function was

loading conditions determined by venous return.

independently assessed on resting transthoracic

SEE PAGE 331

echocardiography.
Pacemaker/deﬁbrillator device interrogation and

To further investigate the separate contributions of

adjustment were performed by a trained device

heart rate and venous return, we examined estimated

technician. Pacing settings were then increased by 10

pump ﬂow (l/min) and noninvasive hemodynamics at

beats/min above the baseline heart rate and continued

constant pump speed in stable cfLVAD patients under

to be increased by 10 beats/min every 2 min up to

resting conditions. Although it has been hypothesized

40 beats/min above the baseline heart rate. All non-

that increased heart rate (even in the setting of a

invasive, pump hemodynamic and echocardiographic

closed aortic valve) may improve LV pre-load pro-

measurements were repeated at each interval. The

vided by the right ventricle (RV), whether this is

presence of LV “suck down” deﬁned by a fall in the LV

relevant has not previously been examined. If it were

end-diastolic dimension by 80% below baseline was

found that increased heart rate enhanced LVAD pump

an indication to discontinue. All measurements were

ﬂow, this would have major implications in ongoing

then repeated at the baseline heart rate, with device

management in this growing ﬁeld.

setting returned to baseline.

METHODS

settings were adjusted to 10 beats/min below the

In patients who were pacing dependent, pacing
baseline heart rate every 2 min down to 30 beats/min
Stable adult patients implanted with the continuous-

below the baseline or until the minimum pacing rate

ﬂow HeartWare HVAD (HeartWare, Inc., Framing-

was achieved (40 beats/min). Noninvasive, pump

ham, Massachusetts) were prospectively enrolled in 2

hemodynamic and echocardiographic measurements

parallel studies. All patients were recruited from a

were repeated. Pacing settings were then adjusted

single tertiary center (St. Vincent’s Hospital, Sydney,

back to the baseline settings with all measurements

Australia). These patients had New York Heart Asso-

repeated.

ciation functional class IV symptoms pre-implant and

TILT-TABLE STUDY. Patients were studied in the

were in Interagency Registry for Mechanically Assisted

noninvasive testing laboratory of the coronary care

Circulatory Support proﬁle I or II before LVAD implant

unit; patients fasted for no more than 2 h prior

and were on inotropic support and/or intra-aortic

to the procedure to avoid the confounding ef-

balloon pump/venoarterial extracorporeal membrane

fects of relative dehydration and hypotension. Pa-

oxygenation. Criteria for study participation included

tients were then strapped onto a tilt-table supported

being ambulatory for at least 3 months post-LVAD

around the waist and rested supine for 5 min prior to

implantation. Patients were excluded from enrollment

commencement of testing. Continuous electrocardio-

if they had sepsis requiring intravenous antibiotics.

graphic recordings of heart rate were obtained. Base-

STUDY PROTOCOL. The study was conducted ac-

line MAP and LVAD pump ﬂow, power, and speed

cording to the Declaration of Helsinki and Note

were recorded. Standard transthoracic echocardiog-

for Guidance on Good Clinical Practice. The study was

raphy was also performed, as for the pacing study.

approved by the Human Research and Ethics Com-

The tilt-table was positioned at 30  head-up for

mittee of St. Vincent’s Hospital (Sydney, Australia).

3 min. Patients were instructed to avoid any move-

All patients provided written informed consent.

ment of the lower limbs to maximize venous pooling.
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Patients were then asked to perform continuous

visually checked for outlying values. Continuous nor-

active ankle ﬂexion for a further 3 min. This was

mally distributed parameters are presented as mean 

performed in full dorsiﬂexion and plantarﬂexion,

SD and compared using the Student t test or paired t

alternating between right and left, with weight

test. Measure of variance was analyzed using repeated-

fully supported by the abdominal belt. The aim

measures analysis of variance with post hoc Bonferroni

of the ankle ﬂexion was to activate the muscle

correction. Values of p < 0.05 indicated statistical

pump, without inducing signiﬁcant aerobic effort. All

signiﬁcance.

patients were able to complete the ankle ﬂexion for

RESULTS

3 min without stopping. Studies were repeated at 60


and 80 head-up tilt. The LVAD pump controller was

PACING

supported independently of the patient. Patients
were then returned to supine position for 3 min fol-

between

ankle ﬂexion. All noninvasive, pump hemodynamic

rate

and

estimated

pump

ﬂow

failure with mild or greater impairment in resting RV

at each interval. A drop in MAP of >20 mm Hg, sus-

systolic function on transthoracic echocardiography.

tained ventricular tachycardia, or evidence of symp-

E f f e c t o f p a c i n g . The median pump speed setting of

tomatic “suction” events was absolute indication for

the studied patients was 2,600 rpm. All 11 patients

study termination.
VERSUS

heart

(Table 1). Six patients had pre-existing right heart

and echocardiographic measurements were repeated

FLOW

patients

were enrolled to investigate the direct relationship

lowed by 30  head-down tilt testing, with further

PUMP

STUDY. D e m o g r a p h i c s . Eleven

(8 men and 3 women; mean age of 52.6  9.9 years)

were successfully paced up to 40 beats/min above the
CONTINUOUS

CARDIAC

baseline heart rate. Atrioventricular (AV) pacing was

OUTPUT ESTIMATION. The HVAD pump ﬂow estimate

performed in the 9 patients who had right atrial leads

was compared against invasive continuous cardiac

to maintain AV synchrony. Five of the 11 patients

output thermodilution estimate using a continuous

studied were pacing dependent, allowing the pacing

cardiac output (CCO) Swan-Ganz catheter (Edwards

rate to be decreased to 30 beats/min below the base-

Lifesciences, Irvine, California) in a separate cohort of

line or until the minimum pacing rate was achieved.

11 patients studied at rest, during increased pump

One patient was in atrial ﬁbrillation. All patients

speed and again at baseline. The aortic valve opened

tolerated the changes in paced ventricular rates, and

in 2 patients. The mean ﬂow was 5.53  1.98 l/min by

there were no short or long-term adverse events.

CCO and 5.46  1.12 l/min by HVAD pump ﬂow estimate

Changes in pump ﬂow recordings, MAP, and

(p ¼ 0.82).

echocardiographic measurements with the changes in

STATISTICAL

ANALYSIS. All

analysis

paced ventricular rates are provided in Tables 2 and 3.

was carried out using EZ-Analyze software version 3.0

Signiﬁcant increments (32% increase) and decrements

(Tim Poynton, Boston, Massachusetts). Data were

(29% decrease) in heart rate were achieved at both

statistical

T A B L E 1 Baseline Demographics of Patients Enrolled in Pacing Study

Age, yrs

Support Duration,
days

Sex

Etiology

54

F

HCM

Rhythm

Speed, rpm

145

55

M

IschCM

51

M

HCM

48

M

DCM

182

48

M

IschCM

49

42

F

IschCM

46

38

F

DCM

84

Device Type

AICD

Paced (VVI)

2,600

Medication

147

AICD

SR

2,800

W, A, AA, amiod, L, PPI

360

AICD

Paced AF

2,700

W, A, C, B, D

BiV

Paced (AAI)

2,600

W, C, dipyr, A2RB, amiod

AICD

SR

2,600

W, A, C, A2RA, AA, amiod, CCB, L, PPI

AICD

SR

2,700

W, A, C, ACE-I, AA, D, L, PPI

BiV

SR

2,600

W, A, C, B, GTN, PPI

W, C, ACE-I, AA, D, amiod, GTN

75

M

IschCM

108

AICD

Paced

2,600

W, A, C, B, ACE-I, amiod, PPI

51

M

DCM

241

AICD

SR

2,800

W, A, C, B, AA, L

47

M

DCM

133

BiV

SR

2,700

W, C, amiod, CCB, L, PPI

70

M

IschCM

113

BiV

Paced

2,600

W, C, B, amiod, PPI

Mean
52.6  9.9

Mean
146.1  94.7

Median 2,600
Range 2,600–2,800

A ¼ aspirin; AA ¼ aldosterone antagonist; ACE-I, angiotensin-converting enzyme inhibitor; AF ¼ atrial ﬁbrillation; AICD ¼ automated implantable cardioverter-deﬁbrillator;
amiod ¼ amiodarone; A2RB ¼ angiotensin II receptor blocker; B ¼ beta-blocker; BiV ¼ biventricular pacemaker/deﬁbrillator; C ¼ clopidogrel; CCB ¼ calcium channel
blocker; D ¼ digoxin; dipyr ¼ dipyridamole; GTN ¼ glyceryl trinitrate; HCM ¼ hypertrophic cardiomyopathy; IDCM ¼ idiopathic dilated cardiomyopathy; IschDCM ¼ ischemic
dilated cardiomyopathy; L ¼ loop diuretic; PPI ¼ proton pump inhibitor; SR ¼ sinus rhythm; W ¼ warfarin.
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insigniﬁcant differences in pump ﬂow at maximum

T A B L E 2 Noninvasive Pump Hemodynamics and Echocardiographic Changes at

and minimum paced ventricular rates in both groups,

Baseline and Maximum Paced Ventricular Rate

Heart rate, beats/min

closed AV (baseline 4.5  0.4 l/min, maximum heart

Baseline
(n ¼ 11)

Maximum Paced HR
(n ¼ 11)

Difference, %

p Value

86.5  17.3

126.8  17.6

32

<0.001

rate 4.5  0.4 l/min, p ¼ 1.00; baseline 4.3  0.4 l/min,
minimum heart rate 4.6  0.6 l/min, p ¼ 0.43) and

5.1  1.2

5.1  1.2

0

1.00

open AV (baseline 6.2  1.4, maximum heart rate 6.7

4.0  0.6

4.0  0.6

0

0.97

 0.6 l/min, p ¼ 0.55). In 1 patient, the aortic valve

MAP, mm Hg

76.4  11.1

75.2  9.2

2

0.79

status was noted to be open at baseline and only open

LVESD, mm

48.2  11.4

47.9  16.3

1

0.96

intermittently at the increased pacing rate. This

LVEDD, mm

55.2  11.8

54.1  16.3

2

0.86

patient’s underlying rhythm was atrial ﬁbrillation,

Pump ﬂow, l/min
Pump power, W

Status of aortic valve

C ¼ 6, I ¼ 2, O ¼ 2

C ¼ 7, I ¼ 3, O ¼ 0

Aortic regurgitation

0.6  0.8

0.6  0.8

0

1.00

Mitral regurgitation

1.0  1.5

0.9  1.4

10

0.88

and the device was an implantable deﬁbrillator. The
patient was not pacemaker dependent. Even at the
higher pacing rate, it was noted that the patient still

Values are mean  SD. Aortic and mitral regurgitation grades 0 ¼ nil or trivial, 1 ¼ mild, 2 ¼ mild-moderate,
3 ¼ moderate, 4 ¼ moderate-severe, and 5 ¼ severe.
C ¼ closed; HR ¼ heart rate; I ¼ intermittent opening; LVEDD ¼ left ventricular end-diastolic dimension;
LVESD ¼ left ventricular end-systolic dimension; MAP ¼ mean arterial blood pressure; O ¼ open.

had intermittent intrinsic conduction due to atrial
ﬁbrillation. It is likely that the variable ﬁlling time
contributed to the intermittent valve opening. A
second patient went from “open” aortic valve status

maximum and minimum paced ventricular rate
compared with baseline: 86.5  17.3 beats/min versus
126.8  17.6 beats/min (p < 0.001; baseline vs.
maximum paced ventricular rate, n ¼ 11); 76.0  11.4
beats/min versus 53.6  17.3 beats/min (p ¼ 0.04;
baseline vs. minimum paced ventricular rate, n ¼ 5).
Despite this, there was no signiﬁcant change in pump
ﬂows (baseline 5.21  1.3 l/min; maximum heart
rate 5.17  1.2 l/min; p ¼ 1.00). There was also no
signiﬁcant change in ﬂow rates at each 10-beats/min
increment interval. Decreasing heart rate through
reduction in the pacing rate did not change pump
ﬂow (baseline 4.6  0.6 vs. minimum paced rate 4.5 
0.5 l/min; p ¼ 0.74). There was no signiﬁcant change
in ﬂow rate at each 10-beats/min decrement interval.
MAP, LV dimensions, and aortic valve opening status
were not affected by heart rate (Tables 2 and 3).
We compared changes in pump ﬂow between those
with open and closed aortic valves. There were

at baseline to “closed” at maximal paced ventricular
rate (120/min). There was no change in noninvasive
MAP in that patient (74 mm Hg at both heart rates).
The pump ﬂow decreased slightly with the aortic
valve opening (4.6 l/min down to 4.1 l/min), consistent with parallel ﬂow through both the aortic valve
and the pump. It is likely that this patient’s very poor
intrinsic ventricular function (estimated ejection
fraction of 10% at rest despite LVAD unloading) relied
on an adequate ﬁlling time to allow signiﬁcant
contraction. There was also evidence of mild RV
impairment which may have further limited LV ﬁlling
at the higher heart rate.
There was also no difference in pump ﬂows, MAP,
and LV dimensions in those who were AV paced
compared with those who were V paced. We examined the impact of resting RV impairment on the
response to pacing at either increased or reduced
ventricular rates and did not observe any difference
in response (Fig. 1). Although the baseline pump ﬂows
were slightly lower in those with normal resting RV

T A B L E 3 Noninvasive Pump Hemodynamics and Echocardiographic Changes at

function compared with impaired RV function (4.4 

Baseline and Minimum Paced Ventricular Rate

Heart rate, beats/min

0.4 l/min vs. 5.7  1.3 l/min), this was not signiﬁcant

Baseline
(n ¼ 5)

Minimum Paced HR
(n ¼ 5)

Difference, %

p Value

76.0  11.4

53.6  17.3

29

0.04

(p > 0.05) and was likely related to chance. The
apparent difference in pump ﬂows was decreased
after adjustment for body size.

Pump ﬂow, l/min

4.6  0.6

4.5  0.5

2

0.74

Pump power, W

3.7  0.2

3.6  0.2

3

0.72

TILT-TABLE

MAP, mm Hg

82.6  7.9

81.6  8.3

1

0.85

(9 men and 1 women, mean age of 56.1  11.1 years)

LVESD, mm

40.0  17.7

41.6  17.1

4

0.89

46.2  14.6

44.8  13.5

were enrolled in the substudy investigating the effect

LVEDD, mm

3

0.88

C ¼ 3, I ¼ 0, O ¼ 1

C ¼ 3, I ¼ 0, O ¼ 1

of passive venous return on estimated pump ﬂow

Status of aortic valve
Aortic regurgitation

0.6  0.9

Mitral regurgitation

0.6  1.3

0.6  0.9

0

1.00

0.20  0.4

66

0.55

STUDY. D e m o g r a p h i c s . Ten

patients

(Table 4). Six patients had evidence of mild or greater
resting RV impairment on transthoracic echocardiography. Two patients who had completed the head-

Values are mean  SD. Aortic and mitral regurgitation grades 0 ¼ nil or trivial, 1 ¼ mild, 2 ¼ mild-moderate,
3 ¼ moderate, 4 ¼ moderate-severe, and 5 ¼ severe.
Abbreviations as in Table 2.

up tilt part of the study did not complete head-down
tilt due to a history of intracerebral bleeding events
in the prior 12 months.
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B

Flow response to increase in HR
according to RV funcƟon

6.0

5.0
4.0
Baseline
3.0

Max HR

Pump
p Flow (L/min))

Pump
p Flow (L/min))

6.0

Flow response to decrease in HR
according to RV funcƟon

2.0

5.0
4.0
Baseline
3.0

Min HR

2.0

Normal RV
n=5

Impaired RV
n=6

Normal RV
n=3

Impaired RV
n=2

F I G U R E 1 Changes in Pump Flow at Maximum and Minimum Paced HR

(A) Patients with normal right ventricular (RV) function. (B) Patients with impaired RV function. Open bars ¼ baseline ﬂow recordings;
hatched bars ¼ maximum or minimum heart rate (HR). Values are mean  SE.

E f f e c t o f v e n o u s r e t u r n . The aortic valve remained

increased signiﬁcantly with 80  head-up tilt (base-

closed in 8 patients and was intermittently open in

line 78.2  21.2 beats/min vs 81.7  24.2 beats/min at

2 patients; this did not change during the study.

80 ; p ¼ 0.02) (Fig. 3). There was a slight rise in MAP

Pump ﬂow decreased signiﬁcantly from baseline

in comparison with baseline only with 80  head-up

(4.9  0.6 l/min) with passive head-up tilt (30  /60 /

tilt with ankle ﬂexion (79.8  8.6 mm Hg vs. 88.0

80  4.5  0.5/4.5  0.4/4.5  0.5 l/min, respec-

 13 mm Hg; p ¼ 0.01), but this was not signiﬁcant on

tively; p < 0.0001 analysis of variance). With 3 min

post hoc Bonferroni correction (p ¼ 0.22) (Fig. 4). The

of continuous active ankle ﬂexion, LVAD ﬂow re-

degree of aortic and mitral regurgitation did not

turned to baseline values (4.9  0.4/5.0 l/min 

change signiﬁcantly through all study stages. LV di-

0.4/5.3  0.7 l/min, respectively) (Fig. 2). With
continuous

active

ankle

ﬂexion,

pump

ﬂows

mensions did not change signiﬁcantly, and there
were no suction events.

returned to baseline values (ﬂow increase p < 0.05

The impact of resting RV function on responses to

for each angle) (Fig. 2). There was no signiﬁcant

passive tilt was also examined (Fig. 5). There was a

change in ﬂow from baseline (5.2  0.7 l/min) with a

tendency toward more prominent decreases in pump

20 head-down tilt with and without ankle ﬂexion

ﬂows with head-up tilt and more prominent increases

exercise (5.3  0.8 l/min; p ¼ 0.45) (Fig. 2). Heart rate

in ﬂows with head-down tilt in patients with impaired

did not change signiﬁcantly with the passive 30 , 60

resting RV function. Due to small patient numbers in

head-up tilt, 20  head-down tilt from baseline but

the subgroup analyses, these changes were not

T A B L E 4 Baseline Demographics of Patients Enrolled in the Tilt-Table Study

Age, yrs

Support Duration,
days

Speed, rpm

171

2,700

W, C, ACE-I, AA, D, amiod, GTN

SR

60

2,600

W, A, AA, amiod, L, PPI

SR

139

2,700

W, A, C, B, D

Paced

211

2,600

W, C, dipyr, A2RB, amiod

Sex

Etiology

Rhythm

56

M

IschCM

SR

48

M

IschCM

65

M

IschCM

75

M

IschCM

Medication

50

M

DCM

Paced

296

2,800

W, A, C, A2RB, AA, amiod, CCB, L, PPI

47

F

DCM

Paced

125

2,700

W, A, C, ACE-I, AA, D, L, PPI

57

F

DCM

SR

76

2,700

W, A, C, B, GTN, PPI

38

M

DCM

Paced

190

2,600

W, A, C, B, ACE-I, amiod, PPI

62

M

DCM

Paced

75

2,500

W, A, C, B, AA, L

63

M

DCM

SR

44

2,500

W, C, amiod, CCB, L, PPI

Mean
138.7  76.7

Median 2,650
Range 2,500–2,800

Mean
56.1  11.1
Abbreviations as in Table 1.
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heart rate has not been previously tested. We report
Head up (n=10)
**

5.50
Pump flow (L/min)

**
***

Head down (n=8)

2 clinical studies to observe the effects of alterations
in ventricular pre-load and heart rate on cfLVAD

**

parameters and physiological responses. We found

**

that pacing-induced changes in heart rate did not

*

impact cfLVAD function or noninvasive hemody-

5.00

namics. Changes in passive venous return were, however, associated with changes in pump ﬂow.
4.50

A number of studies have shown that estimated
pump ﬂows increase during exercise despite constant
pump speed in patients with cfLVADs (9,10,13). A

4.00

confounding factor in all of these studies is the signiﬁcant increase in heart rate and blood pressure during exercise. In the paper by Brassard et al. (10), heart
rate increased by 42% with exercise and was associated
with a 49% increase in cardiac output. We previously

F I G U R E 2 Changes in Pump Flow With Tilt-Table Testing

showed a relative increase of 14% in ﬂows during suOpen bars ¼ baseline recordings supine; hatched bars ¼ passive tilt;
solid bars ¼ tilt with active exercise. Values are mean  SE. *p < 0.05.
**p < 0.01. ***p < 0.001.

pine bicycle exercise in our cohort of LVAD patients
supported with centrifugal pumps, in association with
marked increases in heart rate (41%) (15). We also
demonstrated the changes in pump hemodynamics

statistically signiﬁcant (p ¼ 0.06 and p ¼ 0.15 for
changes in ﬂow in response to maximum head-up and
head-down tilt, respectively).

relating to level of activity, with determinants of ﬂow
change relating to sleep (or a supine state), energy
expenditure, and skin temperature with changes in
heart rate occurring in parallel to activity (16).
It has been accepted that increased heart rate is the

DISCUSSION

main driver for the increase in ﬂow in these settings,
Previous studies have shown that exercise is associ-

largely based on the clear statement from Akimoto

ated with increased centrifugal continuous-ﬂow left

et al. (13) that “mean pump ﬂow during exercise under

ventricular assist ﬂow output despite unchanged

constant pump speed was caused by an increase in

pump speeds. Whether this is due to the associated

heart rate.” It is important to recognize, however, that

changes in loading or to the associated increase in

neither venous return nor

atrial pressure

was

measured in the Akimoto et al. (13) seminal paper.
Because both heart rate and venous return increase
Head up (n
(n=10)
10)
*

Heart rate
e (beats/min)

328

Head down (n
(n=8)
8)
*

*

with exercise, the current study was undertaken to
examine these aspects separately (outside the context

90

of exercise) because the collinearity of the 2 variables

80

challenges the heart rate–dependent dogma of pump

makes interpretation difﬁcult. The current study

70
60
50

ﬂow and exercise and emphasizes venous return rather
than heart rate as an important determinant of pump
ﬂow. Indeed, as seen in Figure 3, at the maximum
passive head-up tilt (80 ), there was a marginal increase in heart rate compared with baseline; however,
this was associated with a very signiﬁcant reduction in

40

pump ﬂow compared with baseline (Fig. 2). In the
head-down cohort, there was no augmentation of
pump ﬂow by ankle ﬂexion and no effect of a slight
increase in heart rate on pump ﬂows (Figs. 2 and 3).

F I G U R E 3 Changes in Heart Rate With Tilt-Table Testing

It is known that patients with end-stage cardiomyopathy have activation of the sympathetic nervous

Open bars ¼ baseline recordings supine; hatched bars ¼ passive tilt;

system

solid bars ¼ tilt with active exercise. Values are mean  SE. *p < 0.05.

regulation (17–19). This contributes to ongoing chro-

and

resultant

beta-adrenoceptor

down-

notropic incompetence and abnormal heart rate
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recovery (20–22). Even in LVAD patients, where systemic blood ﬂow is returned, Dimopoulos et al. (23)

Head up (n=10)

demonstrated the persistence of cardiac autonomic

Head down (n=8)

90
Mean art press (mmHg)

dysregulation post-implantation of cfLVADs. Given
the current heart rate ﬁndings from this study, any
concern about ongoing chronotropic incompetence in
the setting of cfLVADs can be allayed. This is also
reassuring when considering the maximization of
beta-blocker therapy post-LVAD, recognized to help
with the myocardial reverse-remodeling process in

80
70
60
50
40

the setting of mechanical unloading (24).
Our study showed a signiﬁcant change in centrifugal pump ﬂow at ﬁxed speed with changes in body
position due to passive venous return. The signiﬁcant
fall in pump ﬂows at 30 head-up tilt was maintained

F I G U R E 4 Changes in Mean Arterial Pressure With Tilt-Table Testing

at the higher tilt angles with no further decrement.

Open bars ¼ baseline recordings supine; hatched bars ¼ passive tilt;

Flows returned to baseline with the relatively minor

solid bars ¼ tilt with active exercise. Values are mean  SE.

exercise of continuous ankle ﬂexion. This study suggested that the majority of venous pooling occurs at
only 30  in passive head-up tilt. More pronounced
venous pooling may have occurred had the tilt been

status of the aortic valve opening did not change

maintained longer. Measured LV and RV dimensions

during each stage of tilt-table testing, further elimi-

remained constant, and there was no evidence of LV

nating the confounding effect of ejection of blood

suction due to the LVAD at higher tilt angles. Al-

ﬂow through the aortic valve. In light of this, it is not

though decreased venous return may have released

expected that any changes in contractility due to the

some pericardial constraint due to the enlarged heart

low-level exercise of ankle ﬂexion would have had

size, the fact that pump ﬂows still fell at the greatest

any signiﬁcant effect on the augmentation of ﬂow

head-up tilt suggests that this is not a major factor in

seen and that the return of pump ﬂows to baseline

determining pump ﬂows.

was due to the effects of the muscle pump restoring

Centrifugal cfLVADs are sensitive to changes in

venous return. A further postulated mechanism for

afterload, with even modest changes in systemic

pump ﬂow responsiveness independent of exercise is

vascular resistance impacting the magnitude of pump

the role of increased intrinsic RV and LV contraction

ﬂow. Our patient cohort maintained constant MAP.

in “priming” the LV and the pump pre-load, respec-

Heart rate variation was only signiﬁcant at the 80

tively. It is possible that in the setting of impaired RV

head-up tilt, possibly due the interplay of feedback

function, pump ﬂows may respond differently to

mechanisms from peripheral baroreceptors in the

changes in heart rate or venous return. On review of

setting of decreased pump ﬂow. Furthermore, the

our studied patients, we found that 6 patients in both

Normal RV function
Head up (n=4)
Head down (n=3)

6.0

B

Impaired RV function

6.0

Head up (n=6)

Head down (n=5)

**

5.5
**

5.0
45
4.5
4.0

Pump flow (L/min
n)

Pump flow (L/min)

A

5.5

**

*

*
*

5.0
4.5
45
4.0

F I G U R E 5 Changes in Pump Flow With Tilt-Table Testing

(A) Patients with normal RV function. (B) Patients with impaired RV function. Open bars ¼ baseline recordings supine; hatched bars ¼ passive
tilt; solid bars ¼ tilt with active exercise. Values are mean  SE. *p < 0.05. **p < 0.01. Abbreviations as in Figure 1.
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Heart Rate and Body Position on LVAD Flows

the pacing study and tilt-table study had impaired RV

not objectively measured. Patients were given verbal

function. As shown in the subgroup analyses, results

encouragement to keep ankle exercise going for the

were not difference in the impaired RV group com-

entire 3 min. Subgroup analyses according to RV

pared with those with normal RV function. It is

function resulted in small patient groups for study.

likely that, in the setting of normalized pulmonary

The effects of RV function on ﬁlling and heart rate

vascular resistance (in the setting of long-term stable

responses in cfLVAD patients may need to be con-

LVAD patients), RV function may not contribute

ﬁrmed in a larger study.

signiﬁcantly to pump ﬂow at rest. In our study, there
did seem to be a tendency to increased sensitivity to
passive venous return in the impaired RV function
group, but this will need to be conﬁrmed in a larger
cohort.

CONCLUSIONS
Centrifugal cfLVAD ﬂow was not affected by heart rate
variation but was importantly affected by changes in
body position and passive venous return, when pump

STUDY LIMITATIONS. Our study was a noninvasive

speed remained constant. These ﬁndings support the

study; hence, measurement of central hemodynamics

concept of changes in pre-load as a contributor to

was not performed. Catheter measurements of cen-

exercise-related changes in pump output.

tral venous pressures may provide a better reﬂection
of pre-load, especially in studying the effect of body
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Chapter 8:
Longitudinal functional, structural and cellular changes
without molecular remodelling with chronic third
generation centrifugal continuous flow left ventricular
assist device support.
Muthiah K, Humphreys DT, Robson D, Dhital K, Jansz P,
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Background: Left ventricular assist device (LVAD) support triggers adaptations
within failing hearts resulting in reverse remodelling. Third generation centrifugal
flow LVADs exhibit different flow profiles and afterload dependence to previous
generation devices. We studied myocardial and haemodynamic adaptive
responses to these devices at a functional, haemodynamic and structural level.
Additionally, we profiled transcriptomal changes using next generation
sequencing platforms.
Methods: We studied 37 patients supported with the HeartWare (Framingham,
MA) device with: paired measurements of invasive haemodynamics; serial
longitudinal left ventricular (LV) and right ventricular (RV) 3-D
echocardiography; and amino-terminal pro-BNP (NT-proBNP) measurements.
Paired samples for comparison of histological myocardial cellular size and
transcriptomal profiling were performed on specimens taken at pump implant
and transplantation.
Results: Mechanical unloading following centrifugal flow LVAD support resulted
in reduced filling pressures (mean pulmonary capillary wedge pressure
27.1±6.6 to 14.8±5.1mmHg, p<0.0001). Mean LV cardiomyocyte cell size
decreased from 2789.7±671.8 to 2290.8±494.2μm2 (p=0.02). Both LV and RV
ejection fraction (EF) improved significantly (24±8% to 35±9%, p<0.001 and
35±11% to 40±8%, p<0.02 respectively). NTproBNP levels fell 4.8 fold by day
90 post support, consistent with a decrease in LV wall stress. Despite these
concordant beneficial findings, there was no significant change in the microRNA
transcriptome across the group.

114

Conclusion: Reverse remodelling is evident at multiple levels with chronic
centrifugal flow LVAD support in the absence of changes in the microRNA
transcriptome. Successful myocardial unloading is associated with a decrease
in wall stress, regression of cardiomyocyte hypertrophy and an improvement in
both LV and RV ejection fraction.
Key Words: left ventricular assist device, remodelling, myocardial contractility,
microRNA
Introduction
The success of centrifugal flow left ventricular assist devices (LVADs) in the
contemporary management of advanced heart failure has led to its application
both as bridge to cardiac transplant and as destination therapy1-4. Remodelling
has been demonstrated in pulsatile 5 as well as in axial flow LVADs6, with little
data available in remodelling with centrifugal flow LVADs7. While a recent
prospective randomised study reported similar clinical outcomes with the
Heartmate II (Thoratec Corp, Pleasanton, CA) axial flow device and HeartWare
centrifugal flow device8, in keeping with prior studies7, 9, the study by
Sabashnikov and colleagues suggested a lower rate of LVAD explantation for
recovery from centrifugal compared to axial LVADs 7.
MicroRNAs are responsible for post-transcriptional regulation of messenger
RNA (mRNA). Mechanical unloading may affect myocardial microRNA profile,
though data are conflicting10,

11

.Transcriptomal profile changes have been

reported to associate with hypertrophy, providing potential candidate
microRNAs for study of myocyte regression10, 12. However, data supporting
combined structural, haemodynamic and transcriptomal studies are limited.
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Moreover, longitudinal assessment of function is lacking 13, which may serve to
answer the conflicting evidence base 14.
We therefore studied reverse remodelling following mechanical unloading with
centrifugal flow LVAD therapy evaluating: [1] myocardial changes at a cellular
level; [2] longitudinal cardiac function using 3D echocardiography; [3]
haemodynamic profile; [4] neurohormonal activation by amino-terminal pro-BNP
(NT-proBNP); and [5] changes in the transcriptome using next generation
sequencing platforms.
Methods
Patient population
We prospectively studied consecutive patients undergoing implantation with the
HeartWare HVAD (HeartWare Inc, Framingham, MA) for chronic support in
severe refractory heart failure between January 2011 and December 2012 from
St. Vincent’s Hospital, Sydney. Patients were followed until July 2013. All
patients were in Interagency Registry for Mechanical Assisted Circulatory
Support (INTERMACS) category 1-3 at the time of implantation. Five patients
had biventricular support with a HeartWare centrifugal flow LVAD placed in both
left and right ventricles. The study was approved by St.Vincent’s and Mater
Health Human Research Ethics Committee; informed consent was obtained
from all patients.
Functional and Haemodynamic Assessments
Left ventricular (LV) and right ventricular (RV) ejection fraction (EF)
measurement by 3D echocardiography (Phillips iE33 System and X-5 probe)
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was validated by cardiac magnetic resonance imaging (cMRI) in 8 patients prior
to centrifugal flow LVAD implant. 3D echocardiography was performed in all
patients pre-implant and at days (D) 7, 30, 90, 180, 360 post-implant. Full
volume was obtained for 1 cardiac cycle and analysed off-line using Phillips
General Imaging software. LV and RV volumes were calculated from stacked
contours where image quality permitted, with subsequent off-line derivation of
both LVEF and RVEF.
Right atrial pressure (RAP), mean pulmonary arterial pressure (MPAP) and
pulmonary capillary wedge pressures (PCWP) were recorded from paired right
heart catheter (RHC) studies obtained immediately prior to implant and again
between D90-180 post-implant.
Biochemical assays
Venous blood samples were obtained within 2 days pre centrifugal flow LVAD
implantation (baseline) and at D 7, 30, 90 ,180 in serum collection tubes; NTproBNP was measured by chemoluminescence (ElecSys, Roche Diagnostics,
Indianapolis IN).
Tissue Collection and Storage
Myocardial specimens were obtained from the LV apical core at implant and
from adjacent segments at cardiac transplantation in 15 patients who were
transplanted during the study period. Specimens were embedded in RNAlater
(Ambion Inc, Austin TX) and frozen to -80˚C until processed.
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Histological Morphometric Analysis
Specimens of 0.3cm x 0.3cm size were fixed in formalin, embedded, serially
sectioned and stained with picrosirius red stain (PSR) and hematoxylin and
eosin (H&E). Semi-automated quantitative analysis was performed with Image-J
(NIH, Bethesda, MD). Average myocyte size was calculated by cellular count
within defined borders from the H&E stained slides. Fibrosis was quantified by
ratio of collagenous area (identified by PSR) to total myocardial area.
MicroRNA Library Construction, Sequencing and Data Processing
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and miRNeasy kit (Qiagen,
Venlo, Netherlands) were used for total RNA isolation from samples of 30-40ug
according to manufacturer’s instructions. RNA concentration was determined by
Nanodrop (Thermo Scientific, Wilmington, DE) and integrity measured on a
Bioanalyser (Agilent Technologies, Santa Clara, CA).
MicroRNA sequencing libraries were generated from 300ng of total RNA from
each myocardial sample using the NEBNext Small RNA Library Prep kit (New
England Biolabs, Ipswich, MA) for Illumina in accordance with the
manufacturer’s instructions. The bar-coded libraries were assessed on a
Bioanalyser high sensitivity DNA chip and quantified using the Qubit
fluorescence reader (Thermo Scientific). Libraries were pooled in equimolar (10
nmol/L) concentrations and were sequenced with a HiSeq 2500 (Illumina, San
Diego, CA) using 50 base pair reads.
Adaptor sequences from de-multiplexed fastq files were removed using
cutadapt (http://cutadapt.readthedocs.org). Trimmed sequence files were then
aligned to the human genome (hg38) using the short read aligner Bowtie15,
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using the following parameters: output SAM files were sorted, indexed and
converted into BAM format using Picard (http://broadinstittute.github.io/picard).
Reads counts were assigned to miRbase 21 features using miRspring
software16.
Unsupervised hierarchical clustering and principle component analysis of
microRNA reads was performed. Additional subgroup analysis was done by
aetiology as either primary cardiomyopathy (dilated [DCM] or hypertrophic
[HCM]) or secondary cardiomyopathy (ischaemic [ICM] or congenital heart
disease). We repeated analysis with specific focus on candidate microRNAs
associated with hypertrophy10,

12

. We investigated the possibility of differential

alternative processing of microRNAs by examining isomiR proportions of the
100 most abundant mature microRNAs. The shifting nucleotide sequence of
isomiRs results in a different spectrum of mRNA targets, therefore we defined a
greater than 20% change in isomiR proportion as significant.
Statistical Analysis
Statistical analysis was undertaken using EZ-Analyze v3.0. Data are presented
as means ± standard deviation and compared using the Student’s t-test.
Measure of variance was analysed using repeated measures ANOVA with posthoc Bonferroni correction. p<0.05 indicated statistical significance.
Differential expression was performed using the R/Bioconductor package
VOOM v3.18.13. Reads were normalised using the weighted trimmed mean of
M values17 . Explant and implant patient data sets were grouped and
differentially expressed genes were idenitified using VOOM. Differences were
considered significant below a false discovery rate (FDR) of 10% 18.
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Results
Patient Characteristics
Detailed demographics and clinical characteristics are presented in Table 1;
Thirty seven patients (32 males, 5 females) aged 49.6±13.1 years were
recruited. Twelve patients (32%) were in INTERMACS category 1, 23 (62%) in
category 2, and 2 (5%) in category 3 at the time of implant. Aetiology of
cardiomyopathy requiring support was: DCM in 20 (54%); ICM in 13 (35%),
HCM in 3 (8%) and congenital heart disease in 1 (3%). All except two patients
were implanted as bridge to cardiac transplant. Twenty three patients (61%)
were implanted from temporary mechanical support: 16 with intra-aortic balloon
pump (IABP); 1 veno-arterial extracorporeal membrane oxygenation (VAECMO); 6 with IABP and VA-ECMO. Post operatively, 11 patients (29%)
received temporary RV support with veno-pulmonary arterial (V-PA) ECMO.
Fifteen patients were successfully transplanted (11 within D360), 13 died (12
within D360) and 9 patients remained on support at the end of the study period.
Functional and Haemodynamic Recovery
Prior to study, 3D echocardiography evaluation of LVEF and RVEF were
validated against cMRI in 8 patients with close correlation (LVEF r²=0.82 and
RVEF r²=0.92). Twenty patients (54%) underwent echocardiography at D180, of
whom 9 were studied again at D360. We found significant improvement in both
LVEF (n=20, baseline 24±8% to D180 35±9%, p<0.001) and RVEF (n=19,
35±11% to D180 40±8%, p<0.02). Results for those with complete longitudinal
data adequate for EF quantification from baseline to D180 (including all
intervening assessments, LV n=16, RV n=14) are shown in Figure 1. When
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baseline measurements were excluded, evidence for functional improvement
remained significant for the LV (LVEF, n=17, D30 31±8% to D180 37±7%,
p=<0.001) but not the RV (RVEF, n=16, D30 37.4±11 to D180 41±8%, p=0.26).
Table 1: Baseline clinical and demographics
units

Mean

SD

Age

years

49.6

13.1

Gender

M/F

32 / 5

Aetiology

DCM / Isch (n)

20 / 13

years

83

INTERMACS

I / II / III (n)

12 / 23 / 2

VA-ECMO

n (%)

6 (16%)

VPA-ECMO

n (%)

11 (30%)

BiVAD

n (%)

5 (14%)

LVEF

%

23.7

7.7

RVEF

%

30.8

11.5

Creatinine

(umol/L)

117.5

38.9

Bilirubin

(umol/L)

33.2

23.6

HF Duration
(months)

68.9

HF, heart failure; VA-ECMO,venoarterial extracorporeal membrane
oxygenation; VPA-ECMO, venopulmonary arterial extracorporeal membrane
oxygenation; BiVAD,biventricular assist device; LVEF, left ventricular ejection
fraction; RVEF, right ventricular ejection fraction; DCM,dilated cardiomyopathy;
Isch, Ischaemic cardiomyopathy.
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Figure 1: Longitudinal improvement in left ventricular (LV) and right ventricular
(RV) ejection fraction
* D0 = pre-centrifugal flow left ventricular assist device implantation; ** D0 – D180
(n=16 LV; n=14 RV)

Improvement in central haemodynamics paralleled echo documented functional
recovery. RHC studies 90-180 days post mechanical unloading showed
significant improvements in RAP, MPAP and MPCWP (Table 2). Cardiac output
(CO) and cardiac index (CI) measured by thermodilution also improved
significantly. These changes were also associated with normalisation of
pulmonary vascular resistance (PVR) and systemic vascular resistance (SVR)
(Table 2).
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Table 2: Invasive haemodynamic changes post centrifugal flow left
ventricular assist device
Haemodynamic
measure

Pre-

Post-centrifugal

centrifugal

flowLVAD

p-value

flowLVAD
Days post implant

115±63

MAP (mmHg)

75.6±11.4

80.3±11.3

0.15

HR (beats/min)

82.7±16.2

88±4.5

0.16

RAP(mmHg)

19.5±6.7

9.7±5.9

0.007

MPAP (mmHg)

38.4±8.8

24.8±7.7

<0.0001

PCWP (mmHg)

27.1±6.6

14.8±5.1

<0.0001

TPG (mmHg)

11.3±5.0

10.0±4.0

0.24

CO (L/min)

3.4±1.4

5.0±1.1

<0.0001

1.7±0.6

2.7±0.5

<0.0001

PVR (dynes·sec·cm )

304.9±208.2

164.5±73.3

0.009

SVR (dynes·sec·cm-5)

1608.8±645

1154.8±300

0.002

CI (L/min/m²)
-5

MAP, mean arterial pressure; HR, heart rate; RAP, right atrial pressure; MPAP,
mean pulmonary arterial pressure; MPCWP, mean pulmonary capillary wedge
pressure; TPG, trans-pulmonary gradient; CO, cardiac output; CI, cardiac index;
PVR, pulmonary vascular resistance; SVR, systemic vascular resistance.

Biochemical markers indicative of recovery
Changes in NT-proBNP ANOVA were significant (p=0.01). There was a 4.8 fold
decrease in NT-proBNP levels from baseline at D90 (7048±9106.1 to
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1473±1083 ng/L; p=0.01); and persistent downward trend at D180
(2790±3394ng/L; p=0.06) (Figure 2), consistent with the echocardiographic and
haemodynamic measures of recovery. Similarly, the longitudinal change in NTproBNP remained significant when baseline measurements were excluded
(p=0.005).

Figure 2: N-terminal of the prohormone brain natriuretic peptide (NT-proBNP)
profile

Histological changes
Paired myocardial samples from 14 patients were studied following average
support duration of 285±136 days. HeartWare centrifugal flow LVAD support
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induced significant regression of cardiomyocyte hypertrophy: myocyte size
decreased from 2789.7±671.8 to 2290.8±494.2 μm2 (p=0.02). There was no
change in the extent of interstitial fibrosis (24.8±11.0% at LVAD implant to
23.2±13.3% at transplantation, p=0.70).
MicroRNA profiling
Twelve paired heart tissue samples were collected. Following RNA extraction,
24 RNA libraries were prepared and sequenced. We obtained on average 10.5
million reads per library (median 11 million, range 4 to 16 million). An average of
69.5% of reads aligned to the human genome (31.3% uniquely, 38.2%
multimapped), with 74% of 18-25 nucleotide sequence reads aligning to
microRNAs (median 72%, range 46% to 92%).
Unsupervised hierarchical clustering of expression profiles of microRNAs did
not resolve aetiology or implant / explant status. Combining the hierarchical
cluster to a heat map of correlation coefficients demonstrated the similarity of all
data sets (Figure 3). Further exploration using principle components analysis of
expression profiles did not segregate aetiology or implant / explant status
(Figure 4). We did not identify any differential microRNA expression changes
from implant to explant / transplant in either primary or secondary
cardiomyopathy groups (Supplemental Figures 1a and 1b).
There was no correlative differential expression with implant / explanted status
when currently-reported candidate microRNAs associated with cardiac
hypertrophy were studied as a subgroup (Figure 5, Supplemental Table 1).
Differential isomiR proportions in implanted versus explanted tissue did not
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identify any abundant microRNAs whose processing was significantly altered
following centrifugal flow LVAD support (Figure 6).

Figure 3: Unsupervised hierarchical clustering combined with correlation
coefficients of cardiac microRNAs expression profiles
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Figure 4: Principle component analysis of normalised expressions profiles
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Figure 5: Implant versus explant fold expression change of microRNAs
involved in hypertrophy.
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Figure 6: Heat map of the absolute change of 5’ isomiRs proportions for the top
100 abundant miRNA. A 5’ isomiR are those miRNAs whose 5’ start positions
within +- 1 to 3nt of the start position defined by miRbase.

Discussion
In this study we explored the interplay between clinical, biological and molecular
signatures of reverse remodelling induced by third generation centrifugal flow
LVADs. We demonstrated the following favourable patterns: [1] improvement in
biventricular size and contraction measured by 3-D echocardiography that
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parallels near normalisation in invasive central haemodynamic measurements;
[2] improvement in neurohormonal biomarker profiles of longitudinal NT-proBNP
levels; [3] regression in cardiac myocyte hypertrophy. Despite these concordant
functional and structural findings, we did not demonstrate any transcriptomal
changes from profiling of microRNAs for both expression and processing
variations in response to successful mechanical unloading.
Assessment of Cardiac Function
Myocardial functional recovery with LVAD support was first reported in 199419,
following which these first-generation pumps were successfully explanted in a
select group of patients20. It is known that 2-D echocardiography studies of
LVADs can be challenging due to ultrasound artefacts, though pump
miniaturisation has obviated some of the technical challenge21. Functional
improvements in 2-D echocardiographic parameters of patients with continuous
flow LVADs have been reported22-24. 3-D echocardiography is known to have
superior reproducibility and a closer correlation to cMRI derived volumes in the
assessment of function25; in the LVAD population where cMRI is contraindicated
this may be preferable to 2-D measures. We have successfully shown
functional recovery in both LV and RV using 3-D echocardiography in these
consecutive supported patients.
NT-proBNP Measures
Consistent with significant haemodynamic improvements, we demonstrated a
favourable trend in the neurohormonal milieu, marked by a significant decrease
in NT-proBNP levels consistent with lower ventricular wall stress. It is known
that a broad range of structural and functional correlates including ventricular
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volumes determine NT-proBNP concentrations26; patients undergoing cardiac
remodelling may be successfully identified by serial NT-proBNP
measurement27,28. Hence, the fall in this biomarker in our study lends further
evidence to support remodelling following centrifugal flow LVAD support.
Cellular Adaptation
To date, translational studies from tissue obtained from patients with end-stage
cardiomyopathy before and after LVAD support has shown the capacity of
myocytes from failing hearts to remodel29, 30. Dipla et al found that in addition to
an improvement in basal relaxation rates, myocyte contractile performance was
greater in myocytes obtained from failing human hearts following pulsatile LVAD
support in comparison to myocytes obtained from unsupported hearts in
patients bridged to cardiac transplantation31. Cardiac fibrosis and myocyte size
have been found to be significant predictors of degree of improvement in
cardiac function following LVAD support

32

. However with mechanical unloading

few studies have shown a regression in cellular hypertrophy following support
with either pulsatile or second generation continuous flow devices 33, 34. Results
from studies of LVAD unloading on the extracellular matrix are conflicting; few
demonstrate a decrease in fibrosis, whilst others describe significant increase 3436

. Drakos et al reported a progression of adverse remodelling; higher interstitial

fibrosis and collagen content in pulsatile flow LVAD recipients from baseline 37.
Our work supports findings from earlier translational studies demonstrating
remodelling at a cellular level with regression of cellular hypertrophy.
In the current study, we did not find any change in myocardial fibrosis following
support with third generation centrifugal pumps. One reason for the lack of
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decrease in fibrosis is the chronicity of heart failure in the current cohort
(median heart failure duration 74 months). It is well recognised that heart failure
duration is a strong predictor of successful recovery6, with persistent fibrosis
consistent with lack of recovery. Reversal of fibrosis has been demonstrated
with pulsatile LVAD therapy38, although in that study the duration of heart failure
was not documented, and the duration of support significantly shorter. Fibrosis
scores have been correlated with improvement in cardiac function previously39
32

. In the study by Patel and colleagues, patients who improved cardiac

function had markedly lower percentages of fibrosis compared to the current
study. In that study, at LVAD implant, recovered patients had significantly less
myocardial collagen content compared to those who did not experience
recovery, defined according to echocardiographic criteria at reduced pump
speed39.
Transcriptome Profile
Profiling transcriptomal remodelling following LVAD support using both
conventional microarray or polymerase chain reaction (PCR) based assays as
well as next generation sequencing platforms have provided insights into the
dynamic regulation of both microRNAs as well as mRNA with mechanical
unloading

10, 11, 40-43

. An earlier study in this field focussed on PCR technology

and found differentially expressed microRNAs following LVAD support41.
However, the type of LVAD support (pulsatile, axial or centrifugal flow) was not
specified. A further study by Matkovich et al used conventional microarray and
found 28 microRNAs to be upregulated by >2.0 fold in patients with advanced
heart failure with near complete normalisation of the microRNA signature
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following LVAD support. A significant limitation in this study however is that the
differences were demonstrated in different (unpaired) populations 10.
The use of next generation sequencing platforms (Illumina) in profiling cardiac
microRNA is not novel; however no studies have yet shown differential
expression in in paired samples following LVAD support11, 44, in keeping with our
findings. In our study using next generation sequencing, microRNA expression
showed non-significant fold-changes following centrifugal flow LVAD support
when combining all heart failure aetiologies. It is possible that a complex pattern
of microRNA expression is associated with remodelling. The average duration
of support of the 12 patients studied was 307±132 days; it is plausible that
transcriptomal profile responses to support from newer generation centrifugal
flow LVADs are slower to change. Efforts in active recovery programs under
LVAD support target particular patients groups: those of non-inschaemic
aetiology, short duration heart failure (<5years) without underlying cause. In the
current study 4 patients (11%) had hypertrophic cardiomyopathy or congenital
heart disease, making genetic remodelling and recovery less likely.
Clinical Implications
The key finding from this report is the significant regression of myocyte
hypertrophy and improvement cardiac function, associated with a marked fourfold improvement in markers of wall stress, without any change in the genomic
regulation cascade by microRNA. The current findings suggest that, even in the
absence of any change in genomic regulation, there are still marked changes
evident in the broad non-selected heart failure population in response to
mechanical ventricular unloading. Such responses validate the use of LVADs
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even in patients with longstanding heart failure or established myocardial
fibrosis.
Study limitations
While recovery was not demonstrated in this cohort, the study is limited by
cohort size and the heterogenous population and chronicity of heart failure prior
to pump implantation. Nevertheless, management protocols were homogenous
from a single centre. Haemodynamic and echocardiographic studies were not
performed at different speed settings, or with the pump turned off to assess for
sustained improvements in cardiac function. While there may have been
sampling errors introduced in the setting of apical myocardial infarction,
exclusion of ischaemic patients did not have any impact on findings.
Conclusion
This study comprehensively characterises the reverse remodelling profiles at a
structural and functional level following chronic centrifugal LVAD support with
the HeartWare HVAD device. We demonstrated a significant improvement in
invasive haemodynamics associated with regression of myocyte hypertrophy
and an improvement in cardiac function and loading conditions. No measurable
changes in microRNA transcriptomal profile were associated with reverse
remodelling. The current findings suggest that, even in the absence of any
change in genomic regulation, there are still marked benefits evident in a broad
heart failure population in response to mechanical ventricular unloading, which
would be expected to support the use of these pumps in bridge to recovery.
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hsa-mir-378j
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hsa-mir-133a-1
hsa-mir-133a-2
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hsa-mir-16-1
hsa-mir-26a-1
hsa-mir-29a
hsa-mir-125b-1
hsa-mir-133b
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Supplemental Figure 1a: microRNA expression changes from implant to
explant/transplant in primary cardiomyopathy
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Supplemental Figure 1b: microRNA expression changes from implant to
explant/transplant in secondary cardiomyopathy
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Chapter 9: Conclusion
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This thesis provides further insights into understanding the complex biological and
physiological interactions in patients implanted with third generation centrifugal
cfLVADs. Findings illustrated in the seven studies presented in this thesis will aid
future direction in both patient management as well as innovation to future device
engineering.
Chapter 2 illustrated the successful novel use of third generation centrifugal
cfLVADs in patients with HCM. We have shown that patients with hypertrophic
cardiomyopathy, in whom LVAD therapy was previously deemed a contraindication
may benefit from third generation cfLVAD support in the short-medium term. This
benefit mitigates the inherent risks of arrhythmias and ventricular suction.
Chapter 3. Whilst previous studies report on increased gastrointestinal bleeding in
cfLVAD supported patients, in Chapter 3, we have demonstrated for the first time the
increased incidence of gastrointestinal angiodysplasia and bleeding in centrifugal
cfLVAD supported patients. This contribution hightlights the potential need for early
screening for angiodysplasia to minimise associated morbidity.
Chapter 4. Historically, the management of device thrombosis has been limited to
device exchange. In chapter 4, we have shown that despite therapy with aspirin,
clopidogrel and anticoagulation, pump thrombosis remains a complication with
centrifugal cfLVAD therapy. Additionally, we describe the favourable use of tPA as
an alternative management of suspected pump thrombosis over the short-medium
term. We propose thrombolytic therapy as a feasible alternative to device exchange
with benefits of reduced cost and complications related to re-operation.
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Chapter 5. Bleeding and thromboembolism remain pitfalls of successful LVAD
support. We have characterised longitudinal changes in both anticoagulant and
procoagulant markers including platelet microparticles, soluble glycoprotein VI
(sGPVI) and von Willebrand Factor (VWF) profiles with third generation cfLVAD
support. These changes associate with early bleeding and late thromboembolic
events. Pre-implant sGPVI levels may portend higher bleeding risk after cfLVAD
support. Preserved pulsatility is associated with improved VWF profiles and reduced
bleeding tendency. Hence, we would advocate encouraging pulsatility to minimise
bleeding risks in cfLVAD supported patients.
Chapter 6. The study presented in chapter 6 showed that upward titration of pump
speed with exercise does not lead to an improvement in intra-cardiac
haemodynamics despite increase in centrifugal cfLVAD flow. Moreover, elevated
central haemodynamic measurements were seen with exercise despite centrifugal
cfLVAD support. This haemodynamic response likely explains the ongoing exertional
fatigue despite centrifugal cfLVAD therapy.
Chapter 7. Exercise increases centrifugal cfLVAD pump flow at constant pump
speed, though the relative contributions of increased heart rate and increased
venous return were unquantified. In Chapter 7, we have shown by modulating paced
ventricular rate that centrifugal cfLVAD flow is not affected by changes in heart rate
when pump speed remains constant. However, significant changes in flow
associated with postural change as a result of increased venous return to the heart
were demonstrated. These findings support the concept of changes in preload as the
predominant contributor to exercise-related changes in pump output.
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Chapter 8. The study presented in Chapter 8 is the first to comprehensively
characterises the reverse remodelling profiles at a structural and functional level
following chronic centrifugal cfLVAD with the HeartWare HVAD. We demonstrated a
significant improvement in invasive haemodynamics which associated with
regression of myocyte hypertrophy. We additionally observed an improvement in
biventricular function measured by 3-D echocardiography. No measurable changes
in microRNA transcriptomal profile were associated with reverse remodelling. We
hence conclude that even in the absence of changes in genomic regulation,
mechanical ventricular unloading confers benefits that support the use of these
pumps as bridge to recovery.

Recommendations for Future Development and Research
We have shown excess rates of gastrointestinal angiodysplasia and bleeding with
third generation centrifugal cfLVAD use. The effect of promoting pulsatile flow by
pump speed modulation to facilitate aortic valve opening may reduce shear stress
imparted on gastrointestinal mucosa. Thus investigating the effect of pulsatile flow
with centrifugal cfLVADs and the formation of gastrointestinal angiodysplasia and
associated bleeding is warranted. We would recommend screening for
angiodysplasia prior to centrifugal cfLVAD implantation, especially in older patients,
to reduce post-implant morbidity associated with bleeding risks.
We have demonstrated the changing longitudinal haemostatic milieu following
centrifugal cfLVAD therapy. Tailoring antiplatelet and anticoagulation therapy based
on these changes may better serve to reduce bleeding and thromboembolic
complications. Additionally, promoting aortic valve opening may enhance favourable
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von Willebrand profiles and associated bleeding. A validation cohort to confirm the
role of soluble glycoprotein VI as a prospective risk stratifier for post-LVAD bleeding
is warranted prior to clinical utility. We anticipate a treatment algorithm based on
haemostasis markers studied may be developed in the futures to tailor antiplatelet
and anticoagulation regimens.
We have defined the extent of reverse remodelling following third generation
centrifugal cfLVAD support, showing significant reverse remodelling, favourable
haemodynamic and neurohormonal profiles in addition to the structural and
functional changes. Patients in whom significant structural, functional and
haemodynamic and neurohormonal reverse remodelling occur may be potential
candidates for recovery and device explantation; thresholds for predicting recovery
require additional comprehensive study of these factors in combination. Ramp speed
studies of myocardial function as assessed by 3-D echocardiography are likely to
improve clinical ability to correctly identify recovery. Prospective study of patients
demonstrating recovery over longer support duration may identify late microRNA
transcriptome adaptations.
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