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Preface

It has now been a little over eight years since 
publishing the first edition of Mechanical Circulatory 
Support: Principles and Applications. The world has 
changed a great deal in that time, but perhaps nowhere 
has this been more pronounced than in the field of 
mechanical circulatory support. Durable LVAD outcomes 
now rival those of cardiac transplantation, short- term 
devices are changing the landscape in cardiogenic shock, 
and perioperative decision- making has now benefited 
from over three decades of experience. It has been an 
exciting time to be a part of this journey, and we have 
been truly blessed to join with some of the most well- 
established thought leaders in the field to develop a 
reference that we hope will synthesize this wisdom in a 
way that is accessible to all who participate in the care of 
patients with advanced heart failure.

The second edition could never have taken place 
without substantial contributions from a very large 
team of supporters. We would like to specifically thank 
Craig Panner, William Allen, and the rest of the team at 
Oxford University Press for their tremendous partnership 
throughout this effort.

This project was officially launched in May 2017 
as part of a much larger vision on the part of Drs. Paul 
Pearson and Doug Evans when they placed their bets for 
the heart transplant and MCS program at the Medical 

College of Wisconsin on a father/ son team from the 
Mayo Clinic. We remain immensely grateful to them for 
inviting us to join in this adventure, supporting us on 
projects like this, and dreaming with us on what comes 
next. In the words of Lin- Manuel Miranda in Hamilton, 
“There’s a million things [we] haven’t done . . . but just 
you wait!”

Editing a textbook of this magnitude could never be 
accomplished by two busy cardiac surgeons without the 
commitment of very talented colleagues, especially Chris 
Quandt, Jodi Burgess, and Tom Lang, who not only kept 
us on schedule but demanded excellence in the final 
product. We also appreciate the tremendous effort put 
forth by each of the authors.

Of course, those who pay a huge toll are our families, 
who have spared us the time to complete this task. We are 
most grateful to Tina (Mom/ wife), Joyce (wife/ daughter- 
in- law), and Lyle and Lucia (children/ grandchildren).

Our desire is that you will find this book useful 
at whatever level of heart failure patient care you are 
providing and that it will serve as a handbook at the 
bedside as well as a thought provoker when studying 
some of the most complex physiological challenges that 
this exciting frontier provides.

David L. Joyce and Lyle D. Joyce
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1 A Historical Perspective on   
the Development of Mechanical 
Circulatory Support Devices 

O. H. FRAZIER

Introduction

The cardiac surgical field has progressed from a 
belief that the heart was an untouchable organ to 
the reality that it is an organ that can be surgically 

repaired, supported, and even replaced with great suc-
cess. The invention and development of mechanical cir-
culatory support devices has led the way in this endeavor. 
The first attempts were to replicate the pulsatile human 
heart. The first permanent implant of the Jarvik 7 total 
artificial heart (TAH) implant by Devries and Joyce in 
1982, under a clinical trial directed by the Food and Drug 
Administration (FDA), opened the door for the investiga-
tion of not only TAHs but also multiple left ventricular 
assist devices (LVAD). The Jarvik 7- 70 TAH first implanted 
in a woman by Joyce in 1985 is the same pump still used 
today, giving it the longest track record of any manufac-
tured implantable support device. The field has turned 
to continuous- flow devices (axial and centrifugal) for the 
most part because of durability issues, but the long- term 
impact that this change in physiology has on the body 
remains only partially understood.

The History
The evolution and subsequent development of the field of 
mechanical cardiac assist and replacement for the failing 
heart has been indelibly linked to similar advances in the 
evolution of open heart surgery and, subsequently, cardiac 
transplantation. The first successful use of the heart- lung 
machine by Dr. John Gibbon for open cardiac repair in 1953 
was initially viewed as being of limited value, as it was suc-
cessful in only one case of a simple secundum atrial- septal 

defect (ASD) repair. John Lewis at the University of 
Minnesota had already performed the first successful case 
of intracardiac surgery on September 2, 1952.1 He closed 
a secundum ASD in a 5- year- old girl utilizing inflow sta-
sis and total body hypothermia. Dr.  Gibbon, in fact, did 
not want to report his initial experience with the heart- 
lung machine, as he thought the heart itself was irrevers-
ibly injured and the idea of surgical correction of a “sick 
heart” without hope of meaningful recovery, in spite of 
successful anatomic correction, would limit the applica-
tion of this technology. Dr. Walter Lillehei, with Lewis at 
the University of Minnesota, had encouraged Dr. Gibbon to 
report his case, which he ultimately did.2 As a result, this 
important historic event was first recorded only locally in a 
regional publication, the Minnesota State Medical Journal.

The first open heart surgery, however, was actually per-
formed by Dr. Clarence Dennis et al. in April 1951, again at 
the University of Minnesota, for what was thought to be a 
secundum ASD, but in fact proved to be a more complicated 
A- V canal anomaly, and the patient died intraoperatively.3 
A second case less than one month later died of a massive 
intraoperative air embolism. Contributing to the mortality of 
both patients was the large amount of return of intracardiac 
blood flow in the open heart. This obscured the pathology 
in both cases and was a primary factor in the early mortality 
of these two patients.

Dr.  Lillehei was an important early contributor to the 
success of open- heart surgery; in fact, he was considered 
the most important by all of the pioneers interviewed by 
this author. His studies of the survival of anesthetized dogs 
with only azygos blood flow indicated that the normal rest-
ing blood flow in anesthetized humans was not required for 
survival in open heart surgery.4 This seminal observation 

 

 

 



2 Mechanical Circulatory Support

was fundamental for the subsequent success of open heart 
surgery because in patients perfused at baseline physiologic 
flows, the blood return to the open heart on the heart- lung 
machine (as in Dennis’s experience) was too high to allow 
adequate visualization and successful correction of an intra-
cardiac defect. By utilizing the azygos low flow concept, the 
actual successful repair of intracardiac (ventricular) defects 
was initiated by Dr. Lillehei by applying minimal support 
with cross circulation.3 The evolution and subsequent suc-
cessful open heart surgery by the use of the cardiopulmo-
nary bypass machine by Dr.  Denton Cooley in Houston, 
and Dr. Lillehei and Dr. John Kirklin in Minnesota, led to a 
meaningful application and expansion of cardiac surgery.5,6,7

In the early 1960s Dr.  Michael DeBakey also became 
active in the field of open- heart surgery. He was particu-
larly intrigued with the possibility of longer- term support 
of patients who could not be weaned from the heart- lung 
machine. While he was at Tulane, Dr. DeBakey had worked 
with Dr. George Burch, who had applied complete bed rest 
with subsequent heart rest as a therapy for chronic heart fail-
ure. Dr. DeBakey began investigating a similar approach of 
resting, with a true LVAD, the heart of patients who could 
not be weaned from the heart- lung machine. Dr. Domingo 
Liotta, who had worked on the TAH with both Dr. William 
Kolff and Dr.  Tetsuzo Akutsu, was recruited in 1961 by 
Baylor College of Medicine to work with Dr. DeBakey in the 
Baylor Research Labs. The efforts of Dr. Liotta were focused 
on the development of both a device for total heart replace-
ment and a device for left ventricular assistance following 
failure to wean from cardiopulmonary bypass. This author 
was introduced to the field as a student by Dr.  Domingo 

Liotta and Dr. DeBakey and made it his professional research 
effort from this time (1963). Dr. DeBakey observed clinically 
that a patient who could not be weaned from the heart- lung 
machine could occasionally recover enough to be weaned 
by simply resting the heart longer, with longer support on 
cardiopulmonary bypass8 (Figure 1.1). This case was the 
stimulant to pursue longer- lasting support with a true LVAD.

The rest- and- recovery approach to this problem with an 
LVAD soon became Dr.  DeBakey’s main goal. He utilized 
this in the first successful case of bridge- to- recover utilizing 
an LVAD, performed in September 1966 (Figure 1.2).

Dr. DeBakey’s role was pivotal in the effort to develop 
mechanical circulatory cardiac devices, not only in his ini-
tial clinical application of devices, but more importantly, 
in his efforts to achieve National Institutes of Health (NIH) 
funding for this research in this difficult, demanding, 
and time- consuming field. This was achieved at the urg-
ing of Dr.  DeBakey and the support of President Lyndon 
B.  Johnson and philanthropist Mary Lasker in the early 
1960s (Figure 1.3).

At that time, the National Heart and Lung Institute, now 
known as the National Heart, Lung, and Blood Institute, 
began dedicating significant research funds, which were 
essential for the further advancement of this field.

The cardiac surgery field was further impacted at this time 
with the initiation of cardiac transplantation by Christiaan 
Barnard in December 1967.9 Although Dr. Christian Barnard, 
following Dr. Norm Shumway and Dr. Richard Lower’s pio-
neering research, had initiated cardiac transplantation, a 
significant number of these early transplants were in fact 
performed in Houston by Dr. Cooley. Dr. Liotta began visiting 
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Figure 1.1. Effect of resting the failing heart on cardiopulmonary bypass when unable to wean after initial operation.
Reprinted from DeBakey ME, Left ventricular bypass pump for cardiac assistance, American Journal of Cardiology 1971;27:3– 11, with 

permission from Elsevier.
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Dr. Cooley in December 1968 to encourage him to consider 
use of the total heart replacement device he had fabri-
cated as a bridge to transplant (BTT), and perhaps saving 
a patient facing imminent death who could not be weaned 
from the heart- lung machine. This was in fact undertaken 
by Dr. Cooley in April 1969.10 The Liotta total heart replace-
ment gave short- term support to a patient suffering certain, 
imminent death from heart failure after unsuccessful resec-
tion of a left ventricular aneurysm. Dr.  Cooley implanted 
this pump in only 34 minutes. The patient recovered from 
this surgery, and his circulation was successfully main-
tained by the Liotta heart. In retrospect, however, he was 
grossly over- immune suppressed and subsequently prema-
turely transplanted (despite a white blood count of <2,000 
at the time of transplant). He died quickly of subsequent 
overwhelming sepsis. The first implantation of an artificial 

heart (better defined as a biventricular replacement by 
pneumatically activated dual cardiac support devices) did 
show success, however, in supporting this patient. The field 
of transplantation was plagued with poor results during this 
initial experience, so that in the United States programs in 
1972 were restricted to a research program at Stanford with 
Dr. Shumway and a similar program at the Medical College 
of Virginia with Dr. Lower.

The initial failure of the use of the application of car-
diac transplantation was an important impetus to further 
research in mechanical support and replacement of the 
heart. In 1972 a meeting was held with the experts in the 
field of heart failure at the NIH, and this panel initiated 
research development of a long- term implantable LVAD. 
This was not for a BTT (as transplants were not routinely 
performed); rather, the device to be developed was the final 
goal of the therapy. This goal was further supported with 
generous research funding. Successful operation for 2 years 
was the arbitrary endpoint of the program. The application 
of this support led to the development of the implantable 
pulsatile LVAD. Two devices, the Novacor and the TCI 
HeartMate pumps, were both introduced clinically as a 
bridge- to- transplant device in the mid- 1980s. This became 
feasible with the renewal of cardiac transplantation by the 
discovery of an improved immunosuppressant cyclospo-
rine in 1982. Prior to the introduction of cyclosporine, three 
bridge- to- transplant operations had been performed, all at 
the Texas Heart Institute: one with an LVAD (as it was the 
only device available at that time) functioning as a total heart 
replacement11 (in a patient suffering from a post- cardiotomy 

Figure  1.2. Dr.  DeBakey’s first patient, who was success-
fully bridged to recovery with a left ventricular assist device.
Reprinted from DeBakey ME, Left ventricular bypass pump for 

cardiac assistance, American Journal of Cardiology 1971;27:3– 11, 

with permission from Elsevier.

Figure  1.3. Dr.  DeBakey and President Lyndon Johnson 
after signing the bill to create the US Artificial Heart 
Program in 1964.
Photo downloaded from http:// resource.nlm.nih.gov/ 101676363.
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“stone heart”), the other two with total (biventricular) heart 
replacements. The patient with the LVAD acting as total 
support received a heart- kidney transplant after five days of 
successful support. This was the first such dual- organ trans-
plant (Table 1.1).11

Although the pumps worked well in all cases, the patients 
all died of overwhelming sepsis post- transplant. This seemed 
to be a finite barrier of this device application (BTT) as long 
as the pan- immune suppressant azathioprine was the pri-
mary immune drug therapy. The development of cyclospo-
rine, a more forgiving immunosuppressant which spared 
the non- specific immune system, was the key both to suc-
cessful heart transplants and to patients who had a previous 
device implant. This drug allowed the successful application 
of transplantation even to patients who were markedly sep-
tic.12 In particular, the successful transplantation of a young 
woman suffering from Streptococcal and Staph sepsis was 
the case that opened the possibility of the use of pulsatile 

LVADs as a BTT. Although the devices proved important as 
a life- saving device for patients facing imminent death from 
heart failure, their limited duration of 2  years of function 
or thereabouts (in most cases, due to fatigue of the flexing 
membranes) and the large size of the pulsatile implantable 
LVADs limited their practical application to that of a rescue 
device for larger patients that could subsequently be bridged 
to transplant. The REMATCH trial compared the pumps’ use 
as destination (solo) therapy to a randomized medical cohort. 
The patients treated with the pumps had a statistically supe-
rior survival to the medical group, but the limited survival at 
2 years of both groups trivialized the epidemiologic impact of 
the pulsatile pumps. With this in mind, and with recognition 
of the limitations, this author began solo the development of 
implantable continuous- flow pumps as potentially a smaller 
and more durable approach. The first continuous- flow pump 
to be used with any short- term success was the Biomedicus 
pump. This constrained vortex centrifugal flow pump was 

Table 1.1 •  Two- Stage Cardiac Replacement: Texas Heart Institute

Patient Diagnosis Date Procedure Duration

47- year- old man CAD, LVA 4/ 4/ 1969 TAH 64 hours

4/ 7/ 1969 OHTx 32 hours

21- year- old man SBE, MR, AR, stone heart 2/ 9/ 1978 LVAD 5 days

2/ 14/ 1978 OHTx 14 days

36- year- old man CAD 7/ 23/ 1981 TAH 54 hours

7/ 25/ 1981 OHTx 7 days

Abbreviations: AR, aortic regurgitation; CAD, coronary artery disease; LVA, left ventricular aneurysm; LVAD, 
left ventricular assist device; MR, mitral regurgitation; OHTx, orthotopic heart transplant; SBE, subacute 
bacterial endocarditis; TAH, total artificial heart
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Figure 1.4. Starling- like response of the HeartMate II and Jarvik 2000 to preload changes without making speed changes.
Reprinted by permission from Springer Nature, Mechanical Circulatory Support: Principles and Applications, Morgan JA, Civitello AB, 

Frazier OH, eds., 2018.
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a valuable adjunct for short- term external support, both in 
extracorporeal membrane oxygenation (ECMO) and as tem-
porary LVAD support as a bridge- to- recovery. Not only was 
the smaller size of the non- pulsatile pumps appealing, but 
the inherent Starling- like flow response of continuous- flow 
pumps to elevated inflow pressure would balance automati-
cally the disparate flow between the right and left ventricles 
(due to bronchial flow) in a total heart replacement (Figure 
1.4). This was an important challenge and a potential limita-
tion to the totally implantable pulsatile flow artificial heart.

An additional virtue of a continuous- flow pump is that 
its smaller size would allow its use in smaller adult patients 
and even in children. The application of a centrifugal type 
continuous- flow pump as a right- sided support was also 
important. The bulky pulsatile devices were anatomically 
not satisfactory for even short- term use as right- sided sup-
port due to the presence of the liver. The first implanted 
right- sided pump was the Jarvik pump at the Texas Heart 
Institute in 2003.13

The problem with implantation of a continuous- flow 
pump, however, was challenging from both mechanical and 
physiologic aspects. The chief mechanical limitation of a 
continuous- flow pump was twofold:  that the RPM required 
to produce a significant amount of flow with the implantable 
continuous- flow pump in the bloodstream would be so high 
that inevitable destruction of blood cells by the device would 
limit its application, even for short- term use. The other limita-
tion seemed to be a complete barrier. It was an obvious problem 
in the early 1980s that the only implantable continuous- flow 
pump designs in use were those that involved axial flow. 
These devices would require a bearing, and a bearing, of 
course, requires lubrication, and the lubrication of a bearing 
in the blood flow path was not thought to be possible. There 
were numerous assumed physiologic limitations, particularly 

that of the baroreceptors and their adjustment to a decreased 
pulsatility. The concern was that this would result in physi-
ologic feedback to decreased pulsatility and hypotension 
(i.e., vasoconstriction), and the sympathetic response would 
increase the likelihood of the complications of hyperten-
sion seen so commonly in the era prior to antihypertensive 
medications, particularly both ischemic vasospastic strokes 
and their possible conversion to hemorrhagic strokes, which 
were generally fatal. We also would face the barrier of the 
decreased pulsatility being perceived by the kidneys as renal 
artery obstruction and this causing an increase in renin output 
with resultant renal hypertension. With these barriers, both 
physiologic and mechanical, we nonetheless proceeded with 
research in the application of the continuous- flow pump as a 
mechanical support to the heart.

In 1986 we began working on both the short- term 
Hemopump, which was developed by Dr.  Rich Wampler 
working for the Nimbus Corporation, while simultaneously 
working with Dr.  Rob Jarvik on a continuous- flow pump 
that would, in fact, be a long- term implantable device. Our 
animal research was particularly encouraging with the 
Hemopump because we found that even with RPMs up to 
27,000 with this small pump implanted in vivo as a tem-
porary support, significant hemolysis was avoided (Figure 
1.5). Long- term pump research with Dr.  Jarvik proved 
more of a challenge. In fact, the early pumps with a non- 
lubricated bearing in the bloodstream did prove unsuccess-
ful in the initial in vivo testing. In the first animal tested, the 
pump worked only about three days. However, Dr.  Jarvik 
continued to work diligently on this bearing problem over 
the ensuing years, and by the early 1990s this technology 
showed the potential for long- term successful implantation.

Figure 1.5. The Nimbus Hemopump impeller.
Reprinted by permission from Springer Nature, Mechanical 

Circulatory Support:  Principles and Applications, Morgan JA, 

Civitello AB, Frazier OH, eds., 2018.

Figure  1.6. First clinical patient saved by Hemopump. 
Dr.  Bud Frazier (left); patient (center); Dr.  Rich Wampler 
(right).
Photo courtesy of Dr. O. H. Frazier. Reprinted by permission from 

Springer Nature, Mechanical Circulatory Support: Principles and 

Applications, Morgan JA, Civitello AB, Frazier OH, eds., 2018.
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The clinical introduction of the Hemopump in April 
1988 was an important step in the development of this tech-
nology. The patient was dying of rejection following cardiac 
transplant. Although his cardiac function had deteriorated 
below what we would expect for survival, we were able 
to revive this patient with the insertion of a Hemopump. 
Reversal of the rejection was achieved by the use of the 
immune suppressant OKT 3 over a period of five days of 
Hemopump support. The pump was removed and the 
patient subsequently successfully discharged (Figure 1.6).

A multi- institutional study of the Hemopump’s efficacy 
was then instituted. In this study, 41 study group patients 
were enrolled with excellent efficacy. However, as this was 
the first implantable continuous- flow pump to be presented 
to the FDA, and the entry criteria were a broad amalgam of 
heart failure patients from a variety of etiologies, the FDA 
understandably requested more data with more precise 
entry- group criteria. However, the financing of this study 
was from the capricious efforts of venture capitalists who 
then withdrew funding, and there was no way to complete 
the study. Shortly after it became obvious that we were not 
going to carry forward this technology, I contacted Helmuth 
Reul, who was a pioneer in the field of biomedical engineer-
ing. He had trained in Houston and was a long acquaintance. 
I made him aware of the virtue of this technology and he 
and colleagues, then working in Aachen, Germany, success-
fully turned this technology into a device that is now the 
most widely used temporary support pump in both Europe 
and the United States (the Impella pump). The Jarvik pump 
required solving other problems of commercialization 
before moving into clinical utilization. Dr.  DeBakey had 
reviewed one of Dr.  Jarvik’s applications for an NIH grant 
and, although he turned it down, shortly after his review 
he introduced his own modification of an axial flow pump. 
This pump was the DeBakey or Micromed pump. Although 
it is no longer in use, it accelerated the introduction of the 
Jarvik pump. Implanted first at the Texas Heart Institute in 
April 2000, the Jarvik pump remains in clinical use. The 
work of Dr. Wampler in demonstrating the tolerance of the 
circulation to a high RPM pump and that of Dr.  Jarvik in 
mastering the blood immersed- bearing problem are the two 
most important contributions in the initiation of the field 
of continuous- flow cardiac support devices, as their genius 
and diligence overcame what were perceived as finite barri-
ers to the use of this technology.

The next pump to be introduced clinically was also 
an axial flow device. This pump was a modification of 
the Hemopump into a long- term implantable device. This 
author was the medical advisor for both the Jarvik and the 
Nimbus companies, as there was no widespread clinical 
interest in an implantable continuous- flow blood pump 
at that time. The engineer at Nimbus, John Moise, a very 
capable PhD in biomedical engineering from Cal Tech, was 
attempting to magnetically spin the rotating portion of the 
intended implantable long- term axial- flow modification 

of the Hemopump. I told him of our success with Jarvik’s 
blood- washed bearings, but he was skeptical as he recited 
the conventional view that blood- washed non- lubricated 
bearings were not feasible. I  told him that long- term ani-
mal survival with a blood- washed bearing had already 
been achieved in our lab. This was a virtue of the limited 
interest in this technology. With that in mind, work was 
then directed for the HeartMate II axial flow pump with 
blood- washed bearings. Following the company’s dissolu-
tion in the mid- 1990s, this technology underwent further 
modification by Thoratec and TCI (Thermocardio System, 
Inc.), the developer of the HeartMate I pump. This pump 
was only then designated as the HeartMate II. It was ini-
tially implanted in Europe with poor results. Initially sin-
tered titanium was placed on the inner aspect of the pump, 
similar to its application in the pulsatile vented electric 
HeartMate. However, in the small clearance of the blood- 
flow pathway of the HeartMate II, this was an impediment 
to the function and predisposed this pump to clot forma-
tion. This reflects the minute details involved in the success 
of this life- saving technology. The sintered titanium was 
removed and the first clinical HeartMate II was implanted 
at the Texas Heart Institute in November 2003. An advan-
tage of the HeartMate II is the restriction of inflow generated 
by the cannula not being incorporated with the pump. This 
ensures the presence of an adequate blood reservoir. This 
of course also resulted in more early complications, related 
particularly to hypertension. We also discovered that if the 
aortic valve was not opening, blood pressure could not be 
measured with the usual pressure cuff. We presented this 
to company and cardiology leaders in 2006 and as a result 
instituted a policy in all clinical centers of using the Doppler 
device to measure the blood pressure and in controlling the 
blood pressure to a much lower level. This resulted in a 
marked decrease in the incidence of strokes and allowed us 
to move forward with the rapid expansion of the use of this 
important technology.

The next important advance in this field was the 
development of a magnetically levitated centrifugal force 
continuous- flow pump. This work was initiated in 1994, 
working again with Dr. Wampler. The pump evolved into 
what is now known as the HeartWare device. The appeal 
of this approach would be the potential of only requiring a 
hydrodynamic bearing, or possibly not requiring any bear-
ing at all. Although we were confident the axial flow pumps 
would be more durable than the pulsatile pumps, we did 
not envision the long- term durability that we would even-
tually achieve with these blood- washed bearings. There is 
always a potential for bearing wear and failure. Another 
very important advantage of the flat surface of the centrifu-
gal continuous- flow pump was its potential for intraperi-
cardial placement. This made it ideal for right ventricular 
support. The flat surface of the pump allowed easy place-
ment on the anterior diaphragmatic surface of the right ven-
tricle. The company that was originally formed was called 
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Kriton Medical, but for financial reasons it was reformed 
under the name HeartWare, Inc., in 2000. This pump was 
eventually brought to clinical fruition and was implanted 
in Australia and in Europe in 2005. We began implanting 
the HeartWare pump in the United States in 2008. Both the 
HeartMate II and the HeartWare pumps have been approved 
by the FDA as both bridge- to- transplant and destination 
therapy devices.

In 1994, after working with Victor Poirier and Kurt 
Dasse for more than 20 years, I  suggested that they start 
working on a totally magnetically suspended pump with 
no bearings. They were leaders in the development of the 
pneumatic and vented electric HeartMate pumps. This 
work came to fruition about 20 years later with the success-
ful FDA approval of the HeartMate 3 implantable pump as 
a long- term device and a short- term extracorporeal pump 
that was further developed by Kurt Dasse (the Centrimag 
pump). This evolved into an important short- term, exter-
nal pump that is widely used today. Both pumps were sub-
sequently developed and brought to market by Thoratec 
Corporation.

As of January 2019, roughly 60,000 pumps have 
been implanted:  the HeartMate II has been implanted in 
over 26,000 patients, the HeartMate 3 in over 4,000, the 
HeartWare in over 17,000 patients, and the Jarvik in over 
10,000. Hence, the use of these pumps is widespread and 
the pulsatile LVAD pumps have not been made since 2012. 
These pumps are in use in over 500 hospitals throughout 
the United States and in other countries, and the durability 
of these pumps (one of the main reasons for pursuing their 
use) has certainly been proven. The data on the HeartMate II 
alone has shown patients implanted for up to 14 years with 
one device. There have been 6 such patients with this pump 
alone for over 7 years, and over 110 patients have had one 
pump for over 10 years, and more than 300 over 8 years. We 
have solved the dilemma of the 2- year durability limitation 
that the pulsatile pumps demonstrated. In 2016, the num-
ber of continuous- flow pumps implanted was twice that of 
heart transplants.

However, these pumps have numerous problems that 
may be related to this abnormal physiology that we have 
introduced. It must be recalled that the technologies (valves, 
pacemakers, circulation, etc.) that we have introduced sur-
gically in cardiovascular disease have in general mimicked 
the physiology of the natural heart and circulation. Even the 
pulsatile pumps we developed worked to mimic the func-
tioning left ventricle, pumping one- third systole and two- 
thirds diastole. The problems that we have seen with the 
continuous- flow pump may be tied to the role of this altered 
physiology. This remains to be properly investigated. We 
have permanently altered diastolic flow from passive to 
active through the cardiac cycle. This could affect some of 
the complications we see with the technology. Certainly, 
there was a relationship to the strokes and the elevated 
blood pressure, as well as the difficulty with obtaining 

proper blood pressure levels by the conventional method. 
This still has not been extensively investigated by cardio-
vascular physiologists. We must try to see if even more pre-
cise data can be related to the pressure and its subsequent 
complications that we see. The problems that we have seen 
with the continuous- flow pumps, such as gastrointestinal 
(GI) bleeding and hemorrhagic strokes, in particular, have 
not been approached in a disciplined physiologic manner. 
The proper pressure is still in question, particularly in non- 
pulsatile flow (the aortic valve not opening).

In 1963 Drs. DeBakey and Liotta began working to 
develop an artificial heart. In 1965 Dr. DeBakey stated that 
by 1980, there would be “a hundred thousand Americans 
with a functional artificial heart.” Likewise, NIH studies 
from the late 1960s predicted that a clinically practical 
artificial heart would be in widespread use by the mid- 
1980s. But the problems associated with developing such 
a device proved to be far more formidable than was com-
monly assumed, based on the perception at the time that 
an artificial heart could be a simple pump. The continuous- 
flow pumps now in widespread use as LVADs also may offer 
the best answer to total heart replacement. Many patients 
still would benefit from TAH technology. In the 1970s, we 
developed a plutonium- powered internal battery that could 
power a 50- watt pump for more than 82 years. Obviously, 
this was not pursued because we did not have a pump 
that would last more than 2 years. These continuous- flow 
pumps, however, have not yet been pumped to mechanical 
failure, and their long durability evidences their potential 
as meaningful long- term pumps.

In 2005 at the Texas Heart Institute, we replaced the 
ventricles in an experimental animal with two continuous- 
flow pumps. We repeated these experiments numerous 
times and found that animals with continuous- flow pumps 
performed well, grew normally, and had a normal activ-
ity response on the treadmill; many of them survived long 
term (para 90  days). We began working in 2012 with an 
investigator in Australia, Daniel Timms, who had devised a 
continuous- flow TAH. This pump is small but can produce 
up to 20 L of flow if needed. It has only one moving part, 
which is magnetically levitated. It perfuses both the pul-
monary and systemic circulation simultaneously. We have 
demonstrated the feasibility of this pump in experimental 
animals and have even showed a Starling response, much 
like the normal heart, without changing the pump speed, 
when calves implanted with this pump are on the treadmill. 
This technology offers great promise for the future and for 
the meaningful prevention of premature death from the loss 
of natural heart function.

Finally, the concept of continuous flow stems from 
short- term use of low flows on the early patients who could 
not be weaned from the heart- lung machine. The first pul-
satile devices introduced for this support in the 1980s were, 
in fact, left ventricular replacement devices. With both the 
TCI pump and the Novacor device in the normal operating 
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mode, the aortic valve never opened. The non- pulsatile 
device, however, is best suited as a true assist device; that is, 
the lowest flow possible to allow normalization of function 
to the native heart should be sought. The entire function 
of the left ventricle can be successfully achieved by these 
pumps, but this should only be used if clinically necessary. 
Minimization of complications can be optimized by preser-
vation of pulsatility.

The present movement is clearly in the direction of con-
tinuous flow, and thousands of lives are being successfully 
prolonged. However, it must be reiterated that this repre-
sents a unique physiology never before encountered in 
mammalian species. We have patients doing well who have 
not had a pulse in more than 11 years and yet are totally 
asymptomatic. We must, however, study and address the 
complications and the role played by the altered physiology 
seen with the use of this technology, in both its short- term 
and long- term application, to optimally benefit the heart 
failure patient.
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Indications for Mechanical 
Circulatory Support 

MICHAEL DICKINSON, STEPHEN WILKINSON, AND MILENA JANI

Indications for Mechanical 
Circulatory Support (MCS) Therapy

Identifying and selecting optimal patients is key for 
success with MCS. Understanding the indications can 
help.1,2,3 But patient selection goes well beyond a list of 

indications. It encompasses multiple factors that must be 
carefully balanced.

The key elements around selecting patients can be sum-
marized as the following:

 1. Survival: Will the patient’s survival be better with 
or without MCS? What tools are available to help us 
estimate his or her odds of survival?

 2. Quality of Life (QOL) and Risks for Complications: 
Will the patient’s life be better from MCS? What is 
the likelihood of a good outcome vs. a life- limiting 
complication?

 3. Timing: What is the appropriate timing? Should MCS be 
implanted early? What are the risks in delaying implant?

 4. Shared Decision- Making: How do we optimally engage 
patients in the decision- making process?

Each of these elements is very complex. Some data are 
available but much of it is retrospective and observational. 
Ultimately, teams are tasked with using the data plus 
a large degree of clinical expertise (“expert opinion”) to 
make these complicated decisions. This chapter will lay 
out the principles upon which both referring and implant-
ing clinicians can build for mature decision- making.

Referral for Evaluation for MCS
A robust list of indications includes features that could 
suggest an adverse prognosis. These are helpful to decide 

which patients should be referred (and when) for evalu-
ation. These are summarized in Table 2.1. Patients with 
one or more of these clinical features are at risk for adverse 
outcomes and should be considered for MCS.

A practical guide to referral is as follows:

 1. Persistent symptoms: Either the patient or the 
physicians are not happy with how the patient is doing 
based on the patient’s symptoms or inability to tolerate 
disease- modifying heart- failure treatments.

 2. An adverse trajectory: Is this a patient who is 
improving, stable, or likely to worsen?2 MCS and goals 
of care should be explored for those with an adverse 
trajectory.

 3. High- risk clinical features: Does the patient have one or 
more clinical features that have demonstrated a risk for 
decline and adverse outcome (as in Table 2.1)?

Standard Indications for MCS
Traditionally MCS has been divided into categories:3

 • Bridge to Transplant (BTT) = Patients being implanted 
to be able to get to a heart transplant.

 • Destination Therapy (DT) = Patients who do not 
meet criteria for heart transplant but could have good 
survival with MCS. The goal is to improve longevity 
and quality of life.

 • Bridge to Candidacy (BTC) = Patients for whom the 
MCS is implanted who do not currently meet BTT 
criteria. These patients start as DT, but with the hope 
that they could cross over to the BTT category.

These divisions are somewhat artificial. Patients in the 
Momentum 3 Trial were not enrolled based on these 

2
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categories.3,4 Instead, cohorts were described as short term 
(ST, outcomes at 6 months) or long term (LT, outcomes at 
2  years). When using devices capable of giving good LT 
outcomes, the decision is simplified to whether patients 
can benefit from MCS or not. Some will also meet trans-
plant criteria. For these patients the question is whether 
they can wait for transplant without MCS, or whether MCS 
is necessary to protect their survival until they can become 
transplanted.

In the United States, the Centers for Medicare and 
Medicaid Services (CMS) criteria for MCS for DT are as 
follows:5,6 Patients who are New  York Heart Association 
(NYHA) functional class IV and for whom all of the follow-
ing are true:

 1. Failed to respond to optimal medical management for 
at least 45 of the last 60 days. Alternative are patients 
who have been depending on an intra- aortic balloon 
pump (IABP) for 7 days or intravenous (IV) inotropes 
for 14 days.

 2. Have a left ventricular ejection fraction (LVEF) <25%.
 3. Have a significant functional limitation defined as a 

peak oxygen consumption (pVO2) ≤14 ml/ kg/ min, 
or are dependent on an IABP or IV inotropes, or are 
physically unable to perform an exercise test.

Contraindications for MCS include factors such as life 
expectancy of less than 2 years not expected to be reversed 
by MCS, irreversible kidney or liver dysfunction, severe 
pulmonary disease, or any other factors likely to result in 
poor 2– 3- year survival.6

Estimating Patient Survival 
without or with MCS
Mortality Risk Prediction without MCS

Most commonly, patients who receive MCS are depen-
dent on inotropes. Such patients have approximately 50% 
1- year survival.7 For those not dependent on inotropes, a 
variety of techniques and scores have been developed to 
help assess patient survival. Mancini et al. observed that 
patients with a pVO2 on cardiopulmonary exercise testing 
(CPXT) >14 ml/ kg/ min had equivalent or better survival 
with medical management than with heart transplant.8 
Patients with pVO2 ≤14 therefore are considered appropri-
ate candidates for transplant or MCS. Subsequent studies 
have suggested that multiple measures on the CPXT should 
be considered, including lean body mass adjusted pVO2 
(high risk is ≤19) and VE/ VCO2 slope.9 Strong data for 
adverse outcome are present for patients with pVO2 <10 
or slope ≥45.10 For patients with peak VO2s between 10 
and 14, attention to other clinical predictors should help 
to drive decision- making.

A number of clinical risk predictors have also been 
developed using data from large clinical trials. These are 
summarized in Table 2.2.

Comparisons between the Heart Failure Survival Score 
(HFSS) and Seattle Heart Failure Model (SHFM) showed 
comparable performance. Calculation of multiple scores 
may provide complementary information and improve 
accuracy.10- 16 A  review of the SHFM and MAGGIC sug-
gested that while these tools may perform well on a pop-
ulation level, they did not reliably predict 1- year survival 
on an individual level.17 The risk predictors should be best 
thought of as tools or guides, rather than absolute indica-
tions for or against MCS. Decisions for MCS remain a matter 
of clinical judgment— supported, but not replaced, by the 
use of pVO2 and risk- prediction tools.

Mortality Risk Prediction with MCS

The INTERMACS registry tracks the outcomes of patients 
implanted with MCS at centers throughout the United 
States.18 The 2019 INTERMACS registry reported survival 

Table 2.1 •  Indicators of Advanced Heart Failure That 
Should Trigger Consideration for Evaluation 
of Advanced Therapies1

• Need for intravenous inotropic therapy for symptomatic 
relief or to maintain end- organ function

• Peak VO2 <14 mL kg/ l/ min or <50% of predicted

• 6- minute walk distance <300 m

• >2 HF admissions in 12 months or >2 unscheduled visits 
(e.g., ED or clinic) in 12 months

• Worsening right heart failure and secondary pulmonary 
hypertension

• Diuretic refractoriness associated with worsening renal 
function

• Circulatory- renal limitation to RAAS inhibition or beta- 
blocker therapy

• Progressive/ persistent NYHA functional class III– IV 
symptoms

• Increased 1- y mortality (e.g., 20%– 25%) predicted by HF 
survival models

• Progressive renal or hepatic end- organ dysfunction

• Persistent hyponatremia (serum sodium<134 mEq/ L)

• Recurrent refractory ventricular tachyarrhythmias; frequent 
ICD shocks

• Cardiac cachexia

• Inability to perform ADL

Reprinted from Fang JC et al., Advanced (stage D) heart failure: a 
statement from the Heart Failure Society of America Guidelines 
Committee, Journal of Cardiac Failure 2015;21:519– 534, with 
permission from Elsevier.
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based on the implant strategy. Survival for BTT, BTC, and 
DT populations was 88%, 85%, and 80%, respectively, at 
1 year. These statistics can be balanced against the clinical 
risk predictors to help guide patient- selection decisions.

Impact on Quality of Life 
(QOL) and Estimating 
Risks of Complications or 
Poor Outcome
The INTERMACS registry, as well as clinical trial data, 
has shown consistent large improvements in QOL after 
MCS in terms of the Visual Analog Scale (VAS) from the 
EuroQol questionnaire, the Kansas City Cardiomypathy 
Questionnaire (KCCQ), NYHA functional class, and six- 
minute walk distances.18,19 The primary predictor of impact 
on QOL is based predominantly on the risk of death or 
complications from MCS. Assessing the risk for an adverse 
outcome based on all clinical, surgical, and psychosocial 
factors is a key task for the MCS team. There are a few 
measures that have been developed to try to predict out-
comes. These are summarized in Table 2.3. Nonetheless, 
prediction remains strongly a matter of overall clinical 
judgement.

Frailty also has been shown to be a strong predictor of 
survival and days alive out of the hospital with MCS.25 More 
work is needed, however, to develop the optimal measures 
of frailty in the MCS population. Figure 2.1 depicts the 

Table 2.2 •  Selected Heart Failure Clinical Risk Predictors

Clinical Risk Predictor Comments

The Heart Failure Survival 
Score (HFSS)11

HFSS = 0.0464*LVEF + 
0.0255*MAP + 0.0546*pVO2 
+ 0.0470*Sodium – 0.0216* 
resting HR. Subtract 0.6931 if 
ischemic cardiomyopathy and 
0.6083 if conduction delay. 
HFSS ≥8.1 are low risk. Others 
should be considered for MCS.

The Seattle Heart Failure 
Model (SHFM)12

Online calculator at https:// depts.
washington.edu/ shfm/ 

The MAGGIC risk 
calculator13

Online calculator at http:// www.
heartfailurerisk.org

CHARM tool14 Uses 24 different variables in a 
complex model

GISSI- HF predictor15 Uses 12 independent variables

Table 2.3 •  Predictors of Outcome After MCS

Predictor (Score) Measures How to Calculate

Destination Therapy Risk 
Score20

• Platelet count ≤148 (7 points)
• Albumin ≤3.3 g/ dl (5 points)
• INR >1.1 (4 points)
• Vasodilator therapy (4 points)
• Mean pulmonary artery pressures 

≤25 mmHg (3 points)
• Aspartate aminotransferase >45 (2 points)
• Hematocrit ≤34% (2 points)
• BUN >51 (2 points)
• No intravenous inotropes (2 points)

• Add all points
• Low risk = 0– 8 points (90- day in- hospital 

mortality <1%)
• Medium risk = 9– 14 points (mortality 0.7%– 3%)
• High risk = 15– 19 points (mortality 5%– 10%)
• Very high risk = >19 points (mortality 24%)

Heartmate II Risk Score21 • Age (per 10 years)
• Albumin (per g/ dl)
• Creatinine (per mg/ dl)
• INR (per unit)
• Center volume <15

Via online calculation tools such as: http:// www.
pmidcalc.org/ ?sid=23265328&newtest=Y

Bayesian model derived from 
INTERMACS22

• Multiple variables Via online calculation at http:// mycora.org
Integrates data from multiple models plus Bayesian 

analysis using data from the INTERMACS registry

Right Ventricular Failure Risk 
Model23

• Vasopressor requirement (4 points)
• AST ≥80 (2 points)
• Bilirubin ≥2 (2.5 points)
• Creatinine ≥2.3 (3 points)

Predicts RV failure as a marker of poor outcome:
• Low risk = Score 3 or less (npv 80%)
• Intermediate risk = Score 3– 5.5
• High risk = Score 5.5 or greater (ppv 80%)

CRITT Score24 1 point each for:
• CVP >15 (C)
• Severe RV dysfunction (R)
• Intubation/ ventilation (I)
• Severe Tricuspid Regurgitation (T)
• Tachycardia (T)

Also predicts RV failure as a marker of poor 
outcome:

• Low risk = 1 or less (7% RV failure)
• Intermediate risk = 2– 4
• High risk = 4– 5 (80% RV failure)

 

https://depts.washington.edu/shfm/
https://depts.washington.edu/shfm/
http://www.heartfailurerisk.org
http://www.heartfailurerisk.org
http://www.pmidcalc.org/?sid=23265328&newtest=Y
http://www.pmidcalc.org/?sid=23265328&newtest=Y
http://mycora.org
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complex interactions between left ventricular assist device 
(LVAD)- responsive frailty and LVAD- independent frailty.26 
If the frailty is able to be reversed by MCS, the patient might 
do well. If the patient, however, has factors that will be 
unchanged by MCS, then there is substantial risk for poor 
outcome.

Timing of Implantation:   
Early versus Late
The INTERMACS registry has consistently shown better 
outcomes for patients not implanted in a time of criti-
cal cardiogenic shock.27 The ROADMAP study looked at 

(A)

(B)

Figure 2.1. Frailty in MCS.
Reprinted with permission from Flint KM, Matlock DD, Lindenfeld J, Allen LA, Frailty and the selection of patients for destination 

therapy left ventricular assist device. Circ Heart Fail. 2012;5:286– 293. https:// www.ahajournals.org/ journal/ circheartfailure © American 

Heart Association, Inc.
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implantation in non- inotrope- dependent advanced heart 
failure patients.28 The early implantation population had 
a higher rate of survival with improved functional capac-
ity. The 30- day mortality was only 1% in both the MCS 
and the medical management groups. This suggests that 
early implantation may be appropriate for select patients. 
Delayed implantation can result in increased risks based 
on worsening of right ventricular function or other declines 
(such as frailty, renal or hepatic dysfunction). On an intent- 
to- treat basis, survival was equivalent between the groups 
because of a strong crossover to subsequent MCS implanta-
tion. For many patients it is “not if, but when.” In the non- 
inotrope- dependent patient, decision for implant or delay 
is based on patient symptoms and preferences and clinical 
stability. A decision to delay warrants close monitoring for 
worsening clinical status to avoid increasing the patient’s 
risks for MCS.

Shared Decision- Making (SDM)
SDM is essential in MCS.29 In the DECIDE- LVAD trial, 
decision- making using additional aids improved concor-
dance between patient’s values and ultimate choice of 
therapy.30 In the VADDA trial, a decision aid was asso-
ciated with higher 1- month QOL, suggesting that effec-
tive SDM can improve outcomes.31 Patients should be 
engaged in a clear detailed dialogue about risks versus 
benefits, including data on survival, QOL, and risks of 
complications.

The Special Case of Acute MCS
When to Use Acute MCS

Acute MCS is used to treat cardiogenic shock to stabilize 
patients or as a bridge to decision. In somewhat less emer-
gent states, acute MCS is indicated as support for high- risk 
percutaneous coronary interventions (PCI). Novel uses 
(such as LV unloading in ST elevation myocardial infarc-
tion [STEMI] are being studied. The indications for acute 
MCS are summarized in Table 2.4.32

Hemodynamic criteria for acute MCS include systolic 
BP <90 for >30 minutes, hypotension requiring pressors 
resulting in oliguria or other signs of impaired organ perfu-
sion, low cardiac index (<2.2 in the setting of myocardial 
infarction or <1.8 despite the use of inotropes), and pulmo-
nary capillary wedge pressure >15 mmHg.32

When Not to Use Acute MCS

Contraindications to acute MCS include the following:33

 • Absolute: Severe irreversible non- cardiac organ 
failure, irreversible cardiac failure if transplantation 
or long- term ventricular assist device (VAD) will not 

be considered, severe aortic insufficiency, and aortic 
dissection.

 • Relative: Severe coagulopathy or contraindication 
to anticoagulation, limited vascular access, severe 
peripheral arterial disease.

Age (<60) and cardiac index (≥1.5) at the time of acute 
MCS predict better outcomes.34 More research is needed 

Table 2.4 •  Indications for Acute MCS32

Indication Examples

Complications of acute 
myocardial infarction 
(AMI)

Acute ischemic mitral 
regurgitation, acute severe left 
ventricular (LV) dysfunction 
before, during. or after 
percutaneous coronary 
intervention (PCI), acute RV 
infarction (right heart MCS)

Severe heart failure 
from non- ischemic 
cardiomyopathy

Severe decompensations of 
chronic heart failure or as 
a result of conditions such 
as fulminant myocarditis, 
stress cardiomyopathy, or 
peripartum cardiomyopathy

Acute cardiac allograft 
failure or post- transplant 
RV failure

Failure to wean from 
cardiopulmonary bypass 
following heart surgery

Refractory arrhythmias Recurrent ventricular 
tachycardia or fibrillation 
resulting in hemodynamic 
compromise

During high- risk PCI Patients with severe LV 
dysfunction (EF<35%) and 
PCI involving sole remaining 
vessel or left main

During ablation of 
ventricular tachycardia 
(VT)

Complex VT ablations that might 
require prolonged periods 
of VT to facilitate successful 
ablation

During high- risk 
percutaneous valve 
interventions

Balloon valvotomy or 
transcatheter aortic valve 
replacement (TAVR) in 
patients with severe LV 
dysfunction

Reprinted from Rihal CS et al., SCAI/ ACC/ HFSA/ STS clinical expert 
consensus statement on the use of percutaneous mechanical circulatory 
support devices in cardiovascular care: endorsed by the American Heart 
Association, the Cardiological Society of India, and Sociedad Latino 
Americana de Cardiología Intervencionista; Affirmation of Value by 
the Canadian Association of Interventional Cardiology- Association 
Canadienne de Cardiologie d’intervention, Journal of the American 
College of Cardiology 2015;65:2140– 2141, copyright (2015), with 
permission from Elsevier.
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to better define which patients will or will not survive 
with acute MCS. Factors influencing survival include the 
severity of the shock and multisystem organ dysfunction 
at the time of presentation and the ability of the patient to 
tolerate a significant physiologic insult. Expert consensus 
statements advocate for multidisciplinary teams to opti-
mize outcomes with acute MCS.35 These “shock teams” 
include advanced heart failure specialists, interventional 
cardiologists, VAD and transplant surgeons, and inten-
sivists. The collective experience and insight from such 
teams can help with the complex decision- making and 
rapid deployment of resources necessary to be successful 
with acute MCS.

Conclusions
Indications for MCS go beyond lists of indications and 
contraindications. Patient selection for MCS starts with 
identification of characteristics that should prompt eval-
uation for candidacy. It continues with a robust assess-
ment of the risks versus benefits utilizing clinical team 
judgment supported by pVO2 and other decision- making 
aids. Shared decision- making is a key component in 
matching patient goals with outcome. Future research 
needs remain, especially in regard to improving predic-
tions of individual patient outcomes and complications 
of chronic MCS and in determining optimal candidates 
for acute MCS.
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3 Frailty: Assessment and Associations   
with Outcomes

SHANNON M. DUNLAY

Introduction

Patients receiving left ventricular assist devices 
(LVADs) have advanced heart failure refractory to 
usual medical therapy. In addition, they are often 

elderly and have concomitant non- cardiac comorbidities 
and functional limitations that may affect their prognosis 
independent of their heart failure. Frailty, which has been 
defined as a “state of increased vulnerability to adverse 
outcomes,”1 is a clinical syndrome that may manifest 
in response to accumulating physiological declines that 
often accompany aging, comorbidities, and disability. 
Frailty is common in patients with heart failure and is 
associated with adverse outcomes.2– 4 The importance of 
frailty in patients undergoing LVAD implantation and its 
potential reversibility in response to implantation has 
been a topic of great interest and ongoing investigation. 
In this chapter, we first review definitions and patho-
physiology of frailty and then examine the associations of 
pre- implantation frailty with post- implantation outcomes 
and investigations into whether LVAD therapy can modify 
frailty.

Definitions and Pathophysiology 
of Frailty
Frailty is a syndrome of decreased reserves in response 
to stressors as a result of cumulative declines across mul-
tiple physiologic systems.5 Physiological reserves gradu-
ally decline with normal aging, but in frailty, the process is 
accelerated. The inability to adequately respond to stress-
ors results in vulnerability to adverse outcomes, including, 
hospitalization, falls, and death.6,7

Aging results from the lifelong accumulation of molec-
ular and cellular damage. At some point, these cumulative 

declines across multiple physiologic systems reach a 
threshold where frailty is evident.8 The physiologic aspects 
most studied in frailty include the brain,9,10 the immune 
system,11 and skeletal muscle.12 However, frailty has also 
been associated with impaired physiologic reserve across 
other organ systems, including the cardiovascular sys-
tem.13 Frailty is common in patients with heart failure,4 
which are each associated with circulating inflammatory 
cytokines and sarcopenia. Clearly, heart failure can exac-
erbate, and contribute to, frailty.14 However, limited data 
also suggest that frailty itself may contribute to the devel-
opment of heart failure. Among older individuals enrolled 
in the Health, Aging, and Body Composition Study, frailty 
at baseline was associated with an increased 10- year risk 
for heart failure.15

Frailty Assessment
There is no agreement on the best way to assess frailty, 
although several frailty- assessment tools exist.16 Most of 
these tools defined frailty either as a biologic phenotype, 
characterized by decreased reserves resulting from cumu-
lative declines across multiple physiologic systems, or 
as an accumulation of deficits (impairments, disabilities, 
and diseases) summarized in a frailty index.17 Phenotypic 
frailty2 and the Frailty Deficit Index17 identify overlapping, 
but not identical, patient populations.

The Physical Frailty Phenotype

Phenotypic frailty is thought to result from multisystem 
biological decline that leads to specific symptoms, such as 
weakness and slowness. The most common and well- cited 
approach to identifying the frailty phenotype was validated 
in the Cardiovascular Health Study and is often referred 
as “Fried frailty “or the Physical Frailty Phenotype (or 
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“Fried frailty phenotype”). These terms are all used inter-
changeably (Table 3.1).18 In this approach, patients were 
classified as frail if they met three or more of the follow-
ing criteria: weakness, physical exhaustion, slowness, low 
physical activity, and shrinking. Intermediate frailty was 
defined as meeting one or two criteria. Weakness is gener-
ally assessed by grip strength using a Jamar dynamometer. 
Slowness is often assessed as 15- foot gait speed. Shrinking 
is operationalized as unintentional weight loss in the 

last year (by direct measurement of weight or by ques-
tionnaire). Exhaustion and physical activity are usually 
assessed by questionnaire. In the numerous adaptations of 
this phenotype approach, one or more criteria are assessed 
using varying questionnaires and other mechanisms.

One challenge in implementing the phenotype approach 
is that the components are not routinely assessed clinically. 
Although individuals can be assessed relatively easily, a 
separate assessment for frailty status is sometimes not fea-
sible in large populations.

The Frailty Deficit Index

The Frailty Deficit Index is based on the idea that patients 
accumulate deficiencies that can be counted to determine 
frailty status.1,17 Potential deficits may be indicated by 
symptoms, signs, disabilities, diseases, and abnormal labo-
ratory values. The Frailty Deficit Index is the proportion of 
potential deficits present in a patient. A cutoff of at least 
25% of deficits has been suggested to define frailty.1 One 
potential advantage of this index is the ability to use data 
extracted from medical records. The index can be modified 
based on the data available.1 Variables can be included in 
a deficit index if they are associated with health status, if 
their prevalence increases with age, and, when considered 
as a group, if they encompass a range of physiologic and 
organ systems. Even though not every deficit index con-
tains the same deficits, a greater proportion of deficits has 
been consistently predictive of adverse outcomes across 
multiple indices.1,2

Other Frailty Assessment Tools

Several other tools have been used to assess frailty in 
patients before LVAD implantation (Table 3.2). The pro-
portion of patients categorized as frail varies by the 
method of assessment and the population studied (Figure 
3.1). Two single- center studies assessed frailty before 
LVAD implantation in patients using the Physical Frailty 
Phenotype. In one study of 40 patients undergoing LVAD 
as bridge- to- transplant, 19 (47.5%) were frail.19 A  simi-
lar assessment in 75 patients before LVAD as bridge to 
transplant (n = 53) or destination therapy (n = 22)20 was 
limited by the fact that 31 (43%) patients could not com-
plete the gait speed test because of illness and immobil-
ity. The authors thus proposed a modified score based on 
three of the original five criteria:  exhaustion, inactivity, 
and grip strength. Frailty was defined as having two of 
the three criteria. Using this definition, 34 (45%) patients 
were classified as frail. The frequent inability to complete 
gait speed testing was also noted in patients undergo-
ing LVAD implantation as destination therapy, as rep-
resented in Society of Thoracic Surgery’s Interagency 
Registry for Mechanically Assisted Circulatory Support 
(INTERMACS).21 Of 2,469 patients, only 320 (13%) com-
pleted gait speed testing.

Table 3.1 •  The Physical Frailty (Fried) Assessment Tool, 
from the Cardiovascular Health Study: Frailty 
Is Considered to Be Present if Three or More 
of the Five Criteria Are Met

Component Assessment Definition

1. Weakness Grip strength 
of dominant 
hand measured 
with a Jamar 
dynamometer

Lowest 20%
• Men BMI: 

weight
≤24: ≤29 kg
24.1– 28: ≤30kg
>28: ≤32kg

• Women BMI: 
weight

≤23: ≤17kg
23.1– 26: ≤17.3kg
26.1– 29: ≤18kg
>29: ≤21kg

2.  Physical 
exhaustion

Self- report (2 
questions from 
the Center for 
Economic Studies 
Depression Scale 
questionnaire)

Self- report of 
(1) feeling 
“everything was 
an effort” or 
(2) “could not get 
going” at least 3– 
4 days in the last 
week

3. Slowness Gait speed (time to 
walk 15 feet)

Slowest 20% of the 
population
• Men (distance: 

time)
≤173 cm: ≥7 seconds
>173 cm: ≥6 seconds

• Women
≤159 cm: ≥7 seconds
>159 cm: ≥6 seconds

4.  Low physical 
activity

Kilocalories 
expended per 
week (Minnesota 
Leisure Time 
Activities 
Questionnaire)

Lowest 20%
<383 Kcals/ week men
<270 Kcals/ week 

women

5. Shrinking Unintentional 
weight loss 
(questionnaire)

≥10 pounds lost 
unintentionally in 
prior year

Reprinted from Fried LP, Tangen CM, Frailty in older adults: evidence 
for a phenotype, Journals of Gerontology— Series A: Biological Sciences 
and Medical Sciences 2001:56(3): M146– 156, by permission of Oxford 
University Press.
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Table 3.2 •  Summary of Studies Assessing Frailty in Recipients Receiving Left Ventricular Assist Devices

Author
Year

Frailty Assessment 
Tool Setting N

Indication   
(DT, BTT)

Frailty Reassessed 
after Receiving 
LVAD Outcomes Major Findings

Chung
201422

Handgrip strength
(<25% body 

weight = frail)

Single-  center 72 Both Yes Long- term 
mortality

Postoperative 
complications

• Grip strength 
improved after 
implantation.

• Poor grip strength 
was associated with 
increased risks of 
death, bleeding, and 
infection.

Cooper
201821

Provider- assessed 
frailty

INTERMACS
registry

2469 DT No LOS
1- year mortality
1- year 

readmission

• Frailty associated 
with longer LOS, 
trend toward higher 
1- year mortality. No 
association with 1- 
year readmission.

Dunlay
201427

Frailty Deficit   
Index

(>25%= frail)

Single-  center 99 DT No Long- term 
mortality

Readmission

• Frailty was 
associated with 
increased risks 
of death and 
readmission.

Heberton
201625

Psoas muscle area 
by CT (lowest 
tertile by 
sex = frail)

Single-  center 333 Both No Combined 
endpoint 
of inpatient 
mortality or 
LOS >30 days

Long- term 
mortality

• Frailty (sarcopenia) 
was associated with 
increased risk of 
combined endpoint 
of inpatient mortality 
or prolonged LOS.

Jha
201719

Physical Frailty 
Phenotype

Single-  center 40 BTT Yes LOS, intubation 
time, ICU 
time, 1- year 
mortality

• Frailty associated 
with longer LOS, 
ICU stay, and lower 
1- year survival

• 12 of 13 frail 
patients improved 
frailty scores after 
implantation

Joseph
201720

Physical Frailty 
Phenotype

Single-  center 75 Both No Combined 
endpoint 
of inpatient 
mortality or 
LOS >30 days

Long- term 
mortality

• 5- component Index 
did not predict 
combined endpoint, 
but abridged set of 3 
criteria (exhaustion, 
inactivity, grip 
strength) did.

Maurer
201737

Physical Frailty 
Phenotype

Single-  center 29 Both Yes — • Average frailty 
criteria decreased 
after implantation; 
half frail at 6 months

Teigen
201726

Pectoralis muscle 
are by CT (no 
frailty cutoff 
defined)

Single-  center 354 Both No Long- term 
mortality

• Lower pectoralis 
muscle mass and 
attenuation were 
each associated with 
increased risk of 
death

Yost
201723

Handgrip strength 
(<28.5% body 
weight = frail)

Single-  center 90 Both No LOS • Poor grip strength 
was associated with 
longer LOS

Abbreviations: BTT = bridge to transplant; CT = computed tomography; DT = destination therapy; INTERMACS = Interagency Registry for Mechanically 
Assisted Circulatory Support registry; LOS = length of stay; LVAD = left ventricular assist device.
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Several single- center studies have assessed pheno-
typic frailty using a single criterion. In 72 patients before 
LVAD implantation,22 frailty, defined as a grip strength less 
than 25% of body weight, was identified in 16 (22%). In 
a similar study in which frailty was defined as handgrip 
strength less than 28.5% of body weight, 50% of patients 
were frail.23

Two single- center studies assessed sarcopenia (loss of 
skeletal muscle mass) before LVAD implantation on the 
premise that skeletal muscle mass decreases in end- stage 
heart failure before overt weight loss.24 In 333 patients 
before LVAD implantation, sarcopenia, defined as the 
lowest tertile of psoas muscle area (measured on com-
puted tomographic scans), adjusted for sex, occurred in 

one- third of the patients.25 The second, similar analysis 
measured pectoralis muscle attenuation from preop-
erative computed tomographic scans of the chest in 354 
patients before LVAD implantation. Each unit increase 
in the pectoralis muscle index (computed as the cross- 
sectional area of the muscle in centimeters squared 
divided by height in meters squared: cm2/ m2) was signifi-
cantly associated with a 27% reduction in the hazard of 
death over an average follow- up of 18 months after LVAD 
implantation.26 The authors point out that computed 
tomographic measures are easily obtained in patients 
who may not be well enough to perform other phenotypic 
frailty assessments.

In a single- center study, the Frailty Deficit Index was 
used to assess frailty before LVAD as destination ther-
apy in 99 patients.27 Deficits, including difficulty with 
activities of daily living, use of assistive devices, and 
comorbidities, were assessed from questionnaires and 
electronic medical record data. On average, patients had 
deficits in 29% of the 31 areas assessed preoperatively. 
When defining frailty as greater than 25% deficits, 61 
(62%) of patients were frail.

Frailty and Outcomes 
after Mechanical 
Circulatory Support
In patients with heart failure, frailty predicts adverse out-
comes, including death,2,28 hospitalization,3 and persis-
tently poor quality of life.29

In patients with advanced heart failure receiving 
LVADs, preoperative frailty identifies patients at high risk 
for poor postoperative outcomes. A  2018 meta- analysis 
revealed that preoperative frailty was associated with a 
longer time to extubation (mean [SD] difference, 45 [6]  
hours), longer hospital length of stay (mean [SD] difference 

Figure 3.1. Prevalence of frailty in candidates for left- ventricular assist devices. Prevalence varies across studies according 
to the assessment tool used.

Figure 3.2. Risk of death associated with frailty in patients 
scheduled to receive a left- ventricular assist device.
Reprinted from Tse G et  al., Frailty and clinical outcomes 

in advanced heart failure patients undergoing left ventricu-

lar assist device implantation:  a systematic review and meta- 

analysis, Journal of the American Medical Directors Association 

2018;19:255– 261.e1, Copyright (2018), with permission from 

Elsevier.
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2.9 [1.2] days), and increased risk of long- term mortality 
(pooled hazard ratio 1.44, 95% CI 1.15 to 1.80; Figure 
3.2).30 The Physical Frailty (Fried) Phenotype,19 handgrip 
strength,22,23 sarcopenia,25,26 and the Frailty Deficit Index27 
all predict adverse outcomes after LVAD implantation, 
although the data are too limited to know which is better 
at risk stratification. The increased mortality among frail 
patients may reflect a lack of resilience and an inability to 
recover from the insult of surgery. Preoperative frailty has 
also been associated with worse surgical outcomes after 
transcatheter or surgical aortic valve replacement31– 33 and 
other cardiac surgeries.34,35

Reversibility of Frailty and 
Response to Intervention
Implantation of an LVAD may reverse frailty resulting 
directly from heart failure (“LVAD- responsive frailty”), but 
not the frailty resulting from other comorbidities (“LVAD- 
independent frailty”; Figure 3.3).36 If a patient has frailty 
mainly from left- sided heart failure, restoring normal car-
diac output with an LVAD should improve or reverse most 
of the frailty. Although patients with this type of pre- LVAD 
frailty may be at increased risk for adverse outcomes soon 
after LVAD implantation, their frailty would be expected to 

improve and not affect their long- term risk. Conversely, in 
patients with frailty mainly from aging and other comorbid 
conditions that are independent of left- sided heart failure, 
LVAD placement may do little to reduce the frailty.

Limited data suggest that frailty is at least partially 
reversed in many individuals after LVAD implantation.19,22,37 
Of 19 frail patients before LVAD implantation, the average 
number of phenotypic criteria per patient decreased from 
a mean (SD) of 3.9 (0.9) before implantation to 2.8 (1.4) at 
6 months after implantation. Overall, 9 of the 19 patients 
(47%) were no longer classified as frail.37 In another 40 
patients before LVAD implantation as bridge to trans-
plant, frailty scores improved in 12 of 13 frail patients after 
implantation.19 Finally, handgrip strength improved by an 
average of 18% at 3 months and by 46% at 6 months after 
LVAD implantation in 72 patients.22 Further work is needed 
to understand how to better identify which patients have 
LVAD- responsive versus LVAD- independent frailty before 
implantation.

The Value of Assessing Frailty
Frailty alone is not an absolute contraindication to 
implantation. However, assessing frailty may be helpful 
as a part of the LVAD evaluation process for several rea-
sons. Because frailty is associated with an increased risk 

Figure 3.3. Potential responses to left ventricular assist device (LVAD) implantation in patients with LVAD- responsive and 
LVAD- independent frailty.
Adapted with permission from Flint KM, Matlock DD, Lindenfeld J, Allen LA, Frailty and the selection of patients for destination therapy 

left ventricular assist device. Circ Heart Fail. 2012;5:286– 293.

https:// www.ahajournals.org/ journal/ circheartfailure © American Heart Association, Inc.
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of adverse post- implant outcomes, knowing its presence 
may help predict whether survival and quality of life will 
improve after implantation.

Musculoskeletal disease that impairs rehabilitation is a 
relative contraindication to LVAD.38 If frailty is accompa-
nied by other high- risk features, multidisciplinary teams 
may need to carefully consider whether to recommend 
LVAD. Knowledge of frailty status can be useful when 
counseling frail patients about a potentially higher risk of 
adverse outcomes, including death, compared with non- 
frail individuals after implantation. This information may 
help patients and families decide whether to pursue LVAD 
therapy. Finally, frailty status may help identify patients 
who may require or benefit from additional rehabilitative 
efforts after implantation.

Improving Frailty
Interest is great in knowing whether additional interven-
tions could help improve or reverse frailty in LVAD can-
didates. Cardiac rehabilitation has been associated with 
greater improvement in functional capacity, including 
peak VO2 and six- minute walk distance, after implanta-
tion.39,40 Although cardiac rehabilitation is recommended 
in all patients after implantation,38,41 the adherence rate is 
unknown. In addition, many patients, including those who 
are frail, may benefit from inpatient rehabilitation before 
hospital discharge.42– 44 Whether additional specialized 
interventions may help either before or after implantation 
remains to be determined and needs to be investigated.

Summary
Frailty is common before LVAD implantation and is associ-
ated with worse post- implantation outcomes. There is no 
consensus on the optimal method to assess frailty before 
implantation. The Physical Frailty Phenotype may be chal-
lenging to determine because many patients cannot com-
plete gait- speed testing. The various frailty assessment 
methods need to be compared in multi- center studies on 
their ease of use and on their ability to accurately predict 
outcomes before implantation. Frailty can be modified with 
LVAD therapy in some patients. Further work is needed 
to understand how to identify which patients have LVAD- 
responsive versus LVAD- independent frailty at the time of 
LVAD evaluation. In addition, new therapeutic strategies 
to improve or reverse frailty in patients undergoing LVAD 
therapy are needed.
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Palliative Care in Mechanical 
Circulatory Support 

REGINA M. MACKEY AND JACOB J. STRAND

Palliative care teams work to reduce pain and other 
symptoms of a serious illness. Made up of a team 
of physicians, nurses, chaplains, and social work-

ers, a palliative care team works with a patient’s primary 
management team to enhance quality of life (QOL) and 
reduce the caregiver burden. Besides the management 
of physical symptoms affecting quality of life, palliative 
care teams integrate psychological and spiritual aspects 
of patient care and attend to adaptive coping strategies 
aimed at both patients and caregivers.

Several authors have called for palliative medicine 
(PM) involvement in patients with advanced heart dis-
ease to improve health status and quality of life.1– 6 Indeed, 
in a recent randomized study early palliative care versus 
standard care demonstrated improved QOL and mood for 
patients with advanced heart failure.7

Implantation of a mechanical circulatory support 
(MCS) device, either as destination therapy or as a bridge 
to transplant, often leads to increased survival as well as 
improved overall quality of life when compared to medical 
management alone. However, complications ranging from 
hospitalization for gastrointestinal bleeding to more severe 
complications such as cerebrovascular accident may affect 
patient quality of life and caregiver fatigue. Additionally, 
destination therapy for left ventricular devices presents 
unique challenges for patients and their loved ones at the 
end of life.

Palliative care teams are increasingly involved in the 
care pathway of patients undergoing MCS device implan-
tation due to their expertise in symptom management and 
communication strategies. Currently, the International 
Society of Heart and Lung Transplantation Guidelines for 
Mechanical Circulatory Support include a Class IIa recom-
mendation to include palliative care consultation prior to 
left ventricular assist device (LVAD) implantation (Figure 
4.1).8 From a regulatory standpoint, the Joint Commission 

for advanced certification in Ventricular Assist Device for 
Destination Therapy and the Centers for Medicare and 
Medicaid Services require that all programs that implant 
ventricular assist devices as destination therapy include 
a palliative care specialist as a member of the mechanical 
circulatory support team at the time of evaluation.9 Despite 
these recommendations, significant variation exists in the 
implementation due to a national shortage of palliative 
medicine clinicians, along with limited exposure and train-
ing in circulatory failure settings. Consequently, there is 
significant heterogeneity in the care process model imple-
mentation of this integration.10

A key focus of palliative care teams in the pre- 
implantation period is a focus on more in- depth advance 
care planning, as well as preparedness planning as it 
relates to device implantation. Helping to improve coping 
techniques of patients and caregivers, addressing patient 
and caregiver fears regarding possible complications (e.g., 
hemorrhage, sepsis, stroke), defining the healthcare proxy 
or power of attorney (POA), and establishing the patient’s 
wishes regarding quality of life and end- of- life care are key 
components of this work. A summary of the palliative care 
goals is given in Figure 4.2.

Advance Directives
An advance directive is a document that should highlight 
patient preferences for his/ her medical treatment, ideally 
centered around the patient’s understanding of his/ her 
current illness and the patient’s goals, preferences, and 
values for treatment as it relates to his/ her illness (Figure 
4.3). This should be updated with each significant change 
in treatment, or in the event that the patient expresses a 
change in preferences related to the treatment. Therefore, 
while advance directives are based in a patient’s goals 
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and values, they should reflect the current medical reali-
ties and prognostic disclosures. Despite the fact that LVAD 
implantation significantly alters a patient’s current medi-
cal condition and can have a major impact on end- of- life 
experiences, advance care planning documentation is 
often lacking for this patient population.10,11

Preparedness Plan
Given the significant changes in the health care trajectory 
of patients undergoing mechanical device implantation, 
advance directives should be tailored to the relevant medi-
cal and surgical circumstances, as well as complications of 
these devices. These should include clearly defined goals 
and explanations about possible outcomes, expected over-
all level of functioning, and what life may look like with 
mechanical support therapies, and anticipated stressors 
with respect to the financial and psychosocial issues related 
to the therapy. Without this type of proactive approach, 
patients are at risk for burnout and isolation, particularly 
in the setting of limited community support.3,12,13

Preparedness plans are typically conducted as part of 
the standard palliative care consultation prior to LVAD 
implantation. The role of the PM clinician is to assist the 
patient and his/ her family in formulating their goals, pref-
erences, and values related to treatment options and to 
translate these objectives into a clinically relevant docu-
mentation in the electronic medical record. Swetz et  al. 
outlined several different domains that can be addressed to 
establish a robust preparedness plan focused on commonly 
encountered situations after implantation. These examples 
are highlighted in Table 4.1.14 Importantly, these discus-
sions should start before the device implantation, when the 
patients are already receiving information about disease/ 
procedure specific risks, benefits, possible complications, 
alternative treatments, and what to expect after surgery.

Figure 4.2. A summary of the key goals and strategies in the palliative care management of the heart failure patient.
Reproduced from McIlvennan CK, Allen LA, Palliative care in patients with heart failure. BMJ. 2016;353:i1010, with permission from 

BMJ Publishing Group Ltd.

Figure 4.3. An integrated model of palliative care.
Reproduced from Radwany S, von Gruenigen V, Palliative 

and end- of- life care for patients with ovarian cancer, Clinical 

Obstetrics and Gynecology 2012;55(1):173– 184, https:// journals.

lww.com/ clinicalobgyn/ pages/ default.aspx; Copyright © The 

Authors. Published by Wolters Kluwer Health, Inc. on behalf of 

the International Federation of Fertility Societies.
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Table 4.1 •  Differences between Advance Directives and Preparedness Plans

Measure to Be Considered Rationale Sample Statement

Goals/ expectations Understanding what the patient hopes to 
accomplish helps to set appropriate 
expectations for after implantation

“What do you hope to achieve by getting a VAD? What 
are some things that you look forward to doing after 
getting your VAD?”

Hemodialysis Preexisting renal disease or renal injury 
during/ after VAD implantation puts 
patients at risk for developing dialysis- 
dependent renal failure. This may not 
be readily feasible in the patient’s local 
community for patients with VADs

“If you have kidney failure, you may require dialysis, 
and the center closest to you may not do this with 
a VAD. How do you feel about hemodialysis long 
term? What if you had to move to somewhere 
closer?”

Intracranial hemorrhage or 
embolic stroke

Patients may develop stroke owing to 
bleeding diatheses (acquired or from 
anticoagulation), embolism of a thrombus 
developed on the pump, or a central 
nervous system insult after trauma. These 
problems may alter the goals of care.

“Bleeding or strokes can develop in up to 20% of 
patients at some time. If a stroke affected your 
quality of life, how would you feel about continuing 
VAD therapy if you could not accomplish what was 
originally intended?”

LVAD failure The VADs may fail acutely. Older series 
devices routinely failed, but now devices 
may fail because of electrical or power 
issues.

“If the VAD stops working, this might result in your 
death quickly. In the event your VAD fails— or just 
stops working— would you want heroic measures or 
to just be kept comfortable and let things go?”

LVAD infection, need for long- 
term antibiotics

There is a significant risk of infection of 
driveline, device, or bloodstream with 
VADs.

“Patients may develop infections as the VAD driveline 
catheter is a pipeline between the outside world 
and the bloodstream. Infections and treatment 
with antibiotics can impact quality of life for some 
patients. Are there circumstances when you would 
want this treatment limited?”

Artificial nutrition and 
hydration (AHN)

If patients have stroke or prolonged 
intensive care unit stays, AHN may 
become an issue (i.e., feeding tube after 
stroke).

“How do you feel about needing a feeding tube long 
term if you are unable to eat or drink because of a 
complication, such as a stroke?”

Blood transfusions Blood products are likely to be an essential 
part of care, whether intraoperatively 
or postoperatively (owing to acute or 
chronic blood loss).

“Blood transfusions are a common part of the VAD 
process; do you or one of your loved ones have any 
concerns about you receiving these?

Organ donation In some situations, organ donation may be 
possible. A patient’s preference regarding 
a desire to donate organs can be assessed.

“Have you ever considered how you feel about organ 
donation, and if you are or are not interested in 
learning more?”

Mechanical ventilation Patients may have prolonged chronic critical 
illness, including need for tracheostomy 
and mechanical ventilation.

“If your lungs and breathing did not get better after you 
got your VAD and you needed to be on a breathing 
machine/ ventilator long term, how do you feel 
about this? How would you feel if you had to go to a 
special nursing home or hospital for ventilator care 
because of this?

Postoperative rehabilitation 
plans

Rehabilitation varies for patients, some 
recovering in a few days, some several 
weeks to month.

“What is your current plan for rehabilitation after 
surgery? Have you thought about staying around the 
hospital or going back closer to home?”

Healthcare power of attorney 
appointed

Patient will be incapacitated for a variable 
period of time, thus it is essential that 
the patient have a spokesperson who can 
speak on his/ her behalf.

“After you have your VAD implanted, there will be 
a period of time when you are likely going to be 
unable to make decisions. This is also true if some 
complications are encountered. Who should we 
ask to make decisions on your behalf only if and 
when you cannot make them for yourself? Have you 
spoken with them about your wishes?”
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An important component of preparedness plans is the 
designation of a surrogate decision- maker or healthcare 
power of attorney. This agent can communicate on behalf 
of the LVAD recipient, who may periodically be unable to 
make medical decisions, to carry out a plan of care consis-
tent with the previously established goals and values using 
substituted judgment. Because it is anticipated that all 
patients undergoing device implantation will experience at 
minimum a transient period of incapacity after the surgery, 
this is a critical step in preparedness planning.

End- of- Life Care
Critical components of end- of- life care for patients with 
mechanical support devices include clear knowledge 
of patient wishes, location of anticipated death and care 
resources in place, and an understanding of both the 
underlying device and patient physiology. Similarly, 
understanding the care pathway of patients dying with a 
mechanical support device and proceeding with device 
deactivation at the end of life require different consider-
ations and care teams in place.

For patients with LVADs who wish to die outside of a 
hospitalized setting, close communication with a hos-
pice team and the patient’s treating physicians is critical 
to ensure skilled symptom management at the end of life. 
Hospice staff often lack training and experience with MCS 
and require close collaboration with the heart failure team.

For patients whose goals are no longer being met by 
continued use of their LVAD, device deactivation may be 
considered, particularly in a patient at the end of life. Close 
collaboration with the treating MCS team, as well as pal-
liative care and/ or hospice clinicians, is needed to ensure 
that removal of artificial life- sustaining technologies does 
not result in increased adverse symptom burden.

In summary, the PM team can provide invaluable support 
to the patient and his/ her family during the heart failure jour-
ney. By establishing a plan that is consistent with the goals 
and priorities of the patient, the complex clinical scenarios 
that often arise in the postoperative period can be managed in 
a way that optimizes the patient’s derived benefit from MCS.
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Psychosocial assessment; 
social dynamics reviewed

Many psychosocial situations may lead to 
suboptimal outcomes after VAD, and 
outcomes may improve if these are 
identified and acted on early.

“Are there other factors for you or your family 
emotionally or for your family situation that will 
lead to an optimal outcome, or some that may 
suggest problems might occur?” (Suggest review by 
social worker and/ or psychologist)

Review perioperative 
morbidity and mortality

This is very variable based on the patient’s 
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and potential complicating factors. 
We recommend you talk to your 
cardiovascular providers to have a sense 
of their concerns regarding morbidity and 
mortality.

“The surgeon has quoted a 20% mortality rate, which 
means there is a one in five chance you may not 
leave the hospital. You may have heard that you ‘can 
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Spiritual and/ or religious 
preferences
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Introduction

The International Society of Heart and Lung 
Transplantation and the American Heart 
Association recommend that patients being con-

sidered for mechanical circulatory support (MCS) undergo 
a comprehensive psychosocial evaluation.1– 3 This assess-
ment is typically done by a social worker, but may also 
involve a psychologist or other mental health providers. 
Transplant centers may also routinely obtain an evalua-
tion from a transplant psychologist for bridge- to- transplant 
candidates. The social worker typically compiles a 
detailed personal and social history with the patient and 
caregivers as part of assessing overall preparedness for 
MCS therapy. If appropriate, the social worker discusses 
and helps the patient complete the Power of Attorney for 
Healthcare and reviews the patient’s history of substance 
use (including current use), mental health issues, and cur-
rent cognitive and emotional challenges. When indicated, 
the social worker refers patients to appropriate mental 
health professionals; in particular, patients being consid-
ered for bridge to transplant. Finally, social workers also 
assess the patient’s caregiving needs, both before and after 
VAD implantation, and confirm that the caregiving plan is 
adequate. Understanding the caregiving aspect of the psy-
chosocial assessment is essential to the treatment strategy 
that patients and their caregivers follow to achieve optimal 
outcomes after VAD placement.

Psychosocial Factors in 
Determining Candidacy
Psychosocial risk factors affect both medical (e.g., graft suc-
cess, mortality) and psychosocial outcomes (e.g., compliance, 
abstinence) after cardiac transplantation.4,5 Consequently, 
some groups have considered current substance abuse or 
serious mental instability to be contraindications to MCS 
placement and transplant listing.2 Although some research 
has considered how psychosocial risk and protective factors 
affect transplantation outcomes, far less is known about how 
these factors affect MCS outcomes.1 These studies are not 
easily compared because the criteria for candidacy are poorly 
defined and are not consistent among studies.6 Further, 
patients considered for destination therapy may differ from 
those considered for bridge to transplant, but whether the 
psychosocial evaluation should reflect such a distinction 
is unclear.7 As such, the potential psychosocial challenges 
for both destination therapy and bridge- to- transplant candi-
dates should be considered when determining risks, iden-
tifying opportunities to intervene, and thus ensuring equal 
access to VAD treatment if medically indicated.

Depression

Depression, impaired functional status, and inadequate 
self- care are potential risk factors for poor outcomes of 
LVAD support. Although clinically important, depression 
might be associated with the development of advanced 
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heart failure; the incidence of heart failure among patients 
with depression varies by how depression is assessed, 
with clinical diagnostic evaluations having rates of 19.3% 
and self- reported measures having rates between 33% 
and 41%. Higher rates of morbidities are common among 
patients self- reporting various other medical illnesses as 
well.8- 10

Retrospective, single- center studies have reported 
depression rates of about 30%10 in patients considered for 
destination therapy and about 28%11 in the combined group 
of patients considered for destination therapy or bridge to 
transplant. In studies defining depression on clinical crite-
ria (as opposed to scores on self- report measures), current 
or past depression was associated with increased risk of 
readmission after implantation10,11 and VAD infection.12,13 
To date, no study has reported a direct causal relationship 
between depression and mortality in these patients.

Anxiety is also a risk factor for post- MCS readmission, 
with up to one- quarter of readmitted patients reporting 
these symptoms in one study.11

Several studies have evaluated the relationship between 
mental illness and quality of life after MCS implantation. 
However, the interpretation of these data is confounded 
by the interrelatedness between perceived quality of life, 
functional status, and overall psychological well- being.14– 16 
In addition, pre- implantation measures of “functional sta-
tus,” which may include physical functioning, as well as 
self- care abilities, might predict depression and overlap 
considerably with depressive symptoms. Depressive symp-
toms are not synonymous with a diagnosis of depression.6 
In addition to psychiatric symptoms, the adequacy of cop-
ing strategies may provide a more reliable assessment of a 
patient’s current functioning and help to identify indica-
tions for MCS intervention.17,18

Substance Use

Findings related to alcohol, illicit drugs, and tobacco use as 
they pertain to post- VAD outcomes are less consistent than 
those for depression. However, it is difficult to measure the 
duration and quantity of use, recency of use, and aspects of 
current or historical use disorders (e.g., severity). Relevant 
and accurate data on substance use must generally be col-
lected in interviews by trained assessors and corroborated 
with toxicology screening. Of the few studies examining 
the effect of substance use on implantation outcomes, one 
found that current smokers at admission for LVAD implan-
tation had a higher 1- year mortality, but smoking was the 
only psychosocial factor linked to mortality,11 and another 
linked current smoking to gastrointestinal bleeding after 
implantation.19 A third study10 reported no important dif-
ferences in the risk of death related to substance use but 
did note a lower readmission rate among the 14 current 
tobacco smokers.

A history of alcohol use has been reported to predict 
post- implantation infection,20 but the degree of consump-
tion was not clearly defined and not controlled for in the 
analysis. Further, when the duration of VAD support was 
included in the model, the finding was no longer statisti-
cally significant.20 Two studies have reported that the risk 
of death was 3.2 times as high among drug users identi-
fied at the time of VAD implantation than among non- drug 
users undergoing implantation.21 Patients self- reporting a 
history of drug abuse may also have an increased rate of 
readmissions.10

Social Support

Although adequate caregiver support is mandatory for 
MCS therapy in many centers, data assessing the effect of 
social support on post- surgical outcomes are limited. The 
one study addressing this question (a retrospective review) 
found that three caregiver factors significantly reduced the 
risk of death: a good understanding of the severity of the 
patient’s illness and treatment options, the ability to pro-
vide appropriate logistical support, and having a back- up 
support strategy.22 In this study, the risk of death was 3.1 
times as likely among patients who lived alone, suggesting 
that a consistent caregiver presence is strongly related to 
improved survival. The quality of the caregiver relation-
ship may also affect the patient’s quality of life while on 
LVAD support.23

Cognitive Functioning

The risk of cognitive impairment in individuals with heart 
failure is 4 times that in the general population. These 
individuals are also at increased risk for Alzheimer’s dis-
ease and other dementias.24,25 Cardiac insufficiency, which 
may cause cerebral hypoperfusion or cerebral emboli, is 
thought to impair attention control, executive function, 
and memory.26– 28 Although cognition is not routinely 
assessed when screening patients for MCS, marked neuro-
logic insult and limitations in cognitive status or the ability 
to understand the severity of the medical condition war-
rant further evaluation.29

Although MCS support and heart transplantation may 
provide short- term improvement in general cognitive func-
tioning, this improvement is relative to baseline function 
and is still lower than that of the general population.30– 32 
Another study found that improvements in global cognitive 
function, verbal memory, and executive ability after LVAD 
implantation were associated with shorter lengths of stay.33

Psychosocial Assessment Tools
Psychosocial assessment tools have been developed to 
evaluate candidates for solid- organ transplant (Table 5.1).   

 

 

 

 



Table 5.1 •  Tools for Assessing the Psychosocial Fitness of Patients Being Considered for Mechanical Circulatory Support

Assessment Measure Structure and Domains Interpretation Strengths Limitations

Psychosocial 
Assessment for 
Candidates for 
Transplant; PACT34

10 items, including Initial 
and Final Rating; 8 of the 
items within 4 domains (5- 
point Likert scale): Social 
Support, Psychological 
Health, Lifestyle Factors, 
Understanding of 
Transplant, and Follow- up

Final Rating selection: Inter- rater reliability • Not specific to MCS 
candidacy

0: Poor, Surgery 
Contraindicated

• Final rating based 
on overall judgment

1: Borderline, 
Acceptable under 
Some Conditions

2: Acceptable with 
Reservations

3: Good Candidate

4: Excellent Candidate

Transplant Evaluation 
Rating Scale; 
TERS35

9 domains (3- point 
levels): Psychiatric 
History, Substance Use/ 
Abuse, Compliance, 
Health Behaviors, Quality 
of Family/ Social Support, 
History of Coping, 
Coping with Disease and 
Treatment, Quality of 
Affect, Mental Status

Weighted summary score 
ranging from 26.5 
to 79.5, with higher 
scores reflecting 
poorer psychosocial 
functioning

• Inter- rater reliability • Not specific to MCS 
candidacy

• Associated with length 
of hospitalization 
post- LVAD4

• Findings based 
on single center, 
analysis of patients 
receiving LVAD4

Stanford Integrated 
Psychosocial 
Assessment for 
Transplant; SIPAT37

18 factors within 4 
domains (variable 
weighting): Patient’s 
Readiness Level, 
Social Support System, 
Psychological Stability 
and Psychopathology, 
Effect of Substance Use

Additive risk severity 
score:

— — 

0– 6: Excellent

7– 20: Good

21– 39: Minimally 
Acceptable

40– 69: Poor

>70: High Risk

Modified Psychosocial 
Assessment 
for Candidates 
for Transplant; 
mPACT37

10 items within 4 domains 
(variable weighting 
0– 2 points): Social 
Support, Psychological 
Health, Lifestyle Factors, 
Capability to Understand 
Care Requirements

Additive total score 
ranging from 12– 20, 
with lower score 
reflecting increased 
psychosocial risk

• Applicable to MCS 
candidacy

• Not routinely 
implemented in 
most centers

• Increased accuracy for 
MCS vs. PACT

• Findings based 
on a single- center, 
retrospective 
analysis37

• Associated with 
readmission rates37
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In particular, the Stanford Integrated Psychosocial 
Assessment for Transplant (SIPAT)4,5,35 is based on 
psychosocial factors that affect transplant outcomes, 
including treatment adherence, quality of life, and graft 
function. The SIPAT standardizes assessments across 
all psychosocial domains and can identify modifiable 
risk factors that may improve candidacy at reassess-
ment. It also has predictive potential; scores 1 year after 
abdominal or cardiothoracic transplant were positively 
related with rejection, hospitalization, infection, psy-
chiatric decompensation, and limited social support.5 
The two studies evaluating these tools in patients who 
had received LVADs are methodologically limited, but 
the modified Psychosocial Assessment for Candidates 
for Transplant (mPACT) tool can be applied to patients 
being considered for MCS.4 The mPACT performed better 
than the original PACT at identifying psychosocial out-
comes when retrospectively applied to 48 patients with 
LVADs, and better mPACT scores were associated with 
lower readmission rates. In another study, 125 patients 
who received LVADs were evaluated with the Transplant 
Evaluation Rating Scale. Patients with high scores had 
significantly fewer days out of the hospital, but no other 
post- surgical outcomes differed by risk score.36,37 These 
preliminary findings support the utility in standardizing 
MCS assessments, but these tools are not routinely used 
in most centers.

Advantages of a Dedicated Mental 
Health Team
At our institution, a dedicated Transplant Mental Health 
team is embedded in the Solid Organ Transplantation 
Clinic and the Division of Transplant Surgery, providing 
ready access for patients, patient support personnel, and 
members of the multidisciplinary team. Ideally, each can-
didate for MCS is evaluated by a social worker and mem-
bers of the multidisciplinary team, as well as by a clinical 
health psychologist and possibly by an addiction special-
ist, who may also assess any past or current substance 
use, including the patient’s willingness to accept lifetime 
abstinence.

In our clinic, we developed treatment and therapy 
groups for substance abuse relapse prevention, peer men-
torship programs, and VAD education classes. Psychiatry 
services are available in the Transplant Clinic. A compre-
hensive evaluation identifies psychosocial risks and protec-
tive factors, which guide treatment recommendations and 
discussions of candidacy. The psychologist recommends 
an individualized treatment plan that helps patients man-
age the medical and other life stressors surrounding MCS 
support.

Challenges in Multidisciplinary 
Care
There are no standard criteria defining acceptable 
psychosocial risks for MCS treatment, but a multi-
disciplinary team should have consistent, minimum 
expectations of and for candidates, especially those 
with severe and complex medical, personal, and social 
circumstances. A case in point concerned a 19- year- old 
African American woman with chronic ACC/ AhHA Stage 
D heart failure from non- ischemic cardiomyopathy who 
had been referred to us for MCS as destination therapy. 
Other diagnoses included hypertension, morbid obe-
sity, and obstructive sleep apnea. She also had intermit-
tent, trauma- related visual hallucinations and a history 
of inpatient psychiatric hospitalizations. Her cognitive 
function was low, and although she knew that “her heart 
wasn’t working,” she did not understand her diagnoses or 
the need for treatment. Her mother, who had taken a leave 
from work to care for her daughter, had been incarcerated 
for illicit drug and alcohol use and was being screened 
for these substances regularly as part of her probation and 
work requirements.

This patient’s critical illness indicated that MCS should 
be considered, despite the psychosocial risk of failure. 
Both the patient and her mother wanted treatment and 
agreed that the goal of care was “to live.” The mother had 
assumed healthcare power of attorney for her daughter and 
was committed to supporting her daughter in adhering to 
medical recommendations and in receiving psychiatric 
care. Although team members were concerned about the 
patient’s history of poor adherence and engagement with 
providers, they also believed that these behaviors were 
modifiable. Consequently, the patient and her mother were 
offered a 6- week period to improve adherence to prescribed 
medications, dietary changes, and weekly appointments, in 
addition to regular follow- up in the Transplant Psychology 
and Palliative Care clinics. The patient did well during the 
intervention and was approved for MCS therapy after reas-
sessment. As an outpatient, she was followed by a VAD 
Social Worker, and for nearly a year after implantation, she 
was medically stable, and her clinical status was not com-
promised by psychosocial challenges.

Recommendations for Practice
As the preceding case illustrates, a comprehensive psy-
chosocial evaluation is important and should include 
full psychological and neuropsychological assessments. 
Periodically reassessing the patient provides a better 
understanding of risk factor status and the stability of pro-
tective factors over time. An awareness of cultural factors 
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can be important in understanding the patient’s psycho-
social challenges and in developing rapport throughout 
treatment. These cultural considerations can include 
issues such as ethnic minority status, socioeconomic sta-
tus, gender roles and expectations, and exposure to socio- 
environmental stresses, such as community violence and 
personal trauma (we have documented an average of 6– 7 
episodes of community violence among our ethnic minor-
ity patients with traumatic injuries37).

In caring for the patient described in the preceding, our 
Transplant Psychology team had regular discussions with 
her and her mother about how cultural factors might affect 
their trust of providers, fears related to health care, and 
beliefs about being judged in the context of a VAD evalu-
ation. The psychologist educated the team in empathetic 
listening and validation techniques to improve members’ 
understanding of the patient’s emotional experiences and 
the potential impact of these experiences on their commu-
nication with her and her mother. This perspective was 
then balanced with the team approach to care, which pri-
oritized adherence to treatment and appropriate engage-
ment with providers. Transplant Psychology provided 
feedback to team members, including the physician and 
nursing staff, so that their expectations of the patient were 
reasonable and realistic. The patient and her mother also 
regularly received information on her progress, which 
proved to be critical during some unexpected medical 
challenges that occurred during the patient’s recovery 
from surgery.

Summary
The psychosocial risk factors affecting VAD outcomes 
are poorly defined, although depression, substance use, 
and cognitive challenges should be identified and treated 
early. That said, individuals with heart failure often expe-
rience depressed mood and cognitive impairment, which 
by themselves need not contraindicate MCS treatment. 
Adequate social support continues to be important in 
clinical practice. Psychosocial stressors are often com-
plex and may be exacerbated by low health literacy and 
cultural factors. Given the importance of these factors, a 
dedicated mental health team is critical to successful MCS 
treatment.10 Experienced mental health providers with 
expertise in transplant and MCS issues should not only 
assess patients for psychosocial factors, but also identify 
likely psychosocial challenges, given the patient’s medi-
cal condition; identify and weigh the importance of both 
risk and protective factors related to treatment success, 
including which factors may be modifiable; and be able to 
provide immediate interventions in coordination with the 
medical team.
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Introduction

Coronary artery disease is a contributing factor in 
50%– 70% of all cases of heart failure.1 As heart 
failure is associated with significant morbidity and 

mortality, revascularization plays a significant role in the 
management of patients with ischemic cardiomyopathy.1

However, the clinical manifestations of ischemic car-
diomyopathy and impact on a patient’s overall condition 
can be varied. Often, patients with severe left ventricular 
systolic dysfunction may also have significant comorbidi-
ties, such as mitral regurgitation, atrial fibrillation, dia-
betes, and renal dysfunction. Therefore, not all patients 
with ischemic cardiomyopathy have equivalent risk with 
regard to surgical revascularization, and in fact, some may 
be viewed as high- risk candidates.

However, advanced heart failure or low left ventricular 
ejection fraction (LVEF) is not an absolute contraindication 
to conventional cardiac surgery,2 and ventricular support 
devices may offer an opportunity to optimize outcomes for 
these critically ill patients.

In this chapter, we will highlight case examples from our 
institution in which temporary left ventricular assist devices 
(LVADs) were utilized in order to optimize patients for con-
ventional coronary artery bypass graft surgery (CABG). We 
will briefly review the utility of preoperative viability assess-
ment, as well as propose key factors for the identification of 
patients who may benefit from this novel strategy.

Case Examples
Off- Pump High- Risk CABG

Case 1
A 55- year- old white male arrived at our institution as an 
emergent outside hospital transfer via medical helicopter 

after presenting with acute coronary syndrome due to an 
anterior non- ST elevation myocardial infarction. At the 
outside hospital he had a cardiac arrest due to ventricular 
tachycardia, was treated with direct- current cardioversion 
which restored sinus rhythm and pulse, and was subse-
quently started on IV amiodarone. He had multiple medical 
comorbidities, including known heart failure with reduced 
ejection fraction (LVEF 20%– 25%) due to severe multives-
sel coronary artery disease (90% left main stenosis, 90% 
left circumflex stenosis, 90% right coronary artery steno-
sis), moderate mitral and tricuspid regurgitation, insulin- 
dependent diabetes, chronic kidney disease stage IV due 
to diabetic nephropathy, hypertension, hyperlipidemia, 
tobacco use, and chronic obstructive pulmonary disease. 
He had been hospitalized at an outside institution 3months 
prior to presentation for volume overload and was diag-
nosed with new systolic heart failure during that admis-
sion. He underwent ischemic evaluation with coronary 
angiography at that time, and consultation for CABG was 
completed. He was scheduled for CABG surgery; however, 
his acute presentation occurred approximately 2 weeks 
prior to his posted surgical date.

On presentation he was found to be in cardiogenic shock 
and was admitted to the cardiovascular intensive care unit. 
Right heart catheterization revealed mean right atrial pres-
sure of 13 mmHg, right ventricular pressure of 44/ 14 mmHg, 
pulmonary artery pressure of 47/ 28/ 35 mmHg, and a pul-
monary capillary wedge pressure of 24 mmHg. Cardiac out-
put and index were 2.34 L/ min and 1.27 L/ min/ m2 by Fick 
calculation, and 2.63 L/ min and 1.43 L/ min/ m2 by thermo-
dilution method. Central mixed venous oxygen saturation 
was 21%. He underwent emergent placement of an intra- 
aortic balloon pump (IABP) and was initiated on inotropic 
therapy with IV dobutamine and milrinone. A Swan- Ganz 
catheter was placed for close hemodynamic monitoring and 
medication titration.
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With these interventions, his clinical picture stabilized 
and his cardiogenic shock began to improve. His cen-
tral mixed venous oxygen saturation improved to 64%. 
However, his renal function remained tenuous (serum 
creatinine 4.2 mg/ dL, GFR <20 mL/ min/ 1.73m2). He had 
a Thallium nuclear medicine viability study which dem-
onstrated myocardial viability in all territories other than 
a fixed inferior defect. Advanced heart failure consultation 
was obtained, and temporary mechanical left ventricular 
support with an Impella 5.0 device for pre- , intra-  and peri-
operative optimization was recommended. After discussion 
of the patient’s overall clinical case with our multidisci-
plinary team, including cardiothoracic surgery, critical care 
anesthesia, cardiology, and advanced heart failure, the deci-
sion was made to place an Impella 5.0 device via right axil-
lary artery and remove the IABP. This was completed on 
hospital day 3. The patient remained in the cardiovascular 
ICU with Impella support and underwent CABG on hospital 
day 17 (left internal mammary artery sequential graft to the 
diagonal branch and distal left anterior descending artery, 
saphenous vein graft to the first obtuse marginal branch, 
and saphenous vein graft to the right coronary artery). His 
postoperative course was complicated by development of 
cardiac tamponade on postop day 4, requiring emergent 
open evacuation of pericardial clot and left hemothorax. 
He recovered well after this. The Impella support device 
was removed on hospital day 24 (postoperative day 7). He 
required continuous veno- venous hemofiltration for volume 
removal due to acute on chronic kidney disease from hos-
pital day 6– 24. He was discharged on hospital day 34. His 
LVEF had improved to 35%– 40% on discharge. No Impella 
5.0– related complications, such as hemolysis, stroke, or 
limb ischemia, were noted.

Case 2
A 70- year- old African- American male presented to an out-
side institution with an anterior ST- elevation myocardial 
infarction. He had multiple comorbidities, including dia-
betes, chronic kidney disease due to obstructive uropa-
thy status- post nephrostomy tube placement and ureteral 
stenting, abdominal aortic aneurysm, diffuse large B- cell 
lymphoma (in remission after chemotherapy), and history 
of deep- venous thrombosis and pulmonary embolism. He 
was loaded with clopidogrel and taken emergently for car-
diac catheterization and found to have severe multivessel 
coronary artery disease (95% left anterior descending ste-
nosis that had recannalized, 100% second obtuse marginal 
stenosis, 99% third obtuse marginal stenosis, and 100% 
right posterior descending artery occlusion). No stents 
were placed, but the patient was referred to cardiotho-
racic surgery for consideration of surgical revasculariza-
tion. A transthoracic echocardiogram was completed and 
showed new reduction in LVEF to 20%. The LVEF had 
been 60% just 1 year previously. His cardiac index by Fick 
calculation was low at 1.87 L/ min/ m2. He was started on 

IV dobutamine for inotropic support. He also experienced 
sustained ventricular tachycardia while admitted and was 
started on IV amiodarone. A  Thallium nuclear medicine 
viability study was performed and demonstrated that all 
areas of the myocardium appeared viable except the apical 
septum. However, the initial cardiothoracic surgery con-
sultants felt that given his severe left ventricular dysfunc-
tion, low- cardiac index, and multiple comorbidities, he 
would be too high risk for surgery. He was then transferred 
to our institution for a second surgical opinion.

On admission to the cardiovascular intensive care unit, 
his serum creatinine was 3.94 mg/ dL (GFR <20 mL/ min/ 
1.73m2). On hospital day 5 he underwent surgical revascu-
larization via CABG (left internal mammary artery to left 
anterior descending artery). An Impella 5.0 temporary left 
ventricular support device was also placed via a 10  mm 
graft sewn to the ascending aorta at the time of surgery to 
aid with perioperative recovery. Postoperative course was 
complicated by development of a mediastinal hematoma 
which required chest exploration and evacuation on post-
operative day 5. He also developed C. difficile infection. His 
Impella was removed on hospital day 27 (postoperative day 
22). Due to difficulty weaning from the ventilator, he ulti-
mately required a tracheostomy and PEG tube placement. 
He also was started on hemodialysis. He was discharged to a 
long- term acute care facility on hospital day 34. No Impella 
5.0– related complications were noted.

Case 3
A 66- year- old white female with a history of hypertension, 
hyperlipidemia, obesity, tobacco use, and abdominal aor-
tic aneurysm was admitted to an outside hospital with a 
new left bundle branch block and flash pulmonary edema 
in the setting of elevated troponin T concerning for acute 
coronary syndrome. She underwent emergent coronary 
angiography which revealed significant multivessel coro-
nary artery disease (95% distal left main stenosis, 80% 
proximal left anterior descending stenosis, 100% first 
obtuse marginal stenosis, 100% second obtuse marginal 
stenosis, 100% proximal right coronary artery stenosis). 
Transthoracic echocardiogram demonstrated global hypo-
kinesis with a severely reduced LVEF of 25%– 29%. She 
was transferred to our facility for urgent cardiac surgery. 
She presented in cardiogenic shock with lactic acidosis 
and oliguria. She was intubated and taken directly to the 
operating room for placement of an Impella 5.0 temporary 
left ventricular support device as a temporizing measure 
for stabilization prior to surgery. She underwent 2- vessel 
CABG (left internal mammary artery to left anterior 
descending artery, saphenous vein graft to first obtuse mar-
ginal) on hospital day 7. The Impella temporary support 
device remained in place until postoperative day 9.  Her 
hospital course was complicated by sepsis, thought sec-
ondary to aspiration. Unfortunately, her known abdominal 
aortic aneurysm spontaneously ruptured on hospital day 
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24. Her family elected to pursue comfort care and she died 
hours later.

VAD as Bridge- to- Recovery Post- CABG

Case 4
A 53- year- old white male with a history of insulin- dependent 
diabetes mellitus, hypertension, hyperlipidemia, coronary 
artery disease, irritable bowel disease, and gastroesopha-
geal reflux presented to an outside hospital with dyspnea 
and lower extremity edema and was diagnosed with acute 
decompensated heart failure. Transthoracic echocardio-
gram demonstrated a severely reduced LVEF <20%, severe 
mitral regurgitation, moderate tricuspid regurgitation, and 
an elevated estimated pulmonary artery systolic pressure 
of 71  mmHg. Coronary angiogram demonstrated diffuse 
multivessel disease (highly eccentric 80% stenosis of the 
left anterior descending between proximal 70% stenosis of 
both the first and second diagonals, 100% occlusion of the 
left circumflex artery beyond a very slender first marginal 
branch, and right coronary artery with 100% occlusion of 
the posterior lateral branch). Right heart catheterization 
demonstrated elevated filling pressures (CVP 11  mmHg, 
mean PA 40 mmHg, pulmonary capillary wedge pressure 
of 26 mmHg), and the cardiac output/ index calculated by 
Fick was low at 2.7/ 1.8 L/ min/ m2. An IABP was placed. His 
severe systolic dysfunction was presumed due to ischemic 
cardiomyopathy and severe global ischemia. He was trans-
ferred to our institution with cardiogenic shock for consid-
eration of surgical revascularization.

Upon arriving at our institution, advanced heart failure 
and cardiothoracic surgery teams were urgently consulted. 
On hospital day 2 he underwent urgent two- vessel CABG 
(left internal mammary artery to left anterior descending, 
and saphenous vein graft to the obtuse marginal) along 
with placement of a HeartMate II LVAD. His hospital course 
was complicated by monomorphic ventricular tachycardia 
requiring amiodarone and upper gastrointestinal bleeding 
requiring blood transfusions. After prolonged hospitaliza-
tion, he was discharged for rehabilitation on hospital day 
43. With careful outpatient management, medication titra-
tion, and follow- up, his left ventricular systolic function 
improved by 6- months postop. His device was explanted 
10 months after his initial surgery with no complications. 
His post- explant transthoracic echocardiogram demon-
strated a normal LVEF of 60%– 65%.

Identifying Surgical Patients Who May 
Benefit from Temporary LVAD Support
Classification of Patients with Ischemic 
Cardiomyopathy in Need of Revascularization

The benefit of surgical revascularization via CABG for 
patients with significant angina is widely accepted and 

has been well described in the literature in landmark 
trials such as the Coronary Artery Surgery Study (CASS 
trial)3 and the Veterans Administration Coronary Artery 
Bypass Surgery Cooperative Study Group.4 In these tri-
als, subgroups of patients with significant multi- vessel 
coronary artery disease and left ventricular dysfunc-
tion experienced improved survival compared to stan-
dard medical therapy alone.3,4,5 The primary population 
studied in these landmark trials, however, is most repre-
sentative of those patients who have been traditionally 
considered optimal candidates for surgical revascular-
ization, including those with preserved left ventricular 
systolic function, few medical comorbidities, and low 
calculated Society of Thoracic Surgeons (STS) surgical 
risk scores.

The authors of the Surgical Treatment for Ischemic Heart 
Failure study (STICH)5 aptly identified that historically, tri-
als have omitted patients with severe left ventricular dys-
function or clinical heart failure from the primary study 
population, therefore limiting the generalizability of the 
results. The STICH trial aimed to demonstrate that surgi-
cal revascularization with CABG in addition to optimal 
medical therapy in patients with both coronary artery dis-
ease and heart failure with reduced LVEF (≤35%) would 
decrease all- cause mortality.6 Initial data failed to demon-
strate statistically significant differences between the two 
groups.

Recent publication of 10- year follow- up data has dem-
onstrated that in this cohort of patients with ischemic 
cardiomyopathy, death from any cause (58.9% vs. 66.1%, 
p  =  0.02), death from cardiovascular causes (40.5% vs. 
49.3%, p = 0.006), and death from any cause or hospitaliza-
tion for cardiovascular causes (76.6% vs. 87%, p <0.001) 
were significantly lower among patients who underwent 
CABG in addition to optimal medical therapy compared 
to medical therapy alone.5 These findings are consistent 
with those from several smaller, single institutional studies 
(Figure 6.1). Nevertheless, patients with ischemic cardio-
myopathy undergoing CABG are exposed to an early risk 
related to surgery itself.

The implantation of LVADs has revolutionized the treat-
ment for patients with advanced heart failure over the past 
two decades. The landmark REMATCH trial7 demonstrated 
that in class IV heart failure patients, those with circulatory 
support from LVADs had a 48% reduction in all- cause mor-
tality compared to optimal medical therapy alone. There 
was also significant increase in the survival rates at both 
1 year (52% vs. 25%) and 2 years (23% vs. 8%).7

In present- day practice, there is a substantial subset of 
patients who are now more often being referred for surgical 
revascularization than in past decades, namely those with 
severely reduced LVEF, clinical heart failure, and/ or cardio-
genic shock. As previously mentioned, these patients often 
have comorbidities such as mitral regurgitation, atrial fibril-
lation, diabetes, and renal dysfunction, leading to higher 

 

 

 

 



38 Mechanical Circulatory Support

surgical risk. We propose that in order to produce the best 
outcomes for these complex patients, additional mechani-
cal circulatory support should be considered as an adjunct 
to CABG plus optimal medical therapy.

In order to select the best possible strategy for surgical 
revascularization, as well as identify the potential need 
for mechanical circulatory support device utilization, we 
propose classification of patients into three distinct cat-
egories: (1) traditional CABG candidates, (2) ischemic car-
diomyopathy with reduced LVEF, and (3)  advanced heart 
failure as defined by severely reduced LVEF, low cardiac 
output, and/ or cardiogenic shock. The classification scheme 
and recommendations are summarized in Table 6.1.

While the cases we outlined in the preceding from our 
institution all represent patients experiencing acute coro-
nary syndrome, there is growing interest in utilizing VADs 
in relatively stable patients with ischemic cardiomyopathy 
and reduced LVEF as well. These patients are often high 
risk due to multiple comorbid conditions but require con-
ventional cardiac surgery for revascularization of coronary 
disease. Temporary/ short- term LVAD (such as the Impella 
device) can both preoperatively optimize hemodynamics 
to lower surgical risk and aid in postoperative recovery via 
avoidance of low- output syndrome. This is critically impor-
tant, as in- hospital mortality for high- risk end- stage heart 
failure patients undergoing conventional cardiac surgery is 
most commonly due to low- output syndrome.2 In the case 
of patients who may have received anti- platelet agents such 
as clopidogrel or ticagrelor prior to cardiac catheterization 
only to find they need urgent bypass surgery, these devices 
may also help buy time for patients to undergo a safer opera-
tion with lower bleeding risk after several days in the inten-
sive care unit.

Assessing Viability

At our center, myocardial viability in patients with severely 
reduced left ventricular systolic function aids in the iden-
tification of appropriate cases for Impella 5.0 supported 
off- pump CABG. Ideally, a patient should have significant 
viability to be confident of myocardial recovery. In patients 
in whom no myocardial viability is found, consideration is 
given instead to durable ventricular support.

Hibernating myocardium is an adaptive response of 
the myocardium to chronically reduced blood supply. It is 
defined as a state of persistently reduced myocardial con-
tractility due to reduced coronary blood flow at rest, which 
is partially or completely reversible upon revasculariza-
tion.1 As such, hibernating myocardium is thought to be an 
ideal target for revascularization, either with Percutaneous 
Coronary Intervention (PCI) and stenting or CABG. Recovery 
of contractile function has been well described and sup-
ported by observational studies in the literature.1

Various imaging modalities have been developed for the 
detection of viable, hibernating myocardium by utilizing 

Table 6.1 •  A Comparison of Different Patient Profiles in the Setting of Coronary Artery Disease with Left Ventricular 
Dysfunction

Traditional CABG Candidates Ischemic Cardiomyopathy Advanced Heart Failure

LVEF >35% 25%– 35% <25%

Myocardial Viability Presumed Uncertain Absent

STS Risk Low Moderate High

Type of MCS None Short- term LVAD Durable LVAD

Presurgical Optimization 
Strategy

None Short- term LVAD Intra- aortic balloon pump or 
short- term LVAD

Figure 6.1. Kaplan Meier estimates of time to death, taken 
from the Surgical Treatment for Ischemic Heart Failure 
(STICH) trial and Duke Databank for Cardiovascular 
Disease (DDCD) patients.
CABG = coronary artery bypass grafting.

Reprinted from Velazquez EJ et al., Long- term survival of patients 

with ischemic cardiomyopathy treated by coronary artery bypass 

grafting versus medical therapy, Annals of Thoracic Surgery 

2012;93:523z- 530, Copyright (2012), with permission from 

Elsevier and the Society of Thoracic Surgeons and the Southern 

Thoracic Surgical Association.
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different characteristics of this tissue. These have been well 
described in the literature. In brief, assessment of the integ-
rity of cell membranes can be done via 99m Technitium 
Sestamibi and 201 Thallium Single Photon Emission CT 
(SPECT); assessment of metabolic activity can be done via 
FDG position emission tomography (PET); scar assessment 
can be done via cardiac magnetic resonance (CMR); and 
dobutamine stress echocardiography, SPECT, and CMR can 
all assess contractile reserve.1 Selection of viability modal-
ity is often based on patient comorbidities (such as presence 
or absence of renal dysfunction), the ability of the patient 
to tolerate the selected test (based on duration, presence or 
absence of claustrophobia, etc.), as well as the availability 
and experience of an individual clinical center with the 
various imaging options.

Unfortunately, viability studies have often failed to con-
sistently discriminate patients who will have myocardial 
recovery.11 Furthermore, there is likely variability in the 
length of time required for ventricular remodeling and thus 
improvement in cardiac function post- revascularization.

Surgical Strategies and Impact on Myocardial Injury

Patients with heart failure and coronary artery disease 
should be considered for revascularization strategies that 
minimize myocardial injury. Despite a substantial amount 
of clinical trial data existing in the medical literature to 
compare different technical approaches to CABG, there is 
very little data on the strategies implemented for myocar-
dial protection in the advanced heart failure population at 
present.

Broadly speaking, CABG can be performed on cardio-
pulmonary bypass (typically by arresting the heart after 
cross- clamping the aorta) or using stabilizing devices to 

facilitate off- pump revascularization (OPCAB). In patients 
with severe LV dysfunction, there are concerns about 
compounding the degree of myocardial injury during the 
ischemic period that typically accompanies an on- pump 
approach. Although OPCAB has the potential to minimize 
the degree of myocardial ischemia during revasculariza-
tion, this depends to some degree on the technique that is 
implemented. Many surgeons achieve optimal visualization 
through placement of a silastic vessel loop around the prox-
imal extent of the artery to occlude blood flow. Oftentimes 
this is done with a period of “pre- conditioning” where the 
vessel is occluded for a brief period prior to the more pro-
longed period required for the distal anastomosis. A second 
approach involves placing a coronary shunt which both 
permits visualization and reperfusion of the distal vessel. 
An example is given in Figure 6.2.

Although data are somewhat lacking in the differences 
in myocardial injury between these different approaches, 
our preference has been to utilize coronary shunting as part 
of an off- pump revascularization in order to minimize myo-
cardial injury. We are currently conducting a clinical trial 
in order to study this hypothesis. The implications of this 
technique may be of critical importance in patients with 
ischemic cardiomyopathy with significantly depressed 
LVEF, as this patient population experiences a signifi-
cantly increased mortality rate with CABG than comparable 
patients with normal ejection fraction. As such, there may 
be downstream clinical benefits to enhanced myocardial 
protection.

Alternative revascularization strategies to traditional 
CABG in high- risk patients include multivessel PCI with 
added Impella support, hybrid revascularization, off- pump 
CABG with intracoronary shunting (as previously described), 

Figure 6.2. Typical coronary artery shunts that are used during beating heart revascularization.
Copyright 2018 Getinge AB. All rights reserved.
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CABG with VAD backup, and CABG with added durable 
LVAD as bridge to recovery8,9,10 (Figure 6.3). We believe 
that treatment of coronary artery disease in patients with 
low LVEF should focus on preserving myocardium during 
therapy. Patients who fail to achieve long- term symptomatic 
relief should then be referred for durable LVAD. In summary, 
the approach to revascularization in the patient with isch-
emic cardiomyopathy must take into account the complex-
ity and extent of coronary artery disease, vessel target size, 
myocardial viability, STS surgical risk, degree of LVEF, and 
patient preferences. Discussion of care plans for these com-
plex patients is also best done within a heart team approach.

Conclusions
The case series we have presented demonstrates that 
mechanical circulatory support including temporary 
LVADs such as the Impella 5.0 and durable VADs can be 
used to support off- pump CABG in complex patients who 
are considered high risk for conventional cardiac surgery.

Despite our favorable outcomes, it is important to be 
aware of potential complications with this approach. 
Some of the described complications include the follow-
ing:  hemolysis, device thrombosis, stroke from emboliza-
tion, valve injury, device malfunction, device damage, high 
purge pressure, valve dysfunction, ventricular perforation, 
and other vascular complications spanning from dissection 
to thrombosis or bleeding.12,13 Accordingly, extreme caution 
should be exercised when using Impella 5.0 for mechanical 
support for off- pump CABG.

In conclusion, temporary LVAD support is becom-
ing increasingly used in the care of hospitalized patients 

with advanced heart failure and cardiogenic shock. The 
adaptation of this technology for use to optimize surgical 
outcomes in high- risk patients with severe left ventricular 
systolic dysfunction and multiple comorbidities undergo-
ing conventional cardiac surgery is likely to continue to 
grow. Further study and future outcomes research will be 
needed to fully assess the added clinical benefit of this prac-
tice, but our anecdotal experience suggests that selected 
patients may benefit from this approach.
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Preoperative Strategies for Optimizing 
Mechanical Circulatory Support 
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Introduction

Optimizing preoperative mechanical circulatory 
support (MCS) starts with appropriate patient 
selection. Although patients are best selected 

with a multidisciplinary approach, several risk strati-
fication models may assist in selection. Once the team 
decides to proceed with MCS, a detailed understanding 
of these risk models can then be used to develop a sys-
tematic approach to the perioperative preparation of these 
patients before device implantation. Here, we review sev-
eral risk- stratification models, as well as approaches for 
optimizing the preoperative treatment of patients before 
left ventricular assist device (LVAD) implantation.

Managing Patients with Heart Failure 
before Device Implantation
The Medical College of Wisconsin’s Comprehensive Heart 
Failure and Transplant Program has refined its preop-
erative approach to selecting and managing patients with 
mechanical circulatory support (Figure 7.1). Patients are 
selected after a thorough evaluation by the multidisci-
plinary team, which considers risk scores and hepatic, 
renal, synthetic, nutritional, and functional characteristics. 
We then develop an individualized care plan for ensuring 
the best possible surgical outcome. Here, we review sev-
eral techniques that can help assess a patient’s preopera-
tive clinical condition.

Hemodynamic Monitoring

Invasive hemodynamic monitoring with a Swan- Ganz 
catheter is essential to measure cardiac output through 
thermodilution or Fick’s methodology. With this approach, 
a cardiac index of 2.2 L/ min/ m2 or less is considered 

consistent with poor perfusion and suggests that either 
inotropic support or temporary mechanical circulatory 
support should be considered to restore adequate perfu-
sion. In addition, assessing the degree of pulmonary hyper-
tension and right ventricular (RV) reserve by measuring 
the pulmonary artery pulsatility index and central venous 
pressure (CVP) can help prepare for the possibility of RV 
failure after LVAD implantation.

Inotropic Support

Inotropic drugs, such as milrinone and dobutamine, 
remain the primary pharmacologic therapy for augmenting 
myocardial contractility in patients with poor perfusion. 
However, given their association with increased morbid-
ity1 and mortality2,3 these drugs are now primarily used 
as a bridge- to- decision, bridge- to- bridge (i.e., to a tempo-
rary mechanical circulatory support device), or bridge- to- 
definitive- VAD- transplant therapy.

Inotropes can be titrated by either direct hemodynamic 
measures or by secondary markers of perfusion such as 
blood urea nitrogen (BUN), creatinine, liver function stud-
ies, lactic acid, or mixed venous gases. With direct hemody-
namic monitoring, inotropes should be titrated to maintain 
a cardiac index greater than 2.2 L/ min/ m2. With secondary 
markers of poor perfusion, the dose should be titrated based 
on an overall clinical assessment, including laboratory val-
ues (e.g., creatinine clearance aminotransferase levels, lactic 
acidosis) and physical exams (e.g., extremity warmth/ cool-
ness, urine output, mentation).

Temporary Mechanical Circulatory Support

Several versions of temporary mechanical circulatory 
support (TMCS) can augment perfusion in patients unre-
sponsive to bridging inotropic therapy, ranging from intra- 
aortic balloon pumps, to percutaneously placed axial flow 
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pumps, or to centrally placed extracorporeal membrane 
oxygenation systems with centrifugal external pumps. 
The best choice of a TMCS device depends on various fac-
tors, including the amount of flow support required, the 
anticipated duration of support, the need for left-  or right- 
ventricular support, and the ability for early ambulation 
with the TMCS in place. A  complete review of current 
TMCS devices is outside the scope of this chapter; how-
ever, our approach has primarily been to provide adequate 
flow with devices that allow for continued ambulation dur-
ing the remaining preoperative period.

For LV support, we favor a surgically placed subclavian 
Impella 5.0 microaxial circulatory support system. This 
system is an effective bridge to transplantation or durable 
long- term MCS therapy in patients with acute cardiac 
decompensation4,5 or with cardiogenic shock,6 and its place-
ment through the subclavian artery allows for continued 
ambulation and physical therapy during the remaining pre-
operative period. Frailty is associated with an increased risk 
of morbidity and mortality after cardiac surgery,7 and con-
tinued physical therapy in patients with appropriate TMCS 
devices can help decrease preoperative frailty by improving 

Candidate for MCS

Is there Adequate Perfusion?

Bridge-to-Bridge
Correction of Perfusion Deficit

- Inotropes
- Temporary Mechanical
   Circulatory Support

Is the Patient Optimized?

Medical Systems

-  Loop Diuretic
-  Thiazide Diuretic
-  Aldosterone Antagonist
-  Inotropic Augmentation
-  Hypertonic Saline
-  Ultrafiltration

-  Pulmonology
-  Infectious Disease
-  Hematology
-  Nephrology
-  Frailty

-  PVR
-  PAPi
-  RVSWI
-  RA:PCWP

Final Checks:
[] Non-Septic?
[] Extubated?
[] Albumin > 3.3g/dL?
[] GFR> 50mL/min/1.73m2?
[] AST < 45u/mL?
[] CVP < 12mmHg?
[] PAPi > 2

Proceed to MCS Implantation

Yes No

Has the RV been Assessed and Optimized?

Fluid Status

No [CVP > 12mmHg] Yes [CVP < 12mmHg]

Yes [CI ≥ 2.2] No [CI < 2.2]

Yes No

Figure 7.1. The Medical College of Wisconsin’s Comprehensive Heart Failure and Transplant Program approach to pre-
operative management of patients with heart failure before implanting a durable mechanical circulatory support device. 
Abbreviations: MCS = mechanical circulatory support, CI = cardiac index, CVP = central venous pressure, RV = right ven-
tricle, PVR = pulmonary vascular resistance, PAPi = pulmonary artery pulsatility index, RVSWI = right ventricular stroke 
work index, RA:PCWP = right atrial:pulmonary capillary wedge pressure, GFR = glomerular filtration rate, AST = aspartate 
aminotransferase.
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physical function.8 About 20% of our patients require tem-
porary MCS, as either a bridge- to- transplant directly or to 
durable MCS.

For RV support, we favor the TandemHeart Protek- Duo 
percutaneously placed veno- venous circulatory support 
system, paired with an external centrifugal pump which 
allows continued preoperative ambulation and can be 
paired with an oxygenator if needed.

Medical Management

Most patients with advanced heart failure waiting for 
durable MCS implantation have lived with suboptimal 
perfusion for a long time. As a result, they often have mul-
tisystem involvement of their disease and can require pre- 
=operative input from several specialists.

Pulmonology
Respiratory failure requiring prolonged postoperative intu-
bation greatly hinders postoperative recovery and increases 
1- year mortality after LVAD implantation.9,10 Fortunately, 
several risk factors for postoperative respiratory failure 
can be modified before VAD implantation. Specific goals 
include avoiding preoperative intubation when possible, 
correcting hypoalbuminemia by improving nutritional sta-
tus, and improving the INTERMACS profile with inotropic 
and TMCS therapies.9

Infectious Diseases
Preoperative leukocytosis is associated with greater 1- year 
mortality after device implantation,9 and postoperative 
infection remains a major source of morbidity in patients 
with LVADs. All active infectious processes should be 
treated preoperatively and infectious disease specialists 
consulted when necessary. Additionally, potential sources 
of future infection (e.g., indwelling lines, Foley cath-
eters) should be minimized whenever possible. Patients 
should also be thoroughly screened for open wounds or 
ulcerations, tooth abscesses, or other sources of infection. 
These should be treated before consideration of device 
implantation.

Hematology
Postoperative bleeding remains a major complication of 
LVAD insertion, and patients with advanced heart failure 
are at a greater risk for baseline anemia from hemodilu-
tion, as well as from decreased erythropoietin production 
from angiotensin- induced inhibition or altered liver and/ 
or renal function.11 As a result, preoperative assessment 
and optimization of the hematologic system are impor-
tant, both to avoid bleeding events and to mitigate their 
impact when they occur. At a minimum, the initial eval-
uation of patients considered for LVAD therapy should 
include assessing hemoglobin and hematocrit concentra-
tions and platelet counts, as well as measuring baseline 

markers of adequate function of the coagulation cascade. 
Additionally, all patients should be screened for a history 
of recurrent bleeding or thrombotic events.

Patients with anemia should be evaluated for iron- 
deficiency anemia with follow- up gastroenterological test-
ing when appropriate. If iron- deficient, patients should 
begin repletion before device implantation whenever pos-
sible. If anemia is present without iron deficiency, patients 
should be assessed for myelodysplastic syndrome or 
malignancy because these patients may not respond to the 
increased need for red- blood cell production after device 
implantation or postoperative bleeding events. Patients 
with a history of recurrent bleeding or thrombotic events 
should be further evaluated for thrombophilia, as well as 
heparin- induced thrombocytopenia, if appropriate.

Nephrology
Preoperative assessment of renal function in patients with 
advanced heart failure is often complicated by cardiore-
nal syndrome. Cardiorenal syndrome (Table 7.112) is sub-
classified into five types, with type I and type II being the 
most common in patients with advanced heart failure. 
Although the pathophysiology of type I  and type II car-
diorenal syndrome remains unclear, current theories pos-
tulate a decreased renal perfusion gradient resulting from 
the increased renal afterload of cardiovascular congestion 
or poor cardiac output, overactivation of the sympathetic 
nervous system, or increased systemic inflammation from 
acute decompensation, iatrogenic toxicity from prescribed 
medications (e.g., angiotensin converting enzyme inhibi-
tors, angiotensin receptor blockers, diuretics), or intrinsic 
renal dysfunction from comorbidities (e.g., obesity, hyper-
tension, diabetes, atherosclerotic disease.)13,14

Table 7.1 •  The Five Types of Cardiorenal Syndrome

Type Description

I. Acute Cardiorenal Abrupt worsening of cardiac function 
leading to renal injury

II. Chronic 
Cardiorenal

Chronic abnormalities of cardiac 
function leading to progressive renal 
injury

III. Acute Renocardiac Abrupt worsening of renal function 
causing an acute cardiac disorder

IV. Chronic 
Renocardiac

Chronic kidney disease contributing 
to decreased cardiac function and/ 
or an increased risk of adverse 
cardiovascular events

V. Secondary 
Cardiorenal

Other systemic conditions causing both 
cardiac and renal dysfunction

Reprinted from Cole RT et al, Renal dysfunction in heart failure, Medical 
Clinics of North America 2012;96:955– 974, Copyright (2012), with 
permission from Elsevier.
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Fortunately, although preoperative glomerular filtra-
tion rates appear to be inversely related to all- cause mor-
tality after LVAD implantation,15,16 lower rates are primarily 
driven by baseline chronic kidney disease and not by tran-
sient renal injury from congestion or diuresis.15,17 Restoring 
perfusion early, achieving adequate decongestion, and 
avoiding nephrotoxic agents are therefore the key strategies 
for optimizing preoperative renal function. Nuclear imaging 
with a Mag- 3 renal scan can help differentiate acute (pre- 
renal/ cardio- renal) from chronic kidney dysfunction if the 
acuity of renal dysfunction is a concern, despite improving 
perfusion and attempts at decongestion.18

Frailty
Frailty before LVAD implantation19,20 or other cardiac sur-
gery7 is consistently associated with greater morbidity and 
mortality. Although frailty has no widely accepted defini-
tion, common elements of frailty scores include ambula-
tory function, muscle strength, nutritional status, and 
cognitive function. Fortunately, each of these variables, 
other than cognitive function, is readily modifiable with 
consistent physical21,22 and nutritional therapies.

To treat frailty before LVAD implantation, every effort 
should be made to preserve ambulatory status and func-
tional capacity. Additionally, these patients should have 
daily physical and occupational therapy and appropriate 
nutrition intake.

Treating Hemodynamic Congestion

Hemodynamic congestion is associated with a greater risk 
for cardiorenal syndrome, hospitalization,23 and death,10,23– 

25 and is most commonly indicated by an elevated LV end 
diastolic pressure, pulmonary capillary wedge pressure, or 
central venous pressure (CVP).26 Although “normal” CVP 
ranges from 2 to 6 mm Hg, the target CVP in patients with 
ambulatory heart failure is often 8 to 12 mm Hg, given the 
increased preload dependency of the failing RV, which is 
common in these patients. In addition, the target CVP in a 
patient before LVAD insertion should be less than 18 mm 
Hg because persistent congestion before LVAD insertion 
is associated with greater 90- day mortality10 and the need 
for biventricular support. Guidelines have suggested that, 
if a Swan- Ganz catheter is in place, a target pulmonary 
capillary wedge pressure before VAD insertion should be 
less than 24 mm Hg; however, at these pressures, the risks 
of RV failure are unacceptably high.27 Our practice is to 
treat CVP and wedge pressure much more aggressively to 
reduce the postoperative risk of RV failure.

Strategies for decongesting a patient with decompen-
sated heart failure and elevated right atrial pressure start 
with loop diuretic therapy. Patients should be started on 
an intravenous loop diuretic at a dose that is at least the 
milligram equivalent of their home oral dose, although the 
DOSE trial suggests that high- dose therapy (intravenous 

furosemide at 2.5 times the milligram equivalent of the 
patient’s home oral dose) is associated with increased fluid 
loss and increased relief of dyspnea without any marked 
difference in renal function.28 Unfortunately, the efficacy of 
loop diuretic can be limited by neurohormonal activation, 
renal dysfunction, intrinsic diuretic resistance, and low car-
diac output.29

In patients with poor response to loop diuretic ther-
apy, sequential nephron blockade is the next strategy. 
Loop diuretics lead to natriuresis and diuresis by block-
ing the reabsorption of sodium in the ascending loop of 
Henle. Because these non- reabsorbed sodium ions exit the 
ascending loop of Henle, a large proportion can be reab-
sorbed by the sodium- chloride transporters in the distal 
tubule. Therefore, sequential blockade of the distal tubule’s 
sodium- chloride transporters with a thiazide diuretic can 
allow increased natriuresis and diuresis in patients resis-
tant to loop diuretic therapy.30 Similarly, sequential neph-
ron blockade with an aldosterone antagonist at natriuretic 
dosages (e.g., spironolactone >50 mg per day) can augment 
decongestion as well.31

Rarely, decompensated patients with advanced heart 
failure are not adequately decongested, despite escalating 
dosages of diuretics. In these patients, hypertonic saline32,33 
and, potentially, extracorporeal ultrafiltration34– 37 can aid in 
decongestion. Efforts to decongest the patient should con-
tinue until CVP is less than 10 mm Hg and can maintained 
through the preoperative period.

Right Ventricular Assessment and Management

Right ventricular failure after LVAD implantation is one of 
the major causes of post- LVAD morbidity and mortality,38 
often requiring prolonged inotropic treatment, emergent 
RV mechanical support, or both. In fact, several of the risk 
factors for postoperative LVAD mortality can be at least 
partially attributed to preoperative RV dysfunction (e.g., 
abnormal metabolic and synthetic liver function from per-
sistent hepatic congestion, elevated serum creatinine from 
increased glomerular afterload).

Given the important prognostic implications of RV func-
tion, several risk factors and risk indices have been iden-
tified to help assess or identify patients at greater risk for 
postoperative RV failure. Clinical risk factors include sys-
temic hypotension39 and elevated serum creatinine con-
centrations.39 Imaging- based risk factors include severe 
RV dysfunction detected by echocardiography39,40 or mag-
netic resonance imaging (MRI). Hemodynamic risk factors 
include a low preoperative cardiac index,39 elevated right- 
atrial- pressure- to- pulmonary- capillary- wedge- pressure 
ratio,41 and reduced RV stroke work index39,40 and pulmo-
nary artery pulsatility index.41,42 Currently, the pulmonary 
artery pulsatility index is the most commonly used risk 
index, given its ease of use and validated predictive value 
for 6- month mortality or rehospitalization in patients with 
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advanced heart failure,43 as well as its predictive value for 
postoperative RV dysfunction.41,42In general, we suggest that 
the RV be assessed with a combination of hemodynamic, 
clinical, and radiologic risk factors, with the goal of optimiz-
ing these values in whatever way possible through medical 
or short- term MCS techniques to avoid the need for right 
heart support post- LVAD implantation. This should also 
help in identifying patients who may benefit from use of 
the total artificial heart in preference to LVAD. If the patient 
is not a total artificial heart candidate, this preoperative 
assessment and treatment success (or failure) should fore-
warn the team of the likely need of prolonged postoperative 
inotropic therapy or temporary RV mechanical circulatory 
support before LVAD implantation.

Conclusions
The algorithm in Figure 7.1 is a generalized approach 
to the preoperative management of a patient potentially 
needing MCS. By adhering to this algorithm, we have 
standardized our approach to selecting and treating these 
patients, optimized our inotropic or TMCS strategies, and 
taken the extra time to address modifiable patient risk fac-
tors to improve clinical outcomes.

We have presented a model that systematically evaluates 
pre-  and postoperative risk factors that predict RV failure 
and subsequently worsened outcomes. Risk models can be 
helpful in identifying high- risk patients, directing the appli-
cation of temporary support to minimize risk factors going 
into surgery, and identifying patients who benefit from 
aggressive early postoperative RV support.

A multidisciplinary team approach is critical to address 
each of the organ systems most directly affected by hypo-
perfusion and to correct factors that can be modified pre-
operatively to improve surgical outcomes. A  thorough 
preoperative approach pays dividends in reducing the 
risks of postoperative complications in high- risk patients 
with advanced heart failure.
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Mechanical Circulatory Support in 
Patients with Pulmonary Hypertension 

DAVID ISHIZAWAR

Introduction

Pulmonary hypertension (PH) is a heterogeneous 
group of diagnoses including pulmonary vascular 
disease, left- sided heart failure, lung disease, and 

thromboembolic disease (Table 8.1). Regardless of the 
cause, PH is often associated with increased morbidity 
and mortality that require proper diagnosis, differentia-
tion, and optimal management to avoid. Mortality rates 
range from 2.8% in low- risk patients to as high as 21% 
in patients with high- risk pulmonary arterial hyperten-
sion (PAH).1 In the United States, deaths associated with 
PH have a heterogeneous distribution based on etiology 
and risk factors, but rates routinely exceed 6 deaths per 
100,000 population (Figure 8.1).

In systolic heart failure, the development of irrevers-
ible PH precludes cardiac transplantation because the risk 
of allograft right- ventricular failure and death is increased. 
In these cases, left ventricular assist devices (LVADs) can 
provide circulatory support and the potential to reverse PH.

A diagnosis of PAH requires not only an elevated main 
pulmonary artery pressure, but also a normal LV filling pres-
sure (e.g., a pulmonary artery occlusion pressure >15 mm 
Hg) and an elevated pulmonary vascular resistance greater 
than 3 Wood units.2 Chronic thromboembolic pulmonary 
hypertension (CTEPH) has hemodynamic characteristics 
similar to those of PAH, but also requires radiographic 
evidence of chronic thromboembolic disease, usually pro-
vided by ventilation- perfusion nuclear scintigraphy, angi-
ography, computed tomography, or an invasive pulmonary 
angiogram. In the United States, the most common form of 
pulmonary hypertension is that caused by left- heart failure 
(HF), which affects up to 65% of HF patients.3 In contrast to 

pre- capillary PH, left- sided PH is characterized by elevated 
LV filling pressures.

Classification of Pulmonary   
Hypertension
Group 1: Pulmonary Arterial Hypertension

Patients with PAH have pulmonary vascular diseases 
of heterogenous causes (e.g., autoimmune, drug or toxin 
related, congenital shunts, etc.), as well as both idiopathic 
and heritable genetic mutations that affect the pulmonary 
vasculature.4 These patients have in common the devel-
opment of intimal thickening and medial hypertrophy, 
and eventually plexiform lesions in the small pulmonary 
arterioles. Frequently, histologic samples also reveal evi-
dence of an in situ thrombosis different from thromboem-
bolic disease. Current pulmonary vasodilator therapies 
(prostacyclin analogues, endothelin receptor antagonists, 
phosphodiesterase type- 5 inhibitors, and soluble guanyl-
ate cyclase stimulators) are directed to patients with PAH.

Group 2: Pulmonary Hypertension 
from Left- Heart Disease

In North America, PH is probably most often caused by 
left- heart failure (with either preserved or reduced ejection 
fraction). About two- thirds of patients with left- heart failure 
experience PH. Most cases of group 2 PH are presumed to 
be related to passive congestion and elevated LV filling pres-
sures that resolve or improve with diuresis. However, autop-
sies of patients with transplanted hearts have revealed medial 
hypertrophy without intimal fibrosis as a result of chronic 
heart failure that causes pulmonary vascular remodeling.5
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Table 8.1 •  World Health Organization’s Classification of Pulmonary Hypertension

WHO Group Examples of Specific Underlying Diseases

1. Pulmonary arterial hypertension Idiopathic PAH, heritable PAH, connective tissue disease, portopulmonary hypertension, 
congenital heart disease, HIV, drug (e.g., methamphetamine), anorexigen, 
schistosomiasis, pulmonary veno- occlusive disease

2. Left heart disease Systolic heart failure, diastolic heart failure, valvular heart disease

3. Lung disease, chronic hypoxemia Interstitial lung disease (e.g., idiopathic pulmonary fibrosis, hypersensitivity 
pneumonitis), COPD/ emphysema, sleep disordered breathing, alveolar 
hypoventilation syndromes

4.  Chronic thromboembolic pulmonary 
hypertension

Chronic pulmonary embolism

5.  Pulmonary hypertension from   
blood or other disorders

Hematologic disorders (e.g., chronic hemolytic anemia, myeloproliferative diseases), 
systemic disorders (e.g., sarcoidosis, pulmonary histiocytosis, Gaucher disease, 
lymphangioleiomyomatosis), metabolic disorders (e.g., glycogen storage disease, 
thyroid disorders), tumoral obstruction, fibrosing mediastinitis

Abbreviation: PAH = pulmonary arterial hypertension.

Age-standarized
death rate per
100,000 population

4.4–5.9
6.0–6.8
6.9–8.5
8.6–9.9
10.0–15.3

*Data include any mention of pulmonary hepertension as a
 cause of death.
 Data Source: National Vital Statistics System;

National Center for Health Statistics;
US Census Bureau

DC

Figure 8.1. Rates of pulmonary hypertension- associated deaths in the United States, 2016.
Reprinted from https:// www.cdc.gov/ dhdsp/ data_ statistics/ fact_ sheets/ fs_ pulmonary_ hypertension.htm.

https://www.cdc.gov/dhdsp/data_statistics/fact_sheets/fs_pulmonary_hypertension.htm
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Group 3: Pulmonary Hypertension from Lung   
Disease or Chronic Hypoxia

Pulmonary hypertension in lung disease may occur 
because of parenchymal lung disease with loss of pulmo-
nary circulatory volume, vasoconstrictive responses to 
reduce shunting in hypoxemia, or a combination of both. 
In some lung diseases, such as pulmonary fibrosis, coexist-
ing inflammatory mediators and endothelin activity may 
mediate the development of PH. Pulmonary arterial flow 
to lung tissue less affected by lung disease often occurs in 
the setting of maximal vasodilation, rendering vasodilator 
therapy less beneficial in these patients. In idiopathic pul-
monary fibrosis, ambrisentan and riociguat have been asso-
ciated with a greater risk of clinical worsening or death.6,7

Group 4: Pulmonary Hypertension from Blood Clots

In chronic thromboembolic pulmonary hypertension 
(CTEPH), the initial pulmonary thromboembolic event is 
frequently asymptomatic, with anywhere between nearly 
1 to 4  years before the diagnosis is made.8– 10 The true 
incidence of CTEPH is unknown. Although a prospec-
tive study following patients after their initial pulmonary 
embolism reported an incidence of nearly 4% at 2 years of 
follow- up,11 the fact that initial embolic events are missed 
and the lack of diagnostic awareness may mean that the 
true incidence is higher.

Pulmonary thromboendarterectomy remains the treat-
ment of choice for these patients. Three- year survival is 
nearly 90% after thromboendarterectomy, but only 70% 
without it.12 For patients who are not candidates for surgery, 
either from unfavorable distal disease or comorbidities that 
make the risk of thromboendarterectomy excessive, first- 
line medical therapy includes the soluble guanylate cyclase 
stimulator riociguat, which improves functional capac-
ity and reduces pulmonary vascular resistance (PVR).13 
Macitentan, a non- selective endothelin receptor antago-
nist, can also improve hemodynamics and reduce PVR in 
these patients.14 Although RV failure has traditionally been 
viewed as a contraindication to thromboendarterectomy, we 
have successfully used percutaneous, perioperative RVADs 
to support patients with CTEPH and profound RV failure.

Pathophysiology of Pulmonary 
Hypertension Secondary 
to Left- Heart Failure
Pulmonary hypertension secondary to left heart disease 
most commonly has three manifestations:  (1) elevated 
pulmonary capillary wedge pressure (PCWP) without 
pulmonary vascular remodeling, such that the hyperten-
sion improves or resolves with diuresis alone; (2) elevated 
PCWP with evidence of pulmonary vascular remodel-
ing characterized by elevated PVR, and (3) after diuresis, 

improved PCWP but persistently elevated PVR.5 The lat-
ter two manifestations are characterized by pre-  and post- 
capillary PH and persistently elevated PVR, despite volume 
reduction or increased cardiac output. Autopsy results of 
patients with HF who underwent heart transplantation 
revealed medial hypertrophy without intimal fibrosis and 
that the degree of medial hypertrophy was not correlated 
with either mean PA pressure, the diastolic pressure gradi-
ent, or PVR.15

In left heart disease, PH may start as a compensatory 
mechanism to maintain forward flow when LV filling pres-
sures are chronically elevated. This mechanism is often 
described as a “passive” pressures rise that may resolve 
with volume unloading. However, chronically increased 
pressures may lead to more permanent metabolic and 
physiologic changes that contribute to pre-  and post- 
capillary PH and, with enough time, to right ventricular 
dysfunction (Figure 8.2).16

Both nitric- oxide deficiency and excess endothelin- 1 
appear to contribute to the development of PH in left HF.17,18 
Endothelial nitric oxide synthase constitutively produces 
basal concentrations of nitric oxide but is regulated by vari-
ous stimuli or physical conditions; in heart failure, nitric 
oxide- dependent pathways of pulmonary vasodilation are 
diminished.

Excess endothelin- 1 is a potent vasoactive peptide auto-
regulated by endothelin- type B receptor- mediated endo-
thelial clearance. This mechanism is downregulated in HF, 
elevating circulating endothelin- 1 concentrations that cor-
relate with a rise in PVR. Thus, the mechanisms causing 
PH secondary to left HF are similar to those causing pul-
monary vascular dysfunction in patients with PAH. Despite 
this similarity, treatment for PH secondary to left HF is not 
the same as that for pulmonary vasodilator therapy for PAH, 
which does not improve clinical outcomes in left HF and 
that sometimes, can be detrimental.19

Pulmonary Hypertension and 
Heart Failure
Comorbid PH in patients with left HF is associated with 
decreased exercise tolerance and functional capacity, as well 
as with poor clinical outcomes.20 In these patients with ele-
vated PVR, cardiac output at peak exercise was 15%– 30% 
less than that of patients with mildly elevated PVR (1.5– 3.5 
Wood units) and 37% less than that of patients with normal 
PVR (<1.5 Wood units). A PVR of 2.5 Wood units or higher 
was also associated with lower peak oxygen consumption.21 
Aside from reduced cardiac output that decreases oxygen 
delivery, pulmonary vascular dysfunction and pulmonary 
edema also reduce oxygen uptake. Additionally, decon-
ditioning from chronic cardiopulmonary diseases reduces 
skeletal muscle oxygen delivery (through loss of capillary 
volume) and reduced oxygen uptake22 (Figure 8.3).

 

 

 

 



Figure 8.2. Pulmonary hypertension and right- ventricular failure secondary to left heart failure.
Reproduced from Rosenkranz S, Gibbs JSR, Wachter R, et al., Left ventricular heart failure and pulmonary hypertension, European Heart 

Journal 2015;37(12):942– 954, by permission of Oxford University Press and the European Society of Cardiology.

Figure 8.3. Mechanisms of exercise limitation in pulmonary hypertension.
Reproduced from Galie N, Manes A, Palazzini M, Exercise training in pulmonary hypertension: improving performance but waiting for 

outcome, European Heart Journal 2015;37(1):45– 48, by permission of Oxford University Press and the European Society of Cardiology.
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Pulmonary Hypertension 
in Selecting Candidates 
for Heart Transplant
In cardiac transplantation, exposure of the donor heart 
to elevated pulmonary pressures in the recipient patient 
increases the risk of RV failure in the allograft and places 
the transplant recipient at increased risk of death after 
transplant.23– 26 This perioperative risk also extends to long- 
term post- transplant outcomes.27

Reversing PH in patients with HF can allow bridge to 
transplant and reduce the risk of post- transplant allograft 
dysfunction.23 Various agents can reverse PH in these 
patients (Table 8.2).28– 30 Among vasodilator agents, prosta-
glandin is more effective than nitroglycerin or nitroprusside 
in quickly reducing PVR.31 To bridge patients medically, 
intravenous milrinone also reverses PH and is commonly 
preferred to dobutamine, which is less effective. However, 
in the current era of organ allocation, depending on IV 
milrinone as a bridge to transplant while keeping PA pres-
sures reduced will likely prolong wait- list time relative to 
other listing strategies. During this period, wait- list mortal-
ity and re- increase in the pulmonary pressure to the detri-
ment of the patient are potential consequences. As a result, 
earlier transition to mechanical circuit support is generally 
advised.

Mechanical Circulatory Support 
as a Bridge to Transplant 
in Patients with Secondary 
Pulmonary Hypertension
Before VAD therapy, patients with HF and reversible PH 
might be bridged to transplant with inotropic support, 
often with milrinone. However, the limited availability of 
donor hearts, as well as infusion- related complications, 
such as catheter infections, often jeopardized this strategy. 
The increased contractility induced by inotropic agents 
is mediated by adjusting the myocardial pressure- volume 
relationship to increase cardiac output. The effectiveness 

of this therapy depends on the mix of contractile myocytes 
and extracellular fibrotic content caused by cell necrosis. 
Myocardial scar tissue from a previous myocardial infarc-
tion may distort ventricular mechanics as well as valve 
function, which limits the effectiveness of bridging inotro-
pic therapy.

Ventricular assist devices unload the LV, which results in 
morphologic and histologic changes in the myocardium.32 
Indeed, VAD therapy can reverse PH in patients with PH 
refractory to medical therapy.33 In general, PH reverses 3 to 
6 months after VAD implantation.34– 36 However, despite the 
effectiveness of VAD therapy in reducing pulmonary pres-
sures, PH and elevated PVR will persist in some patients. 
In those treated with VAD, sildenafil has decreased PVR 
from about 6 Wood units to just under 3 Wood units after 4 
weeks of therapy and has sustained the decrease for at least 
15 weeks. In similar patients treated with placebo, PVR did 
not improve.37

In some patients in whom chronic PH has led to per-
manent and more advanced RV dysfunction, the risks of 
cardiotomy- induced RV failure during LVAD implan-
tation may require temporary RVAD support. In some 
cases, patients can be weaned from RVAD support, but in 
other cases, biventricular support may be necessary as a 
bridge– to- transplant. In patients where RV dysfunction 
is advanced and irreversible, implanting a total artificial 
heart should also be considered. Often, the choice between 
biventricular support and a total artificial heart may be 
heavily influenced by surgical experience with the various 
options.

Conclusion
Pulmonary hypertension is an all too common complica-
tion of left heart failure that worsens symptoms and func-
tional capacity. In patients with systolic HF, PH not only 
worsens clinical outcomes but may prevent consideration 
for heart transplantation. In many instances, mechanical 
circulatory support as a bridge to candidacy has permit-
ted successful cardiac transplantation in these challenging 
patients.

Table 8.2 •  Vasodilator Agents That Can Reverse Pulmonary Hypertension

Vasodilator Agent Administration Route Dose Range Hemodynamic Effects

Nitric oxide Inhaled 10– 80 ppm ↓PVR, ↑PCWP, ↑CO

Nitroprusside Intravenous 1.0– 1.5 mcg/ kg/ min ↓PVR, ↓PCWP, ↑CO

Prostaglandin E1 Intravenous 2– 10 ng/ kg/ min ↓PVR, ↓PCWP, ↑CO

Milrinone Intravenous 50 mcg/ kg ↓PVR, ↓PCWP, ↑CO

Abbreviations: PVR = pulmonary vascular resistance; PCW = pulmonary capillary wedge pressure; 
CO = cardiac output.
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Selecting Children for Mechanical 
Circulatory Support 

DEVON O. AGANGA, CHARLOTTE S. VAN DORN, AND   
JONATHAN N. JOHNSON

Introduction

Mechanical circulatory support (MCS) has 
become an essential tool for managing children 
with impending respiratory and cardiac failure. 

Extracorporeal life support for infants, children, and teen-
agers is limited to extracorporeal membrane oxygenation 
(ECMO) and ventricular assist devices (VADs). Temporary 
support devices, such as intra- aortic balloon pumps, are 
also used in adolescents, but they are not as well- studied 
in infants and small children. Here, we describe the indi-
cations and contraindications for MCS in children, dis-
cuss the goals of support, review current devices, and 
explain how timing and length of support factor into 
patient and device selection.

The considerable technological advances and increased 
availability of VADs in adults have not been matched with 
those in infants and children. Nonetheless, as cardiovas-
cular surgical outcomes improve in increasingly complex 
patients, and as heart transplantation is increasingly avail-
able as a “next step” for children, mechanical circulatory 
support in children is being used more often.

Circulatory Support in Children
Indications for Circulatory Support

Common indications for MCS in children include a fail-
ure to oxygenate or ventilate that progresses to respiratory 
or cardiac failure secondary to anatomic abnormalities or 
primary myocardial failure.1 Although the indications for 
MCS in children continue to increase, both the absolute 
and relative contraindications remain important consid-
erations in children. For small children with complex 

anatomy and serious comorbidities, the timing and type 
of MCS deserve special attention, given their substantial 
effects on outcomes.

Recently, the indications for pediatric MCS have evolved 
greatly, probably because of the increasing availability 
of MCS options, as well as the improved management of 
the comorbidities that once disqualified some children for 
MCS. For children with impending respiratory failure, from 
failure of oxygenation or ventilation, MCS should be con-
sidered early, especially if the child has to be transferred 
to a center specializing in pediatric MCS. The oxygenation 
index and the P/ F (PaO2/ FiO2) ratio can help detect early 
deterioration of children who may benefit most from MCS. 
Although threshold values for the oxygenation index or 
the P/ F ratio have not been established for children, MCS 
should be considered in patients with indexes approaching 
40 and with P/ F ratios decreasing to less than 100, despite 
maximal medical therapy.1

The indications for MCS in children with primary car-
diac failure continue to evolve, but can be divided into 
post- cardiotomy and organic causes of cardiac failure 
(Table 9.1).1,2 Children born with congenital heart disease 
may benefit from MCS, especially during the perioperative 
period for surgical repair of the heart defect. Persistently 
low cardiac output, despite rapidly escalating or maximal 
medical therapy, indicates the potential need for MCS.3 
The early deployment of MCS improves survival and post- 
heart- transplantation outcomes.4 These outcomes are also 
improved in children without congenital heart disease who 
require additional support for primary myocardial failure 
secondary to either myocarditis or cardiomyopathy. Early 
implementation of MCS, either as a bridge to recovery or 
transplantation, should be considered for all children with 
deteriorating cardiac status.

9
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Contraindications for Circulatory Support

Although the indications for MCS in children are rapidly 
expanding as technology advances, the absolute and rela-
tive contraindications to MCS have been gradually reduced 
(Table 9.2). In general, MCS should be used with caution 
for children with hemorrhage (especially intracranial 

hemorrhage), extreme prematurity, complex congenital 
heart disease, and prolonged ventilatory support.1 A guid-
ing principle in applying MCS to children is to avoid these 
devices when the outcome is likely to be futile.1

Bridging to an Outcome
The most common indication for ECMO or VADs in chil-
dren is as a bridge to transplant or to functional recovery.5– 8  
The term “bridging” emphasizes the desired transient 
nature of the support. However, in some circumstances, 
transplant may not be the desired outcome of the patient, 
the family, or the clinical team.

Destination Therapy

The idea of destination therapy is common in adults. In 
the 2012 INTERMACS report, 24% of adults received 
MCS as a destination strategy, with no expectation for 
transplantation or recovery.9 In these circumstances, 
transplant is typically deemed inappropriate by either 
the care team or the patient.10 In contrast, destina-
tion therapy is relatively rare in children. In the first 
PEDIMACS report from 2016, only eight such cases were 
reported.11 In several centers worldwide, destination 
therapy is most commonly used in young patients with 
Duchenne muscular dystrophy, although this practice 
remains controversial.12– 14

Bridging to Decision or Candidacy

Mechanical circulatory support can be used as a bridge to 
decision or candidacy, allowing the care team more time to 
decide about transplant eligibility. In the 2016 PEDIMACS 
report, only 64% of children were listed for transplant 
at the time the VAD was implanted, and a further 29% 
of children received LVADs with the intent of listing for 
transplant.11 A  bridge- to- decision strategy is most often 
used in children with fulminant myocarditis or graft dys-
function soon after heart transplantation, where recovery 
is likely.15,16 This strategy has also been reported in cases 
of multisystem organ dysfunction or with unclear social 
support.17

Recovery and Explantation

A short- term support strategy, ECMO is flexible because 
it can be instituted quickly and removed quickly if recov-
ery occurs. Myocardial recovery and subsequent device 
explantation in children with VADs has been reported, 
although these cases are few. The Berlin Heart has the 
highest successful weaning rate of available devices, 
having been explanted in 6% of the patients in the origi-
nal United States Berlin Heart cohort.18 Some rare cases 
of weaning and removing implantable VADs have been 
reported.19,20 The optimal timing and process of weaning 
remains understudied.18,21

Table 9.1 •  Indications for Mechanical Circulatory 
Support in Pediatric Respiratory and 
Cardiovascular Disease

Respiratory Disease Cardiovascular Disease

Severe, reversible respiratory 
failure

Preoperative stabilization

Lack of response to conventional 
measures

Failure to wean from 
cardiopulmonary bypass

Severe hypoxemia Refractory low cardiac 
output syndrome

Elevated mean airway pressures Cardiopulmonary arrest

High risk of ventilator- induced 
lung injury

Myocarditis

Pulmonary hypertension Cardiomyopathy

Intractable arrhythmias

Table 9.2 •  Absolute and Relative Contraindications 
for Pediatric Mechanical Circulatory Support

Absolute Contraindications Relative Contraindications

Large intracranial bleed with 
mass effect

Vessel anomalies not 
allowing cannula 
placement

Cardiac arrest without adequate 
cardiopulmonary resuscitation

Small intracranial bleeds

Irreversible underlying cardiac 
or lung pathologya

More than 10 days of 
ventilator support 
(<2 years)

More than 2 weeks of high- 
pressure ventilation

More than 7 days of 
ventilator support 
(>2 years

Pulmonary hypertension and 
chronic lung diseasea

Prematurity

Chronic multi- organ dysfunction Severe central nervous 
system disease

Incurable malignancy

Allogenic bone marrow recipient 
with lung failure

Lethal chromosomal abnormality

a Not amenable to transplantation
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Timing the Initiation 
of Circulatory Support
Timing is important in initiating MCS because the conse-
quences can be severe if support is begun either too early 
in the patient’s course or too late, when complications may 
have arisen. Unfortunately, patient selection criteria based 
on the timing of MCS institution in children have not been 
standardized because the literature is limited to reports 
from single centers, or because the criteria have been modi-
fied from those for adults.

Studies of the timing of MCS initiation in adults have 
reported higher post- VAD implant mortality in patients 
with evidence of non- cardiac, end- organ dysfunction 
(renal dysfunction, coagulopathy, hypoalbuminemia).22 
Data from the initial Berlin Heart studies in children found 
that elevated bilirubin concentrations, lower weight, and 
the need for biventricular support were risk factors for 
post- VAD implant mortality.18 In general, most centers 
caring for children with heart failure consider beginning 
MCS for children who have any evidence of evolving end- 
organ dysfunction despite escalating medical therapy. 
Dysfunctions may include worsening renal function, need 
for mechanical ventilation, feeding intolerance, worsening 
hepatic function, or any clinical evidence of impending 
cardiac shock. Notably, unless children are being consid-
ered for destination therapy or as a bridge to decision, they 
should be considered as appropriate transplant candidates 
before receiving MCS.

The ability to place a VAD as the first form of MCS 
appears to be associated with improved outcomes. The 
Pediatric Heart Transplant Study Group compared children 
who had a VAD as their first device with those who received 
emergent ECMO treatment who were later transitioned to a 
VAD.23 Children tolerating a VAD as the first form of MCS 
had better survival and transplantation rates, likely because 
the VAD was placed before the occurrence of the serious 
complications that are common during prolonged cardiac 
failure.

Device Selection
The technology of MCS continues to broaden the boundar-
ies of patient selection.

Other chapters in this volume describe current MCS 
options, many of which are suitable for children (Table 9.3). 
Here, we focus on the challenges of choosing the right MCS 
device for infants and children.

Extracorporeal Membrane Oxygenation

Extracorporeal membrane oxygenation remains the most 
commonly used MCS modality in infants and children, 
despite the rapid evolution of VAD technology (Figure 
9.1). Reasons for preferring ECMO include its suitability 

Table 9.3 •  Adult Mechanical Circulatory Support Devices 
Successfully Used on Children

Intra- aortic Balloon Pump Short- term 
support— Counterpulsation

Centrimag/ Pedimaga Short- term support— Centrifugal

Jostra Rotaflowb Short- term support— Centrifugal

Berlin Heart EXCORc Long- term support— Pneumatic

HeartMate IIa Long- term support— Axial

HeartMate 3a Long- term support— Centrifugal

HeartWare HVADd Long- term support— Centrifugal

Syncardia Total Artificial 
Hearte

Long- term support— Pneumatic

a Abbott Laboratories (Thoratec Corp., Pleasanton, CA)
b Rostra Rotaflow (Maquet, Rastatt, Germany)
c Berlin Heart EXCOR (Berlin Heart AG, Berlin, Germany)
d Medtronic (HeartWare Inc., Framingham, MA)
e Total Artificial Heart (SynCardia Systems Inc., Tucson, AZ)

Figure 9.1. Schematic of a routine ECMO circuit.
Reproduced with permission of Elsevier, from textbook Pediatric 

Critical Care, Fuhrman and Zimmerman, editors. <(permission 

pending)>
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for all age groups, its widespread use and familiarity at 
many centers, its ability to provide both respiratory and 
circulatory support, and the rapidity with which it can 
be deployed in a deteriorating patient. The applications 
of ECMO in cardiopulmonary resuscitation in children 
are also expanding. Neurologic outcomes and survival to 
discharge were improved in children who received CPR 
for more than 10 minutes with rapid placement of ECMO 
during cardiac arrest.24 The technology is also used to sup-
port neonates with congenital diaphragmatic hernia who 
are deemed surgical candidates but in whom conventional 
therapies for managing persistent pulmonary hypertension 
have been unsuccessful.

In addition to cardiac and respiratory failure from more 
traditional causes, such as acute respiratory distress syn-
drome, myocarditis, dilated cardiomyopathy, and failure 
to separate from cardiopulmonary bypass, other reported 
successful uses of ECMO in treating infants and chil-
dren include septic shock, hypothermic arrest without 
asphyxiation, circulatory collapse from drug overdose, and 
severe congenital heart disease, including single- ventricle 
pathology.

Extracorporeal Membrane Oxygenation in   
Congenital Heart Disease

Treating children who have univentricular physiology 
with ECMO is challenging, with each stage of palliation 
providing its own nuances. In children placed on ECMO 
with a systemic- to- pulmonary artery shunt, the conduit 
can be occluded or partially occluded to reduce run- off to 
the pulmonary circulation and improve systemic perfu-
sion. Patients can also be managed by leaving the shunt 
untouched and maintaining an ECMO circuit flow of up 
to 200 mL/ kg/ min to compensate for the pulmonary run- 
off. This latter approach has been reported to improve 
outcomes.25 Among 738 neonates who had undergone 
stage 1 palliation surgery and required ECMO, the mor-
tality rate was 69%.26 Survival- to- discharge among 103 
infants with bidirectional cavopulmonary anastomoses 
who required ECMO was 41% (Figure 9.2).27 Because the 
superior and inferior central venous circulations are sepa-
rated in these patients, dual cannulae are often required to 
achieve adequate venous flow and to decompress the cere-
bral venous system.28 Fontan patients are also a challenge 
for MCS, often requiring both jugular and femoral venous 
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Figure 9.2. Survival- to- discharge among 103 infants with bidirectional cavopulmonary anastomoses who required extra-
corporeal membrane oxygenation. Only 41% of these patients survived to hospital discharge, with time on ECMO support 
a major predictor of mortality (OR 7.2, 95% CI 1.8– 28).
Reprinted from the Jolley M et al., Extracorporeal membrane oxygenation in patients undergoing superior cavopulmonary anastomosis, 

Journal of Thoracic and Cardiovascular Surgery 2014;148;1512– 1518, Copyright (2014), with permission from Elsevier.
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cannulation to achieve adequate venous drainage and sys-
temic perfusion.28 Survival to discharge in children requir-
ing ECMO after a Fontan procedure has been reported to 
be as low as 35%.29

Bridging to Transplant

In children with heart failure from congenital and non- 
congenital heart disease, ECMO can provide short- term 
and long- term support as a bridge to recovery, decision, 
VAD implantation, or transplantation. However, recent 
large retrospective studies have reported poor outcomes in 
children using ECMO as bridge to heart transplant, with 
survival worse than that in children bridged with VADs 
and the worst in children under 1 year old.4,30 The Berlin 
Heart EXCOR and continuous- flow VADs over the past 
decade have greatly improved heart transplant waiting list 
survival among infants and children. The 1- year survival of 
children up to 18 years old on the heart transplant waiting 
list increased from 74% before VADs were common (1999– 
2004) to 86% in the period after introduction of VADs into 
the pediatric practice (2005– 2012) (Figure 9.3).31 However, 
subgroup analysis revealed that mortality was higher in 
infants in the VAD era than in older age groups (21% vs. 
14%; Figure 9.3).31

The Berlin Heart EXCOR

The only long- term MCS device currently approved for 
use in the United States for neonates and infants is the 
Berlin Heart EXCOR (Figure 9.4). This paracorporeal pneu-
matic pulsatile pump has various cannula and pump sizes, 
which allow the technology to be applied to neonates with 
a body weight less than 3 kg. However, outcomes remain 
poor in younger and smaller infants.32 One advantage of 
the Berlin Heart EXCOR system is that it allows pump size 
to be increased as the child grows.

Although considered safe for long- term MCS, the Berlin 
Heart EXCOR is prone to several complications, the most 
feared being neurologic events from either thromboembolic 
or hemorrhagic stroke. A  review of all children receiving 
the Berlin Heart EXCOR between 2007 and 2010 in pedi-
atric centers in the United States and Canada found that 6- 
month survival was about 30% for children weighing less 
than 10  kg but about 80% for larger children. Six- month 
survival for children weighing less than 5 kg was less than 
20%, with the most common causes of death being neuro-
logical events, followed by respiratory failure, bleeding and 
multi- organ system failure, infection, right- ventricular fail-
ure, and renal failure. Congenital heart disease and elevated 

Figure  9.3. One- year survival of children up to 18  years 
old on the heart transplant waiting list in two eras: before 
(Era 1: 1999– 2004) and after (Era 2: 2005– 2012) initiation 
of pediatric- specific ventricular assist devices. Note the 
marked improvement in survival since the introduction of 
pediatric- specific devices.
Reprinted from the Zafar F et al., Pediatric heart transplant wait-

ing list mortality in the era of ventricular assist devices, Journal of 

Heart and Lung Transplantation 2015;34:82– 88, Copyright (2015), 

with permission from Elsevier.

Figure 9.4. Berlin Heart EXCOR. This paracorporeal pneu-
matic pulsatile pump has cannula and pump sizes, which 
allow the technology to be applied to neonates with a body 
weight less than 3 kg.
Reproduced with permission of © 2019 Berlin Heart, All rights 

reserved.
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serum bilirubin concentrations independently predicted 
poor outcomes.33

Continuous- Flow Devices

Continuous- flow VADs are increasingly being used to sup-
port infants and children as a bridge to heart transplanta-
tion, with the Levitronix PediMag and Maquet Rotaflow 
providing operational flow ranges below 1,000 mL/ min, 
a rate commonly required to support young infants. The 
PediMag pump can provide flow rates of up to 1,500 mL/ 
min and is primarily used in ECMO circuits; however, its 
use without an oxygenator as an LVAD or RVAD has been 
increasing.32 The Rotaflow can provide up to 10 L/ min in 
flow and can support neonates and adults.32 Although these 
short- term devices are FDA- approved for up to 6 hours of 
LV support, data from longer- term use in children is lim-
ited to case reports and single- institution experiences.34,35

Devices Designed for Adults

Several devices originally designed and used in adults are 
increasingly used in children, particularly in those more 
than 8 years old. These devices are discussed elsewhere in 
this book, so here we discuss them in the context of patient 
selection.

The HeartWare HVAD (Framingham, MA, USA) is an 
FDA- approved intrapericardial, centrifugal, continuous- 
flow device that has been used in children as young as 
3 years old36,41 and adolescents, including those with single- 
ventricle physiology.6,7,36– 40 The HVAD is successful as a 
bridge to transplantation,42,43 although clinicians need to be 
vigilant for potentially serious morbidities, including respi-
ratory, right- heart, and renal failure.43 In many centers, the 
HVAD has become the preferred device for children over 
the age of 8 (or younger, depending on the center) with 
solely LV failure.

The Thoratec HeartMate II (Thoratec Corporation) is a 
continuous- flow VAD that was approved for children by 
the US Food and Drug Administration (FDA) in 2008.40 The 
HeartMate II has been widely used in adults but less so in 
children, particularly in those with a body surface area less 
than 1.2 m2. However, its use in teenagers has largely been 
successful as bridge to transplantation, with complications 
and outcomes similar to those of young adults.44– 46

Conclusions
The use of MCS in children has rapidly increased over 
the past two decades. The timely initiation of MCS can 
improve survival for children with respiratory and cardiac 
failure, but its use in complex patients remains challeng-
ing. Appropriate patient and device selection are critical to 
improving outcomes.
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Introduction

Mechanical circulatory support (MCS) technol-
ogy continues to evolve to meet the needs of 
advanced heart failure patients. Following the 

first successful implantation of a Jarvik 7 total artificial 
heart (TAH) in Barney Clark in 19821 and approval of 
left ventricular assist devices (LVADs) as bridge to car-
diac transplantation (BTT) by the US Food and Drug 
Administration (FDA),2 the drive toward miniaturization, 
device optimization, and expanding technology utiliza-
tion persists. Support ranging from short- term devices 
to durable implantable systems affords a myriad of 
options available to meet varying patient support needs. 
Geographically, North America and Europe comprise the 
largest MCS markets, but other areas of the world are 
experiencing significant growth in the adoption of these 
devices for patients presenting with acute cardiogenic 
shock or those with chronic end- stage heart failure refrac-
tory to medical therapy.

Cardiogenic Shock
Cardiogenic shock is generally defined as the combina-
tion of low cardiac index (below 2.2 l/ min/ m2), hypoten-
sion, elevated pulmonary capillary wedge pressure, and 
sustained end- organ hypoperfusion. Cardiogenic shock 
can develop as a result of various pathologies that affect 
the heart, largely due to acute coronary syndrome (in 
approximately 75% of cases), but also due to exacerbation 
of heart failure (10%– 15%), other valvular and mechani-
cal causes (5%– 10%), myocarditis (1%– 5%), and stress- 
induced cardiomyopathy (1%– 5%). Given the complexity 
of the disease, prompt diagnosis and referral to a tertiary or 
quaternary medical facility with a multidisciplinary heart 

team are crucial for achieving the best outcomes. Despite 
advances in pharmacological, mechanical, and reperfusion 
therapies, cardiogenic shock remains a devastating compli-
cation, with in- hospital mortality of more than 60%.3

In patients presenting with acute coronary syndrome 
and cardiogenic shock, an early invasive strategy for revas-
cularization with percutaneous coronary intervention or 
coronary artery bypass grafting is recommended regardless 
of the time of onset of symptoms or preceding administra-
tion of fibrinolytic therapy.4 Continuous hemodynamic 
monitoring is essential in patients with cardiogenic shock 
for optimizing medical therapy, including administration of 
inotropes to maintain adequate cardiac output and tissue 
perfusion. Furthermore, close monitoring of blood pressure, 
heart rate and rhythm, ventilation and oxygenation, and 
end- organ function (including urine output) is mandatory. 
Patients who continue to develop hemodynamic derange-
ments despite optimal medical management should be con-
sidered for acute MCS. The type of device and appropriate 
timing for the use of MCS devices should be individualized 
based on the clinical scenario to achieve the maximal ben-
efit. Following hemodynamic stabilization, durable MCS 
may be considered in suitable candidates who require long- 
term hemodynamic support.

Short- Term Mechanical 
Circulatory Support
Temporary MCS devices include intra- aortic balloon 
pump (IABP), the left ventricle (LV) to ascending aorta 
non- pulsatile microaxial Impella 2.5, 5.0, and CP pumps 
(Abiomed, Inc., Danvers, MA), the left atrium (LA) to femo-
ral artery Tandem Heart (Cardiac Assist, Inc., Pittsburgh, 
PA), and the right atrium (RA) or central vein to a systemic 
artery pump with oxygenation (venoarterial extracorporeal 
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membrane oxygenation [VA- ECMO]). Other pumps under 
investigation include the pulsatile iVAC 2L (PulseCath BV, 
Arnhem, Netherlands) and HeartMate percutaneous heart 
pump (Abbott, Lake Bluff, IL).

The purpose of using these devices is to improve hemo-
dynamics and tissue perfusion by maintaining normal arte-
rial blood pressure and cardiac output, as well as to unload 
the failing ventricle to facilitate recovery (in patients with 
reversible cardiac injury) or as a bridge to durable MCS or 
heart transplantation (in those with continued refractory 
heart failure). Selection of the device may vary between the 
different centers but largely should be based on the level 
of support needed, patient characteristics, and clinical pre-
sentation. Other factors, such as device availability and 
expenses, operator expertise, and technical challenges may 
also play a role in device selection. Table 10.1 summarizes 
the technical features of currently available percutaneous 
and surgically implanted short- term MCS devices.

Intra- Aortic Balloon Pump

The IABP has been the most widely used device for tempo-
rary support since its introduction in the 1960s. The IABP 
is more widely available and technically easier to use than 
other temporary MCS devices. It is usually inserted via 
femoral arterial access, though percutaneous or surgical 
axillary, subclavian, or brachial approaches are also fea-
sible and can enable ambulation in stabilized patients with 

advanced heart failure. IABP support is driven by balloon 
inflation at the onset of diastole that results in increased cor-
onary perfusion and balloon deflation at the end of diastole 
that results in a decreased aortic end- diastolic and systolic 
pressures, decreased afterload, decreased cardiac work, 
and decreased myocardial oxygen demand. Despite these 
favorable effects, the increase in cardiac output is minimal 
and it therefore may not be an ideal device for improve-
ment of end- organ perfusion among patients with pro-
found cardiogenic shock. Moreover, the benefit from IABP 
has been recently questioned due to recent studies show-
ing no improvement in survival with IABP use in patients 
with cardiogenic shock. The CRISP- AMI trial showed no 
survival benefit with IABP among patients with acute ante-
rior myocardial infarction without shock.5 Similarly, the 
Shock II trial failed to show differences in 30- day, 1- year, 
or 6- year mortality when IABP support was instituted in 
patients with acute MI and cardiogenic shock.6,7,8 Based on 
the AHA/ ACC guidelines, IABP is still recommended as 
class  IIa (should be considered) in patients with cardio-
genic shock, particularly in those with mechanical com-
plications, such as severe ischemic mitral regurgitation 
and ventricular septal defect, or in centers where other 
acute MCS devices are not available. Anticoagulation 
therapy is generally recommended for patients supported 
with an IABP to prevent thrombotic events including limb 
ischemia. Other complications associated with IABP use 

Table 10.1 •  Technical Features of Most Available Short- Term Mechanical Circulatory Support Devices

Features IABP Impella 2.5 Impella 5.0 Impella CP TandemHeart CentriMag VA- ECMO

Flow (L/ min) 0.3– 0.5 Max 2.5 Max 5.0 3.7– 4.0 Max 4.0 Max 9.9 Max 7.0

Pump speed (RPM) N/ A Max 51,000 Max 33,000 Max 51,000 Max 7,500 Max 5,500 Max 5,000

Insertion approach PC (FA) PC (FA) PS (FA) PC (FA) PC (FA/ FV) Surgical 
(Sternotomy/  
minimal   
thoracotomy)

PC (FA/ FV) 
or   
surgical

Recommended   
duration of support

Weeks 7– 10 days 7– 10 days 7– 10 days 14 days 30 days 7– 10 days

LV unloading + ++ +++ ++ +++ ++ – 

Afterload ↓ ↓ ↓ ↓ ↑ ↓ ↑↑

MAP ↑ ↑↑ ↑↑ ↑↑ ↑↑ ↑↑ ↑↑

PCWP ↓ ↓ ↓ ↓ ↓ ↓ ↔

LVEDP ↓ ↓↓ ↓↓↓ ↓↓ ↓↓↓ ↓↓ ↔

Coronary perfusion ↑ ↑ ↑↑ ↑ ↔ ↑↑ ↔

Myocardial oxygen 
demand

↓ ↓↓ ↓↓ ↓↓ ↓ ↓↓ ↔

Anticoagulation + + + + + + +

Abbreviations: FA = femoral artery; FV = femoral vein; LV = left ventricle; LVEDP = left ventricular end- diastolic pressure; IABP = intra- aortic balloon 
pump; MAP = mean arterial pressure; Max = maximum; PC = percutaneous; PS = peripheral surgical; RPM = rotations per minute; VA- ECMO = veno- 
arterial extracorporeal membrane oxygenation.
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include bleeding, local vascular injury, infection, and 
thrombocytopenia. The use of an IABP is contraindicated 
in patients with aortic disease and in those with moderate 
to severe aortic valve regurgitation. With the emergence of 
newer short- term support strategies that provide greater 
hemodynamic support, the role for IABP support in the 
setting of cardiogenic shock may well continue to decline 
as experience grows with more promising short- term MCS 
options that have become available.

Impella Devices

The Impella 2.5 and CP devices (Abiomed, Inc., Danvers, 
MA) are non- pulsatile microaxial flow devices that can be 
placed percutaneously. The Impella 5.0 and Impella LD 
(Abiomed, Inc., Danvers, MA) devices are larger LV assist 
axial flow pumps that require surgical cut- down and can 
provide up to 5.0 L/ min of cardiac output. Percutaneous 
Impella devices are inserted most commonly through the 
femoral artery and then are advanced in a retrograde fash-
ion to the LV. These devices provide hemodynamic sup-
port by unloading the LV and provide blood flow between 
1 and 4 L/ min. Despite the comparably higher cost, the use 
of Impella has been steadily increasing over the last several 
years owing to its relative ease of deployment and efficient 
hemodynamic support. However, there are currently lim-
ited available data to establish a significant clinical benefit 
of Impella use in patients with cardiogenic shock. In small 
randomized studies (the ISAR- SHOCK trial in patients 
with cardiogenic shock and the PROTECT I and PROTECT 
II trials in patients undergoing high- risk percutaneous cor-
onary intervention), there were no significant differences 
identified in survival outcomes.9,10 Nevertheless, Impella 
2.5 provided greater hemodynamic support with a more 
pronounced increase in cardiac output.11 A meta- analysis 
of three randomized clinical studies comparing percutane-
ous LVADs (two with TandemHeart and one with Impella 
2.5) with IABP showed more significant improvement 
in hemodynamic measures, but similar 30- day mortality 
and increased bleeding complications with percutaneous 
LVADs.12 Recently, a randomized prospective study in 48 
patients with cardiogenic shock complicating acute coro-
nary syndrome showed no survival benefit with Impella 
CP use over IABP.13 Finally, the USpella registry, which 
included patients with refractory cardiogenic shock com-
plicating acute coronary syndrome, has shown that Impella 
2.5 is associated with higher rates of complete revascular-
ization and with improved survival.

TandemHeart

The TandemHeart is an LA- to- femoral artery continuous 
flow centrifugal pump that provides 3– 5 L/ min of flow. 
It unloads the LV by drawing blood from the LA through 
a transseptal cannula that pumps blood back into the 
femoral/ iliac arteries through an arterial cannula using a 

centrifugal pump at a speed of 3,500 to 7,000 rpm. Although 
the TandemHeart decreases preload and increases cardiac 
output, it can increase afterload, and an IABP may rarely 
be required for additional support. Small studies have 
shown a significant improvement in hemodynamics with 
TandemHeart use, but with no improvement in survival. 
TandemHeart is contraindicated in patients with moder-
ate to severe aortic regurgitation, severe peripheral arte-
rial disease, ventricular septal defect, and those with LA 
thrombus. Its use may be complicated with limb ischemia, 
air emboli, thromboembolic events, and rarely can cause 
hemodynamic collapse and hypoxemia if the LA cannula 
migrates into the RA.

Veno- Arterial Extracorporeal Membrane Oxygenation 
(VA- ECMO)

The VA- ECMO provides cardiac support as well as gas 
exchange and is ideally used in patients with refractory 
shock with biventricular failure and hypoxia.14 This is 
different from veno- venous ECMO (VV- ECMO), which is 
reserved for patients with respiratory failure with no sig-
nificant cardiac dysfunction. When peripherally inserted, 
VA- ECMO bypasses both the right and left side of the heart 
by drawing blood from a central vein (venous cannula) 
and pumps oxygenated blood into the femoral/ iliac arter-
ies (arterial cannula). Due to the ease of insertion, it can be 
applied as a bridge to recovery or as a bridge to placement 
of durable devices or heart transplantation in patients pre-
senting with cardiogenic shock. Use of VA- ECMO results 
in increased cardiac output and mean arterial pressure. 
However, it is limited by retrograde blood flow, leading to 
LV afterload mismatch and inadequate LV decompression. 
The concurrent use of IABP or Impella 2.5 can add further 
support by direct unloading of the LV and decreasing after-
load. Recently, a rotation speed modulation system that 
changes rotational speed in synchrony with the cardiac 
cycle of the native heart provides a combined ECMO and 
IABP support mechanism in one device. Though promis-
ing, this device has only been applied in a large animal 
model and has yet to be tested in humans.

According to data from the Extracorporeal Life Support 
Organization (ELSO) registry, the number of ECMO devices 
and the number of centers utilizing ECMO are increasing. 
Survival to hospital discharge in adults receiving ECMO 
from 1989 through 2015 was 41%, with survival only mar-
ginally increased to 42% in the year 2015. Survival was 
dependent on the indication for VA- ECMO, with the high-
est survival to discharge rates observed in patients with 
myocarditis (65%) who presented with cardiogenic shock. 
Patients with congenital defects demonstrated a survival 
rate of 37%. Based on the ELSO 2013 guidelines, abso-
lute contraindications to VA- ECMO use include patients 
with unrecoverable cardiac failure who are not candi-
dates for VAD or transplantation, who have chronic organ 
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dysfunction (renal failure, cirrhosis, and emphysema) and 
prolonged cardiopulmonary resuscitation (CPR) without 
adequate tissue perfusion. Advanced age, contraindica-
tions to anticoagulation, and obesity are relative contra-
indications for ECMO support. Adverse events related 
to VA- ECMO are common and include thromboembolic 
events, vascular injuries, limb ischemia, air embolism, 
bleeding, and infection.

Investigational Devices

The iVAC 2L pulsatile pump has been recently evaluated 
in patients undergoing high- risk percutaneous coronary 
intervention (PCI), demonstrating 100% angiographic 
success prospectively in a pilot study of 14 patients. The 
Heart Pump (Thoratec, Abbott, Alameda, CA) is a percuta-
neous transvalvular microaxial flow device that is inserted 
through the femoral artery and has a self- expandable 
sheath with a diameter of 24- Fr when deployed across the 
aortic valve, providing hemodynamic support of up to 5.0 
L/ min. The Aortix (Procyrion, Houston, TX) and Reitan 
(Cardiobridge, Hechingen, Germany) devices are investi-
gational devices that are placed in the descending aorta, 
similar to IABPs.

Temporary Right Ventricular Mechanical 
Support Devices

Isolated RV failure has become a common clinical chal-
lenge, prompting the development of devices specific to 
RV support. These pumps offer advantages in the set-
ting of biventricular failure or isolated severe RV failure 
and cardiogenic shock. The Impella RP is an intracardiac 
microaxial pump designed to provide RV support and can 
be inserted through the femoral vein to draw blood from 
the inferior vena cava with an outflow to the pulmonary 
artery. The safety of the RP Impella has been established 
in the prospective RECOVER RIGHT study. Complications 
related to its use may include bleeding, thrombosis, or 
infection.15

The TandemHeart can also provide RV support, with the 
unique feature of right internal jugular vein insertion using 
the Protek Duo cannula, which permits ambulation while 
on device support. Complications associated with its use 
may include hemolysis, bleeding, thrombosis, and infec-
tion. An superior vena cava (SVC)- type syndrome can occur 
in patients with a history of venous thrombotic disease and 
small caliber vasculature. In patients with acute massive 
pulmonary embolism resulting in severe RV failure and car-
diogenic shock, an oxygenator can be incorporated into the 
circuit to provide VV- ECMO support.

Surgically Implanted Temporary Mechanical 
Support Devices

Surgically placed temporary MCS devices can be inserted 
via standard cannulation techniques with connection to 

one of several commercially available external devices, 
including the CentriMag device (Aboott, Lake Bluff, IL) 
the TandemLife device (dba Cardiac Assist, Inc.), and 
the Maquet cardiohelp (Maquet Cardiopulmonary AG). 
The CentriMag ventricular assist device can be used in 
patients with univentricular or biventricular failure 
and cardiogenic shock.16 It was the first FDA- approved 
implantable VAD with biventricular capability. CentriMag 
is a centrifugal pump with a magnetically levitated rotor 
that is implanted via median sternotomy and can pump 
flow up to 10 L/ min. The inflow cannula is placed in the 
LA or in the LV apex and outflow cannula in the ascend-
ing aorta. For RV support, the inflow cannula is placed 
in the RA and the outflow cannula in the pulmonary 
artery. Recently, Takeda et  al. have developed a mini-
mally invasive surgical approach for combined ECMO 
and CentriMag VAD in patients with cardiogenic shock 
that provides temporary biventricular hemodynamic and 
pulmonary support.17 This system demonstrated non- 
inferior 30- day and 1- year survival when compared with 
CentriMag BiVAD alone, but eliminated the need for 
concomitant cardiopulmonary bypass and also reduced 
bleeding events requiring blood product administration. 
The Impella 5.0 and Impella LD (Abiomed, Inc., Danvers, 
MA) are LV assist axial flow pump devices that require 
surgical placement and can provide up to 5.0 L/ min of 
cardiac output.

Recommendations for Use of Mechanical   
Circulatory Support Devices

The recommendations on the use of a specific MCS device 
are based on the anticipated hemodynamic effects and 
risks as well as clinical outcomes data. Given the lack of 
data showing benefit with positive inotropes and vaso-
pressors, which have been historically used as first- line 
therapy for patients with cardiogenic shock, MCS may be 
considered in selected patients with severe hemodynamic 
instability.18 Table 10.2 presents the most common indica-
tions for the use of MCS devices for providing hemody-
namic support, which is adopted from the recent SCAI/ 
ACC/ HFSA/ STS Clinical Expert Consensus Statement.19 
Patients with cardiogenic shock unresponsive to pharma-
cologic support should undergo right heart catheterization 
for hemodynamic evaluation and continuous hemody-
namic monitoring, and MSC should be inserted as soon as 
possible to attenuate the adverse consequences of systemic 
hypoperfusion and worsening ischemia. These devices 
should provide support from a few hours up to several 
weeks in selected cases of prolonged cardiogenic shock. 
The decision regarding the type of MCS device should be 
made by a team approach, with input from advanced heart 
failure specialists and MCS/ transplant surgeons; multiple 
factors should be considered when choosing MCS device, 
including the patient`s hemodynamic condition, type of 
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hemodynamic support, ease and rapidity of device inser-
tion, and ultimate goals of support.20,21

In acute cardiogenic shock refractory to medical ther-
apy, IABP is often selected to obtain hemodynamic stabil-
ity, especially in the setting of acute myocardial infarction 
due to its beneficial effects on coronary blood flow. When 
available, insertion of Impella 2.5 or CP device is favorable 
for providing greater systemic perfusion and hemodynamic 
support and may be as rapid as IABP in experienced cen-
ters. For patients who continue to deteriorate, TandemHeart 
using the larger arterial outflow cannula, VA- ECMO, or 
surgical cut- down for delivery of an Impella 5.0 is recom-
mended. In patients with anticipated 1– 2 hours of hemo-
dynamic stability, we recommend the use of Impella 5.0 
via right axillary cut- down (if the vessel diameter is larger 
than 7 mm), right carotid artery cut- down if axially access is 
inadequate, or upper ascending aorta access if both axillary 
and carotid access are inadequate. Continuous monitoring 
of PaPi and RV pressures using pulmonary arterial catheter 
and RV function assessment with repeat transesophageal 
echo (TEE) are necessary for early diagnosis of RV failure 
in these patients. If RV failure develops, RVAD should be 

rapidly inserted for RV hemodynamic support. In addi-
tion, if patients develop respiratory compromise, then an 
oxygenator should be considered. In patients who present 
with obvious biventricular or cardiopulmonary failure, VA- 
ECMO with direct cannulation or graft to aorta is recom-
mended. In patients who present with isolated respiratory 
failure, VV- ECMO with Avalon or Protek Duo should be 
considered (depending on RV function and the potential 
benefit of increasing pulmonary blood flow, such as those 
with a pulmonary thromboembolic event or those under-
going lung transplantation). In cases of RV failure post- 
cardiotomy, patients should be considered for Protek Duo 
with RVAD support, whereas patients with post- cardiotomy 
biventricular failure can benefit from VA- ECMO with cen-
tral cannulation.

Long- Term Mechanical 
Circulatory Support
Durable MCS is typically achieved through ventricular 
assist device (VAD) support or total artificial heart (TAH) 

Table 10.2 •  Suggested Indications for Percutaneous MCS

Indication Comments

Complications of AMI Ischemic mitral regurgitation is particularly well- suited to these devices as the hemodynamic 
disturbance is usually acute and substantial. Acutely depressed LV function from large AMI 
during and after primary PCI is an increasing indication for temporary MCS use. Cardiogenic 
shock from RV infarction can be treated with percutaneous right ventricular support.

Severe heart failure in the 
setting of non- ischemic 
cardiomyopathy

Examples include severe exacerbations of chronic systolic heart failure as well as acutely 
reversible cardiomyopathies such as fulminant myocarditis, stress cardiomyopathy, or 
peripartum cardiomyopathy. In patients presenting in INTERMACS profiles 1 or 2, MCS can be 
used as a bridge to destination VAD placement or as a bridge to recovery if the ejection fraction 
rapidly improves.

Acute cardiac allograft failure Primary allograft failure (adult or pediatric) may be due to acute cellular or antibody- mediated 
rejection, prolonged ischemic time, or inadequate organ preservation.

Post- transplant RV failure Acute RV failure has several potential causes, including recipient pulmonary hypertension, 
intraoperative injury/ ischemia, and excess volume/ blood product resuscitation. MCS support 
provides time for the donor right ventricle to recover function, often with the assistance of 
inotropic and pulmonary vasodilator therapy

Patients slow to wean from 
cardiopulmonary bypass 
following heart surgery

Although selected patients may be transitioned to a percutaneous system for additional weaning, 
this is rarely done.

Refractory arrhythmias Patients can be treated with a percutaneous system that is somewhat independent of the cardiac 
rhythm. For recurrent, refractory, ventricular arrhythmias, ECMO may be required for 
biventricular failure.

Prophylactic use for high- risk PCI Particularly in patients with severe LV dysfunction (EF <20%– 30%) and complex coronary artery 
disease involving a large territory (sole- remaining vessel, left main, or three- vessel disease)

High- risk or complex ablation of 
ventricular

tachycardia

Similar to HR- PCI, complex VT ablation can be made feasible with percutaneous support. MCS 
use allows the patient to remain in VT longer during arrhythmia mapping without as much 
concern about systemic hypoperfusion.

High- risk percutaneous valve 
interventions

These evolving procedures may be aided with the use of MCSs.
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support. VADs may be utilized to support the right side 
of the heart (RVAD), the left side of the heart (LVAD), 
or for biventricular support with combined LVAD and 
RVAD. Determination of the appropriate degree of sup-
port and which mechanical circulatory support system 
to select for the advanced heart failure patient is aided 
by thorough patient evaluation and testing. Durable MCS 
provides end- organ perfusion while improving cardiac 
output. Device- related complications include stroke, 
infection, bleeding, pump thrombosis, and ventricular 
arrhythmias. Non- device- related complications include 
RV failure.

LVAD and RVAD utilization occurs primarily as a bridge 
to cardiac transplantation (BTT) or as permanent support, 
called destination therapy (DT), with a small subset of 
patients considered for bridge to recovery (BTR). Durable, 
or long- term, RVAD support is less frequently utilized 
compared with LVAD support. RV failure necessitating 
RVAD support is less common than advanced heart failure 
for which LVAD support is sufficient. Furthermore, dis-
chargeable RVAD support may not be a coverable health-
care option in certain countries, though LVAD support is 
broadly covered. While transplant remains the gold stan-
dard treatment for advanced heart failure patients who are 
candidates for this intervention, prolonged periods of time 
on wait lists have prompted the utilization of VAD support 
options for patients until donor organs become available. 
Limited donor organ availability and movement between 
BTT and DT categorizations may result in long durations of 
VAD support regardless of patient implant categorization. 
Efforts have focused on tailoring device- specific therapy 
to the individual patient directed by BTT/ DT categoriza-
tion, patient body habitus, desired surgical approach for 
device placement with the advent of minimally invasive 
implant techniques, and comorbidities including bleed-
ing history and hypercoagulable status to minimize risk of 
complications. With approval of minimally invasive surgi-
cal approaches for LVAD implantation, HeartWare HVAD 
(Medtronic, Minneapolis, MN) implantation in patients 
who may require a sternal- sparing approach or who have 
a smaller body habitus has been utilized, whereas the 
HeartMate 3 (Abbott Laboratories, Abbott Park, IL) may be 
selected for patients with thrombotic risks. Emphasis has 
also been placed on patient optimization prior to implan-
tation to reduce morbidity and mortality associated with 
patients in cardiogenic shock and other acutely decom-
pensated states who proceed immediately to durable sup-
port. RV failure after LVAD implant can be minimized with 
careful patient selection and appropriate optimization pre- 
VAD. Other complications post- VAD may include bleed-
ing, stroke, pump thrombosis, arrhythmias, and infection, 
among others. Migration toward support with short- term 
devices as a bridge to a durable VAD in place of initial dura-
ble VAD or TAH support as a rescue or emergency option 
has aided in patient optimization.

TAH support is predominantly used to sustain patients 
with biventricular heart failure where a VAD may be insuf-
ficient, when combined LVAD and RVAD support may not 
be feasible, or when underlying intractable arrhythmias 
are present and are unlikely to improve with VAD sup-
port. Most TAHs are implanted in patients who otherwise 
meet transplant listing criteria and are BTT candidates. 
Assessment of patient size is an important consideration in 
selecting an appropriately sized TAH. Recently, TAH sup-
port has also been considered for long- term support as DT. 
There are fewer medical centers that have the capacity and 
training to utilize TAH technology, which may also influ-
ence the overall volume of TAH patients.

Bridge to Transplant

Patients with advanced heart failure not amenable to medi-
cal or surgical interventions may be evaluated for cardiac 
transplantation candidacy and consideration for VAD 
or TAH therapy as a BTT, particularly when wait times 
may be prohibitive to proceeding directly to transplant 
without undue morbidity and mortality. Strict criteria, 
including assessment of end- organ function, psychoso-
cial evaluation and substance usage, age appropriateness, 
malignancy, infection, nutritional status, and other factors, 
are employed by cardiac transplantation programs when 
evaluating potential candidates to ensure optimal out-
comes with a limited resource.

The shortage of donor organs and suboptimal outcomes 
associated with optimal medical management led to the 
development of durable MCS options to sustain patients 
until cardiac transplantation. Outcomes in the BTT popula-
tion are generally superior to the DT population, with very 
few patients expiring on support over the first 6  months 
after implant.22,23 In the United States, a new organ alloca-
tion system was implemented in October 2018 (Table 10.3), 
which may influence selection of short- term and long- term 
mechanical support systems. Greater percentages of patients 
awaiting cardiac transplantation are requiring VAD support 
as a bridge to transplant. Outcomes for biventricular support 
with LVAD and RVAD or biventricular replacement with 
TAH are superior to support with optimal medical manage-
ment, but have not yet approached outcomes reported with 
LVAD support alone.

From the REMATCH trial to recent international pub-
lications demonstrating further improvements in survival 
with contemporary VADs, technological innovations in 
MCS continue to drive the field forward. Newer smaller 
devices allow for less invasive surgical techniques and off- 
pump implantation. With these technological advances, 
improvements in morbidity and mortality profiles were 
observed. Potential expansion of MCS technology to less ill 
advanced heart failure patients may result if these trends 
continue over time. Currently implanted devices are out-
lined in Table 10.4.
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Destination Therapy

Many advanced heart failure patients are not candidates 
for cardiac transplantation but may still benefit from 
advanced heart failure support with MCS. Strict criteria 
must still be met to utilize MCS as DT to ensure that 
implantation occurs before heart failure or other disease 
progression has advanced to the point of irreversibil-
ity with optimization. These criteria may be center or 
country specific or may be driven by regulatory bodies 

to ensure appropriate utilization of this technology in 
patients who would most benefit. Thorough evaluation 
with laboratory studies, imaging findings, medical and 
surgical consultations, and components of the aforemen-
tioned criteria utilized in cardiac transplantation should 
inform the decision for MCS utilization, and may also 
guide selection of specific MCS devices. As with MCS 
patients who are transplant candidates, identification 
and solidification of a caregiver or caregiver team offer 

Table 10.3 •  United Network for Organ Sharing (UNOS) Allocation System for Heart Transplant

VA ECMO

1 2 3 4 5 6

Some*
biventricular

support devices

MCSD with life
threatening
ventricular

arrhythmias

some* LVADs

TAH, BiVAD,
RVAD, or VAD for
single ventricle

patients

MCSD with
malfunction

Percutaneous
endovascular

MCSD

IABP

Ventricular
tachycardia or

ventricular
fibrillation

Dischargeable
LVAD for

discretionary 30
days

Dischargeable
LVAD without

discretionary 30
days

Multiple
inotropes or

single high dose
inotrope and

hemodynamic
monitoring

MCSD with
hemolysis

MCSD with pump
thrombosis

MCSD with right
heart failure

MCSD with device
infection

MCSD with
mucosal bleeding

MCSD with aortic
insufficiency

VA ECMO after 7
days

some* LVADs
after 14 days

Percutaneous
endovascular

circulatory
support device
after 14 Days

IABP after 14 days

Inotropes
without

hemodynamic
monitoring

Congenital heart
disease

Ischemic heart
disease with
intractable

angina

Amyloidosis, or
hypertrophic or

restrictive
cardiomyopathy

Heart re-
transplant

On life-threatening
for at least one
other organ at
same hospital

Adult candidate
suitable for
transplant

Adapted from: https:// optn.transplant.hrsa.gov/ media/ 2413/ adult_ heart_ criteria.pdf

* some = non- dischargeable, surgically implanted, non- endovascular.
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great benefits to the DT patient as their duration of MCS 
is often greater.

Patients who elect to proceed with DT MCS must weigh 
the potential improvement in survival and quality of life 
with the challenges posed by adverse outcomes related to 
LVAD support. Discussion regarding benefits and risks can 
help to ensure informed consent of patients proceeding 
with MCS. Age at implant and severity of illness can influ-
ence outcomes after MCS. Risk score models have also been 
employed to evaluate risk and aid in selection of appropri-
ate candidates. Overall survival with BTT MCS is superior 
compared with DT support, but DT support remains signifi-
cantly superior to medical management alone. DT implants 
continue to increase worldwide and rival the volume of 
patients who are implanted as BTT.

There may be transition between BTT and DT catego-
rizations throughout the continuum of device support. If 
a patient is unable to complete transplantation evaluation 
before MCS implantation, evaluation for transplant after 
surgical recovery may result in that patient becoming BTT 
eligible. Conversely, a patient may decompensate from a 
medical, social, or other perspective and may no longer 
be eligible for transplant, or may no longer wish to be con-
sidered for transplant, and thus would be supported with 
MCS as DT.

Bridge to Recovery

Utilization of MCS to promote cardiac recovery occurs in a 
small subset of MCS patients, with the majority of advanced 
heart failure patients who undergo MCS implantation con-
tinuing to require durable MCS to maintain hemodynamic 

stability. Rates of sustainable recovery and explanation of 
MCS are low, but regular functional assessments during 
follow- up visits and medical optimization with MCS afford 
the greatest possibility of recovery. Ventricular off- loading 
with MCS can improve myocardial function in patients 
for whom recovery is possible. Various recovery propos-
als have been introduced and published to guide optimiza-
tion of patients toward ventricular recovery. Patients with 
myocarditis or other acute onset etiologies of heart failure 
have a higher likelihood of experiencing some degree of 
cardiac recovery compared with paired counterparts with 
long- standing advanced heart failure. Factors including 
younger age, shorter duration of time after MCS implant, 
and cardiomyopathy etiology have been implicated in 
helping predict which patients may be recoverable.24

Conclusion
Mechanical circulatory support offers viable advanced 
support options for patients with univentricular and 
biventricular failure. Over the past decades, technological 
innovations and trends toward miniaturization, durabil-
ity, and hemodynamic compatibility have driven circula-
tory support technologies forward, resulting in a myriad 
of short- term and long- term support options for patients 
with a variety of indications. Medical providers are able 
to incorporate technical expertise, patient- specific factors, 
and technical challenges, as well as outcomes profiles, 
to best pair devices with patients while minimizing risk. 
With expanded indications for use and minimally invasive 
approaches for device placement, more patients around 

Table 10.4 •  Durable Adult Mechanical Circulatory Support Devices

Features Evaheart Jarvik 2000 HeartMate II HeartMate 3 HeartWare HVAD SynCardia TAH

Company Sun Medical 
Technology 
Research Corp.

Jarvik Heart, 
Inc.

Abbott 
Laboratories

Abbott 
Laboratories

Medtronic, Inc. SynCardia 
Systems, LLC

CE approval Approved 2000 2005 2015 2009 1999

Indication BTT/ DT* BTT BTT/ DT BTT/ DT BTT/ DT BTT*

Support capability Years Years Years Years Years Years

Flow type Centrifugal, 
continuous

Axial, 
continuous

Axial, 
continuous

Centrifugal, q2s 
washing

Centrifugal, Lavare 
cycle

Pulsatile

Flow capability
(L/ min)

Up to 14 Up to 12 Up to 10 Up to 10 Up to 10 Up to 9.5 
for 70 cc;

up to 7.5 for 50 
cc

Pump speed (RPM) 1,600– 
2,200

8,000– 12,000 6,000– 15,000 2,000– 
5,500

1,800– 
4000

100– 130 beats 
per min

Anticoagulation + + + + + +

Abbreviations: CE = Conformité Européene; RPM = rotations per minute; BTT = bridge to transplant; DT = destination therapy; * = DT may not be 
reimbursable in Japan; ** = some consideration as DT; Q2s = pump speed changes every 2 seconds to enable washing of the pump.
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the world are experiencing the benefit of mechanical circu-
latory support in the hospital setting and at home.
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11 The HeartMate II™ Continuous- Flow  
Left Ventricular Assist System 

DAVID J. FARRAR

The HeartMate II™ Left Ventricular Assist Device 
(LVAD; Abbott, Pleasanton, CA), which has been 
implanted in more than 26,000 patients, is the 

most widely used durable mechanical circulatory sup-
port device in patients with advanced heart failure. Some 
patients have survived more than 10  years on the origi-
nal device. The HeartMate II system is also the most stud-
ied mechanical circulatory support device, generating 
more than 1,000 peer- reviewed articles, including those 
reporting the results from a multicenter clinical trial, 
post- approval studies,1– 7 and post- market studies, such as 
ROADMAP8– 10 and PREVENT.11 More than 15,000 patients 
with HeartMate II devices are included in the annual 
INTERMACS registry.12

The HeartMate II is intended for use as bridge to trans-
plantation in candidates at risk of imminent death from 
non- reversible left ventricular (LV) failure. The HeartMate II 
is also indicated for destination therapy for use in patients 
with New York Heart Association (NYHA) Class IIIB or IV 
end- stage LV failure who have received optimal medical 
therapy for at least 45 of the last 60 days and who are not 
candidates for cardiac transplantation.

Description of the HeartMate 
II System
The HeartMate II system consists of an implanted axial 
flow blood pump or LVAD, a System Controller and bat-
teries worn by the patient, and external system compo-
nents for external power and monitoring. The pump is 
implanted just below the heart. A flexible inflow conduit is 
attached to the apex of the LV, and a polyester outflow graft 
is anastomosed to the ascending aorta (Figure 11.1). Blood 
is pumped continuously throughout systole and diastole 

from the conduit in the LV apex, through the blood pump, 
and to the ascending aorta.

Figure 11.1. The HeartMate II left ventricular assist device 
is implanted below the heart and is connected by a drive-
line to a controller and batteries worn by the patient. Blood 
is pumped continuously throughout systole and diastole 
from a cannula inserted into the left ventricular apex with 
flow directed to the ascending aorta.
Reproduced with permission of Abbott, © 2019. All rights reserved.
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The LVAD is controlled and powered through a driveline 
connected to the System Controller and power source. The 
pump has only one moving part, the rotor (Figure 11.2). The 
rotor is suspended between the inlet and outlet stator with 
ball- and- cup bearings designed for long- term durability. 
Vanes on the spinning rotor move blood through the pump, 
which is capable of providing flow from 2.5 to 10 liters per 
minute. There are no valves. Both the inflow conduit and 
outflow elbow have textured titanium microsphere blood- 
contacting surfaces, designed to reduce pump thrombosis. 

The pump’s internal components in contact with blood (the 
pump rotor, stators, and pump chamber) have smooth, pol-
ished titanium surfaces.

External components include the HeartMate II™ 
System Monitor and Power Module, Mobile Power Unit™ 
Module, and batteries and battery charger (Figure 11.3). In 
addition, the Controller (Figure 11.4) is a small computer 
that controls and monitors system operation and serves 
as the primary user interface for the device. The System 
Controller delivers power to the pump; identifies hazard 

Figure 11.2. Internal view of the HeartMate II left ventricular assist device.
Reproduced with permission of Abbott, © 2019. All rights reserved.

(A) (B) (C)

Figure 11.3. The HeartMate II™ (A) system monitor and power module, (B) mobile power unit module, and (C) battery 
charger with 14 V lithium- ion batteries.
Reproduced with permission of Abbott, © 2019. All rights reserved.



72 Mechanical Circulatory Support

and advisory alarm conditions; displays pump settings, 
provides visual alarms with actionable instructions and 
alarm history; provides driveline diagnostic capability; 
records and stores device performance and alarm data; 
and transfers system performance data to the System 
Monitor.

The System Controller connects to the LVAD though 
a driveline that passes through the patient’s abdomen. 
The driveline carries power to the pump and supplies 
information from the pump to the System Controller. 
The System Controller has two power cables for con-
necting to its power source:  either the Power Module– 
Mobile Power Unit, or two 14- volt lithium- ion batteries. 
The white power cable also contains a data cable that 
transmits information from the System Controller to the 
System Monitor during tethered operation. A battery in 
the Controller provides backup power to the pump and 
audible alarms for about 15 minutes during a power- loss 
emergency.

The Power Module or Mobile Power Unit provides AC 
electrical power to the LVAD during tethered operation, 
for example, at night or when the patient requires monitor-
ing using the System Monitor. The Mobile Power Unit is 
for home or clinical use when the patient does not require 
monitoring using the System Monitor. The battery charger 
charges, calibrates, and tests the 14- volt lithium- ion batter-
ies. The System Monitor functions as a display and control 
monitor when connected to the Power module. It is used 
for close monitoring of system operations during LVAD 
implantation and during regular checkups, for changing 
settings, to view system settings, to adjust speed settings, 
and to review pump status.

Description of the HeartMate II 
Pump
The HeartMate II is an axial- flow, rotary blood pump. 
A rotor inside the pump contains a magnet and is rotated 
by the electromotive force generated by the motor. The 
rotating rotor provides the driving force that propels blood 
from the LV through the pump to the systemic circulation. 
Pump output depends on the rotational speed of the rotor, 
as well as the pressure difference between the inlet and 
outlet of the pump. The HeartMate II operates at a fixed 
rotational speed, which can be changed by a qualified 
person through the System Monitor. The patient cannot 
change the speed of the pump.

Blood flow through the HeartMate II has lower pulsatil-
ity than that of the native heart or of the volume displace-
ment pulsatile- flow LVADs. The HeartMate II pulsatility 
pattern follows the native cardiac cycle that varies during 
diastole and systole. The amount of flow generated by the 
pump is determined by the pump speed and by the pres-
sure gradient across the pump, which is the difference 
between the pressure at the pump outlet (connected to 
the aorta) and pump inlet (connected to the LV) (Figure 
11.5). For a specified pump speed, flow varies inversely 
with pressure across the pump. Therefore, increasing pres-
sure gradient across the pump decreases flow, and decreas-
ing the pressure gradient increases flow. Changing pump 
speed can also change the pump flow, assuming sufficient 
inflow is available to the pump inlet.

The Pulsatility Index (PI) is a measure of the magnitude 
of the pulsatile power through the pump during the cardiac 
cycle. It is calculated as: PI = [(maximum power –  minimum 

Figure 11.4. The HeartMate II™ System Controller User Interface.
Reproduced with permission of Abbott, © 2019. All rights reserved.
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power) x 10]/ average power. It is measured and averaged 
over a 15- second interval and is displayed on the monitor.

Description of the System 
Controller and System Monitor 
after Implantation
For details about the proper use of the HeartMate II, refer 
to the manufacturer’s instructions13 and to the comprehen-
sive clinical management guidelines for the HeartMate II 
continuous- flow LVAD.14

Implantation and postoperative care should follow the 
recommendations from the PREVENT study (PREVENtion 
of HeartMate II Pump Thrombus Through Clinical 
Management.)11,13 This study found that the incidence of 
pump thrombus could be reduced by adopting a predeter-
mined set of surgical techniques designed to assure unob-
structed blood flow15 and medical recommendations that 
include postoperative heparin bridging, optimal speed 
management (≥ 9,000 rpm), and blood pressure control 
(Table 11.1).

The System Controller 
User Interface
The System Controller is the primary interface for routine 
system operation. Sounds, lights, symbols, and on- screen 

messages communicate how the system is working. The 
interface visually displays aspects of system operation and 
on- screen instructions on how to respond to alarms and 
other situations (Figure 11.4). Seeing information about 
the pump is useful when recording daily values or trying 
to resolve system problems on the telephone. When the 
System Controller is running, the user interface can dis-
play five separate screens with the following information 
about current system operations:

 1. Pump speed, in revolutions per minute (rpm)
 2. Flow, in liters per minute (L/ min)
 3. Pulsatility Index (abbreviated as PI on the screen)
 4. Power, in watts (W)
 5. Charge status of the System Controller’s backup battery.

Each push of the display button brings up the next screen. 
Each screen illuminates for 15 seconds before it goes black, 
unless another button is pushed. The screens are always 
displayed in the same order, starting with the first (speed) 
screen. A dot at the bottom of each screen provides navi-
gational information about which of the five screens is 
in view.

The System Controller is connected to the System 
Monitor during start- up in the operating room and post-
operatively for changing the pump speed and diagnostics. 
Pump settings are also available on the System Monitor 
when connected to the controller: speed, power, flow, and 
pulsatility index (PI; Figure 11.6). The power used by the 

Figure 11.5. The HeartMate II H- Q Curve showing the relationship between pump flow and pressure gradient across the 
pump at different pump speeds. The green dot indicates a nominal operating condition of 5.0 L/ min at 65 mmHg at a pump 
speed of 9,200 rpm, and the blue ellipse indicates the typical physiologic range for most patients.
Reproduced with permission of Abbott, © 2019. All rights reserved.
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pump is determined by pump speed and blood flow through 
the pump. Under normal conditions, the power increases 
with either pump speed or flow. Gradual power increases 
(over hours or days) may signal a deposition of thrombus 
inside the pump, but thrombus should not be diagnosed on 
pump settings alone; additional information should include 
the inability to decompress the LV during a speed- ramp test 
using echocardiography, heart failure symptoms, and ele-
vated low- density lipoprotein concentrations.16 Transient 
power elevations greater than 10 W in the first 14 days after 

implantation are not related to development of subsequent 
pump thrombus and typically are resolved before hospital 
discharge.17 No single device setting can replace the impor-
tance of monitoring the clinical status of the patient, which 
should be the first priority.

The System Controller issues two types of alarms: haz-
ard alarms and advisory alarms. Hazard alarms are for 
potentially life- threatening conditions and require imme-
diate attention. Advisory alarms are for serious, but not 
life- threatening conditions. When an alarm occurs, mes-
sages appear on the System Controller user interface 
screen to help resolve the problem. These on- screen mes-
sages indicate the type and duration of the alarm, and 
the action required to resolve the problem (Tables 11.2 
and 11.3).

The System Controller estimates blood flow out of the 
pump. This estimate is based on pump speed and the 
amount of power provided to the pump motor. The rela-
tionship between flow and power at any particular speed 
is mostly linear, but it can be nonlinear at the low and high 
ends of the speed range. The System Controller also moni-
tors the flow estimate, compares it to the known operational 
range of the pump, and verifies that for the given speed and 
power, the flow presented is within expected physiological 
ranges. If the flow estimate is outside these ranges, it will 
display “+ + +” or “–  –  – .” (Figure 11.7).14 In the HeartMate 
II BTT trial, after 6 months of support, the mean (SD) esti-
mated flow was 5.6 (0.9 L/ min), pump power was 6.8 (1.2) 
watts, the pulsatility index was 5.0 (0.9), and the pump 
speed was 9,450 (490) rpm.

Pump speed is optimal when the cardiac index and LV 
size are normal and there is no rightward or leftward shift 

Table 11.1 •  Overview of the PREVENT Surgical 
Recommendations for Implanting a 
HeartMate II Left Ventricular Assist Device

Surgical Recommendations

1) Create an adequately sized pump pocket, located inferiorly, 
deep and lateral.

2) Position the inflow cannula parallel to the septum, oriented 
to the central LV.

3) Position the outflow graft right of the sternal midline to avoid 
compression of the RV.

4) Position the pump below the diaphragm.

5) Fixate the pump (e.g., to the diaphragm or the chest wall) to 
prevent migration.

Anticoagulation and Antiplatelet Management

1) In patients without persistent bleeding, begin bridging with 
unfractionated heparin or low- molecular- weight heparin 
within 48 hours of implantation, with a goal PTT of 40– 45 
seconds in the first 48 hours, followed by titration up to 
a PTT 50– 60 by 96 hours. If heparin is contraindicated, 
consider other alternatives, including argatroban, 
intravenous warfarin, and bivalirudin.

2) Initiate warfarin within 48 hours to obtain an INR goal of 
2.0– 2.5 by 5– 7 postoperative days, at which time heparin 
therapy may be discontinued.

3) Once there is no evidence of bleeding, initiate aspirin 
therapy (81– 325 mg daily), 2– 5 days after HMII implantation.

4) Maintain the patient throughout LVAD support on aspirin 
and warfarin with an INR goal of 2.0– 2.5.

Pump Speed Management

1) Run pump speeds above 9,000 rpm and avoid speeds below 
8,600 rpm.

2) Adjust pump speed to permit intermittent aortic valve 
opening only after the preceding speed goals are achieved.

Blood Pressure Management

1) Maintain a mean arterial pressure less than 90 mm Hg.

Reprinted from Maltais S et al., PREVENtion of HeartMate II pump 
thrombosis through clinical management: the PREVENT multi- center 
study, Journal of Heart and Lung Transplantation 2017;36:1– 12, 
Copyright (2017), with permission from Elsevier.

Figure 11.6. The clinical screen on the HeartMate II LVAS 
System Monitor.
Reproduced with permission of Abbott, © 2019. All rights 

reserved.
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of the septum. Additionally, it may be desirable to have 
some pulsatility with intermittent aortic valve opening. 
However, the PREVENT study showed that the incidence 
of pump thrombus was significantly lower in patients 
who had been supported with pump speeds greater than 
9,000 rpm at 30 days than in those supported at speeds 
less 9,000 rpm (3% vs. 14%, P <0.01). In that study, the 
immediate postoperative median pump speed was 8,800 
rpm (and was greater than 9,000 rpm in 41% of patients). 
After 30 days, the median pump speed had increased to 
9,200 rpm. Therefore, to reduce the risk of pump thrombo-
sis, whenever possible, the pump speed should be above 
9,000 rpm, and pump speeds below 8,600 rpm should be 
avoided for extended periods (Table 11.1).

A ramped- speed study using echocardiography and 
hemodynamic assessment is the most direct method to 

determine the speed that provides the desired level of car-
diac support for each patient.14,18 Ideally, a ramped- speed 
study is performed in the operating room after the patient 
is stable and before the transesophageal echocardiography 
probe is removed. A transthoracic echocardiogram may be 
acquired in the ICU when the patient is stable and before 
invasive monitoring lines are removed, and again before 
hospital discharge. Throughout the procedure, LV size, posi-
tion of the septum, blood pressure, and aortic valve opening 
should be monitored to determine the appropriate combi-
nation of factors that define the optimum operating point. 
Additional studies should be performed when there are 
symptoms of inadequate support. Maintaining mean arte-
rial pressure at less than 90 mm Hg will also help achieve 
optimal blood flow through the device and with systemic 
perfusion.

Table 11.2 •  The HeartMate II System Controller Hazard Alarms and Actions: Hazard Alarms Are Indicated by a Continuous 
Audio Tone and Flashing Symbols

Hazard Alarm Images and Their Meaning

Red heart:
alarm condition Red battery: meaning Red bar: needed action

Pump off Pump has stopped 
running or has been 
turned off.

1. Verify that the System Controller is connected to a working power source.
2. Push any button on the System Controller to try to restart the pump.
3. If the pump does not restart, check the fixed speed setting. If it is below 8,000 rpm 

AND the System Controller’s backup battery is not installed, the pump can only 
be started from the System Monitor’s Clinical or Settings screen by pressing the 
Pump Start button.

4. Switch to backup System Controller if the pump does not restart.

Low flow Pump flow is <2.5 L/ 
min.

1. Ensure that the driveline is connected to the System Controller.
2. Ensure that a power source is connected to the System Controller.
3. Clinically evaluate the patient and treat underlying conditions that could result in 

inadequate preload to the pump.
4. Perform echocardiography, if needed, to assess LV and RV function, to adjust 

pump speed, and to rule out inflow cannula obstruction.
5. Treat systemic hypertension because high afterload may decrease flow through the 

pump.

Driveline 
disconnected

Driveline is 
disconnected 
from the System 
Controller.

1. Immediately reconnect the driveline to the System Controller and move the 
driveline safety tab on the System Controller to the locked position.

2. If alarm persists after reconnecting the driveline, press any button on the System 
Controller to attempt to start the pump.

3. If the pump does not restart, check the fixed speed setting. If it is below 8,000 rpm 
AND the System Controller’s backup battery is not installed, the pump can only 
be started from the System Monitor’s Clinical or Settings screen by pressing the 
Pump Start button.

4. If the driveline is connected and the alarm persists, replace the System Controller 
with the pre- programmed backup System Controller.

No external power Both power cables are 
disconnected from, 
or are not receiving, 
power.

Immediately connect to a working power source (Power Module, Mobile Power 
Unit™ Module, or two fully charged HeartMate 14- volt lithium- ion batteries).

Low battery power <5 minutes of battery 
power

Immediately replace the depleted batteries with fully charged batteries, one at a time, 
or connect to the Power Module or Mobile Power Unit Module.

Reproduced with permission of Abbott, © 2019. All rights reserved.
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Table 11.3 •  System Controller Advisory Alarms and Needed Actions: Advisory Alarms Are Indicated by an Intermittent 
Alarm Tone and a Flashing Image

Advisory Alarms and Needed Action

Yellow wrench: alarm 
name

Yellow diamond: alarm 
meaning  Yellow bar: needed action

Power cable 
disconnected

One of the two power 
cables is disconnected 
or loose.

Promptly reconnect the disconnected power cable to a power source
(functioning Power Module, Mobile Power Unit Module, or two fully- charged 

HeartMate 14- volt lithium- ion batteries).

Low battery power Less than 15 min. 
remaining

Replace the depleted batteries with fully charged batteries, one at a time, or 
connect to the Power Module or Mobile Power Unit Module.

Controller fault Internal malfunction of 
the System Controller

1. Switch to the backup System Controller.
2. Provide patient with a new System Controller.
Note: This alarm will be displayed on the System Monitor and may be displayed 

on the System Controller.

Low speed Low pump speed 1. Use the System Monitor to check that the fixed speed and low speed limit have 
been appropriately set.

2. If alarm persists, replace the System Controller.

Backup battery fault System Controller 
backup battery has 
been compromised or 
has expired.

Replace the 11- volt lithium- ion backup battery.
Note: If replacing the battery does not resolve the alarm, the System Controller 

may need to be replaced, or additional steps may be required.

Backup battery not 
installed

System Controller 
backup battery was 
not installed or was 
installed incorrectly.

1. Install the 11- volt lithium- ion backup battery in the System Controller.
2. If alarm persists, obtain and install a new backup battery.
Note: If replacing the battery does not resolve the alarm, the System Controller 

may need to be replaced, or additional steps may be required.

Reproduced with permission of Abbott, © 2019. All rights reserved.
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Introduction

Treatments for advanced heart failure, defined as 
persistent NYHA Class  III– IV symptoms despite 
optimal guideline- directed medical and device 

therapy, are limited to heart transplantation, durable 
mechanical circulatory support (MCS), and palliative 
care. Although the treatment of choice for many cardiolo-
gists and surgeons may be transplantation, the donor pool 
is limited to between 2,000 and 3,000 candidates per year. 
Fortunately, outcomes with MCS have improved substan-
tially, which will enhance access to the 50,000 to 70,000 
patients living with advanced heart failure.

The HeartMate II™ Left Ventricular Assist System 
(HMII), which has now been implanted more than 25,000 
times, provides a 2- year survival rate for destination ther-
apy of about 80%.1 The quality of life is excellent, with 80% 
of patients returning to NYHA Class I– II 3 to 6 months after 
implantation.2 However, as an axial- flow pump requiring 
a pump pocket and an external driveline and controller, 
adverse events with the HMII are unfortunately common.3 
New designs have specifically targeted the most serious of 
these adverse events:  stroke, pump thrombosis, driveline 
infection, and right heart failure.

In a recent study,4 the incidence of HMII pump throm-
bosis was 8.4% at 3 months. Because the design, materials, 
and manufacturing of the HMII have not been changed, and 
because the incidence of pump thrombosis at high- volume 
centers varied widely, the PREVENtion of HeartMate II Pump 
Thrombosis through Clinical Management (PREVENT) 
study was conducted to assess the efficacy of particular clin-
ical measures hypothesized to reduce pump thrombosis.5 In 
this trial, in which the surgical procedure was specified, 
adherence to treatment after implantation was monitored, 
anticoagulation was tightly controlled, and pump speed 
was maintained above 9,000 rpm, the incidence of pump 

thrombosis at 3 months dropped to 2.9%. Although altering 
the design of this particular pump seems unlikely, a pump 
requiring less rigorous attention to detail in terms of surgi-
cal procedure, treatment adherence, anticoagulation, and 
pump speed is clearly desirable as more and more pumps 
are implanted.

The HeartMate 3™ Left Ventricular Assist System (HM3) 
(Figures 12.1 and 12.2) was specifically designed to be more 
hemocompatible to address the incidence of related adverse 
events, specifically pump thrombosis.6

Design of the HM3
The HM3 pump was designed to meet two objectives:  to 
minimally affect the blood it pumps and to be minimally 

Figure  12.1. The HeartMate 3 Pump includes an inflow 
cannula (A), an outflow conduit (B), a quick connection for 
pump attachment (C), and a percutaneous driveline (D).
Reproduced with permission of Abbott, © 2019. All rights reserved.
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affected by the blood it pumps, a concept analogous to 
designing modern electronic equipment to be electromag-
netically compatible in both emissions and immunity. In 
the HM3, this concept entails reducing the shear stress on 
the patient’s blood and to avoid stasis (“emissions”) and in 
being impervious to the vagaries of the circulatory system 
(“immunity”).

The HM3 is intended for the full, long- term support of 
patients with advanced heart failure. At the core of the HM3 
is a motor that both levitates and turns a rotor that angularly 
accelerates blood to produce flow and pressure (Figures 
12.3 and 12.4 Magnetic levitation is accomplished with 
a permanent magnet enclosed in the rotor and with eight 
electromagnets in the motor. The rotor’s radial position is 
continuously measured and, as the rotor deviates from the 
central axis, the appropriate electromagnets are energized 
in proportion to the deviation to restore the rotor’s cen-
tral position. This process maintains relatively large gaps 
between the rotor and pump housing, reduces shear stress, 
and nearly eliminates stasis, the need for complex rotor and 
pump housing geometries in the hydraulic path, and criti-
cal fabrication tolerances. Because the levitation and turn-
ing functions are independent, the levitation mechanism 
does not limit the range of rotational speeds. In principle, 
these factors reduce the vulnerability of magnetic bearings 
to incipient thrombus formation or ingestion relative to 
mechanical or hydrodynamic bearings.

The absence of critical positioning and mechanical fric-
tion between the rotor and housing enables the artificial 
pulse feature. This feature involves rapid speed changes 
from the physician- selected speed, or set point, first to 2,000 
rpm below the set point, then to 2,000 rpm above the set 
point, before a return to the set point (Figure 12.5). This 

Figure 12.2. The HeartMate 3 system includes the pump 
(A), a percutaneous driveline (B), a controller (C), a pair of 
batteries (D), and a mobile power unit for untethered and 
tethered configurations, respectively. Other accessories for 
surgery and patient usage not shown include a ventricular 
coring tool, ventricular sewing cuff, tunneling lance, skin 
punch, and holsters and a belt for carrying batteries and 
the controller.
Reproduced with permission of Abbott, © 2019. All rights 

reserved.

Figure 12.3. In the HeartMate 3, a rotor (A) with its incorporated permanent magnet is levitated and driven (i.e., turned) by 
appropriately powered electromagnets in (B) the motor, which is enclosed within the housing (C).
Reproduced with permission of Abbott, © 2019. All rights reserved.
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speed change sequence is repeated 30 times per minute and 
is asynchronous with native contraction. A primary benefit 
of the artificial pulse is that it varies the flow to disrupt any 
regions of stasis that otherwise might develop in the pump, 
especially in patients with poor native contractility and a 
high degree of pump support. Whether this benefit extends 
outside the pump and whether synchronizing (or counter- 
synchronizing) the artificial pulse with the native contrac-
tion augments such effects remain to be studied.

The HM3 pump is implanted in the thorax, in parallel 
to the native circulation, with the inflow cannula inserted 
into the ventricle and the polyester outflow graft anasto-
mosed to the ascending aorta. Except for the rotor and the 
wall of the housing that faces the rotor, the entire blood- 
contacting surface of the titanium housing is covered with 
sintered titanium microspheres. This covering is an alter-
native to polishing blood- contacting surfaces, avoids seams 
and joints between connecting parts, and was used success-
fully in the HeartMate XVE and HMII. The premise is that, 
should a circulating protein adhere to the surface, the pro-
tein will stabilize and remain adherent to the interstices of 
the textured surface.

Clinical Outcomes of the HM3
The initial clinical experience with the HM3 in Europe 
was a series of 50 patients that led to CE (Conformité 
Européenne) Mark approval (that is, the pump met the 
requirements of applicable European Union directives). 
The 6- month survival with the HM3 (92%) was better than 
the INTERMACS performance goal of 88%, and the HM3 
reduced the risk of mortality by 66%, which was lower 
than the 78% predicted by the Seattle Heart Failure Model 
(P = 0.009).7 Rates of bleeding (14%), gastrointestinal bleed-
ing (8%), driveline infection (10%), and debilitating stroke 
(8%) were similar to those with the HMII. Importantly, 
there were no pump thromboses, hemolysis events, pump 
malfunctions, or pump exchanges. Functional assessment, 
as measured by NYHA Classification, 6- minute walk test, 
and quality- of- life scores, showed progressive and sus-
tained improvement for up to 2  years. A  post- approval 

Figure 12.4. In the HeartMate 3, blood enters the pump inflow cannula (A), is centrifugally accelerated by the rotor into a 
volute (B) and is expelled through the outflow graft (C). Recirculation paths surround the rotor (D).
Reproduced with permission of Abbott, © 2019. All rights reserved.

Figure  12.5. The HeartMate 3 artificial pulse feature 
involves rapidly changing from the physician- selected set-
point speed (A), first to a speed 2,000 rpm lower than the 
setpoint (B), then to a speed 2,000 rpm faster than the set-
point (C), before returning to the setpoint.
Reproduced with permission of Abbott, © 2019. All rights 

reserved.
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registry (ELEVATE; https:// clinicaltrials.gov/ ct2/ show/ 
NCT02497950) of 523 patients was started in August 2017 
to track long- term follow- up results.

The Multicenter Study of MagLev Technology in Patients 
Undergoing Mechanical Circulatory Support Therapy with 
the HeartMate 3 (MOMENTUM 3; ClinicalTrials.gov num-
ber, NCT02224755) had an innovative adaptive design.8 
Patients with heart failure were enrolled under a single 
inclusion/ exclusion criterion regardless of the intended use 
of the device (bridge to transplant, destination therapy, or 
bridge to recovery). Patients were randomly assigned 1:1 to 
the HMII or HM3. The trial design included a prespecified 
safety phase in which 30 patients were studied initially and 
in which these data informed the follow- up of an additional 
264 patients to determine short- term outcomes, with a total 
enrollment of 366 patients to determine long- term out-
comes. The primary end point was a composite of survival 
to transplant, recovery, or LVAD- support free of debilitating 
stroke (a modified Rankin Score >3 or reoperation to replace 
the pump in the intention- to- treat analysis. An additional 
662 patients were enrolled, bringing the total sample to 
1,028 patients, for which the secondary end point, the inci-
dence of pump replacement at 2 years, was determined.

Of the 294 patients in the short- term cohort, 152 were 
assigned to the HM3 and 142 to the HMII. In the intention- 
to- treat analysis, the primary end point occurred in 86.2% 
in the HM3 and 76.8% in the HMII groups (P <0.001 for non- 
inferiority and P = 0.04 for superiority).9 Death and adverse 
event rates were similar for both groups, but the reoperation 
rate for pump malfunction was 0.7% in the HM3 group and 
7.7% in the HMII group (P = 0.002). Although the incidence 

of suspected or confirmed pump thrombosis was 10.1% in 
the HMII group, it was zero in the HM3 group. As a result 
of these studies, the FDA approved the HM3 as a bridge to 
transplant in October 2017.

The burden of hemocompatibility- related adverse events, 
including any non- surgical bleeding, thromboembolic 
events, pump thrombosis, and neurological events, was 
measured by the hemocompatibility score in the short- term 
cohort.10,11 In the 289 patients in the “as treated” analysis, 
survival free of hemocompatibility- related adverse events 
was 69% in the HM3 group and 55% in the HMII group 
(P = 0.012) Patients with the HM3 had fewer instances of 
pump thrombosis requiring reoperation (0 vs. 5; P <0.001), 
medically managed pump thrombosis (0 vs.12; P = 0.002), 
and non- disabling strokes (3 vs. 12; P = 0.03) than did the 
HMII group. There was no interaction between the primary 
end point and prespecified subgroups, including age, sex, 
race, therapeutic intent, and severity of illness.12 Heart- 
related quality of life was measured with the European 
Quality of Life and the Kansas City cardiomyopathy ques-
tionnaires. Functional capacity was measured by NYHA 
class and the 6- minute walking test.13 “Living well on an 
LVAD” was defined as NHYA Class I or II with a Kansas City 
cardiomyopathy score greater than 50. All patients in both 
groups improved significantly and equally from baseline on 
all four measures at 6 months (P <0.001 each). Quality of life 
in patients with serious adverse events did not differ from 
those without. However, serious adverse events were asso-
ciated with lower 6- minute walking scores in both groups 
(HM3, P = 0.003; HMII, P <0.001). Finally, 65% of patients 
in both groups were “living well on an LVAD” at 6 months.
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The 2- year follow- up of 366 patients in the MOMENTUM 
3 trial found that the primary end point of event- free sur-
vival was better in the HM3 than in the HMII group (77.9% 
vs. 56.4%; hazards ratio [HR], 0.46; P <0.001; Figure 12.6). 
The 2- year survival rate of 82.8% with the HM3 was bet-
ter than the 76.2% rate with the HMII and was the high-
est 2- year survival yet reported in an LVAD clinical trial.14 
The groups differed primarily in the rates of reoperation 
or device removal for pump malfunction (HM3, 1.6% vs. 
HMII, 17%; HR, 0.08; P <0.001). Suspected or confirmed 
pump thrombosis was present in 2 patients in the HM3 
group (1.1%, although neither diagnosis was confirmed), 
and in 27 patients in the HMII group (15.7%; HR, 0.06; P 
<0.001). None of the HM3 pumps was replaced. A  total 
of 22 strokes occurred in 19 patients (10.1%) in the HM3 
group, and 43 strokes occurred in 33 patients (19.2%) in the 
HMII group (HR, 0.46; P = 0.02). Other adverse events were 
similar between the two groups.

The HM3 was designed primarily to prevent pump 
thrombosis, and the trial data indicate that this goal has 
been met.

Future Technologic 
Enhancements
The HM3’s full MagLev platform can likely be modified 
to address other adverse events in mechanical circulatory 
support. To reduce the number of wires required in the 
percutaneous driveline, the motor and levitation control 
electronics were embedded in the pump. If these imbed-
ded electronics can be further miniaturized, the more 
compact configuration could enable decreasingly inva-
sive (e.g., sternal- sparing) surgical approaches to implan-
tation. By positioning sources of heat dissipation where 
heat can be transferred harmlessly to the circulating blood, 
these imbedded electronics may allow a fully implanted 
pump that would eliminate driveline infection, a com-
mon adverse event in mechanical circulatory support. 
Simultaneously, increased capabilities to understand and 
test hemocompatibility, especially in relationship to exist-
ing devices with clinical histories, may help reduce mor-
bidities beyond thrombosis, such as stroke, bleeding, and 
inflammation.

With the long- term prospect of adjunctive therapy pro-
viding a meaningful hope of remission to patients with 
heart failure, attention has turned toward “smart pumps” 
that will measure relevant physiologic variables and auto-
matically adjust the nature and degree of circulatory sup-
port; optimize artificial pulse variables, which may involve 
synchronicity or counter- synchronicity with native systole; 
and adjust therapy during convalescence, such as shifting 
from one mode during acute decompensation to another 
during cardiac remission.

Conclusions
The HM3 was designed in part to prevent thrombosis, and 
early clinical results indicate that it is, in fact, more hemo-
compatible than are other pumps. This innovative tech-
nology is a step in reducing adverse events and increasing 
the attractiveness of mechanical circulatory support as a 
desired treatment for end- stage congestive heart failure. 
Further clinical studies are needed to assess the optimal 
use of the pulse and appropriate anticoagulation and baro-
receptor responses. Miniaturization is expected to enhance 
the ease of surgical implantation, allow fully implantable 
systems, and enhance communication to the pump, which 
will drive further physiologic adaptations and accelerate 
progress toward a truly “smart” pump that is “forgettable” 
and that will lead to broader application in these patients.
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Introduction

The most recent estimates from the American Heart 
Association are that 6.5  million adults in the 
United States have heart failure (HF), with 960,000 

new cases occurring each year. The prevalence of HF is 
projected to increase 46% by 2030, at which time more 
than 8  million adults will be affected.1 The number of 
patients who die or endure a greatly diminished quality 
of life from HF continues to increase, despite new medical 
treatments and electrophysiological interventions.

Although cardiac transplantation remains the pre-
ferred treatment for advanced HF, the number of donors 
is limited, and the annual number of heart transplants has 
remained fairly constant for the past 15  years, despite a 
34% increase in the number of candidates added to the 
wait list every year.2 During the past 20 years, as improved 
technology has increased survival and decreased morbid-
ity, bridging patients to cardiac transplantation (BTT) with 
continuous- flow left ventricular assist devices (LVADs) has 
gained wider use. Alternatively, and for the same reasons, 
more patients are being treated permanently with LVADs 
under the label of destination therapy (DT) for the remain-
der of life. In fact, the proportion of LVADs implanted for 
DT has increased over the past decade. By 2015, nearly 
50% of continuous- flow LVAD implants were implanted 
as DT.3

Early pump technology sought to mimic the fill- eject 
pumping mechanism of the native heart, necessitating 
complex components and many moving parts that limited 
long- term use. Implantation also required a large body 
habitus. The HeartWareTM HVADTM System uses a pro-
prietary centrifugal, continuous- flow blood pump that is 
designed to be small, durable, and easy to insert and oper-
ate.4 The pump was first implanted in humans on March 
22, 2006.

A Description of the HVAD System
The HVAD pump consists of a small, disc- shaped titanium 
housing that displaces a volume of 50 mL and weighs 
160 g. Incorporated into the pump housing is the sintered 
inflow cannula that is placed in the apex of the left ventricle 
(LV). The pump uses magnetic and hydrodynamic forces to 
elevate and rotate the only moving part of the pump, the 
impeller. The pump has three main parts: a front housing 
with an integrated inflow cannula, a rear housing with a 
magnetic center post, and a rotating impeller (Figure 13.1). 
The front and rear housing are hybrid titanium- ceramic 
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Figure  13.1. The three components of the HeartWare 
HVAD pump.
Reprinted with permission from Medtronic, Inc.
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assemblies that contain hermetically sealed dual- motor 
stators to improve efficiency and to provide redundant 
power sources for the impeller.

Attached to the pump housing is the 10- mm GelweaveTM 
gel- impregnated outflow graft that is attached to the aorta. 
A ringed strain relief secures the outflow graft to the pump 
and prevents kinking. A driveline, 4.8 mm in diameter, con-
nects the HVAD pump to the external controller. The drive-
line includes six pacemaker- grade wires, each of which is 
insulated and individually wrapped. A CarbothaneTM outer 
sheath helps inhibit cracking and discoloration. A portion 
of the driveline is encased in woven polyester velour to pro-
mote tissue ingrowth and intracorporeal driveline fixation 
(Figure 13.2) (Table 13.1).

Theory of Operation
The pump is designed to use magnetic and hydrodynamic 
bearings. The wide- bladed impeller houses four large, rare- 
earth motor magnets that permit a short axial height and high 
motor efficiency. The impeller also contains a stack of three 
rare- earth magnets with like poles that contribute to the 
impeller suspension system. Another set of magnets stacked 
in the impeller post provides repulsive magnetic forces that 
maintain radial support for the impeller. The vertical align-
ment of the magnets within the center post is shifted down-
ward relative to the impeller magnetic stack to develop an 
axial magnetic force that “pushes” the impeller toward the 
front housing. When the pump is on, blood entering the 
pump through the inflow cannula is distributed to the flow 
channels on the impeller by the center post (Figure 13.3). As 
the impeller rotates, the hydrodynamic thrust bearings that 
continuously push the impeller away from the front housing 
create lift. A blood barrier maintains the gap between the 
impeller and the front housing (Figure 13.3).

The impeller rotates at between 1,800 and 4,000 rpm and 
can produce a maximum flow rate of 10 L/ min. The operat-
ing range of 2,400 to 3,200 rpm generates flows of 3.0 to 8.0 
L/ min under physiologic conditions. Blood flow through 
the HVAD is generated by three factors: pressure at the inlet 
of the pump (left ventricular pressure), pressure at the outlet 

Figure 13.2. The HVAD pump with the outflow graft, ringed strain relief, and driveline.
Reprinted with permission from Medtronic, Inc.

Table 13.1 •  Technical Features of the HeartWare 
HVAD Pump

Feature Description

Pump technology Centrifugal, continuous- flow

Maximum flow 10 L/ min

Pump weight 160 g

Pump volume 50 cm3

Wear- less (no mechanical 
bearings)

Yes

Impeller suspension Hydrodynamic, passive 
magnetic

Electric motor- driveline 
redundancy

Yes

Pump speed 1,800 to 4,000 rpm

Operating speed 2,400 to 3,200 rpm

Operating power 3.0 to 6.0 W

Inflow cannula length 25 mm

Inflow cannula outside 
diameter

21 mm

Outflow graft inside diameter 10 mm

Driveline outside diameter 4.8 mm

Reprinted with permission from Medtronic, Inc.
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of the pump (aortic pressure), and the rotational speed of 
the impeller (Figure 13.4). The pressure difference between 
the aorta and the LV is known as the pressure differential 
(∆p) and varies inversely with flow through the pump.

Implanting the HVAD introduces the inflow cannula 
into the left ventricle, potentially altering ventricular flow 
and creating areas of blood stasis that may lead to adverse 
events.5 The HVAD has an optional speed modulation fea-
ture, the LavareTM cycle, designed to alter flow patterns and 
reduce areas of stasis within the LV. When the LavareTM 
cycle is on, pump speed is altered every 60 seconds. First, 
the speed is reduced by 200 rpm from the set speed for 2 
seconds, then it is increased by 400 rpm (200 above the set 
speed) for 1 second before returning to baseline for 57 sec-
onds, until the cycle starts again (Figure 13.5).

Surgical Implantation
The HVAD was designed to be implanted entirely in the 
pericardial space above the diaphragm, without the need 

for an abdominal pocket or sub- diaphragmatic dissec-
tion (Figure 13.6). It can be implanted through a median 
sternotomy or a left thoracotomy under cardiopulmo-
nary bypass. The device has been successfully implanted 
without bypass, although with considerable risk.6 Once 
the heart and LV apex have been exposed, a sewing ring 
is attached to the apex using pledgeted sutures, and a left 
apical core is removed using a proprietary coring tool. It is 
critical that the inside of the LV be inspected for thrombi, 
debris from the coring, and any intraventricular structures 
that may impede blood flow or affect inflow cannula posi-
tion within the LV (Figure 13.7). The optimal inflow can-
nula position is aimed toward the mitral valve, parallel to 
the intraventricular septum.

Once the inflow cannula has been inserted through the 
sewing ring into the LV, the sewing ring set screw is tight-
ened, securing the pump to the heart. Next, the outflow 
graft is cut to the desired length and anastomosed end- to- 
side to the ascending aorta. Implants have been success-
fully done with the outflow graft directed to the descending 
aorta and axillary artery, although these methods introduce 

(A)

(B)

Figure 13.3. (a) Primary blood flow path through the HVAD pump. (b) Blood barrier between the impeller and the front 
housing.
Reprinted with permission from Medtronic, Inc.
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additional complications (e.g., ensuring aortic root washing 
with a descending aorta anastomosis). The driveline is tun-
neled subcutaneously to the percutaneous exit site in either 
the right or left upper abdominal quadrant using a propri-
etary driveline tunneling tool. The driveline connects to the 
external system controller (Figure 13.8), and once de- airing 
vents are in place, the pump can be turned on. The HVAD 
is started at 1,800 rpm and initially runs at low speeds until 
the system has been fully de- aired. Once de- airing is com-
plete, pump speed is increased as cardiopulmonary bypass 

support is decreased. The surgical incisions are then closed 
as usual.7

External Components
The HeartWare HVAD System includes the following 
external components: a monitor, system controller, power 
sources, battery charger, and carrying bags.

The HeartWare Monitor is a touch- screen tablet PC 
computer (Figure 13.9) that displays pump information, 

Figure 13.4. Blood flow depends on the set pump speed and the pressure difference (∆p) between the left ventricle (red) and 
the aorta (pink). Under normal conditions and fixed speed, flow decreases when ∆p is large and increases when ∆p is small.
Reprinted with permission from Medtronic, Inc.

Figure 13.5. Periods of the LavereTM cycle for an HVAD with a baseline speed of 2,800 rpm (left) and LavareTM cycle period-
icity of one cycle every 60 seconds (right).
Reprinted with permission from Medtronic, Inc.
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allows pump settings to be adjusted, monitors and reports 
system errors and alarm conditions, and is used to update 
controller software. When the system is on, the monitor 
receives continuous pump information from the controller 

and displays it in real time as a waveform. Historical pump 
information, stored in the controller, is accessed through 
the monitor in the form of logfiles. Flow is calculated by 
an algorithm that includes power output, fluid viscosity 
(derived from the patient’s hematocrit), and pump speed. 
Understanding how the waveform is generated helps inter-
pret changes to the waveform (Table 13.2).8 The waveforms 
themselves are not diagnostic, but they do provide vital 
information for assessing patients.

Logfiles are generated by plotting the historical pump 
settings stored in the controller. Every 15 minutes, the con-
troller stores a snapshot of pump-  and battery- related infor-
mation. This information is sent to Medtronic for analysis, 
and a report is then sent back to the physician. Logfiles have 
been useful for detecting early stages of HVAD thrombosis, 
linking volume changes and arrhythmias to suction events, 
detecting battery issues, or for simply ensuring normal 
HVAD function in outpatients (Figure 13.9).9

The HVAD Controller (Figure 13.10) is a wearable, 
water- resistant microprocessor unit that controls and man-
ages pump operation. The percutaneous driveline con-
nects the pump to the controller. The controller sends and 
regulates power and operating signals to the pump and col-
lects information from the pump. An LED screen displays 
real- time pump settings for power (in watts), speed (revo-
lutions per minute), and flow (L/ min), along with alarm 
conditions. Additional pump and patient information is 
available in the settings screen. Alarms (low, medium, and 
high priority) are accompanied by specific LED colors, 
sounds, and a digital readout on the controller screen.

The controller is set up, and its settings changed, 
through the monitor, which is connected to the controller 
through a data port. Users cannot change pump settings 

Figure 13.6. The HVAD is implanted entirely in the peri-
cardium with LV apex to ascending aorta cannulation.
Reprinted with permission from Medtronic, Inc.

Figure 13.7. View into the left ventricle through the sewing 
ring and apical core before placing the inflow cannula.
Reprinted with permission from Medtronic, Inc.

Figure  13.8. The HVAD monitor (a touch- screen tab-
let) connected to a controller (a wearable, water- resistant 
microprocessor that controls and manages Pump opera-
tion) and two batteries.
Reprinted with permission from Medtronic, Inc.
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through the controller itself. There are two connections 
for power sources, one for the driveline and one for the 
monitor. A  non- replaceable, rechargeable battery inside 
the controller powers an audible “no power” alarm. This 
internal battery will not run the pump in the event of a 
double power disconnect.

The HVAD controller requires two power sources for 
safe operation: either two lithium- ion batteries, or one bat-
tery and a standard AC or DC connection. If only one is 
connected, the controller will function, but an alarm will 
sound after 20 seconds. While the pump is on, patients 
will typically use the two batteries, which drain sequen-
tially and provide 4– 7 hours of support each, allowing 8– 14 
hours between battery changes. When relaxing or sleeping, 
most patients power the HVAD system from an electric out-
let through the AC adapter because it provides power for 
an unlimited amount of time. The controller notifies the 
patients when the batteries need to be changed.

The battery charger can simultaneously recharge up to 
four batteries at a time. Depleted batteries require 5– 6 hours 
to fully charge.

The batteries and controller are carried in proprietary 
packs worn by the patient to provide mobility. A shower 

bag also allows safe operation in the shower. The entire 
weight of this assembly is 2.85 lb (1.13 kg).

Clinical Trials
The HeartWareTM HVADTM System received a CE 
(Conformité Européenne) Mark in Europe in January 2009 
for standards in the European Economic Area and US 
Food and Drug Administration (FDA) approval for use as a 
bridge to transplant (BTT) in November 2012 and for desti-
nation therapy in September 2017.

The CE Mark trial enrolled 50 patients in five centers in 
Europe and Australia. The primary end point was survival 
to heart transplant or to 180  days on the original device, 
whichever came first. Actuarial survival after 180  days 
was 91%.10

The ADVANCE Trial, conducted under a continued 
access protocol, was a prospective, multicenter clinical trial 
to evaluate the HVAD system for BTT in the United States 
(Figure 13.11; Table 13.3). The ADVANCE trial enrolled 
140 patients beginning in August 2008. These patients 
were compared with a contemporaneous control group of 

Table 13.2 •  Common Changes in Cardiac Hemodynamics and HVAD Pump Characteristics, by Adverse Event

Dynamic Changes
Echocardiographic
finding

HVAD Pump

Event CVP PAP PAOP MAP SVO2 Power Pulsatility

Hypovolemia 🡻 🡻 🡻 🡻 🡻 Underfilled 🡻 🡻

Tamponade 🡹 🡻 
or no 

change

🡻
or no 

change

🡻 🡻 RV compression 🡻 🡻

RHF 🡹 🡹
or no 

change

🡻
or no 

change

🡸🡺 🡻 Dilated RA/ RV 🡻 🡻
or no change

Hypertension 🡸🡺 🡹
or no 

change

🡹
or no 

change

🡹 🡸🡺 Dilated LA/ LV,
aorta opening

🡻 🡹

Occlusion 🡹 🡹 🡹 🡻 🡻 Dilated LA/ LV,
aorta opening

🡻 less than 
expected

🡻

Hypervolemia 🡹 🡹 🡹 🡹 🡹 Normal 🡹 🡹

Vasodilation 🡸🡺 🡸🡺 🡸🡺 🡻 🡹  

Normal aorta
opening

🡹 🡻

Aortic 
insufficiency

🡸🡺 🡹 🡹 🡻 🡻 AI, MR, Inc
LVEDD

🡹 🡻

Thrombus 🡹 🡹 🡹 🡻 🡻 Dilated LA/ LV, aorta 
opening, MR

🡹 🡻

Abbreviations: HVAD = HeartWare ventricular assist device; CVP = central venous pressure; PAP = pulmonary arterial pressure: PAOP = pulmonary artery 
occlusion pressure; MAP = mean arterial pressure; SVO2 = mixed venous oxygen saturation; RV = right ventricle; RHF, = right heart failure; RA = right 
atrium; LA = left atrium; LV = left ventricle; AI = aortic insufficiency; MR = mitral regurgitation; LVEDD = left ventricular end diastolic dimension.

Redrawn with permission from Medtronic, Inc.
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Figure 13.9. Examples of HVAD waveforms and logfiles.
Reprinted with permission from Medtronic, Inc.

Figure 13.10. HVAD controller connected to one battery and AC power.
Reprinted with permission from Medtronic, Inc.



Chapter 13. The HeartWareTM HVADTM 91

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

0

0

0

60

60

120

120

180

180

240

240

300

300

360

360BTT and CAP days:

Patients at risk

Cum. Events
Survival Rate

332 310 267 226 176 155 137

11 17 26 29 36 40
100.0% 96.7% 90.0% 86.3% 83.9%94.6% 91.3%

Survival%
60 days: 97%
180 days: 91%
360 days: 84%

Figure 13.11. Survival in the combined ADVANCED trial of the HVAD in 332 patients as bridge to transplant (BTT) and in 
the continued access protocol (CAP).
Reprinted with permission from Medtronic, Inc.

Table 13.3 •  Adverse Events in the ADVANCE Trial on the Continued Access Protocola among 332 Patients Receiving 
the HeartWare HVAD Pump as a Bridge to Transplant

Adverse Event Events, n Patients Affected, %
Event Rate per 
Person- Years

Bleeding

Requiring reoperation 57 14.8 0.19

Gastrointestinal 82 12.7 0.27

Infection

Sepsis 70 17.2 0.23

Driveline 75 16.9 0.25

Renal dysfunction 39 9.6 0.13

Respiratory dysfunction 96 22.0 0.31

Right heart failure requiring RVAD 11 3.3 0.04

Stroke

Ischemic 28 7.5 0.09

Hemorrhagic 28 7.8 0.09

Transient ischemic attack 17 4.8 0.06

Device exchange after pump thrombosis 15 4.2 0.05

RVAD = right ventricular assist device.
a The CAP designation allows patients to continue to be treated at selected investigational sites while the marketing application is under review.

Reprinted with permission from Medtronic, Inc.
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499 patients enrolled in the INTERMACS Registry (a North 
American registry for the clinical outcomes of patients who 
receive an FDA- approved mechanical circulatory support 
device to treat advanced HF) who received a commercially 
approved LVAD as BTT. The study met its primary end 
point, survival to 180  days or transplant, showing non- 
inferiority to the INTERMACS control group, 91% vs. 88% 
(non- inferiority, P <0.001). The FDA approved a continued- 
access protocol for the BTT indication for an additional 242 
patients under the same enrollment criteria.11 The HVAD 
was approved for BTT in the United States on November 
20, 2012.

The ENDURANCE trial was a randomized trial that 
compared the safety and effectiveness of the HVAD 
system to an FDA- approved LVAD in patients with 
end- stage HF who did not qualify for heart transplanta-
tion. The trial enrolled 445 patients (as treated) begin-
ning in August 2010; 296 patients received the HVAD 
system. The study met its primary end point, survival 
at 2  years without a disabling stroke and alive on the 
original device or transplanted or explanted secondary 
to patient recovery (Figure 13.12).12 Despite meeting 
the primary end point, the rate of neurological injury 
was unacceptably high in the HVAD arm. Multivariate 
analysis revealed an association between blood pressure 
management and the rate of neurological complications. 
For the patients receiving an HVAD, mean arterial blood 
pressure measurements of 90 mmHg or lower were asso-
ciated with a lower frequency of strokes, particularly 
hemorrhagic strokes. Blood pressure management was 

not mandated in the ENDURANCE trial. Based on these 
observations, a second trial was designed to examine the 
effect of blood pressure management on reducing neuro-
logical events.

The ENDURANCE Supplemental trial was a random-
ized, controlled, unblinded, multicenter trial that evaluated 
the effectiveness of a blood pressure management strategy 
on the rate of neurological injury in patients receiving the 
HVAD system and that helped qualify it for FDA approval 
as destination therapy. The blood pressure management 
protocol required the study subjects to check their blood 
pressure twice per day for at least the first 3 months fol-
lowing discharge until the mean arterial blood pressure 
remained in the recommended range of ≤ 85  mmHg for 
automated cuff or ≤ 90 mmHg for the Doppler cuff method. 
The trial enrolled 465 patients beginning in October 2013; 
308 patients received the HVAD system. The trial did not 
meet its primary end point, non- inferiority of the HVAD 
system to limit the incidence of transient ischemic attack 
or stroke over 12 months. The upper confidence bound for 
the non- inferior margin (10.7%) exceeded the prespecified 
margin (6%), despite only a 2.6% absolute risk difference 
in neurological event rates. The overall incidence of neu-
rological injury was lower than it had been in the original 
ENDURANCE trial, including a 50% reduction in hemor-
rhagic strokes (31/ 296 patients in the main trial vs. 16/ 308 
in the supplemental trial (Figure 13.13).13 Additionally, 
the composite secondary end point of freedom from death, 
disabling stroke, device exchange, and urgent transplant 
at 12 months with the HVAD was statistically superior to 

Figure 13.12. Time- to- event for any of the components of the primary composite endpoint in the ENDURANCE trial. The 
endpoints were 2 years without a disabling stroke and alive on the original device or transplanted or explanted secondary 
to patient recovery.
Reprinted with permission from Medtronic, Inc.
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that in the control group (Figure 13.14; Table 13.4). On the 
basis of these results, the FDA approved the HVAD System 
for DT on September 27, 2017.

The trials discussed thus far were undertaken with the 
HVAD pump implanted through a standard median ster-
notomy. However, given the small size of the pump and 
the diameter of the outflow graft, implanting the pump 
through a lateral thoracotomy, although off- label, was 
becoming increasingly common (Figure 13.15). Presumed 
benefits of this surgical approach include preserving 
the sternum for heart transplantation, reducing surgical 
trauma, and improving recovery time.

The LATERAL trial was a prospective, controlled, 
unblinded trial that evaluated the thoracotomy implant 
technique of the HVAD system in patients with advanced 
HF. Between January 15, 2015, and April 26, 2016, 144 
patients were enrolled at 26 sites in the United States and 
Canada. The study met its primary end point, with 89.5% of 
patients alive on the original device at 6 months, free from 
disabling stroke or device malfunction, by exceeding the 
performance goal of 77.5%. The target success estimate was 
based on the primary end point observed in the ADVANCE 
BTT + CAP Trial, post- approval outcomes in HVAD patients 
from the INTERMACS registry, and the INTERMACS report 
from Q1 2014. Adverse events included failure of the pri-
mary end point in 15 patients, death on the original end 
point in 11, stroke in 2, device exchange in 1, and explanta-
tion (not for recovery) in 1. The FDA approved the thora-
cotomy implant technique in 2018.

Summary
The HeartWareTM HVADTM System is a second- generation, 
continuous flow, centrifugal pump with both European CE 
mark and FDA approval for use in patients as a bridge to 
transplant or destination therapy. Its small size, integrated 
inflow cannula, and small- diameter outflow graft permit 
less invasive options for surgical implantation while still 
providing full cardiac support of up to 10 L/ min. The only 
moving part, the impeller, makes no contact with the pump 
housing because of a combination of magnetic and hydro-
dynamic forces, resulting in a durable strategy for long- term 
support. Pump function can be evaluated under various 
clinical conditions by monitoring waveforms and logfiles, 
which can also assist in managing patients in a complex 
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Figure 13.13. Incidence of all neurological events in the ENDURANCE and ENDURANCE Supplemental trials.
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Reprinted with permission from Medtronic, Inc.
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Table 13.4 •  Adverse Events in the ENDURANCE Supplemental Trial among 308 Patients Receiving the HeartWare HVAD 
as Destination Therapy

Adverse Event Events, n Patients Affected, %
Event Rate per 
Person- Years

Bleeding

Requiring reoperation a 52 15.2 0.13

Gastrointestinal a 230 35.1 0.56

Infection

Sepsis 84 23.6 0.2

Driveline 59 16.2 NA

Renal dysfunction 35 10.4 NA

Respiratory dysfunction 77 19.8 NA

Right heart failure requiring RVAD a 8 2.7 0.02

Stroke

Ischemic 58 13.0 NA

Hemorrhagic 17 5.2 NA

Transient ischemic attack 13 4.2 NA

Device exchange after pump thrombosis NA 4.5 NA

NA = not available; RVAD = right ventricular assist device.
a Data are from the original ENDURANCE trial.

Reprinted with permission from Medtronic, Inc.

care environment. More than 1,000 patients have been 
enrolled in various HVAD clinical trials in Europe and the 
United States, including the first clinical trial to prospec-
tively examine the effects of blood pressure management on 
neurological events in patients with LVADs. The HeartWare 
HVAD System is an important advance in mechanical cir-
culatory support for patients with end- stage heart failure.
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14 The Medtronic Miniature Left Ventricular 
Assist Device (MVAD)™ System 

NICHOLAS HIIVALA AND THOMAS VASSILIADES

Introduction

The Medtronic miniature intraventricular, 
continuous- flow, left ventricular assist device 
(MVAD)™ system is an axial pump capable of pro-

viding cardiac support in patients with end- stage systolic 
heart failure.

The Medtronic Miniature 
Ventricular Assist Device
The MVAD pump can be implanted according to the sur-
geon’s preference (e.g., sternotomy or thoracotomy). The 
inflow to the pump is inserted into the left ventricular 
apex and moves blood to the ascending aorta through a 
10- mm outflow graft. The system is controlled by an exter-
nal microprocessor connected transcutaneously through a 
thin, flexible driveline and is powered by lithium- ion bat-
teries or AC/ DC power.

The pump consists of one moving part:  a platinum 
alloy impeller suspended in a ceramic tube (Figure 14.1). 
The pump weighs 67 g and displaces 20 cc of volume. 
The impeller incorporates wide helical flow channels 
and is kept suspended in the housing by a hybrid system 
of passive magnetic and hydrodynamic forces, reducing 
wear and minimizing shear stress on the circulating blood 
(Figure 14.2).

A 10- mm GelweaveTM gel- impregnated outflow graft is 
connected at 90 degrees from the pump by a quick- connect 
metal ring. A ringed strain relief secures the outflow graft 
to the pump and prevents kinking. The pump is attached 
to the left ventricle (LV) with a gimbaled sewing ring that 
allows adjusting both the inflow depth into the LV and the 
inflow angle to optimize inflow positioning, once the pump 
is implanted. Connecting the MVAD pump to the external 

controller is a 3.5- mm- diameter driveline. A portion of the 
driveline is encased in woven polyester velour to promote 
tissue ingrowth and intracorporeal driveline fixation. In the 
event of pump explant for recovery, a titanium HeartWareTM 
plug is inserted through the metal sewing ring once the 
pump has been removed (Table 14.1).

Theory of Operation
The MVAD impeller is part of a wear- less, hybrid sus-
pension system that employs both magnetic and hydro-
dynamic forces (Figure 14.3). The magnetic interaction 
between the stator and impeller provides axial stiffness, 
and eight hydrodynamic thrust bearings on the impeller 

Figure  14.1. The Medtronic miniature left ventricular 
assist device (MVAD)TM pump with driveline.
Reprinted with permission from Medtronic, Inc.

 

 

 

 



Chapter 14. The Medtronic Miniature (MVAD)TM 97

surface produce the radial forces required to hydraulically 
suspend the impeller inside the titanium tube. The motor 
stator geometry has been matched to the magnetic signa-
tures of the impeller to achieve optimal motor efficiency 
while maintaining the desired axial stiffness. A  sensor- 
less, brushless motor, consisting of three coils in the pump 
housing, are sequentially activated, generating the neces-
sary force to rotate the impeller. One coil is driven high to 
push the impeller, a second coil is driven low to pull the 

impeller, and the third coil is placed in a high- impedance 
state to measure back electromagnetic force. Back electro-
magnetic force is a key feature in several motor and physi-
ological control algorithms because it helps run the motor 
at a constant speed. The rotating impeller generates a static 
pressure head, providing the necessary energy to move 
blood from the LV to the arterial system under physiologic 
conditions. MVAD pump speeds range between 8,000 to 
18,000 rpm and can generate 1– 7 L/ min of blood flow at a 
mean arterial pressure of 75 mm Hg.1,2

In the MVAD pump, blood flows through two flow paths. 
In the primary path, blood enters the pump, moves through 
the impeller, and exits the pump through the outflow port 
into the outflow graft. In the secondary flow path, blood 
flows across the gap between the impeller and the ceramic 
tube, creating radial thrust bearings (Figure 14.4).

Despite running at a fixed speed, three pump algorithms, 
when enabled, allow for automatic speed changes. Suction 

Figure 14.2. The impeller, stator, and hybrid impeller sus-
pension system.
Reproduced with permission from Medtronic, Inc.

Table 14.1 •  MVAD System Technical Specifications

Pump technology Axial, continuous- flow

Maximum flow, L/ min 7

Pump weight, grams 67

Pump volume, cm3 20

Wear- less, no mechanical 
bearings

Yes

Impeller suspension Hydrodynamic, passive 
magnetic

Pump speed, rpm 8,000– 18,000

Operating speed, rpm 13,000– 16,000

Inflow cannula length, mm 35

Inflow cannula OD, mm 21

Outflow graft ID, mm 10

Driveline OD, mm 3.5

Reprinted with permission from Medtronic, Inc.

Figure 14.3. The wide helical flow channels and hydrody-
namic bearings on the impeller.
Reprinted with permission from Medtronic, Inc.

(A) (B)

Figure 14.4. The (A) primary and (B) secondary blood flow 
paths through the pump.
Reprinted with permission from Medtronic, Inc.
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is detected by an algorithm that responds to a sudden 
decrease in baseline flow, which is often caused by LV col-
lapse or inflow obstruction. When activated, the suspected 
suction condition first slows the pump and then slowly 
increases it back to the set speed in an attempt to clear the 
conditions leading to suction. The qPulse cycle enables 
periodic, controlled variation in pump speed to provide 
some degree of pulsatile flow and aortic valve opening. The 
Pump Pressure algorithm responds to high pressure and 
automatically decreases the speed when a high- pressure 

condition is detected. For instance, if the pump is running 
at high speeds during low- flow conditions, high pump head 
pressures may destabilize the impeller, causing it to contact 
the mechanical stop in the pump housing. This default fea-
ture should not be turned off.

Surgical Implantation
The MVAD was designed to be implanted entirely in the 
pericardial space above the diaphragm, without the need 
for an abdominal pocket or sub- diaphragmatic dissection 
(Figure 14.5). Before implant, the pump is tested, and the 
outflow graft with the strain relief is attached (Figure 14.6). 
The pump can be implanted through a median sternot-
omy or left thoracotomy under cardiopulmonary bypass. 
Once the heart and LV apex have been exposed, the gim-
baled sewing ring is attached to the apex with pledgeted 
sutures. The gimbal features a ball- and- socket design and 
is fixed with a C- clamp zero- positioning tool for LV coring. 
A  left apical core is removed using a proprietary coring 
tool (Figure 14.7). The inside of the LV must be thoroughly 
inspected for preexisting thrombi, debris from the coring, 
and any intraventricular structures that may impede blood 
flow or affect inflow position within the ventricle.

The optimal inflow cannula position is toward the mitral 
valve, parallel to the intraventricular septum, and can be 
adjusted with the gimbaled sewing ring under echocardio-
graphic guidance. The gimbal allows angular adjustment 
for up to 10° and depth adjustment for about 11 mm. The 
inflow is marked with an extraction indicator line that 
marks the outer limit of inflow withdrawal from the LV 
(Figure 14.7). Once the correct orientation has been estab-
lished by echocardiography, the sewing ring is tightened, 
securing the pump to the heart. Next, the outflow graft is cut 
to the appropriate length and anastomosed to the ascending 
aorta. The driveline is tunneled subcutaneously to a percu-
taneous exit site in either the right or left- upper abdominal 
quadrant using a proprietary driveline- tunneling tool.

Figure 14.5. The pump in place in the left ventricle and the 
outflow graft anastomosed to the ascending aorta.
Reprinted with permission from Medtronic, Inc.

(A) (B)

Figure 14.6. The outflow graft (A) with ringed strain relief and (B) being attached to the pump.
Reprinted with permission from Medtronic, Inc.
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When the driveline is connected to the external system 
controller, the pump can be turned on. The MVAD is started 
at 8,000 rpm and initially run at low speeds until the sys-
tem has been fully de- aired. Once de- airing is complete, the 
MVAD speed is increased as cardiopulmonary bypass (CPB) 
support is decreased. The surgical incisions are then closed 
in the usual manner.

External Components
The MVAD System includes several external components 
(Figure 14.8).

The HeartWare Monitor is a touch- screen tablet PC 
computer that displays pump information, allows users to 
adjust pump settings, monitors and reports system errors 
and alarm conditions, and is used to update controller 
software (Figure 14.9). When connected to a controller, the 
monitor receives continuous pump information from the 
controller.

Real- time information about pump function is displayed 
on the monitor as waveforms. Historical pump information, 

stored in the controller, is accessed through the monitor as 
logfiles. Flow is a calculated value and is only available at 
speeds above 11,000 rpm. Logfiles are generated by plotting 
the historical pump settings stored in the controller. Every 
10 minutes, the controller stores a snapshot of pump-  and 
battery- related information. This information is sent to 
Medtronic for analysis, and a report can be sent back to the 
physician.

The Pal controller is a wearable, water- resistant micro-
processor unit that regulates pump function and monitors 
the overall system. Once the driveline has been tunneled 
percutaneously, it connects to the Pal controller through 
an integrated, pigtail driveline cable (Figure 14.10). The 
pigtail feature was designed to absorb the stresses and 
strains placed on the driveline exit site and to mitigate 
damage to system components. The user interface is a 
monochrome touchscreen LCD that provides auditory, 
visual, and vibratory alerts. The monochrome screen 
reflects system status, with blue being normal function, 
yellow being a non- critical alarm, and red being a critical 
alarm (Figure 14.10).

(A)

(C) (D)

(B)

Figure 14.7. (A) The gimbaled sewing ring with the zero- position tool attached to the apex of the left ventricle. (B) The cor-
ing tool attached to the sewing ring. (C) The gimbal allows the insertion depth and angle of the pump to be adjusted. (D) The 
extraction indicator line indicating the limit of inflow withdrawal limit.
Reprinted with permission from Medtronic, Inc.

 



100 Mechanical Circulatory Support

Figure 14.8. The components of the MVAD system.
Reprinted with permission from Medtronic, Inc.

Figure 14.9. The LCD monitor home screen showing the pump settings and the power (red) and flow (blue) waveforms.
Reproduced with permission from Medtronic, Inc.
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The home screen on the Pal controller displays pump 
and power status, with battery runtime displayed in hours 
and minutes. Additional screens provide information 
regarding pump settings, active and inactive alarms, battery 
and controller status, battery charging status, and action 
required by the patient, if any. The Pal controller also has 
an internal lithium ion battery that can power the system 
for up to 45 minutes. This battery is not meant to be the pri-
mary power source for the system; rather, it allows continu-
ous pump function while power sources are being changed. 
This battery is recharged when the controller is attached to 
an external power source.

The power source for the Pal controller can be either a 
lithium- ion battery for portable use or standard AC or DC 
power for when patients are not ambulatory. The external 

lithium- ion battery clips into the bottom of the controller 
to form an integrated unit. A single battery lasts for 5 hours 
and the dual battery lasts for 10 hours. Additionally, the sys-
tem can be powered through an AC or DC adapter. The Pal 
controller recharges both the internal and external batteries 
when powered through either the AC or DC adapter.

The battery charger simultaneously recharges up to four 
batteries at a time. Depleted batteries require 3 to 5 hours to 
fully charge.

The batteries and controller are carried in proprietary 
carrying bags worn by the patient to provide mobility. 
A shower bag also allows safe operation in the shower, and 
an accessories bag is available for backup equipment. The 
entire weight of this assembly is approximately 0.73 kg (sin-
gle battery) or 1.03 kg (dual battery). (Figure 14.11)

The Conformité Européene Mark 
Clinical Trial
The MVAD Conformité Européene (CE) Mark trial was a 
multicenter, prospective, non- randomized, single- arm trial 
evaluating the safety and short-  and long- term use of the 
HeartWare MVAD System for treating advanced heart fail-
ure. The trial was designed to enroll 60 patients in Europe 
and Australia. Several pump thrombus events ended the 
trial after 11 patients had been enrolled.

Conclusion
The MVAD is the first left ventricular assist device 
designed with a wear- less, hybrid suspension system for 
an axial pump that is small enough to be placed in the 
intraventricular cavity. This unique design allows for full 
cardiac support and provides multiple implant strategies 
for a wide variety of patients.

Figure  14.10. Pal controller with the integrated pigtail 
driveline (left) and Pal controller with system status colors 
(right).
Reprinted with permission from Medtronic, Inc.

Figure 14.11. Schematic of external batteries (single and dual) and AC adaptor.
Reprinted with permission from Medtronic, Inc.
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The ReliantHeart aVAD© 
BRYAN E. LYNCH15

 Introduction
The ReliantHeart aVAD© is an axial flow pump with pump-
ing components that fit within the inflow cannula of a 
ventricular assist device (VAD) inserted into the ventricle 
(Figure 15.1). The ReliantHeart aVAD© is an improvement 
over its predecessor, the extra- ventricular HeartAssist5 
(HA5)™. The pumping components, inflow guide vane, 
impeller, and diffuser of the aVAD© are identical to those 
in the HA5 and were in turn derived from the original col-
laboration between NASA and Drs. Michael DeBakey and 
George Noon at Baylor College of Medicine in Houston, 
Texas. The aVAD© meets the safety standards of the 
European Union and is sold in the Europe. The aVAD is 
not yet available in the United States but is being tested 

under a US Food and Drug Administration (FDA) investi-
gational device exemption.

The Design
The aVAD shares many features of the DeBakey VAD©, 
including the general impeller shape and the ultrasonic 
flow probe. However, improvements in the current gen-
eration of the technology differ greatly from earlier genera-
tions. The goal of the original DeBakey VAD was to support 
a patient with acute heart failure long enough for the 
patient to recover strength and survive a heart transplant. 
The support durations considered adequate at that time 
ranged between 60 and 90 days, with an average bridge- 
to- transplant duration of about 60 days. Over a relatively 
short period, this bridge- to- transplant goal was extended to 
more than 6 months and then to several years (Figure 15.2).

The DeBakey VAD was modified to meet the demands 
of longer support durations and to improve outcomes. First, 
the long inflow cannula that initially extended from inside 
the apex of the ventricle to below the diaphragm was short-
ened, such that the entire device could remain above the 
diaphragm and within the pericardium. This modification 
greatly reduced the amount of pre- peritoneal dissection 
required for implantation, which reduced bleeding compli-
cations and surgical time.

The cannula that connected the inflow of the pump to 
the apex of the ventricle was originally a cylinder, .5 inch 
in internal diameter, with an external polyester fabric liner 
(Dacron) that encouraged tissue ingrowth and integra-
tion within the ventricle. This cylinder was changed to a 
trumpet- shape designed to reduce the likelihood of inflow 
occlusion by the ventricular free wall or septum. In 2005, 
the inflow cannula was returned to a cylinder shape, but the 
Dacron liner was shortened and was eventually replaced by 
sintered titanium beads to further improve tissue integra-
tion. Also, in 2012, a “ringed graft” design was adopted, in 
which a titanium ring was sewn to the end of the Dacron 

Figure  15.1. The ReliantHeart aVAD© axial flow pump. 
The pump fits inside the inflow cannula of a ventricular 
assist device.
Reproduced with permission of ReliantHeart Inc., © 2019. All 

rights reserved.
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graft to allow a much easier and equally secure connection 
to the pump. Following these modifications, there has not 
been a single report of this connection failing.

The original shaft- and- ring bearing design of the 
DeBakey VAD performed well for short durations but was 
subject to thrombogenicity with increasing durations. In 
2010, the ring and shaft bearings were replaced with a 
silicon carbide ball- and- cup design to improve washout 
around the bearings. This improved washout was dis-
covered by computational analysis of fluid dynamics and 
particle image velocimetry studies and was confirmed in 
long- term bovine studies. In this new design, both ends of 
the titanium impeller were tipped with a silicon carbide 
hemispherical bearing (“the ball”), and both the inflow 
guide vane and the diffuser held the concave- shaped sili-
con carbide “cup” bearings. This design was intended 
to minimize wear, given that silicon carbide is used in 
tough industrial bearings. Indeed, our tests found almost 
no wear after years of use. Also, silicon carbide provides 
excellent thermal conductivity, permitting any tempera-
ture increases in the bearing to be diffused into the sur-
rounding metal mount, where the heat is dispersed by the 
blood. With proper hydration, these bearings functioned 
as expected. Unfortunately, if the pump ingested air dur-
ing improper implant preparation, the unlubricated galling 
created by an instantaneous dry run could quickly destroy 
the cup bearing. However, despite training and educa-
tion, the possibility of an inadvertent dry run could not 
be eliminated, so the silicon carbide of the cup bearings 
was replaced with a much tougher hot isostatic- pressed 
Zirconia ceramic in 2012. Silicon carbide remains in the 
ball portion of the bearings to draw heat away from the 
bearing and into the impeller and blood. Some of the first 
patients receiving devices with this design survived more 
than 5 years, and this bearing configuration is used in the 
current aVAD.

In 2011 and 2012, the pump was used successfully 
in calf studies as an artificial heart, with each ventricle 
being replaced by a modified HA5 VAD.1 Each device was 
implanted with an extended fabric cone on the inflow can-
nula attached to the remnants of the atria. The two LVADs 
were placed vertically, side by side (Figure 15.3). This place-
ment provided a more compact total artificial heart with 
formable outflow graft protectors directed to the aorta and 
pulmonary artery. The vertical configuration of the aVAD 
evolved from this placement.

To improve flow compliance for the pressure- sensitive 
lungs, the pitch of the inducer section of the RVAD impel-
ler was decreased. This decrease effectively flattened the 
flow- pressure curve, increasing pump hysteresis (slip-
page with reduced amplitude) and reducing the likeli-
hood of fluid overload in the lungs when the RVAD is 
implanted in the total artificial heart configuration. This 
impeller change further improved flow compliance, so 
these changes were made to the HA5™ and subsequently 

to the aVAD™ in its current configuration. This impel-
ler design allows the pump to rapidly add kinetic energy 
to the blood at a lower pump pressure differential, effec-
tively magnifying any native pulsatility by increasing 
blood flow during systole, when the pressure drop across 
the pump is the lowest, and reducing flow during diastole 
(Figure 15.4).

Figure  15.3. Two modified HeartAssist5 pumps can be 
implanted together to create a total artificial heart.
Reproduced with permission of ReliantHeart Inc., © 2019. All 

rights reserved.

Figure 15.4. The HeartAssist5™ and aVAD™ have identi-
cal pump component designs that vary only in the location 
within the cannula.
Reproduced with permission of ReliantHeart Inc., © 2019. All 

rights reserved.
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The Flow Probe
From the beginning, the designers of the DeBakey VAD 
understood the value of accurately measuring the output of 
the device, as well as the net interaction between the VAD 
and the native heart. For this reason, a flow algorithm was 
developed that incorporated impeller speed, power con-
sumption, and the pressure- flow relationship. The algo-
rithm was accurate only if the ideal relationship among 
these variables did not vary. However, if any of these vari-
ables did vary beyond the ideal range, because of internal 
friction, an occlusion, or a drastic change in viscosity, 
the algorithm could render a dangerously inaccurate flow 
value. To overcome this hazard, an ultrasonic flow probe 
that could continuously provide accurate measurements 
was consequently incorporated into the design of the 
device (Figure 15.5). The existing ultrasonic flow probe was 
developed jointly by ReliantHeart and Transonic Systems 
of Ithaca, New York. Flow measurements remain accurate 
under all flow conditions, even in implants in place for 
years. The ultrasonic probe indicates flow in the range of – 
4 to +10 L/ min with >95% accuracy (Figure 15.6).

The flow probe can also generate waveforms for assess-
ing the relationship between the VAD and the native ven-
tricle, allowing the clinician to adjust pump speed or 

pharmacologic therapy to optimize the pressure across the 
pump and the ventricle. Flow data can also help interpret 
the arterial pressure effects on flow, the frequency of aor-
tic valve opening, and rhythm issues, such as premature 
ventricular contractions, that can cause low- flow condi-
tions, even under normal VAD settings. Likewise, trends in 
flow can easily be seen, allowing pump performance to be 
compared over long periods. Managing patients with VADs 
can be greatly enhanced by accurately assessing changes in 
pump performance in response to medical therapies.

Although echocardiography can visualize and estimate 
hemodynamic performance, it is an indirect and unreli-
able assessment and can be obtained only in the hospital or 
clinic. In contrast, the calibrated ultrasonic flow probe pro-
vides accurate long- term results that can be interpreted from 
any location to track and manage long- term LVAD function.

The Effects of Changes in Pump 
Speed: The Ramp Study
Long- term support with an LVAD requires optimizing the 
relationship between the LVAD and the native ventricle. 
Although several clinician- driven methods can opti-
mize pump speed and support levels, they all center on 

Figure 15.5. Flow waveforms measured by a flow probe in the aVAD are generated automatically by an alarm or can be 
requested by the clinician. This flow is measured by ultrasound and is the net output of the pump and the LV.
Reproduced with permission of ReliantHeart Inc., © 2019. All rights reserved.
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adjusting pump settings to allow reasonable cardiac output 
while minimizing stress on the cardiac tissues and blood. 
The amount of support the pump must provide varies with 
the recovery of the native ventricle and the overall physi-
ology of the patient. A ramp study is a simple strategy for 
measuring the relative contributions of the LVAD and the 
native heart to adequate blood flow by assessing net flow as 
you slowly “ramp” up the pump speed. Aided by the flow 
probe, evaluating the net flow through the device, as well 
as the status of the aortic valve, is straightforward. If the 
top of the flow waveform is a smooth sinusoidal curve, the 
aortic valve is likely not opening, all blood flow is passing 
through the pump, and the flow probe is likely measuring 
total cardiac output. If the top of the flow waveform is flat-
tened, some blood is likely being forced through the aortic 
valve during systole, with a portion of the cardiac output 
being contributed by the native ventricle (Figure 15.7).

Graphing flow vs. pump speed shows the contribution 
of the LVAD flow and the diminishing return on pump 
speed. This information can help optimize pump speeds to 
allow the aortic valve to open and close, at least intermit-
tently. Preserving blood flow across the valve to keep the 
aortic root washed is increasingly appreciated because it 
can open and close the valve and can keep the valve tissue 
nourished with blood flow in the leaflets. A pump speed of 
8,000 or 9,000 rpm with the aortic valve opening provides 
about 90% of the flow that the patient would receive if the 
pump were running at 10,000 or 11,000 rpm (Figure 15.7). 

The extra 2,000 or 3,000 rpm translate into up to 2 watts 
of additional power, causing high pumping stress and little 
flow benefit. Although there are often good clinical reasons 
to run the pump at a higher speeds, for long- term support, 
reducing the speed and consequently the shear stress and 
degree of hemolysis in the blood over time can be beneficial 
(Figure 15.8).

Remote Monitoring

Patients receiving mechanical circulatory support are 
exposed to a unique variety of risks that can be difficult 
to manage without external support. As LVADs become 
more widely available and the number of implants 
increases, minimizing adverse events through early detec-
tion and action becomes more important. Also important 
is that LVAD systems be designed to reduce the resources 
required to support the patients receiving them. Wireless 
remote monitoring systems can provide this early detec-
tion. The aVAD uses cellular phone technology to trans-
mit a patient’s VAD performance data in real time to a 
web portal, allowing the clinician to monitor aVAD per-
formance. This system and the web portal, developed by 
ReliantHeart, is called VADLink©. Through VADLink, the 
clinician can view and monitor current VAD performance 
and alarms, which provide an accurate visualization of 
the daily variations in flow and support. Determining 
the conditions that set off alarms might help resolve 
the problem without a hospital readmission, given that 

Figure 15.6. Atrial fibrillation in a 61- year- old woman caused a 2- L/ min- drop in blood flow. The drop was identified by the 
flow waveform and communicated remotely through VADLink™.
Reproduced with permission of ReliantHeart Inc., © 2019. All rights reserved.
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troubleshooting for most minor events during LVAD 
support (such as hypovolemia) can be resolved over the 
phone. At the same time, alarms suggesting more serious 
conditions can be identified early, possibly preventing 
dire consequences (Figure 15.9).

The aVAD has only recently been introduced, but 
early performance data indicate that it provides excellent 
circulatory support, a low adverse event rate, and effec-
tive remote patient management. As of this printing, 20 
patients have received aVADS at several sites in Germany, 

Figure 15.7. The flow probe helps evaluate the net flow through the device and the status of the aortic valve. If the top of the 
flow waveform is a smooth sinusoidal curve (right side), the aortic valve is likely not opening. If the top of the flow waveform 
is flattened (left side), some blood is likely being forced through the aortic valve during systole, with a portion of the cardiac 
output being contributed by the native ventricle.
Reproduced with permission of ReliantHeart Inc., © 2019. All rights reserved.
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Figure 15.8. A simple ramp study is useful in setting pump speed. For long- term support, lower pump speeds reduce the 
shear stress and degree of hemolysis in the blood over time.
Reproduced with permission of ReliantHeart Inc., © 2019. All rights reserved.
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Figure 15.9. Waveforms indicating hypovolemia. Through the VADLink™ web portal, the clinician can monitor current 
VAD performance from an accurate visualization of the daily variations in flow and support.
Reproduced with permission of ReliantHeart Inc., © 2019. All rights reserved.

the United Kingdom, Turkey, and Croatia. Implant dura-
tions exceed 24 months, and no cases of gastrointestinal 
bleeding, stroke, or thrombus have been attributed to the 
device.
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The Syncardia Total Artificial Heart 
STEVEN LANGFORD AND FRANCISCO A. ARABÍA

Introduction

The pneumatically actuated total artificial heart 
(TAH) (SynCardia Systems, LLC Tucson, AZ) is the 
latest design stemming from the original Jarvik– 7- 70 

TAH developed by William Kolff at the University of Utah 
in the 1970s (Figure 16.1). The SynCardia heart can provide 
long- term support, with documented support times of over 

4 years as a bridge to transplant. Support is immediate, and 
controlling the device is simple and fast. Here, we describe 
the applications and operation of the SynCardia TAH.

The SynCardia Total Artificial Heart
The 70- cc SynCardia TAH is a pneumatic diaphragm pump 
that is implanted orthotopically in the chest (Figure 16.2). 
The diseased ventricles and the valves are removed and 

16

Figure 16.1. The SynCardia total artificial heart, a direct 
descendent of the original Jarvik– 7- 70 total artificial heart.
Courtesy of Syncardia.com.

Figure 16.2. Orthotopic placement of the SynCardia 70- cc 
total artificial heart.
Courtesy of Syncardia.com.
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replaced by right and left artificial ventricles. These ven-
tricles have a total displacement volume of approximately 
400 cm3 and weigh about 160 g. The pump is constructed 
of a biocompatible polyurethane. The SynCardia TAH 
is unique among other designs in that the diseased ven-
tricles are excised. The 70- cc pump is generally used in 
patients who have a body surface area (BSA) of at least 1.6 
m2. A  similar 50- cc TAH is undergoing clinical trials in 
the United States and is approved for use in the European 
Economic Area.

The drivelines from the implanted pump attach to an 
external drive system. Two types of drive systems are avail-
able:  mobile hospital- based drive systems and portable 
drive systems. Hospital- based drive systems allow opera-
tors to optimize performance by changing the pump set-
tings. The smaller portable drive systems allow patients to 
leave the hospital and optimize patient mobility. Currently, 
there are two hospital drive configurations: the Companion 
2 Driver, which is docked into a Hospital Cart or a Caddy 
(Figures 16.3 and 16.4) and the Freedom Driver, which is a 
patient- portable system (Figure 16.5).

Figure 16.3. The Companion 2 Driver on a hospital cart; 
the first of two hospital- drive configurations.
Courtesy of Syncardia.com.

Figure 16.4. The Companion 2 Driver on a caddy; the sec-
ond of two other hospital- drive configurations.
Courtesy of Syncardia.com.

Figure 16.5. The Freedom driver, a portable drive system 
for the total artificial heart.
Courtesy of Syncardia.com.
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Benefits and Indications of the 
Total Artificial Heart
Total artificial heart technology is the most aggressive of 
all mechanical circulatory support devices in that the dis-
eased ventricles are removed from the patient.1 Removing 
the diseased heart immediately ends the underlying car-
diac dysfunction, allowing clinicians to exercise total con-
trol over the failing circulatory system once the pump is 
implanted. Physiologic pressures and cardiac output can 
quickly be restored to normal. Cardiac output may be 
greater than 9 L/ min with normal right and left atrial pres-
sures. Lower central venous pressure (CVP) with normal 
systemic pressure provides a greater perfusion differential 
pressure across the end organs.

The TAH is indicated for refractory causes of severe biven-
tricular failure. The most common diagnoses have tradition-
ally been dilated and ischemic cardiomyopathies. Over the 
past few years, indications have expanded to include replace-
ment of a failing allograft after heart transplant (acute or 
chronic), restrictive and infiltrative cardiomyopathies, con-
genital abnormalities, malignant arrhythmias refractory to 
other interventions, large post- infarction ventricular septal 
defects, partial ventricular thrombosis, cardiac malignancies, 
and Chagas disease. Re- bridging with a TAH has been success-
ful in some patients who experience right- ventricular (RV) 
failure after receiving a left- ventricular assist device (LVAD).2

The Companion 2 Drive System
The Companion 2 drive system has a touch- screen interface 
that allows the operator to control the device. Redundant 
compressors provide an internal backup for compressed 
air. The system continually monitors its performance and 
alerts the operator if the specified limits are exceeded. 
Operators may assess the waveforms and make driver 
changes from the touch screens.

The Freedom Portable 
Drive System
When a patient is stable, the hospital drive system may be 
switched to a portable external driver, the Freedom Driver, 
that allows the patient greater mobility in the hospital and 
permits discharge to home while awaiting heart transplant. 
In 2010, the Freedom drive system (Figure 16.5) was intro-
duced in the United States and in Europe. It is the lightest 
drive system available. The system is intended for stable 
patients and accordingly offers maximum portability with 
no adjustments required by the patient. Although drive 
pressure and vacuum are preset, the clinician can adjust 
the pump to meet various patient needs. Pressing a button 
on the top of the driver allows the clinician to see the rate 
and calculated fill volume, as well as LV cardiac output.
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Figure 16.6. Full ejection of blood from the pump (full eject) is indicated by the second rise in the pressure waveform. The 
movement of the diaphragm is apparent.
Courtesy of Syncardia.com.
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The Freedom portable driver and the two batteries 
weigh 6.12  kg. Replaceable external batteries provide 
about 3 hours of power. The batteries may be exchanged 
by the patient or caregiver, or the driver can be con-
nected to wall power to recharge the batteries. A  car 
charger can also run the driver and recharge the batter-
ies. The driver can be worn in a specialized backpack or 
shoulder bag.

Driver Management
The drive system is controlled by two settings. First, the 
pressures are adjusted to empty the ventricles during each 
cycle, a process called a full ejection or a complete eject. 
Second, the pump rate is adjusted to provide cyclical 
filling volumes of 50– 60 mL in the 70- cc model and of 
30– 40 mL in the 50- cc model, which is known as partial 
fill. These two settings are adjusted to optimize device 
performance.

There are no electronics or sensors in the artificial 
ventricles. The device is managed by assessing the pneu-
matic drive pressure waveforms and the flow volume of air 
through the driveline. Optimizing the performance of the 
pump produces a Frank- Starling effect, allowing increased 
cardiac output during periods of increased activity.

The Full Eject

Full ejection from the ventricle is assessed by the shape 
of the air pressure waveform. At the start of systole, air 
pressure is increased to the ventricle through the drive-
line and rapidly increases until it opens the outflow 
valve. When the outflow valve opens, the diaphragms 
begin to move forward. As the blood moves out of the 
device, the diaphragms move into the ventricle, and the 
air pressure waveform flattens. When the diaphragms are 
fully extended into the ventricle, the pressure increases 
rapidly to the pressure that was set by the operator. This 
second rapid rise in pressure is known as the full eject of 
the pressure waveform (Figure 16.6) and indicates that 
the ventricle has fully ejected all of the blood from the 
device.

The Partial Fill

Operators can also regulate filling volumes of between 
50 and 60 mL per beat (30– 40 mL in the 50- cc version 
of the pump). Filling volumes are assessed through the 
attached external drive system. The drive system calcu-
lates the filling volume by measuring the volume of air 
exhausted during device diastole. Partial filling of the 
device is thus assessed from this volume (Figure 16.7). 
At the end of systole, the diaphragms in the ventricles 
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Figure 16.7. Partial filling of the device is assessed by observing the airflow exhausted from the ventricle during diastole 
and is indicated by open- ended filling during diastole. The movement of the diaphragm is again apparent.
Courtesy of Syncardia.com.
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are fully distended. The external driver opens a valve 
and releases the pressure in the drivelines. As the pres-
sure decreases, the outflow valve in the ventricle closes, 
the inflow valve opens, and atrial pressure begins to 
push the diaphragm into the ventricle. The air is pushed 
out of the driveline as the blood enters the ventricle. 
Flow transducers in the external drive system measure 
the flow of air and calculate the volume of air that has 
exited the ventricle. The volume of air forced out of the 
ventricle is roughly equal to that of the blood that enters 
the ventricle during each beat. This volume is the filling 
volume of the ventricle and is displayed on the external 
driver. The pump rate of the device is adjusted to allow 
the ventricle to fill to about 80% of its capacity. The target 
is 50– 60 mL per beat for the ventricle in the 70- cc model 
and 30– 40 mL per beat in the 50- cc model. Each cardiac 
filling cycle varies depending on the atrial inflow pres-
sure to the ventricle. There is the ability to add vacuum 
to the system during this phase of the cycle, which will 
allow for more flow at a lower atrial pressure. Having a 
variable stroke volume allows variable cardiac output, 
creating a Frank- Starling- type effect on cardiac output. 
When the rate and pressure are properly adjusted, the 
ventricle will empty completely and fill to volumes of 
50– 60 mL each cardiac cycle. A typical pumping rate for 
the TAH is 125 beats per minutes, yielding a cardiac out-
put of 6.3– 7.5 L/ min for the 70- cc TAH and 3.8– 5.1 L/ 
min for the 50- cc TAH.

Clinical Outcomes
An analysis of INTERMACS data found that the 1-  and 
2- year survival rates after TAH implantation were 53.2% 
and 33.9%, respectively (Figure 16.8).3 In competing- risks 
analysis of 450 patients, 53% of patients underwent trans-
plantation, 34% died, and 13% were alive on a device at 
12 months (Figure 16.9). Survival rates correlated with pre-
operative clinical status, with the best outcomes reported 
in patients with INTERMACS profile 3.  The most com-
mon cause of death was multisystem organ failure (36% of 
deaths), followed by neurologic injury (18%) and elective 
withdrawal of support (12%). Outcomes were the most 
favorable in younger patients, especially those less than 
40 years old. Experience also influenced outcomes, with 
centers performing 10 or fewer implants being associated 
with a significant risk (Figure 16.10). The 12- month survival 
was 64.8% for centers implanting more than 10 pumps and 
36.7% for those implanting 10 or fewer (P = 0.001). The 
relationship between age and center volume (Figure 16.11) 
indicates the better outcomes in younger patients treated at 
high- volume centers.

As with all mechanical circulatory support devices, 
adverse events (AE) remain a challenge in managing 
patients. The most common early AEs (within 3 months after 
implantation) are bleeding and infection. After 3 months, 
minor device malfunction and infection predominate (Table 
16.1). Based on INTERMACS registry data, early AE rates 
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Figure 16.8. Two- year survival and the associated hazard function for patients receiving a total artificial heart. The event 
modeled is death on a device, with data censored at transplant. The Kaplan- Meier survival estimates show the agreement 
with the fitted parametric model.
Dashed lines are 70% confidence bounds.

Reprinted from Arabia FA et  al., Interagency registry for mechanical assisted circulatory support report on the total artificial heart, 

Journal of Heart and Lung Transplantation 2018;37:1304– 1312, Copyright (2018), with permission from Elsevier.
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for bleeding, infection, and neurologic dysfunction on the 
TAH were higher than on LVADs.

The likelihood of major infection approached 70% within 
6  months (Figure 16.12), with 556 infections observed in 
450 patients. Pulmonary infections were the most common, 
and bacteria were the most common pathogens.

Of the 370 patients in the INTERMACS database receiv-
ing the TAH after 2010, 99 (27%) were discharged to home 
on a device. The median (IQR) time from implantation 
to discharge home was 1.6 (1.1 to 2.3) months. Of the 99 
patients discharged, 91% were discharged to home and 4% 

were discharged to a rehabilitation unit. During the study 
period, within 12  months, 58.4% of patients received a 
heart transplant at 284 centers implanting more than 10 
pumps, and 43% received a heart transplant in 166 lower- 
volume centers (Figure 16.13).

Discussion
As with other forms of mechanical circulatory support, 
the tendency to delay referral until the later stages of dis-
ease markedly limits the benefits provided by a TAH. The 
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Reprinted from Arabia FA et  al., Interagency registry for mechanical assisted circulatory support report on the total artificial heart, 
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Table 16.1 •  Interagency Registry for Mechanically Assisted Circulatory Support Total Artificial Heart Patients: Adverse 
Events ( June 2006– April 2017, n = 450)

Early Late

Event Events Rate Events Rate p- Value

Thromboembolism

Venous 17 1.7 3 0.2 0.0001

Arterial non- CNS 20 2.0 2 0.1 <0.0001

Bleeding 414 41.3 96 7.1 <0.0001

Device malfunction

Major 13 1.3 34 2.5 0.04

Minor 50 5.0 203 14.9 <0.0001

Pump thrombus 4 0.4 3 0.2 0.4

Hepatic dysfunction 52 5.2 11 0.8 <0.0001

Infection 389 38.8 167 12.3 <0.0001

Neurologic dysfunction 148 14.7 40 2.9 <0.0001

Pericardial drainage 63 6.3 1 0.1 <0.0001

Renal dysfunction 162 16.1 21 1.5 <0.0001

Respiratory failure 219 21.8 38 2.8 <0.0001

CNS, central nervous system
Early indicates ≤3 months of device implant. Late indicates >3 months after device implant.
Rates are reported per 100 patient- months.
The p values compare early and late rates.

Reprinted from Arabia FA et al., Interagency registry for mechanical assisted circulatory support report on the total artificial heart, Journal of Heart and 
Lung Transplantation 2018;37:1304– 1312, Copyright (2018), with permission from Elsevier.
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challenges related to early referral are complex and multi-
factorial. Nonetheless, despite the continued technologi-
cal advances and increased adoption in LVAD therapy, a 
group of patients remains whose diagnoses are best treated 
with heart replacement. In these cases, the TAH offers the 
potential for home discharge and outpatient follow- up until 
transplantation.4

Late referrals have limited the widespread adoption of 
TAH, as have decisions to withhold therapy from the sickest 
of patients. A new group of potential candidates for the TAH 
are patients in cardiogenic shock with severe RV dysfunction 
after resuscitation on short- term mechanical circulatory sup-
port therapies. Although the increased mortality with tran-
sitioning to LVAD therapy in these patients is an important 
deterrent to single- ventricle support strategies, implanted 

TAHs have provided encouraging results.5 For transplant 
candidates, pre- implant dialysis (typically viewed as an 
independent risk factor for mortality) is not a contraindica-
tion for a TAH. Bridging to heart- kidney transplantation has 
been successful.6 As with renal failure, advanced age is often 
viewed as a contraindication to TAH therapy. However, the 
fact that a small number of patients remain on support after 
5  years has led to an ongoing destination- therapy trial of 
TAH in the United States and Europe.

Conclusions
The TAH benefits the sickest of patients with complex car-
diac conditions. After more than 35 years of experience with 
this evolving technology, we can now select and manage 
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patients with the TAH better than ever before. This experi-
ence will continue to inform the management of patients 
receiving the TAH and the biventricular support technolo-
gies yet to come. Heart replacement continues to have value 
in patients with otherwise fatal biventricular failure.
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Background

The number of Americans more than 20  years old 
with heart failure (HF) increased to 6.5 million by 
2014, and this number is projected to exceed 8 mil-

lion by 2030.1 Current treatments include medications, 
cardiac resynchronization therapy, mechanical circula-
tory support (MCS), and transplantation. Despite these 
advances, the prognosis of these patients remains poor.2,3 
Heart transplantation offers the best long- term survival. 
However, each year, more than 100,000 patients with 
congestive HF are estimated to be eligible for transplanta-
tion,4 but only about 3,000 receive donor hearts.5 The main 
restriction to heart transplantation is the shortage of donor 
organs. This shortage has led to the development of MCS 
devices, including total artificial hearts (TAH), continuous- 
flow ventricular assist devices (cfVAD), percutaneous 
catheter- based pumps, and counterpulsation devices.

Mechanical support devices can be categorized by their 
mechanism of action; they either pump blood directly 
(e.g., TAH and cfVAD), or they enhance diastolic function 
by counterpulsation (e.g., the intra- aortic balloon pump 
[IABP]).6– 9 Despite several randomized trials document-
ing improved survival rates and quality of life, only about 
4,000 continuous- flow VADs are implanted annually in the 
United States.5 The limited adoption of VAD technology can 
be partially explained by the risk of major complications 
(including thrombosis, hemolysis, bleeding, infection, and 
stroke), which may be as high as 70% at 1 year.5 Adverse 
event rates have improved with the newer, fully magneti-
cally levitated centrifugal VADs,9,10 but the invasiveness of 
implantation continues to limit the widespread adoption of 
VAD therapy in patients who are less ill.

Counterpulsation has the potential to address some of 
these concerns, and it has evolved over the past five decades 
to become the most common approach for supporting 

patients in cardiogenic shock. Newer counterpulsation 
technologies may increasingly be important in the long- 
term management of advanced heart failure.

The Principle of Counterpulsation
In 1953, Kantrowitz et al. introduced the concept of coun-
terpulsation in a canine model and found an increase in 
coronary blood flow after delaying the arterial pressure 
peak until it occurred during diastole.11 He later showed 
that compressing the distal thoracic aorta by wrapping it 
with the diaphragmatic muscles produced the same effect 
and decreased left ventricular stress.12

In earlier experiments, diastolic action was augmented 
when blood was aspirated from the arterial reservoir during 
systole and returned during diastole.13 Sorrof et al. found that 
counterpulsation decreased left ventricular (LV) workload 
and myocardial oxygen consumption but had no effect on 
cardiac output.14 The active withdrawal phase is important 
in reducing cardiac workload by diminishing aortic systolic 
pressure.15 Counterpulsation can increase coronary blood 
flow, as well as myocardial collateral revascularization.16

The Intra- Aortic Balloon Pump
In 1961, Moulopoulos and Kolff introduced the first phase- 
shifting, intra- aortic balloon pump (IABP), a polyurethane 
balloon mounted on a catheter to which a latex tube was 
connected. The balloon was positioned within the descend-
ing aorta. A solenoid valve and a delay circuit, triggered by 
the R- wave of the ECG, inflated the balloon during dias-
tole and deflated it just before systole.17 In the first clini-
cal use of IABP in 1968, terminal cardiogenic shock was 
reduced in all 16 patients while the IABP was running, and 
7 patients survived to hospital discharge (Figure 17.1).18

17
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Sintek et  al. found that the cardiac power index ([car-
diac index × mean arterial pressure]/ 451), a measure of 
ventricular work based on flow and pressure,19,20 predicted 
which patients with heart failure would be stabilized with 
an IABP.18 Today, IABP is the most commonly used MCS 
device, benefiting more than 100,000 patients annually 
(Table 17.1).

Insertion through the Subclavian Artery

The IABP was initially inserted through the common 
femoral artery, with the attachment of a vascular graft or 
other prosthesis followed by oversewing or removing the 

prosthesis when the balloon was removed. With the con-
tinued evolution of transcatheter technology, percutaneous 
insertion through the common femoral artery became pos-
sible, either by direct access or with a 7F or 8F sheath.21,22,23

Despite these non- invasive features, femoral inser-
tion of the IABP immobilizes the patient and increases 
the risk of deconditioning, infection, and limb ischemia.23 
Inserting the IABP through the subclavian artery and a 
subperiosteal clavicular resection in patients with aor-
toiliac atherosclerosis added little morbidity or functional 
compromise and allowed the patient to not be bedridden.24 
We modified the approach by anastomosing a graft with a 

Figure 17.1. U.S. Patent 3 585 983. Inventors: Adrian Kantrowitz; Wladimir Schilt; Paul S. Freed, all of c/ o Maimonides 
Medical Center 4802 Tenth St., Brooklyn, NY 11219. Filed Mar. 5, 1968, Patented June 22, 1971.
Republished with permission of CCC Republication, from Kantrowitz J, The intra- aortic balloon pump: an early chapter in translational 

medicine. Artif Organs. 2015;39(6):457– 472; permission conveyed through Copyright Clearance Center, Inc.
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one- way valve to the subclavian artery through an infra-
clavicular transverse incision.25 We then placed a guide 
wire into the graft and inserted a balloon, which was posi-
tioned under fluoroscopic or echocardiographic guidance. 
The size of the balloon (34/ 40/ 50 cc was determined from 
the patient’s height. After insertion, the device can be 
secured to the chest wall. This method provided excellent 
hemodynamic support and permitted extensive rehabili-
tation activities.34

Percutaneous Insertion through the 
Subclavian or Axillary Arteries

Intra- aortic balloon pumps can be placed percutaneously 
as a bridge to transplantation.26 We have used percutane-
ous subclavian access for almost all of our patients with 
the following method. The left or right supraclavicular 
subclavian or infraclavicular axillary artery is accessed 
under ultrasound guidance with a 5F- micropuncture kit, 
after the size of the artery is deemed to be greater than 
4 mm. A 0.018- inch guidewire is advanced and followed 
by a 5F sheath. The entry site into the artery and the sheath 
is visualized with 10 cc of 50% water- soluble contrast to 
determine whether there are branches which might be 
occluded when the IABP is removed with an Angioseal 
device. Using a 0.035- inch guidewire, the micropuncture 
sheath is exchanged for a 7F or an 8F sheath, which can 
be used to advance the 0.025- inch IABP guidewire into the 
descending aorta under fluoroscopy. The sheath is then 
removed, and the fiberoptic balloon is advanced and posi-
tioned at the level of the left mainstem bronchus. Finally, 
we always confirm the position of the distal marker in the 
abdomen to avoid placement in a mesenteric vessel and 
to avoid bowel ischemia. Hemostasis during removal is 
accomplished either with direct pressure or an AngioSeal 
vascular closure device.

Other Counterpulsation Devices
Extracorporeal Devices

Extracorporeal counterpulsation was first reported as a 
non- invasive, intermittent counterpulsation strategy.27,28,29 
This method uses three inflatable cuffs placed on the upper 
thigh, lower thigh, and the calf. During diastole, each cuff 
is inflated to a pressure of 300 mm Hg, first at the calf, then 
the lower thigh, and finally the upper thigh. The cuffs are 
deflated in reverse order during systole in a synchronized 
fashion, triggered off the patient’s ECG.30 The patient is 
treated 1– 2 hours a day, 5– 7 days a week, for 6– 7 weeks. 
This method has been used primarily for patients with 
chronic stable angina and is based on the hypothesis that 
it promotes collateral circulation through vascular endo-
thelial growth factor-  and nitric- oxide- mediated vasodila-
tion and angiogenesis.31 The method is contraindicated in 
patients with peripheral vascular disease, hypertension, 
deep vein thrombosis, atrial fibrillation, or leg ulcers.

Implantable Devices

The Kantrowitz CardioVAD 
Left- Ventricular Device

In 1966, Kantrowitz et  al. used a U- shaped mechanical 
auxiliary ventricle that bridged the aortic arch.32 The pump 
was extremely effective, given that the pump inlet was 
close to the aortic valve, creating a stroke volume greater 
than that of the left ventricle (Figure 17.2). However, high 
complication rates led to its abandonment. The auxiliary 
ventricle was later redesigned by replacing a portion of 
the descending aorta with an inflatable patch. This aortic- 
wall LVAD was first used successfully in humans in 1971, 
when it was implanted in a 64- year- old man who sur-
vived 96 days after discharge.33 He was able to ambulate at 
home with the LVAD. Despite its early success, the device 

Table 17.1 •  Uses and Implications of the Intra- Aortic Balloon Pump

Indication Contraindications Complications

After cardiotomy Aortic valve insufficiency (absolute) Vascular access injury (femoral or subclavian 
arteries)

Myocardial infarction Aortic dissection (absolute) Aortic dissection

Ventricular arrhythmia Severe atherosclerosis Embolism

Acute ischemic mitral incompetence Aortic aneurysm Thrombosis

Ischemic rupture of the ventricular 
septum

Blood dyscrasias Ischemia (extremity or bowel)

Support during percutaneous coronary 
intervention

(thrombocytopenia) Infection

Bridge to transplant Access limitations

High- risk patients undergoing other 
surgeries

 

 

 

 

 



122 Mechanical Circulatory Support

ultimately failed from an unacceptably high rate of drive-
line infections. Further research and development resulted 
in the introduction of a modified device, the Kantrowitz 
CardioVAD.

The Kantrowitz CardioVAD (LVAD technology, Detroit, 
MI) consists of three components: (1) the pumping chamber, 
which is sewn into the aortic wall, (2) a percutaneous access 
device, and (3) an external driver.34 The pump is composed 
of a polyurethane diaphragm mounted on a rigid plastic 
shell that replaces the lateral wall of the descending aorta. 
The access device is a Dacron- covered disk seeded with 
autologous fibroblasts that is placed on the abdominal fascia 
and connected to the external controller through a driveline 
(Figure 17.3). The driver supplies compressed air to the pump, 
providing 50 cc of stroke volume during inflation, which 
approximates that of a normal heart. The device is triggered 
by the electrical activity of the native heart and is designed to 
inflate during diastole and deflate just before systole (Figure 
17.4). The device can be implanted through a thoracotomy 
with cardiopulmonary bypass support and, once implanted, 
does not require anticoagulation. Contraindications for this 
device include biventricular dysfunction and uncontrolled 
tachyarrhythmia. However, complications related to mem-
brane leaks and limited options for device exchange ended 
further development, and it is no longer used.

Subcutaneous Counterpulsation Devices
The Symphony Device System (ClinicalTrial.gov identi-
fier: NCT01543022) has been introduced as a 30- cc pump 
with a single conduit that acts as both the inlet and out-
let. The device is implanted by anastomosing a conduit 

to the subclavian artery. The device itself is placed under 
the pectoralis muscle in a small pocket, and the driveline 
is tunneled through the skin and attached to the console. 
During systole, the driver, which is synchronized to the 
patient’s ECG, evacuates air from the pump, which draws 
blood away from the systemic circulation, reducing after-
load. The device then returns the blood back to the cir-
culation during diastole to increase coronary blood flow. 
Several studies of the Symphony have documented hemo-
dynamic benefits.35,36 Indications for this device include 
NYHA class IIIB and IV heart failure (HF) and myocardial 
infarction. It is contraindicated in patients with severe 
vascular disease and small or obstructed axillary arter-
ies. Cerebrovascular accidents are an additional risk of 
this technology because the device is positioned near the 
carotid artery. Although early data showed promise for this 
device, it is no longer being studied in clinical trials.

Extra- Aortic Balloon Counterpulsation Devices
The non- blood- containing Sunshine Heart C- Pulse device 
system (Sunshine Heart, Inc., Eden Prairie, MN) is designed 
for long- term use in patients with heart failure.37 The C- Pulse 
is an extra- aortic balloon pump counterpulsation device that 
is wrapped around the ascending aorta and pneumatically 
driven by an external system controller after receiving elec-
trical signals from a bipolar epicardial ECG- sensing lead.38 
Implantation requires a median sternotomy and mobiliza-
tion of the aorta to the level of the innominate artery. Because 
the C- Pulse contains no blood, it does not require antico-
agulation. It is also a non- obligatory system, meaning that 
it can be turned off without deleterious effect on the native 

Figure 17.2. The U- shaped, first- generation mechanical auxiliary ventricle and its power supply.
Republished with permission of CCC Republication, from Kantrowicz J, The intra- aortic balloon pump: an early chapter in translational 

medicine. Artif Organs. 2015 Jun;39(6):457– 472; permission conveyed through Copyright Clearance Center, Inc.
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circulatory pathway. The duration of time on or off is deter-
mined by the native cardiac reserve and the degree of heart 
failure. The device is contraindicated in patients with ath-
erosclerosis of the ascending aorta, aortic insufficiency, and 
prior heart surgery, and the driveline infection rate is sub-
stantial.39 The pivotal trial was closed for lack of enrollment 
and insufficient characterization of suitable candidates.

The Intravascular Ventricular Assist System
The NuPulseCV intravascular ventricular assist system 
(iVAS; NuPulseCV, Inc., Raleigh, NC) is a new, minimally 
invasive, counterpulsation, ambulatory heart assist sys-
tem.40 Like the IABP, iVAS provides counterpulsation using 
a 50- cc pump. Longer- term use and use outside the hospi-
tal are facilitated by a skin interface device (Figure 17.5), 
which is an electromechanical and pneumatic conduit with 

a chimney that allows air to be shuttled between the pump 
and an external driver. Captured ECG signals are transmitted 
to the driver through subcutaneous electrodes. An external 
and wearable drive unit provides compressed ambient air 
to inflate and deflate the pump (Figure 17.6). The NuPulse 
is inserted through a graft anastomosed to either the right or 
left subclavian artery using a guide wire inserted into the 
descending aorta. A snare is inserted through the femoral 
artery and engages the guidewire. The guidewire is then 

Figure 17.3. (A) The Kantrowitz CardioVAD left- ventricular 
device sewn to the descending aorta. (B) The percutaneous 
access device. (C) The drive console.
Reprinted with permission from Jeevanandam V et al., Circulatory 

assistance with a permanent implantable IABP:  initial human 

experience. Circulation. 2002;106(12 Suppl 1):I- 183– I- 188, 

https:// www.ahajournals.org/ journal/ circ © American Heart 

Association, Inc. All rights reserved.

(A)

(B)

Figure  17.4. The Kantrowitz CardioVAD (A)  inflates dur-
ing diastole to push blood out of aorta and (B) deflates just 
before systole, which reduces the workload of the heart.
Reprinted with permission from Jeevanandam V et al., Circulatory 

assistance with a permanent implantable IABP:  initial human 

experience. Circulation. 2002;106(12 Suppl 1):I- 183– I- 188, 

https:// www.ahajournals.org/ journal/ circ © American Heart 

Association, Inc. All rights reserved.
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used as a rail to push the snare out the subclavian artery 
access port, where it is used to grab the iVAS balloon and 
guide it to the descending aorta under fluoroscopy.

The Food and Drug Administration (FDA)– approved, 
first- in- human study reported excellent safety results and 
marked improvement in hemodynamic characteristics.40 
This study was conducted in 20 patients who were to be 
listed as IA or IB for transplantation, all of whom received 
transplants within about a month after iVAS implantation.

The iVAS was developed to prevent the adverse events 
accompanying the cfLVAD and to facilitate forward compat-
ibility because implantation does not violate the pericardial 
cavity, making the device easy to remove or exchange. The 
iVAS allows patients to ambulate early, which promotes 
a shorter recovery. Although designed for prolonged sup-
port, iVAS is non- obligatory and can be interrupted for vari-
able periods, depending on the patient’s HF status. Unlike 
a conventional IABP, the iVAS has no seams, which likely 
enhances stability (up to 2.5 years based on in- vitro stud-
ies). Clinically, it is associated with low complication rates. 
It does require mild anticoagulation with INR goals of 1.5 to 
2. The ideal candidate is a patient in whom cardiac resyn-
chronization therapy has failed but who is not yet willing 
to accept the risks associated with a durable LVAD. Device 
indications include bridge to (1) recovery, (2) prolongation 

of medical therapy, (3) transplantation, and (4) optimization 
for subsequent LVAD insertion.

Summary
The ideal MCS device should be easy to implant and 
remove with minimal complications, allow patient mobil-
ity and rehabilitation, and provide enough mechani-
cal unloading to restore quality of life to the patient. 
Counterpulsation augments aortic pressure during early 
diastole, which increases coronary blood flow and myo-
cardial performance by increasing myocardial oxygen sup-
ply. In addition, it reduces aortic pressure during systole, 
which reduces myocardial oxygen consumption and ven-
tricular stress by decreasing afterload.41 As a result, car-
diac output and stroke volume increase, which increases 
end- organ perfusion.30 Devices based on counterpulsa-
tion may prove to be effective in supporting patients with 
decompensated heart failure; for use as a bridge to prolong 
medical therapy, recovery, and transplant; or to optimize 
patients to receive a long- term MCS device.

Figure 17.5. The NuPulseCV iVAS skin interface device (or 
SID). It has a wide base to adhere to the subcutaneous tis-
sue for stability and a textured titanium neck for interfacing 
with the skin. The device has a microprocessor that digi-
tizes the EKG and sends the signal to the driver. The SID 
acts as an electro- mechanical conduit for the EKG trigger 
and air. The cap can be rotated. The external driveline is 
attached to the patient with a connector.
Reprinted with permission from Jeevanandam V et al., Circulatory 

assistance with a permanent implantable IABP:  initial human 

experience. Circulation. 2002;106(12 Suppl 1):I- 183– I- 188, 

https:// www.ahajournals.org/ journal/ circ © American Heart 

Association, Inc. All rights reserved.

Figure  17.6. The intravascular ventricular assist system 
in situ.
Reprinted from Jeevanandam V et  al., The first- in- human expe-

rience with a minimally invasive, ambulatory, counterpulsation 

heart assist system for advanced congestive heart failure. Journal 

of Heart and Lung Transplantation. 2018;37:1– 6, Copyright 

(2018), with permission from Elsevier.
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Introduction

Acute mechanical circulatory support pumps can 
be categorized as either pulsatile or non- pulsatile 
(continuous) flow systems, which are commonly 

grouped as either axial or centrifugal flow pumps. In 
both cases, continuous- flow pumps require an inflow and 
outflow segment. If the inflow cannula resides outside 
the left ventricle (LV), as in the case of the TandemHeart 
device where the inflow cannula is positioned in the left 
atrium, then they are described as “indirect” LV unload-
ing systems. If the inflow segment resides in the LV, then 
these devices can be described as “direct” LV unloading 
systems. At present, all percutaneously delivered, direct 
LV unloading systems are trans- valvular, meaning the 
inflow segment is in the LV and the outflow segment is 
in the ascending aorta. Based on the original description 
of the Archimedes screw, trans- valvular pumps employ 
micro- axial impellers within a tube to transfer rotational 
kinetic energy to blood and thereby generate flow. When 
activated, trans- valvular pumps reduce both LV pressure 
and volume, thereby reducing myocardial workload and 
pressure- volume area, which is a direct correlate of myo-
cardial oxygen consumption (Figure 18.1).

One of the earliest trans- valvular pumps was the 
Hemopump (Nimbus, Inc.), which featured a micro- axial 
impeller attached by a driveline to an extracorporeal 
motor. Initial preclinical testing in a canine model of sur-
gical LAD (left anterior descending coronary artery) isch-
emia and reperfusion showed reduced cardiac workload 
due to systolic and diastolic unloading with a concomitant 
increase in perfusion to ischemic myocardium.2 Clinical 
translation of these early studies was limited by the need 
for surgical vascular access for delivery of the Hemopump 
and potential adverse effects including vascular com-
plications, hemolysis, and the need for a driveline and 
externalized motor.

In parallel to the development of the Hemopump, another 
trans- valvular pump known as the Impella (Abiomed, Inc.) 
was introduced into clinical practice in the first decade of 
the 2000s. In contrast to the Hemopump, the Impella micro-
axial impellers were connected to an intracorporeal motor 
without the need for an externalized driveline. In 2003, 
Meyns and colleagues employed a sheep model of surgical 
LAD ischemia and reperfusion injury to test whether full or 
partial trans- valvular support with a surgically implanted 
Impella pump reduced infarct size.3 These investigators 
observed that initiation of full support at the time of reper-
fusion with flow rates of over 4 liters per minute had a 
greater reduction in infarct size compared to partial support 
(2.5 L/ min). Using aortic and coronary sinus blood samples, 
they further reported that reduced myocardial oxygen con-
sumption during Impella support correlated directly with 
reduced myocardial infarct size.

The Impella series of trans- valvular pumps include sev-
eral percutaneous and surgically delivered models for left 
or right ventricular support (Figure 18.2). The Impella 2.5 
left percutaneous pump was first introduced into clinical 
practice in 2005 in Europe, followed by the United States 
in 2008. The Impella 2.5 achieves flow rates up to 2.5 L/ 
min and is delivered through a 13 Fr sheath. The Impella 
5.0 left direct (LD) and left percutaneous (LP) pump was 
approved for use in the United States in 2005 and achieves 
flow rates of 5 L/ min. The 5.0 LP pump is most commonly 
used and is delivered into the LV via a 10- mm chimney graft 
placed on either the axillary or femoral arteries. In 2012, the 
Impella CP device was approved for use in the United States 
and achieves 3.5 L/ min of flow. The CP is delivered via a 
14 Fr sheath and is commonly deployed via the femoral or 
axillary arteries. In 2015, the Impella RP was approved for 
right heart support and is delivered via a 23 Fr sheath in the 
femoral vein. The RP device displaces blood from the right 
atrium to the pulmonary artery and can achieve up to 5 L/ 
min of flow (Table 18.1).

18
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Flow Mechanics for the 
Impella Platform
The fundamental principle governing device flow through 
a continuous flow pump can be explained using the pres-
sure head- flow (H- Q) curve where flow is directly related 
to rotations per minute (rpm) of the impeller and indirectly 
related to pressure at the inlet and outlet of the impeller 
(Figure 18.3).4 This pressure gradient (Pin- Pout) varies 
during systole and diastole. The relationship between 
pressure and flow is best described using an H- Q curve 

where H is defined as the pressure head (Pin- Pout) and Q 
is defined as device flow. Each device has a specific H- Q 
curve signature. Axial- flow pumps tend to have a steeper 
H- Q slope, while centrifugal flow pumps have a flatter H- 
Q slope.4 For the left ventricular Impella support devices, 
the pressure head (H) includes LV pressure and aortic pres-
sure. For patients without decompensated heart failure or 
aortic valve disease (i.e., undergoing high- risk PCI), peak 
aortic and LV systolic pressures are matched and at peak 
systole (i.e., AoSP –  LVESP = 120 mmHg –  120 mmHg) and 
the estimated H is zero. Throughout diastole, aortic dia-
stolic pressure ranges between 60– 80 mmHg (AoDP) and 
LV diastolic pressure (LVEDP) is often below 20  mmHg. 
Therefore, the estimated H ranges between 40– 60 mmHg 
(AoDP  –  LVEDP) and 0 (AoSP  –  LVESP). Based on this 
principle, for a given rpm, continuous flow devices will 
provide higher flow at peak systole (H = 0) and lower flow 
in diastole (H = 40– 60). In contrast, the patient with cardio-
genic shock may have a substantially lower H during dias-
tole with high LVEDP and low AoDP. For this reason, for 
a given rpm, continuous- flow devices will provide higher 
flow at both peak systole and end- diastole compared to 
a patient without decompensated heart failure or shock. 
Based on this principle, the more dysfunctional the LV, the 
more functional the trans- valvular axial flow pump.

Left Ventricular Support
Cardiogenic Shock

In 2016, the Impella 2.5 LP, CP, 5.0 LP, and LD received Pre 
Market Approval (PMA) approval from the Food and Drug 
Administration (FDA) for use in cardiogenic shock. These 
Impella devices are currently the only acute mechanical 
circulatory support devices with regulatory approval for 
cardiogenic shock. The safety of the Impella 2.5 LP device 
was well established by two large registries.5,6 The clinical 
utility of the Impella 2.5 LP was first studied in the ISAR- 
Shock (Efficacy Study of LV Assist Device to Treat Patients 
with Cardiogenic Shock) study, which randomized a small 
number of patients (n = 13/ group) presenting with acute 
myocardial infarction (AMI) and cardiogenic shock to 
the Impella 2.5 LP or intra- aortic balloon pump (IABP). 
Acute improvement in cardiac index was greater with the 
Impella 2.5 LP device compared with IABP (0.49 ± 0.46 L/ 
min/ m2 compared with a change of 0.11 ± 0.31 L/ min/ m2, 
Impella 2.5 LP vs. IABP; P <.01), but in- hospital mortality 
and 2- year follow- up data showed no significant difference 
between the two arms.7

In a study using the USpella Registry, patients (n = 154) 
were evaluated for Impella 2.5 support prior to percutane-
ous coronary intervention (pre- PCI) versus post- PCI in the 
setting of cardiogenic shock complicated by acute myo-
cardial infarction.8 Patients in the pre- PCI arm had better 
survival rates at discharge compared to post- PCI (65.1% vs. 

(A)

(B)

(C)
L/min

L/min

L/min

Figure 18.1. Representative pressure- volume loops during 
device activation. (A) CP activation at P8 achieved 3.1 ± 0.2 
L/ min of flow; (B) TH activation at 5,500 rpm achieved 3.1 
± 0.4 L/ min of flow; (C) TH activation at 7,500 rpm achieved 
4.4 ± 0.3 L/ min of flow.
L/ min = liter per minute; TH = TandemHeart; rpm = rotations per 

minute.

Reprinted with permission from Kapur NK et al., Hemodynamic 

effects of left atrial or left ventricular cannulation for acute cir-

culatory support in a bovine model of left heart injury, ASAIO 

Journal 2015;61(3):301– 306, https:// journals.lww.com/ asaiojour-

nal/ pages/ default.aspx Copyright © 2019 by the ASAIO. All rights 

reserved.
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Figure 18.2. The Impella series of pumps. The Impella 2.5, CP, and RP are delivered without the need for a surgical cut- 
down. The Impella 5.0 requires surgical cut- down of either an axillary or femoral artery.
Reproduced with permission from Abiomed® 2019.

Table 18.1 •  Technical Details about Each Impella Device

Sheath Size Motor Size Catheter Size Flow (L/ min) Surgical Access

Impella 2.5 13 Fr 12 Fr 9 Fr 2.5 N

Impella CP 14 Fr 14 Fr 9 Fr 3.7 N

Impella 5.0 10mm graft 21 Fr 9 Fr 5 Y

Impella RP 23 Fr 22 Fr 11 Fr 4.5 N
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Figure  18.3. The H- Q curve:  a fundamental principle of continuous- flow pumps. Primary determinants of device flow 
(Q) for rotary pumps include rotations per minute (rpm) and the pressure gradient between the inlet and outlet of the impel-
ler, referred to as the pressure head (H). In the case of LV acute mechanical circulatory support devices, H is determined by 
aortic pressure and left ventricular pressure.
AoDP = aortic diastolic pressure, LVEDP = left ventricular end diastolic pressure.

Original figure from the authors.
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40.7%, p = 0.003) after adjusting for confounding variables. 
These rates were similar to the results in the SHOCK regis-
try and the EUROSHOCK Impella Registry.9,10

More recently, a retrospective analysis of 287 patients 
with acute myocardial infarction and cardiogenic shock 
(AMI- CS) from the catheter- based Ventricular Assist 
Device (CVAD) registry identified that implantation of an 
Impella 2.5 or CP pump prior to PCI and prior to vasoactive 
agent use (inotrope or vasopressor) were associated with 
increased survival to hospital discharge (68% versus 26% 
when patient was receiving 0 versus >4 vasoactive agents, 
p <0.001). Furthermore, improved survival was associated 
with earlier device activation after initial presentation with 
AMI- CS (66% vs. 26%, Impella support within <1.25 hours 
versus >4.25 hours from shock onset, p  =  0.017).11 The 
National Cardiogenic Shock Initiative is a prospective reg-
istry exploring whether early activation of an Impella CP 
improves survival in AMI- CS (A in Figure 18.4).12

In addition to acute myocardial infarction complicated 
by cardiogenic shock, several studies have examined the 
clinical utility of the Impella 5.0 in patients with cardio-
genic shock after cardiac surgery or due to advanced heart 
failure. The RECOVER- I study was a prospective, single- 
arm feasibility study of the Impella 5.0 device for post- 
cardiotomy cardiogenic shock. In this study, the Impella 5.0 
significantly improved cardiac index from 1.6 ± 0.4 to 2.5 
± 0.4 L/ min/ m2 (p = 0.0001) and mean arterial pressure (71 
± 13 to 83 ± 8  mmHg (p  =  0.01) while reducing pulmo-
nary artery diastolic pressure (28 ± 4 vs. 20 ± 3 mmHg; p 
<0.0001); 93% of patients survived to hospital discharge.13 
A larger retrospective analysis of Impella use in cardiogenic 
shock included 37 of 47 total patients receiving an Impella 
5.0 pump. In this study, 1- year survival was 71.8% for post- 
cardiotomy cardiogenic shock and 42.9% for patients with 
shock complicating AMI or dilated cardiomyopathy.14

Among patients with advanced heart failure, a retro-
spective multicenter analysis evaluated 58 patients who 
received the Impella 5.0 as part of bridge strategy to evalu-
ate candidacy for advanced therapies such as durable ven-
tricular assist device or orthotopic heart transplantation. 
Patients included in the analysis had 100% inotrope depen-
dency and a mean LV ejection fraction of 13%. Mean dura-
tion of support was 7 days, 39 (67%) patients survived to 
next therapy (durable MCS, n = 20; heart transplantation, 
n = 15; weaned off support, n = 4). Patients who survived 
to next therapy had a 30- day survival of 87% (B in Figure 
18.4).15

More recently, a retrospective, single- center series analy-
sis reported the clinical feasibility of ambulating patients 
with INTERMACS 1 heart failure who received the Impella 
5.0 pump via an axillary cut- down approach.16 Collectively, 
these studies identify the Impella 5.0 as an intermedi-
ate option to first stabilize advanced heart failure patients 
with cardiogenic shock so that time is available to evaluate 
patients for advanced heart failure therapies. Furthermore, 

the ability to support patients with a high- flow, non- surgical 
device while allowing the patient to engage in physical 
therapy is a major step forward toward optimizing patients 
before cardiac surgery and as a mechanism to bridge patients 
to recovery as opposed to cardiac replacement therapy.

Protected PCI

One of the most common applications of the Impella 
devices is for high- risk PCI.17 Most commonly, high- risk 
PCI patients are defined as having reduced left ventricu-
lar ejection fraction, single or multi- vessel coronary artery 
disease with a large area of myocardium at risk, or complex 
coronary disease involving either bifurcation anatomy, 
severe calcification requiring rotational atherectomy, or 
chronic total occlusions. The PROTECT II trial randomized 
452 patients with complex 3- vessel disease (3- VD) with 
left ventricular ejection fraction (LVEF) <30% or unpro-
tected left main coronary artery disease with LVEF <35% 
to IABP (n = 226) or Impella 2.5 (n = 226) support. The 
trial demonstrated favorable 90- day outcomes in patients 
with hemodynamic support using Impella 2.5 with a 
strong trend toward decreased major adverse events (MAE) 
in Impella- supported patients compared to IABP in the 
intent- to- treat population (40.6% vs. 49.3%, p = 0.066) and 
in the per- protocol population (40% vs. 51%, p = 0.02).18 
In a subsequent sub- study, the patients of the PROTECT 
II trial were stratified, looking only at patients with the 
3VD.19 Results showed favorable 90-  and 30- day outcomes 
in patients with 3VD using Impella 2.5 (n  = 167) versus 
IABP (n = 158) (C in Figure 18.4). Additionally, there was 
a decreasing trend in MAE incidence after 30 days (32.9% 
vs. 42.4%, p = 0.078) and a significant decrease at 90 days 
(39.5% vs. 51.0%, p = 0.039). These findings were consis-
tent when groups were stratified by age, gender, race, LVEF, 
clinical risk factors, and prior coronary artery bypass graft-
ing (CABG). There was not a significant difference between 
diabetic and non- diabetic patients with 3VD. Importantly, 
the duration of the hemodynamic support was significantly 
less in the Impella arm compared to IABP (1.9 hours vs. 7.4 
hours, p <0.001), indicating a possible decrease in MAEs.

Right Ventricular Support
A major limitation in the field of acute mechanical circula-
tory support has been the ability to provide non- surgical 
support for the right ventricle (RV). Historically, veno- 
arterial extracorporeal membrane oxygenation (VA- ECMO) 
or right atrial to pulmonary artery bypass with either a 
TandemHeart or other centrifugal flow pump were the only 
non- surgical options for the failing RV.20,21 The Impella RP 
is the first micro- axial flow pump specifically designed 
for RV support without the need for surgical access. The 
Impella RP employs a 22 Fr impeller mounted onto a 11 Fr 
catheter and delivers blood from the right atrium (RA) into 
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Figure  18.4. Key figures reviewing efficacy of the Impella platform. (A)  Kaplan- Meier survival curve for 154 patients 
receiving Impella 2.5 support pre-  and post- PCI in the setting of cardiogenic shock complicating an acute myocardial 
infarction (AMI).
Reprinted from O’Neill WW et al., The current use of Impella 2.5 in acute myocardial infarction complicated by cardiogenic shock: results 

from the USpella Registry, Journal of Interventional Cardiolology 2014;27(1):1– 11. https:// onlinelibrary.wiley.com/ journal/ 15408183 

Copyright © 1999– 2019 John Wiley & Sons, Inc. All rights reserved.

(B) Intermediate outcomes of patients surviving acute support with Impella 5.0 for bridge to decision in decompensated 
advanced heart failure patients.
Reprinted from Hall SA et al., Use of a percutaneous temporary circulatory support device as a bridge to decision during acute decom-

pensation of advanced heart failure, Journal of Heart and Lung Transplantation 208;37:100– 106. Copyright (2018), with permission from 

Elsevier.

(C) Kaplan- Meier curves of major adverse events to 90 days in 452 total patients undergoing high- risk PCI randomized to 
either IABP or Impella 2.5 support.
Reprinted with permission from O’Neill WW et al., A prospective, randomized clinical trial of hemodynamic support with Impella 2.5 

versus intra- aortic balloon pump in patients undergoing high- risk percutaneous coronary intervention: the PROTECT II study, Circulation 

2012;126(14):1717– 1727, https:// www.ahajournals.org/ journal/ circ © American Heart Association, Inc. All rights reserved.

(D) Sustained hemodynamic improvement in (left) cardiac index and (right) central venous pressure after Impella RP 
explant in 30 patients receiving support for RV failure following left ventricular assist device (LVAD) implantation, post- 
cardiotomy, or AMI.
Reprinted from Anderson MB et al., Benefits of a novel percutaneous ventricular assist device for right heart failure: the prospective 

RECOVER RIGHT study of the Impella RP device, Journal of Heart and Lung Transplantation 2015;34:1549– 1560. Copyright (2015), with 

permission from Elsevier.
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the pulmonary artery (PA). The device is delivered via a 23 
Fr venous peel- away sheath into the PA using a 0.018 wire 
as a monorail system and requires one venous access site 
(most commonly the right femoral vein). Once in position, 
the 23 Fr sheath is replaced with a staged 11 to 23 Fr repo-
sitioning sheath. After removal, the venous access site is 
commonly closed with manual compression and a purse- 
string or deep mattress suture. The Impella RP cannot cur-
rently be delivered through the internal jugular veins and 
cannot be used to oxygenate blood.

The RECOVER RIGHT study evaluated the safety and 
efficacy of the Impella RP in 30 patients with life threaten-
ing right ventricular failure (RVF). These patients were split 
into two cohorts: RVF after LVAD implantation versus RVF 
after cardiotomy or myocardial infarction. Both cohorts 
showed immediate and improved hemodynamic support, 
increases in cardiac index from 1.8 ± 0.2 to 3.3 ± 0.23 L/ 
min/ m2 (p <0.001), and a decrease in central venous pres-
sure from 19.2 ± 4 to 12.6 ± 1 mmHg (p <0.001) (D in Figure 
18.4). The overall survival at 30 days was 73.3% and patients 
were supported for an average of 3.0 ± 1.5 days.22 Based on 
this trial and registry data, the Impella RP is approved by 
the FDA for acute right heart failure or RV decompensation 
following LVAD implantation, myocardial infarction, heart 
transplantation, and open- heart surgery.

Case reports have demonstrated the use of Impella 
RP for RV failure due to pulmonary embolism (PE).23 
Hemodynamic instability occurs in roughly 5% of patients 
of PE, with an associated mortality as high as 20%– 50%. 
A recently published single center experience of 5 patients 
receiving Impella RP support for massive or submassive 

PE demonstrated an improvement in mean cardiac index 
from 1.69 L/ min/ m2 (0.88– 2.15 L/ min/ m2) to 2.5 L/ min/ 
m2 (1.88– 3.4 L/ min/ m2) after 24 hours of mechanical sup-
port.24 Additionally, mean heart rate and systolic blood 
pressure improved after Impella RP support. Following 
insertion and activation of Impella RP, patients received 
treatment with catheter- directed ultrasound accelerated 
thrombolysis. Additionally, all patients received standard 
of care with anticoagulation, volume expansion, and ino-
tropic support. Mean time for Impella RP support was 
3.2 days. Echocardiogram at 3 days following Impella RP 
support showed improvement in RV function, fractional 
area change, and tricuspid annular plane systolic excursion. 
Ultimately, all 5 patients survived to discharge. These find-
ings support the utility of Impella RP for patients presenting 
with PE with RV- mediated hemodynamic compromise.

Biventricular Support
Biventricular failure in the setting of cardiogenic shock 
is associated with high in- hospital mortality.25– 27 Multiple 
single- patient case reports have described the use of two 
concurrent Impella catheters for biventricular support 
(BiPella) (Figure 18.5).28– 31

A multi- center retrospective analysis of 20 patients with 
biventricular failure demonstrated hemodynamic efficacy 
of biventricular Impella support with either Impella 5.0 
(n = 8), Impella CP (n = 11), or Impella 2.5 (n = 1) for LV sup-
port and Impella RP (n = 20) for RV support.32 Etiologies of 
biventricular failure included acute myocardial infarction 
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Figure 18.5. (A) Fluoroscopic image showing biventricular micro- axial flow Impella catheters for biventricular support 
(BiPella). (B) Survivors receiving BiPella for biventricular failure were more likely to have had simultaneous implant.
LV = left ventricular; RV = right ventricular.

Reproduced from Kuchibhotla S et  al., Acute biventricular mechanical circulatory support for cardiogenic shock, Journal of the 

American Heart Association 2017;6(10):e006670. https:// www.ahajournals.org/ journal/ jaha © 2017 The Authors. Published on behalf of 

the American Heart Association, Inc., by Wiley.
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(n  =  11), advanced heart failure (n  =  7), and myocarditis 
(n = 2). Mean flows achieved were 3.4 ± 1.2 L/ min and 3.5 ± 
0.5 L/ min for LV and RV devices, respectively. BiPella strat-
egies reduced cardiac filling pressures and increased car-
diac index (1.8; 95% CI, 1.6– 1.9 versus 2.3; 95% CI, 1.9– 2.7 
L/ min/ m2; p = 0.03). Total in- hospital mortality was 50%. 
No intraprocedural mortality was observed. Major compli-
cations included limb ischemia (n = 1), hemolysis (n = 6) 
and thrombolysis in myocardial infarction– related major 
bleeding (n  =  7). This report suggests that non- surgical, 
rapid deployment of LV and RV catheters for biventricular 
circulatory support is clinically feasible and hemodynami-
cally efficacious.

Contraindications and 
Potential Complications
Absolute contraindications for Impella 2.5, CP, and 5.0 
support include the presence of moderate or severe aor-
tic insufficiency, mechanical aortic valve, and echocar-
diographic evidence of a recent LV thrombus. Relative 
contraindications include severe peripheral vascular dis-
ease or small vessel caliber <7 mm (in the case of Impella 
5.0 insertion). In cases where ileofemoral vascular disease 
is present, several approaches are commonly employed, 
including the following:  (1) angioplasty and/ or stenting 
of a ileofemoral stenosis to facilitate Impella delivery; 
(2)  delivery of the Impella pump and use of the peel- 
away sheath side- arm for antegrade perfusion using either 

ipsilateral or contralateral arterial bypass; (3) conversion to 
a percutaneous axillary approach (or surgical cut- down of 
the axillary artery) (Figure 18.6); (4) trans- caval access for 
delivery of a long- sheath extending from the inferior vena 
cava to the abdominal aorta; and (5) insertion via anasto-
mosis of a 10- mm graft to the ascending aorta through a 
mini- sternotomy approach.33,34

Hemolysis represents a potential limitation associated 
with all acute mechanical circulatory support (AMCS) 
devices. Trans- valvular micro- axial flow pumps (TVPs) 
such as the Impella devices (Abiomed, Inc; Danvers, MA) 
are among the most commonly used AMCS devices for CS 
and may be prone to hemolysis given the small impeller 
size for percutaneous delivery and high level of rotations 
per minute required to achieve flow rates ranging from 2.5 
to 5.0 L/ min. Hemolysis among micro- axial flow pumps 
may be related to improper device position, hemodynamic 
loading conditions, device speed, and prolonged duration of 
support. Hemolysis is uncommon with the Impella 5.0 and 
RP systems due to large caliber impellers and is more com-
mon among the Impella 2.5 and CP systems, with reported 
hemolysis rates between 15% and 50%.35,36

Compared to lactate dehydrogenase (LDH) levels, a 
change in plasma free- hemoglobin (pf- Hb) levels within 
72 hours of pump deployment is a sensitive and specific 
indicator of hemolysis in patients treated with a Impella 
for cardiogenic shock. A recent analysis identified that pre- 
implant LDH levels are often significantly elevated in the 
setting of cardiogenic shock before device implantation, 
thereby limiting the clinical utility of this biomarker for 

Figure 18.6. Axillary deployment of an Impella CP using micropuncture access of the axillary artery, followed by delivery of 
the Impella through a 14 Fr peel- away sheath (orange hub) into the LV. Note that a purse- string suture is placed around the 
dilator to facilitate hemostasis when the peel- away sheath is removed and the repositioning sheath (blue hub) is delivered 
and dressed.
Original figure from the authors.
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identifying hemolysis.36 Furthermore, among patients with 
clinically relevant hemolysis, pf- Hb levels increased within 
48 hours after device activation, whereas no change in LDH 
levels was observed (Figure 18.7). Clinically relevant hemo-
lysis was uncommon in this analysis and may be associated 
with higher flow rates, prolonged duration of support, and 
improper positioning of the Impella. These findings sug-
gest that close monitoring of pf- Hb, not LDH, is required 
for detection and appropriate management of hemolysis 
in patients receiving Impella therapy for the treatment of 
cardiogenic shock. Additionally, early recognition of rising 
pf- Hb levels may allow clinicians to adjust the performance 
level or position of the device, thereby preventing the devel-
opment of clinically significant hemolysis.

Emerging Studies of the Impella 
Platform for Myocardial Recovery 
after AMI
The effects of unloading the LV prior to reperfusion 
in an acute MI, due to implications of improvement 

of myocardial oxygen supply/ demand matching, have 
been studied in multiple pre- clinical models since the 
late 1970s. Regardless of pump type, unloading prior to 
reperfusion has been repeatedly shown to reduce infarct 
size.1,37– 40 More recently, this concept was demonstrated 
using the Impella CP in a pre- clinical model of acute MI. 
Compared to primary reperfusion, primary unloading 
with the Impella CP for 30 minutes before reperfusion in 
swine triggers a cardioprotective shift in myocardial gene 
expression, preserves mitochondrial integrity, and leads to 
a durable reduction in LV scar size as quantified by cardiac 
magnetic resonance imaging 28 days after the initial isch-
emic injury38 (Figure 18.8).

Collectively, these preclinical studies led to a clini-
cal first- in- human study known as the Door to Unloading 
with Impella CP System in Acute Myocardial Infarction to 
Reduce Infarct Size (DTU): A Prospective Feasibility Study 
(NIH CLINICAL TRIAL:  NCT03000270). This is a multi- 
center, prospective, randomized, two- arm feasibility trial 
to assess the potential role of unloading with the Impella 
CP prior to revascularization in reducing infarct size. The 
study design includes 1:1 randomization between: (1) 30 

Figure 18.7. Identifying hemolysis with plasma- free hemoglobin, not lactate dehydrogenase, levels. LDH is commonly ele-
vated among patients with cardiogenic shock at the time of Impella insertion. Plasma free- hemoglobin elevation is uncom-
mon among Impella 5.0 recipients.
Reprinted from Esposito M et al., Increased plasma free hemoglobin levels identify hemolysis in patients with cardiogenic shock and 

a trans- valvular microaxial flow pump. Artificial Organs 2019;43(2):125– 131. https:// onlinelibrary.wiley.com/ journal/ 15251594  © 

International Center for Artificial Organs and Transplantation and Wiley Periodicals, Inc. All rights reserved.
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minutes of unloading with Impella CP prior to primary 
percutaneous coronary intervention (PPCI); and (2)  ini-
tiation of Impella CP unloading followed immediately 
by PPCI. In addition to evaluating safety, infarct size at 
3– 5 days and 30 days will be evaluated using cardiac mag-
netic resonance imaging. This study is actively underway 
in the United States.

Conclusions
The Abiomed Impella platform is a group of percutane-
ous or surgically delivered trans- valvular micro axial- 
flow AMCS devices that provide either left or right 
hemodynamic support for indications of high- risk coro-
nary intervention or cardiogenic shock. Operating under 
the pressure head- flow (H- Q) curve, these devices work 
to reduce pressures and volumes within the left or right 
ventricle, decreasing ventricular wall stress, unload-
ing the heart, and increasing circulatory support. Severe 
peripheral vascular disease presents a contraindication to 
device implant; however, in isolated ileofemoral vascu-
lar disease, there are several other commonly employed 
approaches to delivery. Potential complications of the 
Impella platform include hemolysis. There are multiple 
ongoing studies evaluating the utilization of the Impella 
platform for LV unloading and ultimately myocardial 
recovery after AMI.

Disclosures: Dr. Kapur has received research funding from 
Abiomed, Inc. (Danvers, Massachusetts), CardiacAssist, Inc. 
(Pittsburgh, Pennsylvania), and Maquet Cardiovascular, Inc. 
(Rastatt, Germany).
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The Tandem: Life System Device 
Description, Implantation,   
and Clinical Results

DANNY RAMZY AND JOSHUA CHUNG

The TandemLife System, now part of LivaNova, is 
an extracorporeal circulatory assist device sys-
tem that was developed to deliver simplified 

mechanical circulatory support for patients in distress. 
The system features a variety of different platforms which 
are powered by the TandemHeart pump along with the 
Escort Controller. This device can generate up to 5 L/ min 
of blood flow; it is CE (Conformité Européenne) marked 
for up to 30 days and is approved by the Food and Drug 
Administration (FDA) for up to 6 hours.1– 3

The TandemHeart pump is a lightweight (280 grams) 
continuous- flow centrifugal pump that has a priming 
volume of 7 mL (Figure 19.1). The pump contains an 
impeller that is supported by hydrodynamic bearing.4 It 
contains a motor chamber and a blood chamber that are 
separated by a polymeric seal. The brushless direct cur-
rent motor consists of a laminated stack of stainless- steel 
plates wound with copper wire embedded in a heat- 
dissipative epoxy. The rotor, centered in the stator, is 
spun by the motor through an electromagnetic coupling 
and is attached directly to the impeller. Saline flows at 
10 mL/ h through the motor chamber and completely 
surrounds the rotor during operation.5 Life pads in the 
lower housing of the motor chamber provide thrust 
forces to stabilize the rotor in the axial direction. The 
saline flows between a journal and the rotor toward the 
impeller to provide radial stability. The impeller shaft 
passes through the center of the seal. Heparinized saline 
(90,000 U/ L) flows around the impeller shaft- seal inter-
face to flush the area, preventing thrombus formation. 
The impeller contains six blades and rotates between 
3,000 and 75,000 revolutions per minute (rpm) to pro-
vide flow rates from 1 to 8 L/ min.4

19

Figure  19.1. TandemHeart pump is a lightweight (280 
grams) continuous- flow centrifugal pump.
Reproduced with permission of © 2019 CardiacAssist, Inc., All 

rights reserved.
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The Escort is a microprocessor- based controller that drives 
the pump and supplies saline to the pump (Figure 19.2). It 
contains self- diagnostics and alarm features, allowing patient 
support without the need for a constant operator surveil-
lance. The built- in pressure transducer measures the oper-
ating pressure of the infusion system. Alarms are linked to 
changes in the infusion system operating pressure in order to 
alert the user to a problem with the delivery of saline to the 
pump. The infusion system also features an air bubble detec-
tor that monitors for air. The controller has built- in batteries 
that allow for 60 minutes of uninterrupted operation during 
patient transport or in the event of AC power failure. It also 
contains redundant motor control units so that in the event of 
hardware failure the controller will automatically switch to 
an emergency backup mode. Basic pump operation functions, 
including pump start and pump speed control, will continue 
to occur in this situation. The Escort can be mounted on an IV 
pole to facilitate transportation and weighs 21 lbs.

The TandemLife system is a versatile system that allows 
physicians to provide support tailored to the patient’s needs. 
It is the only system that can provide support for patients 
with left ventricular failure, right ventricular failure, biven-
tricular failure, pulmonary failure, or cardiopulmonary 
failure (Figure 19.3). It can be inserted percutaneously or 
via open methods, and can be used in the catheterization 
laboratory to assist with high- risk percutaneous coronary 
intervention (PCI). The system has developed into four 

Figure  19.2. TandemHeart Escort is the controller that 
powers the pump and has built- in alarms and diagnostics.
Reproduced with permission of © 2019 CardiacAssist, Inc, All 

rights reserved.

Figure 19.3. TandemLife Platform. Very versatile pump capable of LV, RV, and BiV support with or without oxygenation.
LV = left ventricle, RV = right ventricle, BiV = left and right ventricle.

Reproduced with permission of © 2019 CardiacAssist, Inc., all rights reserved.
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main platforms:  TandemLife (veno- arterial extracorporeal 
membrane oxygenator [VA- ECMO]), TandemHeart (percu-
taneous left ventricular assist device [LVAD]), Protek Duo 
(percutaneous right ventricular assist device [RVAD]), and 
TandemLung (veno- venous extracorporeal membrane oxy-
genator [VV- ECMO]).

TandemLife
Description

TandemLife is a veno- arterial extracorporeal membrane 
oxygenator (VA- ECMO) system that provides all the nec-
essary components to initiate VA- ECMO. The kit includes 
the following:  (1) TandemHeart Pump; (2)  TandemLung 
oxygenator; (3)  sterile priming basin (pump and oxygen-
ator come pre- connected and packaged in a sterile prim-
ing basin); (4) Protek Solo arterial cannula and (15 or 17 
Fr); (5) Protek Solo venous cannula (24 Fr); and (6) venous 
dilators (14, 18, and 22 Fr). These components are FDA 
approved for up to 6 hours. The focus of the TandemLife kit 
is to provide a simplified approach to initiating a patient 
on VA- ECMO efficiently.

Implantation Procedure

The TandemLife VA- ECMO can be inserted percutane-
ously or open through standard cut- down techniques. 
The femoral artery and vein are identified ideally under 
ultrasound guidance or direct visualization, and wire 
access is gained. A heparin bolus (50– 100 units/ kg) is then 
given. Arterial and femoral venous cannulas are inserted 
using the Seldinger technique. The distal end of the arte-
rial cannula is ideally placed above the bifurcation of the 
aorta. The venous cannula is ideally inserted into the 
right atrium. The sterile priming basin is simultaneously 
used during this time, to prime the TandemHeart pump 
and TandemLung oxygenator. After this is completed, the 
venous and arterial cannulas are connected to the pump 
via a wet- to- wet connection to remove all air from the cir-
cuit. The pump is then connected to the Escort controller, 
and the patient is initiated on VA- ECMO with the speed 
adjusted to provide the desired level of support.

Clinical Studies

TandemLife recently established the platform for VA- ECMO 
in March 2016. However, prior to this, the TandemHeart 
pump and its cannulas have been used for VA- ECMO. 
Clinical studies are ongoing.

TandemHeart
Description

The TandemHeart system is a temporary left ventricular 
assist device (LVAD). It uses a unique transseptal cannula 

that draws oxygenated blood from the left atrium and 
delivers blood to the body via the femoral artery, providing 
a left atrial- to- femoral bypass. The 21 Fr transseptal can-
nula is available in two insertable lengths of 62 and 72 cm 
(Figure 19.4). The TandemHeart system improves hemody-
namic performance and increases end- organ perfusion for 
patients with left ventricular failure.6 The TandemHeart kit 
includes the following: (1) TandemHeart pump; (2) Protek 
Solo transseptal cannula; (3) Protek Solo arterial cannula.

Implantation

The TandemHeart system can be inserted percutaneously 
using transesophageal echo (TEE) and fluoroscopic guid-
ance.7 The femoral vein is accessed, and wire access into 
the superior vena cava (SVC) is achieved. Under fluoro-
scopic guidance, transseptal puncture is then achieved by 
using the Brockenbrough needle and a Mullins sheath, as 
is done during atrial fibrillation ablations or percutane-
ous mitral valve procedures.8 Once the puncture is made 
in the fossa ovalis, heparin is given to achieve a target- 
activated clotting time (ACT) of >250 seconds. Once the 
Mullins sheath has been advanced in the left atrium (LA), 
a stiff wire is placed into the LA. The Mullins sheath is 
then removed, and the TandemHeart 14 Fr /  21 Fr two- 
stage dilator is advanced into the LA. The dilator is then 
removed, and the tip of the 21 Fr cannula is left in the LA. 
The cannula tip contains three radiopaque marker disks 
that can be viewed under fluoroscopy to confirm the posi-
tion of the cannula tip in the LA. TEE is also used to con-
firm placement.

The femoral artery is then accessed percutaneously. Using 
Seldinger technique, a 15 Fr or 17 Fr Protek Solo arterial can-
nula is inserted. Other arterial cannulas can be used as an 
alternative. If the artery is greater than 5 mm, Perclose Devices 
can be deployed to assist in achieving hemostasis following 

Figure 19.4. The TandemHeart trans- septal cannula comes 
in two lengths: 62 cm and 72 cm.
Reproduced with permission of © 2019 CardiacAssist, Inc., all 

rights reserved.
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removal. Once the transseptal and arterial cannulae are in 
place, the pump and the cannulae are de- aired and are con-
nected via a wet- to- wet connection to remove all air from the 
circuit. The pump is then connected to the Escort controller, 
and speed is adjusted according to the patient’s needs.

Clinical Results

Left atrial to femoral bypass was first attempted in 1962 and 
has been investigated for clinical safety by multiple groups 
since that time. Thiele et al.6 reported their clinical experi-
ence of 18 patients following acute myocardial infarction 
(AMI) leading to cardiogenic shock (CS) that underwent 
TandemHeart insertion. In their study, following insertion 
of the TandemHeart, patients’ hemodynamics improved sig-
nificantly. The cardiac index (CI) improved from 1.7 ± 0.3 
L/ min/ m2 at baseline to 2.4 ± 0.6 L/ min/ m2 while on sup-
port (p <0.001). Mean blood pressure increased from 63 ± 8 
to 80 ± 9 mmHg (p <0.001) and pulmonary capillary wedge 
pressure decreased from 21 ± 4 to 14 ± 4 mmHg (p <0.001). 
The survival rate was 56%. The study demonstrated that 
the TandemHeart could help treat patients in CS.

In the United States, the TandemHeart was evaluated for 
safety in a feasibility study consisting of 13 patients with CS 
from five centers.9 The enrollment criteria were broad and 
included CS secondary to AMI in 8 patients, decompensated 
idiopathic cardiomyopathy in 1 patient, decompensated 
ischemic cardiomyopathy in 1 patient, postcardiotomy 
syndrome in 2 patients, and high- risk intervention in 1 
patient. Hemodynamic variables, including CI, mean arte-
rial pressure (MAP), and pulmonary capillary wedge pres-
sure (PCWP), were similarly improved after initiation of the 
TandemHeart. The survival rate was 54%.

Burkhoff et al.1 performed a randomized multicenter trial 
comparing TandemHeart to intra- aortic balloon pump (IABP) 
for patients presenting within 24 hours of developing CS. 
The primary objective was to test whether the TandemHeart 
device provided superior hemodynamic benefits compared 
with the IABP in patients with medically refractory CS. 
The secondary objective was to compare survival 30  days 
after randomization. Patients who had an IABP and still 
met the criteria for CS were eligible for the trial. Forty- two 
patients were enrolled at 12 centers. Patients who underwent 
TandemHeart had significantly greater increases in CI and 
greater decreases in PCWP compared to patients who under-
went IABP insertion. The study, however, demonstrated no 
statistical difference in mortality between the two groups.

Kar et  al.10 reported their clinical experience with 
TandemHeart. In their study, they treated 18 patients (11 in 
CS and 7 undergoing high- risk PCI). The patients in the CS 
group were supported for a mean of 88.8 ± 74.3 hours. The 
high- risk PCI group was supported for 5.5 ± 8.3 hours. The 
overall 30- day survival rate was 61%. Through their experi-
ence, they could demonstrate that the TandemHeart System 
was easy to insert and provided an effective means to sup-
port patients in CS or undergoing high- risk PCI.

The TandemHeart system has also been used as a bridge 
device for patients with heart failure. Tempelhof et  al.11 
reported their clinical experience with 25 patients that 
underwent TandemHeart support. The patients’ presenting 
diagnoses included cardiogenic shock (56%), ST- segment 
elevation myocardial infarction (STEMI) (20%), post- 
cardiotomy (16%), and high- risk PCI or ventricular tachy-
cardia ablation (8%). TandemHeart was used for an average 
of 4.8 ± 2.1 days. Significant hemodynamic improvements 
were seen. TandemHeart was used as a bridge to LVAD 
implantation (44%) or recovery (20%); 30- day, 90- day, and 
long term (>90  days) survival rates were 56%, 52%, and 
36%. Bruckner et al.12 demonstrated that the TandemHeart 
system can effectively be used as a bridge device to support 
patients awaiting heart transplantation. In their experience, 
five heart- failure patients were placed on TandemHeart sup-
port with an average support duration of 7.6 ± 3.2 days. All 
patients were successfully bridged to transplantation and 
had no follow- up deaths, with an average long- term follow- 
up of 8.4 ± 9.9 months.

TandemLung and Protek Duo
Description

The TandemLung system consists of the Tandem pump, 
Protek Duo cannula and TandemLung oxygenator, and 
Voyager Vest (Figure 19.5). The latter component is intended 

Figure 19.5. The TandemLung system includes the pump, 
Protek Duo, TandemLung oxygenator, and the Voyager vest.
Reproduced with permission of © 2019 CardiacAssist, Inc., all 

rights reserved.
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to provide a secure attachment for the TandemLung compo-
nents (pump, oxygenator, and tubing). The Tandem pump 
used with this system is the identical pump described 
previously. The Protek Duo Veno- Venous Cannula Set is 
intended for use as a dual- lumen single cannula for right 
atrium (RA) venous drainage and pulmonary artery (PA) 
reinfusion of blood. The combination of the Protek Duo 
and the TandemHeart pump provides right ventricular 
(RV) support, making the Protek Duo system a temporary 
RVAD. The TandemLung Oxygenator is intended for use 
in an extracorporeal circuit, making the TandemLung a 
VV- ECMO system. In this section we describe the compo-
nents of the system and its implantation, and provide some 
clinical data.

The Protek Duo cannula (Figure 19.6) is placed percu-
taneously via the right internal jugular vein and comes in 
two different sizes (29 Fr and 31 Fr). The 29 Fr Protek Duo 
cannula is a wire- reinforced dual lumen with a 29 Fr proxi-
mal lumen draining deoxygenated blood from the RA to the 
pump while the 16 Fr distal lumen returns the deoxygen-
ated blood to the PA to be oxygenated by the lungs. The 31 
Fr Protek Duo has a 31 Fr proximal drainage lumen and an 
18 Fr distal lumen. Maximum flow across these cannulae 
are 4.5 L/ min and 5 L/ min, respectively. The Protek Duo 
cannula can be used for isolated RV support or as a VV- 
ECMO platform (if hypoxic respiratory failure is present, 
the TandemLung oxygenator can be added to the circuit). In 
the VV- ECMO platform the Protek Duo is typically placed 
across the pulmonic valve as an RVAD/ oxygenator con-
figuration. However, the cannula can be placed such that 
the outflow is in the RA and the inflow is in the inferior 
vena cava (IVC), similar to the Avalon Elite cannula for VV- 
ECMO support.

The TandemLung Oxygenator (Figure 19.7) is used in 
combination with the Tandem pump for oxygenation of the 
blood and for carbon dioxide removal. The device consists 
of a hollow fiber membrane with blood inflow and out-
flow ports and gas inlet and outlet ports. Blood enters the 
center of the fiber bundle, where it is distributed radially 
and uniformly across the fiber bundle by a conical diffuser. 
The compact nature of the device, the orientation of the 
inflow/ outflow ports, and optimized gap sizes on the inlet 
and outlet of the bundle simplify the priming process such 
that only 240 cc of volume is required to prime the oxygen-
ator. This simplified priming process is made even easier 
with the availability of the Tandem priming tray. This tray 
allows for quick and easy priming of the oxygenator and 

pump without the need of a perfusionist. The tandem prim-
ing system is very well suited for non- perfusion- run ECMO 
centers. The TandemLung oxygenator is intended for (and 
approved for) use in an extracorporeal circuit requiring car-
diopulmonary bypass. The TandemLung oxygenator is also 
small and compact in design, allowing it to be placed on the 
patient similar to the tandem pump.

Implantation

The TandemLung and Protek Duo can be inserted per-
cutaneously in either the catheterization laboratory or 
in a hybrid operating room. The right internal jugular 
vein is accessed. Using the Seldinger technique, an 8 Fr 
sheath is placed. Following the placement of the sheath, 
a Swan- Ganz- catheter or preferably a 0.035- inch compat-
ible balloon- tipped wedge catheter is advanced into the 
pulmonary trunk and placed in either the left pulmonary 
artery (LPA) or right pulmonary artery (RPA) under fluo-
roscopic guidance. Following catheter placement, a 0.035- 
inch Lunderquist or Amplatz super- stiff wire is exchanged 
for the catheter and inserted into the pulmonary artery. 
Following this, the sheath is removed. After placement 
of the wires, the patient is heparinized for an activated 
clotting time (ACT) of greater than 300. The jugular vein 
is then serially dilated with the Tandem dilator kit until 
an appropriate size is achieved. When venous dilation is 

Figure 19.6. The Protek Duo cannula comes in two sizes: a 29 Fr and a 31 Fr.
Reproduced with permission of © 2019 CardiacAssist, Inc, all rights reserved.

Figure 19.7. The TandemLung Oxygenator, used in combi-
nation with the Tandem pump for VV- ECMO and VA- ECMO.
Reproduced with permission of © 2019 CardiacAssist, Inc., All 

rights reserved.
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complete, the Protek Duo cannula is advanced under fluo-
roscopic guidance into the PA, ensuring the distal tip is in 
the main PA and the proximal drainage holes are in the RA. 
Placement is confirmed by intraoperative TEE and fluoros-
copy, followed by connection of the proximal (inflow- RA) 
and the distal (outflow- PA) segments to the tubing which 
is passed from the TandemHeart pump. RVAD support 
is then initiated and progressively increased (as needed) 
to a maximum flow of 4.5 or 5 L/ min, depending on the 
Protek Duo cannula used. If oxygenation is required, the 
TandemLung Oxygenator is spliced into the circuit.

Unique Insertion/ Applications

The TandemLife system and cannulae offer unique inser-
tion procedures and applications. The system is extremely 
versatile, and can be used as an LVAD, RVAD, and BiVAD 
(biventricular assist device), with the option of converting 
to VA- , VV- , VVA-  and VAV- ECMO (Figure 19.3). In addi-
tion, the system can be used as an oxygenated LVAD or 
an oxygenated RVAD. Beyond these 10 different configura-
tion options, the system can be placed both percutaneously 
and via open insertion techniques. In many cases, cannula 
placement can be arranged to permit ambulation while on 
support. The following are some examples of strategies 
that have been used to achieve this important objective.

The TandemHeart system can be placed in the axillary 
position to facilitate patient ambulation. The axillary artery 
and vein can be exposed via a right subclavicular approach. 
An 8- mm graft can be sutured to the axillary artery with 5- 0 
Prolene. The arterial cannula is then tunneled through the 
skin and then secured within the graft using a 0 silk tie. The 
pump inflow cannula is then tunneled through the axillary 
vein and into the LA, through direct visualization via a min-
imally invasive thoracotomy approach to facilitate the right 
atriotomy. The advantage of the axillo- axillary approach 
is that the patient can tolerate elevation of the bed to 45 
degrees, and potentially achieve ambulation. Furthermore, 
this approach avoids the potential for ischemic compli-
cations of the lower extremity. The same axillo- axillary 
approach described here as an ambulatory LVAD strategy 
can be utilized for VA- ECMO support if the inflow cannula 
is placed in the RA and a TandemLung oxygenator is used. 
This approach would permit ambulation in VA- ECMO 
patients who would typically be cannulated by groin.

The unique advantages of the Protek Duo result from the 
design characteristics that permit percutaneous insertion 
via the right internal jugular vein. In contrast, the CentriMag 
typically requires an open approach, while the Impella RP, 
despite being percutaneous, requires femoral insertion. 
Compared to the standard two- cannula approach to VV- 
ECMO (neck and groin), the Protek Duo features a single 
access site in the neck, which allows the patient to ambulate 
and participate in regular physical therapy. In comparison 
with the Avalon Elite cannula, the Protek Duo (1) offers RV 

support during VV- ECMO support, (2) avoids recirculation 
and mixing challenges that are frequently seen with the 
Avalon cannula, and (3) potentially can provide greater sta-
bility during ambulation, minimizing even slight position 
changes that can lead to significant impairment in patient 
oxygenation.

Additional innovative cannulation strategies have been 
described. Khalpey et  al. recently described a minimally 
invasive temporary biventricular full- flow support using 
two Protek Duo cannulae. Left- sided support was provided 
by using a modified shortened Protek Duo cannula placed 
transapically and across the aortic valve, draining the LV 
and pumping into the ascending aorta.13

Clinical Data

The advantages of the TandemLife system have only 
recently begun to achieve widespread recognition within 
the MCS community. Consequently, only a small number 
of publications have described clinical experiences with 
the device. Ravichandran et al14 reported on a two- center 
experience using the TandemLife technology in 17 patients 
with RV failure, 12 of whom were post-  LVAD implanta-
tion. In this series, 20% of the patients recovered with a 
complication rate of 30% and an overall survival rate 
of 55%.

The TandemHeart Experiences and Methods (THEME) 
registry is a multi- center, prospective observational registry 
that was developed to study the use of TandemLife prod-
ucts for cardiac and cardiopulmonary support in a real- 
world setting. O’Neill and colleagues (SCAI 2018) recently 
presented the initial findings of percutaneous RV support 
utilizing the Protek Duo cannula within the THEME reg-
istry. In this analysis, 30 patients underwent placement of 
the Protek Duo cannula for RV failure. The mean patient 
age was 54 ± 18  years (range, 18– 83  years), and 67% of 
the patients were male. Medical comorbidities included 
coronary artery disease (43.3%), history of coronary artery 
bypass grafting (10.0%), congestive heart failure (56.7%), 
and chronic obstructive pulmonary disease (6.7%). Patients 
were on 0 (13.3%), 1 (20.0%), 2 (33.3%), 3 (16.7%), or 4 
or more (16.7%) vasoactive medications prior to insertion. 
A  total of 40.0% of patients underwent implantation for 
cardiogenic shock, with an LVAD having been previously 
placed in 46.7% of patients. Device implantation was suc-
cessful in 30/ 30 (100%) of cases. The mean time of sup-
port was 8.7 ± 6.4 days (range, 0.9– 26.1 days) and 75.9% 
patients survived to removal (22/ 29, with one patient still 
on support). Overall survival at 30 days was 72.4%.

Bermudez et  al. (ASAIO 2018)  recently examined the 
initial experience in the THEME registry for RV support 
in 23 post- surgical patients. RV support was needed after 
LVAD implantation in 80% (81.3% early; 18.8% late), post- 
cardiotomy shock (PCS) in 10%, and post- heart- transplant 
failure in 10%. The Protek Duo was successfully placed in all 
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patients, and there were no major complications associated 
with insertion. Mean duration of support was 10.3 ± 6.7 days 
with a mean flow of 3.9 ± 0.8 L/ min. Complications included 
bleeding (25%), infections (10%), and hemolysis (5%). There 
was one cardiac arrhythmia 2  days following insertion, 
requiring amiodarone and cardioversion. Cannula thrombo-
sis occurred after 26 days of support in one patient. Inotropes 
and vasoconstrictors were rapidly weaned after initiation of 
RVAD support. The Protek Duo was successfully removed 
from 17 patients, and 30- day survival was 85% (50% PCS, 
87.5% post- LVAD, and 100% post– heart transplantation).

Conclusion
The TandemLife platform offers a versatile range of options 
for short- term support in the setting of cardiopulmonary 
failure. The Tandem pump can be used for left, right, 
or biventricular support. Cannulation strategies can be 
achieved via either open or percutaneous methods. The 
platform can be easily upgraded with an oxygenator for 
both VA-  and VV- ECMO indications. Further innovative 
strategies to cannula design and insertion may improve the 
ease with which this technology can be used to increase 
cardiopulmonary support, reduce potential complications, 
and further increase the utility of the platform.
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The Abbott CentriMag™ Acute Circulatory 
Support System and the HeartMate 
Percutaneous Heart Pump™ 

DAVID J. FARRAR

Introduction

Several clinical conditions, ranging from cardio-
genic shock to high- risk coronary interventions, 
require short- term, mechanical circulatory support 

systems, placed either surgically or percutaneously.1– 3 In 
addition to the long- term HeartMate II and HeartMate 3 
left ventricular assist systems (LVADs), Abbott currently 
offers two short- term circulatory support systems. The 
CentriMag™ Acute Circulatory Support System includes 
a magnetically levitated centrifugal pump that can pro-
vide left, right, or biventricular support. The HeartMate 
Percutaneous Heart Pump™ (PHP™) is a percutaneously 
introduced catheter pump expandable to 24 Fr after inser-
tion into the LV across the aortic valve. Here, I  briefly 
review these technologies and their clinical applications.

The CentriMag Acute Circulatory 
Support System
The Abbott CentriMag™ Acute Circulatory Support System 
has a magnetically levitated impeller in a centrifugal blood 
pump that provides hemocompatible left and/ or right ven-
tricular support across a range of clinical conditions. The 
full MagLev™ flow technology supports the free- floating, 
magnetically levitated impeller and prevents it from con-
tacting the pump housing, which reduces the shear stress 
that can cause blood trauma. Wide blood- flow pathways 
and the absence of seals, bearings, and valves provide 
hemo- compatibility by minimizing blood turbulence, blood 
trauma, and stasis, which in combination reduce the poten-
tial for hemolysis and thrombus formation. The CentriMag 
is intended for adults; a smaller version, the PediMag, is 

intended for neonates, infants, and small children who 
require less than 1.5 L/ min blood flow (Figure 20.1).

The CentriMag System consists of a disposable single- 
use polycarbonate centrifugal blood pump, a console, a 
motor, a monitor, and a flow probe. The system may be used 
with either the CentriMag Pump or the PediMag Pump. The 
pumps are placed in a motor (Figure 20.2), which provides 
the magnetic fields for actuation.

The basic bearingless centrifugal principle involves an 
impeller that floats and rotates in the magnetic fields of a sta-
tor without touching the pump housing (Figure 20.3). A com-
pact digital signal processor system with a servo amplifier 
allows the impeller location and speed to be precisely regu-
lated. External position sensors actively control the impel-
ler’s radial position. Processor- controlled electronics regulate 
the magnetic fields so that the impeller is always centered.

The CentriMag Console (Figure 20.4) is a microprocessor- 
based device that generates the primary motor control sig-
nal, interfaces with system sensors, generates front display 
outputs, provides alarms, and communicates with the 
monitor. The microprocessor acquires sensor data to gen-
erate operator displays and alarms. Data, system options, 
and menus are displayed graphically on a screen. Operator- 
adjustable alarms and settings are accessible through the 
system menus.

The CentriMag Console operates the same way for 
either the CentriMag or PediMag pumps and has the same 
displays, alarms, and alerts. However, the maximum flow 
range for the CentriMag Pump is 10.0 L/ min (corresponding 
to a maximum pressure head of 600 mmHg), whereas that 
for the PediMag Pump is 1.5 L/ min (or a maximum pressure 
head of 540 mmHg). The blood flow depends on the amount 
of blood entering the pump, the pump speed (in rpm), the 
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extracorporeal circuit resistance, and drainage and return 
blood pressures (Figure 20.5).

The CentriMag Consoles and Monitor are designed to be 
used with a System Cart (Figure 20.6), and the CentriMag 
System transporter is available for patient transport 
(Figure 20.7).

Clinical Applications

Clinical experience with the CentriMag system1,2,4– 10 is 
extensive, with more than 40,000 sold and more than 150 
articles in the literature. Both the CentriMag Blood Pump 
and the PediMag™ Blood Pump have a premarket 510(k) 
clearance from the Food and Drug Administration for up 

to 6 hours of use11 and are indicated for use only with the 
CentriMag Console and Motor to pump blood through the 
extracorporeal bypass circuit for extracorporeal circulatory 
support during cardiopulmonary bypass (up to 6 hours).11 
The Pump is also approved for use in extracorporeal sup-
port systems (for up to 6 hours) for procedures not requir-
ing complete cardiopulmonary bypass (e.g., valvuloplasty, 
mitral valve reoperation, surgery of the vena cava or aorta, 
liver transplants, etc.). Contraindications include patients 
who are unable or unwilling to be treated with heparin or 
an appropriate alternative anticoagulant. Clinical experi-
ence indicates that longer periods of support are reason-
able, and approval for a 30- day indication is being sought.

Figure 20.1. The CentriMag (left) and PediMag (right) blood pumps for adults and children, respectively. Each pump has 
a free- floating, magnetically levitated impeller that prevents it from contacting the pump housing, which reduces shear 
stresses that can cause blood trauma.
Reproduced with permission of Abbott, © 2019. All rights reserved.

Figure 20.2. CentriMag pump with the motor, which provides the magnetic fields that levitate the impeller.
Reproduced with permission of Abbott, © 2019. All rights reserved.
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Figure 20.3. The design of the CentriMag pump showing 
the bearingless centrifugal impeller (in blue) and motor (in 
brown).
Reproduced with permission of Abbott, © 2019. All rights 

reserved.

Figure  20.4. CentriMag Console generates the primary 
motor control signal, interfaces with system sensors, gener-
ates front display outputs, provides alarm functions, and 
communicates with the monitor.
Reproduced with permission of Abbott, © 2019. All rights 

reserved.
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Figure 20.5. Pressure- flow curves for the CentriMag VAS circuit (using Edwards Lifesciences TFM032 and Medtronic 77722 
cannula and 2 ft of 3/ 8- inch ID tubing), for selected pump speeds (rpm).
Reproduced with permission of Abbott, © 2019. All rights reserved.

Figure  20.6. The CentriMag system cart with a Mag 
Monitor, two system consoles, and two motors with 
CentriMag pumps.
Reproduced with permission of Abbott, © 2019. All rights 

reserved.
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A Humanitarian Device exemption allows the 
CentriMag™ RVAD to provide temporary circulatory sup-
port for up to 30 days for patients in cardiogenic shock from 
RV failure. However, its effectiveness for this use has not 
been confirmed in a randomized trial.

The HeartMate Percutaneous 
Heart Pump
The HeartMate Percutaneous Heart Pump (PHP) System 
(Figure 20.8) is a catheter- based heart pump and console 

designed to provide short- term LV support to rapidly sta-
bilize hemodynamics or to maintain adequate cardiac 
output.12 The key feature of the pump (Figure 20.9) is an 
integrated 14 French arterial sheath that is placed through 
the femoral artery. The distal portion of the catheter then 
expands to 24 French after it is inserted into the LV across 
the aortic valve (Figures 20.10 and 20.11). This feature is 
made possible by a collapsible elastomeric impeller and 
cannula that the operator expands during use. The impel-
ler pumps blood from the LV through the collapsible, 
nitinol- reinforced Thoralon™ polyurethane cannula into 
the ascending aorta. At the end of the support period, the 

Figure 20.7. The CentriMag system transporter (77 x 56 x 19 cm) in the univentricular support configuration. Reproduced 
with permission of Abbott, © 2019. All rights reserved.

Figure 20.8. HeartMate Percutaneous Heart Pump System is a catheter- based heart pump and console that can rapidly 
stabilize hemodynamics or maintain adequate cardiac output.
Reproduced with permission of Abbott, © 2019. All rights reserved.
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cannula is re- sheathed, and the catheter pump is removed 
through the initial insertion site. The HeartMate PHP is 
designed to provide more than 4 L/ min flow against a pres-
sure of 60 mmHg (Figure 20.12).

The pump is monitored and controlled through a 
touchscreen on an external console. The console can be 
attached to an IV pole in the non- sterile field or can be 
placed on a flat, non- sterile surface adjacent to the sterile 
field. During operation, the console supplies power to the 
electric motor, controls saline lubrication to the catheter, 
and displays settings and monitoring data. Rechargeable 
lithium batteries provide short- term backup power to 

operate the console for up to 1 hour while not connected 
to AC power.

Clinical Applications

The need for percutaneous mechanical circulatory sup-
port during cardiogenic shock and high- risk coronary 
interventions is well documented.3,13,14,15 The HeartMate 
PHP circulatory support system is intended for short- term 
(approximately 6 hours) use in cardiology and cardiac sur-
gery patients during and after high- risk percutaneous coro-
nary interventions. Other potential clinical applications 
include rapidly stabilizing the hemodynamics of patients 

Figure 20.9. The distal end of the HeartMate percutaneous heart pump system, showing the collapsible elastomeric impel-
ler and cannula mechanism. The catheter is placed percutaneously through an integrated 14 French arterial sheath. After 
insertion into the left ventricle, across the aortic valve, the distal portion of the catheter expands to 24 French.
Reproduced with permission of Abbott, © 2019. All rights reserved.

(A) (B) (C)

Figure 20.10. Insertion of the HeartMate percutaneous heart pump. (A) In the sheath across the aortic valve, (B) partially 
unsheathed, and (C) fully unsheathed during operation.
Reproduced with permission of Abbott, © 2019. All rights reserved.
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with compromised acute or acute- on- chronic ventricu-
lar deterioration from cardiogenic shock, decompensated 
chronic heart failure, and acute cardiomyopathy/ myocar-
ditis. This temporary support could provide sufficient time 
for patients to recover or to decide whether to implement 
advanced surgical management, including bridging to 
long- term LVAD support.

Contraindications for the HeartMate PHP include mod-
erate to severe aortic insufficiency, aortic stenosis, the 
presence of a mechanical aortic valve, aortic dissection, 

and severe aortic or peripheral vascular disease. The 
system received a CE (Conformité Européenne) Mark in 
July 2015 for meeting all the European Union’s medical 
device requirements. Registered clinical trials include 
the Coronary InterventionS in HIgh Risk PatiEnt using a 
Novel Percutaneous Left Ventricular Support Device Trial 
(SHIELD- II) for high- risk percutaneous coronary inter-
ventions (NCT024468778), and a registry for cardiogenic 
shock (NCT02279979).
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Introduction

Modern extracorporeal membrane oxygenation 
(ECMO), also called extracorporeal life sup-
port, is a versatile form of temporary support 

for patients with heart or lung failure. Since its clinical 
use began in the 1970s, the complications and resource 
burden associated with ECMO have markedly decreased. 
Today, this short- term mechanical circulatory support 
option can sustain a patient without major complications 
for many months.1,2

Improvements in ECMO circuits and patient manage-
ment have greatly reduced the rate of device- related com-
plications. Just two decades ago, physicians commonly 
warned families of patients on ECMO that a major compli-
cation (typically bleeding or thrombosis) was likely occur 
in a matter of days. Although major complications con-
tinue to pose risks, their frequency is a fraction of what 
it used to be. Specific advancements in ECMO hardware 
include the following:  the replacement of roller pumps 
with centrifugal pumps; more efficient oxygenator mem-
branes; biocompatible circuit coating; improved cannula 
designs (kink resistance, tapering to facilitate percuta-
neous insertion, improved flow capacity); recognition 
of the need to limit connectors and irregular thrombus- 
generating surfaces; and the increased availability of 
non- invasive monitors (for oxygen saturation, hematocrit, 
flows, etc.).3,4 These improvements in turn have stimu-
lated improvements in practice, including refined anti-
coagulation strategies, reductions in laboratory sampling 
(and thus transfusions and allo- immunization), sedation 
moderation, and more routine patient ambulation and 
physical therapy.

Likely related to the reduced complication rates and 
improved ECMO devices are the substantial increases in 
the number of medical centers performing ECMO and in the 
annual number of ECMO cases reported to the Extracorporeal 
Life Support Organization (Figure 21.1).5 The 2009 H1N1 

influenza epidemic also likely increased interest in ECMO, 
and its growth since then has been sustained.6

In the arena of mechanical circulatory support devices, 
ECMO is notable for its versatility and ease of rapid ini-
tiation. When used in appropriately selected patients and 
properly configured, ECMO can fully support end- organ 
function, allow ambulation and physical rehabilitation, and 
facilitate heart and heart- lung recovery.

Indications and Contraindications
Patient selection in ECMO is critically important. In addi-
tion to a few general ECMO selection criteria, each mode of 
support has its own inclusion and exclusion criteria. The 
selection guidelines presented here are drawn from those 
published by the Extracorporeal Life Support Organization 
and by several established international ECMO programs 
(Figure 21.2).7– 12

Cannulation Strategies
Effective and safe ECMO cannulation requires a thorough 
understanding of ECMO’s effects on physiology and their 
potential complications. The salient points of physiology, 
cannulation configurations, and cannula- related compli-
cations are discussed in the following. More extensive 
background information on ECMO physiology has been 
published elsewhere.13– 15

Veno- Venous Cannulation

In the absence of native lung function, the ECMO circuit 
needs to drain and oxygenate at least 60% of the total 
venous return to reliably achieve peripheral oxygen satura-
tions greater than 91%.16 Therefore, the goal of veno- venous 
(VV) cannulation is to provide sufficient venous drainage to 
the oxygenator so that enough of the total venous return can 
be adequately oxygenated before it enters the right ventricle 
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Figure 21.1. Increase in the use of extracorporeal membrane oxygenation in the United States, 1990– 2015.
Reproduced from Thiagarajan RR, Barbaro RP, Rycus PT, et al., Extracorporeal Life Support Organization Registry International Report 
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Adult Extracorporeal Membrane Oxygenation Patient
Selection Guideline

General ECMO Absolute Contraindications

Respiratory ECMO Patient Selection Criteria Cardiac ECMO Patient Selection Criteria

- Preexistent Terminal diagnosis (life expectancy <6 weeks)
- End-stage (irreversible) Heart/Lung disease AND not likely a transplant candidate or VAD
   candidate
- Catastrophic (non-recoverable) CNS injury

These patients are highly
unlikely to benefit from
ECMO

Comments

Contraindications: Contraindications:

Indications:
Indications:

- High pressure mechanical ventilation for
   ≥7 days prior to ECMO

- Acute on chronic lung pathology and not
   likely transplant candidate

- Contraindications to therapeutic systemic
   anticoagulation

- Baseline frailty

- Bacteraemia with refractory septic shock

- Acute, persistent hypoxia and/or severe

   hypercapnia despite following Refractory

   Hypoxaemia Protocol [hyperlink]

- Progressive chronic hypoxia and/or severe

   hypercapnia AND likely transplant

   candidacy or reversibility

- Cardiogenic shock which is expected to be

   reversible or  as a bridge to transplant or

   MCSD

MCSD = mechanical circulatory support device

- End stage renal disease

- End stage liver disease

- Baseline frailty

- Severe metabolic acidosis (lactate >12
- mmol/L for >12h)

- Aortic dissection
- Aortic regurgitation

- Contraindications to therapeutic systemic
   anticoagulation ECPR Patient Selection Criteria

Absolute Contraindications:

- Unwitnessed Arrest
- Age >65

- Pre-EMS arrest

- Initial rhythm was Asystole

- No flow time ≥5 min
- Estimated low flow (CPR) time ≥60 min before
   initiation of ECMO flow

- ETCO2 ≤10 mmHg during CPR

- Cause of arrest was Hypoxia or Hemorrhage

- Severe peripheral arterial disease

If ECPR, see additional exclusion
criteria below

Figure  21.2. Patient selection guidelines for adults being considered for treatment with extracorporeal membrane 
oxygenation.
Reprinted with permission, ©Extracorporeal Life Support Organization (ELSO), General Guidelines for all ECLS Cases, August 2017.

https://journals.lww.com/asaiojournal/pages/default.aspx
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(about 60% or more, assuming no native lung function) and 
is pumped to the systemic vasculature and organs. During 
VV- ECMO (especially when the patient is awake and ambu-
lating), capillary oxygen saturation can frequently drop to 
80%– 90%, which is acceptable as long as end- organ perfu-
sion is adequate (e.g., blood gases and lactate concentrations 
are normal). Cannula manufacturers provide simulated 
pressure- flow graphs that indicate what type and size of 
cannula might provide a desired ECMO blood flow.17

The most common VV- ECMO cannulation configura-
tions are the following:  a dual- lumen catheter (Avalon, 
Crescent), typically inserted through the right internal jugu-
lar vein; a femoral vein- internal jugular vein configuration 
(drainage through a femoral venous cannula with reinfusion 
through an internal jugular cannula); and a femoral- femoral 
configuration (the drainage cannula inserted through one 
femoral vein and return cannula inserted though the contra-
lateral femoral vein).18

The theoretical benefits of a dual- lumen veno- venous 
catheter are less recirculation and greater ease in mobiliz-
ing the patient.19 However, maximum blood flow is at times 
insufficient because of excessively negative pressures in the 
drainage cannula (even with large 27 F or 31 F cannulas). 
Precise positioning (both in depth and rotation) is required 
to achieve optimal flows with the dual- lumen catheter. The 
dual- lumen, veno- venous catheter is usually placed with 
a percutaneous Seldinger technique with serial dilations. 
We recommend inserting the wire past the right atrium and 
several centimeters into the inferior vena cava under fluo-
roscopic guidance and live visualization when advancing 
the cannula over the guide wire until its tip is 2– 3 cm into 
the vena cava. Without fluoroscopy for this portion of the 
insertion, the guide wire can get unknowingly displaced 

and result in cardiac wall perforation by the dilators or can-
nula and cause bleeding, resulting in cardiac tampanode.20 
Once the cannula is situated with its tip in the inferior vena 
cava and ECMO flows are begun, we recommend adjusting 
and confirming its placement with echocardiography. The 
outflow jet must be pointed directly at the tricuspid valve to 
optimize ECMO flows through the cannula. The Medtronic 
dual- lumen cannula which has been more recently 
released for use has stronger, thinner walls which appear 
to improve flows through the same external diameter, as 
well as improve localization with its inflow/ outflow mark-
ers. For dual- site, veno- venous cannulation configurations 
(femoral- internal jugular or femoral- femoral), the cannula 
tips should be 10– 15 cm apart to minimize recirculation. 
The outflow (oxygenated) cannula tip should be near the 
inferior vena cava– right atrium junction (for femoral can-
nulas) or the superior vena cava– right atrium junction (for 
internal jugular cannulas).

Veno- Arterial Cannulation

Veno- arterial (VA)- ECMO cannulation can be broadly 
divided into central versus peripheral, and open versus 
percutaneous. Open approaches include cut- down for 
peripheral access and sternotomy or mini- thoracotomy for 
central access (Figure 21.3). Central cannulation typically 
allows greater ECMO blood flows, access for left ventricular 
decompression if necessary, and the option of cannula tun-
neling to allow chest closure if the ECMO run is expected 
to be prolonged (e.g., bridge to transplant).21,22 Peripheral 
cannulation is generally associated with less hemorrhage, 
more rapid cannulation, and the ability to cannulate at the 
bedside. Most non- post- cardiotomy VA- ECMO involves 
femoral- femoral cannulation.

Figure 21.3. Central VA- ECMO cannulation.
Reprinted with permission ©Mayo Foundation for Medical Education and Research.
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Practitioners in many different medical and surgical 
specialties have developed the catheter- based skills needed 
to perform percutaneous cannulation.23,24 The foundation 
of successful and safe percutaneous cannulation is profi-
ciency in acquiring and interpreting ultrasound images. 
Dynamic ultrasound evaluation is necessary to assess the 
relevant anatomy and to choose the appropriate cannula 
sizes. Before vessel dilation, the presence of the guide wire 
should be confirmed in the intended vessel (i.e., one femo-
ral artery, one femoral vein). The position of the guide wire 
in either the central venous system or arterial system can be 
confirmed with either fluoroscopy or echocardiography. For 
percutaneous insertion, ultrasound guidance is also critical 
for locating the superficial femoral artery so that the arterial 
puncture and dilation occur proximal to this point on the 
common femoral artery.

Cannulation- Related Complications

Peripheral ECMO cannulation results in limb ischemia 
requiring intervention in 13% to 33% of cases.25,26 The 
most common cause of limb ischemia is obstructed blood 
flow through the femoral artery to the limb distal to the 
cannulation site. Because limb ischemia is so common, 
several interventions have been developed to reduce it 
(Table 21.1). Marginal perfusion of a limb may be worsened 
by concomitant venous obstruction, so cannulating both 
the femoral artery and femoral vein of the same leg should 
be avoided, if possible. During extracorporeal cardiopul-
monary resuscitation, one option to prevent obstruction is 
to first rapidly cannulate the artery with a relatively small 
arterial cannula (e.g., 15 F). After resuscitation flows are 
begun (and coronary catheterization is completed, if indi-
cated), the arterial cannulation can be revised by adding a 
distal perfusion catheter or semi- elective converting open 
conversion to a chimney graft.27,28

Differential hypoxemia, also referred to as Harlequin 
syndrome, occurs when poorly oxygenated blood is ejected 
from the LV, despite the patient being on ECMO.29 This 
syndrome is most common during peripheral VA- ECMO, 
when native cardiac function is preserved but native pul-
monary function is diminished. The hypoxemic blood then 
perfuses part or all the aortic arch (potentially including 
the vertebral and carotid arteries). Therefore, during all 
VA- ECMO cases, we recommend monitoring capillary oxy-
genation and arterial blood gases in the right arm, which 
is supplied by the most proximal aortic branch. Rarely, VA- 
ECMO blood flow may perfuse nearly the entire aortic arch, 
including the right arm, while a small amount of hypox-
emic blood perfuses the coronary arteries. This uncommon 
situation manifests as normal peri- oxygen saturations and 
arterial blood gases with unexplained acute global cardiac 
dysfunction.

Differential hypoxemia can be treated by increasing 
ECMO blood flows (which reduces the venous return that 

the native heart has to eject), connecting another venous 
catheter to the arterial side of the ECMO circuit (a venous- 
arterial- venous [VAV] configuration), converting to VV- 
ECMO (depending on underlying cardiac function), or 
converting to central VA- ECMO.22,30 Central VA- ECMO 
greatly reduces the chances of a proximal arch hypoxemia 
but does not completely eliminate this risk.

With profound cardiac dysfunction in VA- ECMO, the 
failing heart may not be able to effectively eject against the 
systemic afterload imposed by the arterial ECMO flows. 
This condition results in inadequate LV decompression 
and increased LV end- diastolic pressure (LVEDP), which 
can result in left atrial hypertension, pulmonary edema, 
and increased LV wall tension. Increased LVEDP and LV 
wall tension decrease coronary perfusion and increase LV 
oxygen consumption, respectively, and therefore can mark-
edly impede myocardial recovery. Additionally, poor left 
heart decompression can lead to relative intracardiac blood 
stagnation, which can result in devastating intracardiac 
thrombosis.31 The risk is particularly high in the setting 
of intracardiac prosthetic material, such as a repaired or 
replaced valve.

Table 21.1 •  Interventions for Preventing Limb Ischemia 
Related to Peripheral Extracorporeal 
Membrane Oxygenation

Intervention Notes

Adding an appropriately 
sized arterial cannula

Ultrasound is helpful in 
properly sizing the cannula.

Venous cannula size, not the 
arterial cannula size, is 
usually the flow- limiting 
component of the ECM 
circuit.

Placing a distal perfusion 
cannula

Commonly, a 5 F to 9 F catheter 
is placed in the superficial 
femoral artery or posterior 
tibial artery.

Distal perfusion catheter can be 
connected to arterial limb of 
the ECMO circuit.

Replacing a femoral cannula 
with an end- to- side 
(“chimney”) graft

No intra- arterial cannula 
obstructs distal limb 
perfusion.

Placing contralateral femoral 
arterial and venous 
cannulas

Venous obstruction can worsen 
marginal limb perfusion 
caused by an arterial cannula.

Distal limb tissue perfusion 
monitoring

May help detect limb ischemia 
earlier

Distal limb arterial Doppler 
ultrasound monitoring

May help detect limb ischemia 
earlier

Epoprostenol infusion Improves limb perfusion through 
vasodilation
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Reported methods for improving LV decompression 
during VA- ECMO include placing an LV vent (with open 
surgery, through either the right superior pulmonary vein 
or the LV apex), percutaneous atrial septostomy, placing an 
LV assist device (e.g., an Impella), draining the pulmonary 
arterial catheter, and placing a percutaneous retrograde 
trans- aortic catheter.31,32 Increasing VA- ECMO flows may 
improve LV decompression by reducing venous drainage 
to the heart, but the reduction is not always sufficient for 
successful LV decompression, given ongoing bronchial and 
coronary venous drainage into the heart.

Outcomes
Because ECMO complications have become less frequent, 
modern outcomes with ECMO are driven primarily by the 
underlying indication for ECMO and patient comorbidities. 
In other words, the disease process that prompted starting 
ECMO, in the context of the patient’s other comorbidities, 
is the primary determinant of death. If the underlying dis-
ease eventually resolves with time (e.g., viral myocarditis), 
then using ECMO to support the patient until the disease 
resolves should lead to a favorable outcome. If the underly-
ing disease is progressive and fatal without transplantation 
or placing a ventricular assist device, then ECMO in itself 
will result in failure (Table 21.2).5,11,12,33– 40

Although most outcome data are for survival, data for 
other important outcomes, such as quality of life and neuro-
logic status, are emerging.37,41 In the setting of cardiac arrest, 
neurologic outcomes are more clinically relevant than 
mere mortality outcomes afterExtracorporeal cardiopulmo-
nary resuscitation (ECPR) . In their review of 406 patients 
with in- hospital cardiac arrests treated with ECPR, Shin 
et al. reported that survival to hospital discharge was 34%, 
with only 28% of all patients discharged with a Cerebral 
Performance Category (CPC) score of 2 or lower.42 The 

CHEER trial (mechanical CPR, Hypothermia, ECMO, and 
Early Reperfusion) reported more favorable outcomes, with 
54% (13/ 24) of their ECPR patients having a CPC score of 2 
or less.11 Similarly, the Minnesota Resuscitation Consortium 
reported 50% (9 of 18)  survival to discharge with a CPC 
score of 2 or less.12 The referenced articles outline the dif-
ferences in the selection criteria used and protocol- driven 
early interventions used in both the CHEER trial and in 
Minnesota Resuscitation Consortium study.

A under- appreciated determinant of outcomes in ECMO 
is the cannulation strategy. The cannulation strategy must 
provide adequate blood flow to support end- organ function 
and promote heart or heart- lung recovery without compro-
mising regional perfusion (e.g., resulting in limb ischemia 
or differential hypoxemia).43

Many other comorbidities influence ECMO outcomes, 
just as they affect mortality outcomes in other critically 
ill patients. Many of these comorbidities are incorporated 
into the selection criteria outlined in the earlier section 
“Indications and Contraindications.” These comorbidities 
not only increase the risk of mortality and morbidity during 
ECMO, but also can reduce patients’ rehabilitation potential 
after ECMO treatment.

Referral Networks
The association between ECMO case volumes and patient 
outcomes is clear. Although the total annual number of 
ECMO cases has increased markedly, the number of annual 
cases at any one ECMO center can be low.5 The risk of mor-
tality in adults treated with ECMO at high- volume centers 
(≥30 cases per year) is significantly lower (adjusted OR, 
0.61; 95% CI, 0.46 to 0.80) than the risk at low- volume cen-
ters (≤5 cases per year).44

Based on case volume and outcome data and the intensity 
of care required for successful ECMO care, consensus posi-
tion papers recommend organizing ECMO care into a hub- 
and- spoke model.8,9 Local or regional low- volume referral 
centers that can offer ECMO should work closely with com-
prehensive, high- volume ECMO centers as soon as possible 
when considering candidates for ECMO. Key decisions made 
before and during ECMO treatment— particularly patient 
selection and cannulation configuration— can greatly affect 
outcomes. Therefore, the ECMO team at a comprehensive 
care center can advise on patient selection before treatment 
and thus minimize the risk of ECMO- related complications.

Conclusion
As a versatile option for full cardiopulmonary support, 
ECMO treatment can be delivered for hours to months. 
The associated cannulation configurations must account 
for the underlying pathophysiology to support end- organ 
circulation and to facilitate heart and heart- lung recovery. 

Table 21.2 •  Survival to Hospital Discharge in Adults 
Treated with Extracorporeal Membrane 
Oxygenation

Indication for Treatment 5,11,12,33– 40

Survival to Hospital 
Discharge, %

Post- cardiotomy 25 to 36

Cardiac (Including after cardiotomy) 39 to 41

Viral myocarditis 62 to 67

Acute myocardial infarction 40 to 47

Massive pulmonary embolism 46 to 95

Respiratory 60 to 61

Extracorporeal cardiopulmonary 
resuscitation

22 to 54
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Proper patient selection and preventing, detecting, and 
treating complications can substantially improve patient 
outcomes. Although our collective ECMO experience, 
knowledge, and technological advancements have greatly 
improved outcomes, the overall intensity of ECMO care 
requires that it be provided in close coordination with a 
comprehensive ECMO referral center.
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The Berlin Heart Ventricular 
Assist Devices 

LUCIAN A. DURHAM III

Introduction

Options for support of the failing heart with 
mechanical circulatory support devices has seen 
unprecedented growth in the past few years as 

the technology and increasing experience, both with 
implantation and management, have led to survival rates 
rivaling orthotopic cardiac transplantation in adults. 
However, due to the small market for pediatric support, 
the DeBakey VAD® Child (MicroMed Technology, Inc., 
now Reliant Heart, Inc.) was approved by the US Food 
and Drug Administration (FDA) for use in children with 
BSA >0.7m2. That left veno- arterial extracorporeal mem-
brane oxygenation (VA- ECMO) as the only viable option 
for short-  to intermediate- term support of infants and 
small children with refractory heart failure , despite 
substantial risks and complications associated with this 
strategy.1– 3 Simultaneously, growth of the pediatric heart 
transplant waiting list resulted in wait times of more 
than 100  days with an associated 23% wait- list mortal-
ity rate.4,5 The lack of options for caring for this cohort 
of children led surgeons in the United States to turn to 
the Berlin Heart EXCOR® (Berlin Heart GmbH, Berlin, 
Germany), a pulsatile ventricular assist device (VAD) 
which had been granted CE (Conformité Européenne) 
Mark in Europe in 1996, requesting compassionate use 
through the FDA’s regulations allowing use of investi-
gational drugs/ devices for patients with life- threatening 
conditions.6 In the European study, Hetzer et al. were able 
to demonstrate stable circulatory support in children over 
3 kg for greater than 400 days.7 The first pediatric patient 
was implanted with the Berlin Heart EXCOR in 2000, and 
experience and demand finally led to Investigative Device 
Exemption (IDE) conditional approval in 2007 and final 
Humanitarian Device Exemption (HDE) approval in late 
2011, despite numerous US regulatory hurdles.8

The Berlin EXCOR® Device
The Berlin Heart EXCOR® is a pneumatically driven, 
extracorporeal ventricular assist device that is suitable 
for use in left ventricular assist device (LVAD), right ven-
tricular assist device (RVAD), and biventricular assist 
device (BiVAD) configurations. The system consists of 
the Blood Pump, inflow and outflow cannulae, and the 
Ikus® Electropneumatic Drive Unit. The Blood Pumps are 
polyurethane construction with air and blood chambers 
divided by a polyurethane membrane; they come in 10, 25, 
30, 50, 60, and 80 cc displacements to accommodate neo-
nates >3 kg to adults (Figure 22.1).

The Blood Pump has inflow and outflow arms with 
trileaflet polyurethane valves to maintain direction of flow 
in the positive displacement device. All blood interface 
surfaces, including valves, are bonded with the Carmeda® 
BioActive Surface (Carmeda, Upplands Väsby, Sweden) 
thromboresistant surface coating. A  nipple on the blood 
chamber side of the pump facilitates de- airing of the device 
at implant. The air chamber side of the pump contains the 
connector for the pneumatic driveline, which connects the 
device to the Ikus® Drive Unit that provides the pressure to 
move the triple- layer membrane. Friction is minimized by 
a layer of graphite powder on the air chamber side. Blood 
Pump size is dependent upon patient weight and expected 
output (Figure 22.2).

Three types of cannulae are available, two inflow and 
one outflow, allowing for various configurations of the 
device according to the anatomic and physiologic needs of 
the patient. Atrial and ventricular apical inflow cannulae 
are available in various sizes, as is the arterial outflow can-
nula; all are silicone construction with an integrated Dacron 
cuff at the insertion sites to facilitate suture stabilization 
of the cannula to the LV apex or atrium (inflow) and aorta 
(outflow). The cannulae also have a Dacron sleeve distally 
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that promotes tissue ingrowth in the subcutaneous tunnel, 
providing a barrier to infection and preventing migration 
and tension on the cannula as the patient mobilizes postop-
eratively. Both the atrial and arterial cannulae are angled to 
reduce tension on the insertion site while the apical ventric-
ular cannula is a straight, open- tipped design (Figure 22.3).

The Ikus® Electropneumatic Drive Unit (Figure 22.4) 
provides both driving pressure and suction for the blood 
pumps. Compressed air moves the pump membrane into 
its end- systolic position, which ejects blood into the arte-
rial circulation under positive pressure. Negative pressure 
is then created in pump diastole to assist in the filling of 
the pump. The driving unit contains the compressor and 
electronic components, as well as a laptop computer that 
serves as the interface to the operator. The Ikus® has three 
separate compressor systems that operate independently, 
providing redundancy for safety. One compressor system 
is required for each blood pump (right or left heart), with 
the third serving as an emergency backup. In the case of 
malfunction of one unit, the backup will take over automati-
cally without delay. If the two units fail simultaneously, the 

third unit will take over to operate both pumps with a pump 
rate of 90 beats/ min. The pressure and vacuum cylinders 
are controlled by two redundant internal computers with 
an internal battery can provide power for up to 1 hour. In 
emergency situations, the system is equipped with a man-
ual pump (mounted on the Ikus) which can be used to tem-
porarily drive the blood pump(s).

The maximum positive driving pressure of the system 
is 350 mmHg with a maximum negative driving pressure 
of −100 mmHg. Higher pressures are needed to overcome 
the resistance of the smaller pediatric cannulae. The pump 
rate can be adjusted between 30 and 150 beats/ min and 
the relative systolic duration from 20% to 70%. The sys-
tem may be operated in single or biventricular modes. 
Additionally, the biventricular mode can be set to “syn-
chronous” mode in which both pumps fill and eject simul-
taneously, or “asynchronous” in which the right and left 
pumps operate completely independent of one another. 
Patients supported with the Ikus® stationary driving unit 
must remain as inpatients. Suggested intraoperative set-
tings for initiation of the pump for LVAD and/ or RVAD 

Figure 22.1. The Berlin Heart EXCOR device is available in a variety of size ranges to accommodate the pediatric population.
Reproduced with permission of © 2019 Berlin Heart, All rights reserved.
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are systole 120 mmHg, diastole −2.5 mmHg, rate 30 beats/ 
min, percentage of systole 40% parameters. Weaning from 
cardiopulmonary bypass is accomplished while monitor-
ing pump membrane movement. The suggested settings 
for LVAD are systole 180 to 240  mmHg, and for RVAD 
are systole 120 to 160 mmHg; diastolic pressure for both 
right and left devices is −30 to −50 mmHg with percent-
age of systole 35% to 50%. The final rate is dependent on 
patient weight and pump size. Movement of the membrane 
in the blood chamber, as well as the patient’s clinical and 
hemodynamic status, dictates any adjustment of the oper-
ating parameters. It is paramount to adequately assess the 
membrane, ensuring that it is smooth with both filling and 
ejection. A membrane that appears wrinkled during filling 
is likely due to hypovolemia; volume replacement should 
be the primary treatment prior to adjusting settings. Other 
causes for a wrinkled membrane in filling include inflow 
cannula obstruction, cardiac tamponade, or severe RV fail-
ure with LVAD support only. A wrinkled membrane during 
ejection requires prompt attention, as incomplete ejection 
results in blood stasis and thrombus formation. Causes 
include high afterload, outflow obstruction, or insufficient 
pump systolic pressures.

The Ikus® stationary unit is constantly monitoring the 
internal drivers, computer, power supply, and battery. 
Dysfunction of any of these systems will result in an audi-
tory alarm as well as a message on the laptop computer. 

The Ikus® monitors the pump membrane movement 
indirectly through air movement in the driveline. Only 
acute changes will result in an alarm, such as kinking of 
cannula, pump thrombosis, or other outflow obstruction, 
rather than slow gradual changes that may not be detected 
by the system such as cardiac tamponade or increased 
afterload. With any major system failure, the Ikus® will 
automatically switch to its backup systems and alarm 
accordingly.

The EXCOR® mobile driver is a piston pump that pro-
vides full stroke volume for the 60-  and 80- cc pumps under 
normal hemodynamic conditions. This allows some ado-
lescent and adult patients to be managed in an outpatient 
setting following a suitable period of inpatient management 
on the Ikus® stationary driver. The mobile driver is not 
intended to be used for initiating therapy intraoperatively 
or in the initial postoperative period. Initial criteria for out-
patient care include the following: underlying cardiac func-
tion that would support perfusion and blood pressure for at 
least 10 minutes without external assistance if the mobile 
driver failed; the patient has received adequate training on 
the use of the mobile diver and is capable of carrying out 
the operating functions; and the patient is able to maintain 
adequate hydration.

Figure 22.3 A variety of cannula options are available for 
implantation of the Berlin Heart EXCOR.
Reproduced with permission of © 2019 Berlin Heart, All rights 

reserved.

Figure 22.4. The IKUS Drive Unit.
Reproduced with permission of © 2019 Berlin Heart, All rights 

reserved.
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Investigational Device Clinical 
Study (IDE) and Post Market 
Analysis (PMA)
Conformité Européenne (CE) Mark approval and contin-
ued requests for compassionate use of the device led the 
FDA and Berlin Heart to recognize the need for a clinical 
trial to assess the safety and efficacy of the system. One 
of the major hurdles in designing such a study was the 
lack of comparable devices for the pediatric population. 
It was commonly felt that randomization of the EXCOR® 
against VA- ECMO was inappropriate due to the time con-
straints and limitations of ECMO. Therefore, an appropri-
ate historical control group was identified and a clinical 
protocol was developed under the FDA’s Humanitarian 
Device Exemption (HDE) pathway to allow for a multi-
center prospective clinical trial enrolling patients listed 
for orthotopic cardiac transplantation who required left or 
biventricular support for survival to transplantation. Four 
cohorts from 0 to 16 years of age were used in the study; 
Cohort 1 had BSA <0.7 m2, Cohort 2 had BSA >0.7 m2, 
Cohort 3 included ongoing compassionate use requests 
from site not enrolled in the primary study, and Cohort 
4 was the historical control group. A total of 204 patients 
were implanted during the study period (June 2007– 
December 2010), 48 in the primary cohorts (Cohorts 1 and 
2). Both safety and efficacy primary end points favored 
EXCOR® patients over matched ECMO and historic con-
trol groups. Of 204 children supported with the EXCOR, 
the median duration of support was 40 days (range 1 to 
435 days). Survival at 12 months was 75%, including 64% 
who reached transplant, 6% who recovered, and 5% who 
were alive on the device. Multivariable analysis identi-
fied lower weight, BiVAD support, and elevated biliru-
bin as risk factors for early mortality. The most common 
adverse events were major infection (62.5%), systemic 
hypertension (50%), major bleeding episode (41.7%), 
and neurologic event (29.2%).8 The FDA Advisory Panel 
voted unanimously in favor of device approval. The FDA 
followed the panel’s recommendation and granted condi-
tional HDE approval of the EXCOR Pediatric on December 
16, 2011. Indications and contraindications are outlined 
in Table 22.1. Approval was conditional upon Berlin Heart 
conducting a Post Market Analysis to determine if safety 
and efficacy of the device in the 17 IDE study sites was 
similar in the commercial setting. The 2015 Post Approval 
Study (PAS) demonstrated that clinical results to primary 
outcome (death, transplant, or successful wean) were met 
by all patients. Survival was 70% with a reported seri-
ous adverse event (SAE) rate of 0.02/ pt. days of support 
(compared to 0.07/ pt. days of support in the IDE study 
(p <0.0001). The stroke rate remained about 30% in both 
phases of the PAS. Thus, the PAS summarized that sur-
vival following transplant or successful wean was high 

and that there was a statistically significant improvement 
in functional outcomes from baseline to 12 months post- 
transplant or explant. Also, subjects who survived to trans-
plant following cerebral vascular accident (CVA) were 
improving or doing well according to Pediatric Stroke 
Outcomes Measure (PSOM).9 A  2016 Medical Device 
Report (MDR) noted that the injury and malfunction MDRs 
related to CVA, membrane defects, and driving tube leaks 
were similar to reported events in the previous year and 
the IDE.

Pump Configuration Strategy
Developing a strategy for pump configuration should start 
long before entering the operating room. Evaluation of 
right ventricular function by transthoracic or transesoph-
ageal echocardiography and right heart catheterization 
should take place as part of the pre- implantation evalu-
ation. Ascites, hepatic and renal failure, in addition to 
other manifestations of systemic venous congestion (CVP 
>20  mmHg), will also factor into the decision of LVAD 
versus biventricular support. In the face of mild to mod-
erate RV dysfunction, assessment of the right ventricle 
may be repeated following implantation of the left- sided 
device, and implantation of the right- sided device is rec-
ommended if the cardiac index remains <2 L/ min/ m2 or 
the central venous pressure (CVP) remains elevated above 
15  mmHg following optimal medical management. The 
single most important predictor of patient mortality on 
EXCOR® support was the degree of end- organ dysfunction, 
specifically renal and hepatic dysfunction, at the time of 
VAD implantation.10 Delay in implanting a device so that 
hepatorenal or right ventricular function has significantly 
deteriorated increases the risk of mortality on EXCOR® 
support.

Pump Exchange
Pump exchange may be required in the event of a leak in 
the blood pump membrane. This is typically associated 
with blood on the pneumatic side of the blood pump or 
development of a significant clot or fibrin burden. This can 
normally be undertaken in the ICU without the need for 
moving to the operating room. The chest and abdomen, 
along with the blood pumps and exteriorized cannulae, are 
prepped and draped in the normal sterile fashion. Then, 
with the child sedated, the pumps can be rapidly clamped, 
disconnected, and new primed pumps connected. Care 
should be taken when engaging the new blood pump with 
the cannula as the metal edge on the pump can cut into the 
cannula, allowing for leakage or air entrainment. Once the 
new pumps are connected, several test ejections are under-
taken to ensure the integrity of the pump/ cannula interface 
prior to recommencing full flow support.
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Anticoagulation Strategies
Bleeding, thrombotic complications, and stroke remain the 
most challenging and frequent causes of morbidity and mor-
tality in pediatric patients supported with the Berlin Heart 

EXCOR®. Morbidity and mortality rates range from 30% to 
42%, with infants <5 kg having worse outcomes.8,10 Stroke 
still affects 30% of patients supported with the EXCOR® as 
bridge to transplantation. An association between inflam-
mation and thrombotic or hemorrhagic complications 

Table 22.1 •  Inclusion/ exclusion criteria for the Berlin Heart EXCOR IDE clinical study

Inclusion criteria

•   Severe NYHA functional class IV (or Ross class IV) heart failure refractory to optimal medical therapy and satisfies at least 1 of the 
following criteria:

•   INTERMACS profile status 1 or 1A (critical cardiogenic shock), ECMO support or unable to separate from cardiopulmonary 
bypass

•   INTERMACS profile status 2 or 2A (slow progressive decline) as defined by a decline in: renal function (50% reduction in 
GFR after optimization of volume status), nutritional status (sustained inability (≥7 days) to meet 75% of prescribed energies 
or physical signs of nutritional compromise (e.g. cachexia) despite appropriate intervention), or sustained bed confinement 
(≥7 days) due to heart failure or its treatment

•   Listed UNOS status 1A or equivalent for HT

•   Two- ventricle circulation (eg, cardiomyopathy or congenital heart disease such as repaired anomalous left coronary from the 
pulmonary artery)

•   Age 0- 16 years and weight 3- 60 kg

•   BSA: cohort 1 <0.7 m2, cohort 2 0.7- 1.5 m2

•   Legal guardian able to provide informed consent

Exclusion criteria

•   Weight <3.0 kg or >1.5 m2

•   Unfavorable cardiac anatomy including

•   Technically challenging anatomy including single- ventricle lesions, restrictive cardiomyopathy, apical VSD or other 
hemodynamically significant lesion considered technically challenging to repair by the PI

•   Presence of a mechanical aortic valve or moderate or severe aortic or pulmonary valve insufficiency

•   Evidence of intrinsic renal disease (serum creatinine >3× ULN for age) unless caused by acute heart failure in judgment of PI (i.e., 
reversible)

•   Evidence of intrinsic hepatic disease (total bilirubin, AST/ ALT >5× ULN for age) unless caused by acute heart failure (reversible) in 
judgment of PI

•   Evidence of intrinsic pulmonary disease (eg, chronic lung disease or respiratory distress syndrome) requiring chronic ventilation 
unless caused by acute heart failure and reversible in judgment of PI

•   ECMO support >10 days or CPR for >30 minutes within 48 hours of VAD implant

•   Stroke within the past 30 days or congenital CNS malformation associated with bleeding (eg, AVM moya moya)

•   Documented coagulopathy (eg, factor VIII deficiency, DIC, factor V Leiden mutation, or HIT) or hematologic disorder causing 
fragility of blood cells or hemolysis (eg, sickle cell disease)

•   Active infection within 48 hours of implantation defined by a positive blood culture or temperature >38°C and WBC >15000

•   Documented HIV infection or life- limiting malignant disease

•   Psychiatric or behavioral disease with high likelihood for noncompliance

•   Pregnant or breast feeding

•   Participating in another investigational device or drug study

Abbreviations: NYHA= New York Heart Association; GFR= glomerular filtration rate; ULN= Upper limit of normal; VSD= ventricular septal defect; AST= 
aspartate aminotransferase; ALT= alanine aminotransferase; PI= Principal Investigator; CNS= central nervous system; AVM= arteriovenous malformation; 
DIC= disseminated intravascular coagulation; HIT= heparin- induced thrombocytopenia; CPR= cardiopulmonary resuscitation; WBC= white blood cell.
Reprinted from the Almond CS et al., Berlin Heart EXCOR Pediatric ventricular assist device Investigational Device Exemption study: study design and 
rationale, American Heart Journal 2011;162:425– 435, Copyright (2011), with permission from Elsevier.
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was studied in the population supported with the Berlin 
Heart EXCOR® and some survival benefit was established 
by employing a steroid protocol.11,12 Current monitoring 
of anticoagulation/ antiplatelet therapy can be performed 
using activated clotting time (ACT) as is traditionally used 
for ECMO, as well as anti– factor Xa for unfractionated 
heparin level (UFH), international normalized ratio (INR), 
thromboelastography (TEG), and platelet mapping. While 
there is considerable variation in antithrombotic protocols, 
the protocol originally recommended by Berlin Heart has 
remained frequently employed 8 Two additional antithrom-
botic guidelines are the Edmonton and Stanford guidelines 
for the Berlin Heart EXCOR® which are compared in Table 
22.2. The key difference between the two rested on the 
administration of triple antiplatelet drugs in the Stanford 
guidelines which appeared, in the initial small cohort trial, 
to lessen the incidence of stroke.13 A recent meta- analysis 
covering a 17- year period found that programs using the 
Berlin Heart EXCOR® almost universally anticoagulated 
with heparin postoperatively, then transitioned to low 
molecular weight heparin and warfarin. Antiplatelet regi-
mens included Dipyridamole and aspirin, though dosage, 
timing, and monitoring were different.14

No anticoagulation is administered in the first 48 hours, 
then provided the patient is hemodynamically stable and 
there are no concerns for hemostasis, the antithrombotic 
protocol of choice is commenced, and when the patient is 
taking oral feeds, aspirin is started along with additional 
antiplatelet therapy. TEG with Platelet mapping is usu-
ally performed twice weekly thereafter to monitor hepa-
rin and aspirin effect. Starting in the postoperative phase 

and carrying forward, the blood pump(s) are frequently 
inspected for thrombus, with particular attention being paid 
to the polyurethane valves which are subject to thrombus 
forming behind the valve leaflets where blood tends to stag-
nate Enoxaparin is used for long- term anticoagulation while 
the patient is hospitalized awaiting cardiac transplantation. 
In the event of significant thrombus or fibrin burden, early 
consideration must be given to device exchange.

Bleeding and Cerebrovascular 
Events
Management of antithrombotic therapy is difficult in the 
pediatric population, particularly so in pediatric VAD 
patients. Those supported on the Berlin Heart EXCOR® 
have a 50% incidence of major bleeding, and 28% expe-
rience a cerebrovascular event.8,10 Bleeding diatheses 
included GI bleeding, intracranial hemorrhage, and sur-
gical site bleeding necessitating re- exploration. A  recent 
study evaluating the association between hematologic 
and inflammatory markers with respect to thrombosis or 
hemorrhage in patients supported with the Berlin Heart 
EXCOR® concluded that patients presenting with throm-
botic events tended to weigh less than those with predomi-
nately hemorrhagic events.12

While there is limited neurological outcomes data 
in pediatric patients supported with the Berlin Heart 
EXCOR®, some data suggest that the incidence of cerebro-
vascular events is highest in the immediate postoperative 
period and lower in programs with significant institutional 

Table 22.2 •  Comparison of Anti- Thrombotic Therapy Targets in the Edmonton and Stanford Anti- Thrombotic Guidelines 
for the Berlin Heart EXCOR Pediatric VAD

Edmonton Guideline Stanford Guideline

Anticoagulant Enoxaparin (anti Xa 0.6 to 1.0) Same

Aspirin Titrated to AA inhibition of >70% by TEG/ PM Titrated to a weight- based dose of 30 mg/ kg/ 
day (maximal dose 2,000 mg/ day)

Dypiridamole (Persantine) Titrated to an ADP Net G 4 to 8 or ADP 
inhibition>70% by TEG/ PM

Titrated to a weight- based dose of 15 mg/ 
kg/ day

Clopidogrel (Plavix) No recommendation 0.2 mg/ kg/ day (starting) titrated to a fixed 
dose of 1 mg/ kg/ dose once daily

Prednisone No recommendation As needed for fibrinogen >600 mg/ dl or 
other signs of inflammation (fever, rise 
in CRP)

Abbreviations: AA = arachidonic acid; ADP = adenosine diphosphate; CRP = C- reactive protein; PM = platelet mapping; TEG = thromboelastography; 
VAD = ventricular assist device.

Net G is calculated by subtracting the percent inhibition of ADP from 100%, dividing by 100, and multiplying the value by the baseline G from the 
citrated specimen activated with kaolin in the presence of heparinase.

Antiplatelet therapy and steroids titrated primarily to achieve an MA value of between 55 and 65 mm using a citrated specimen activated with kaolin in 
the presence of heparinase.

Reprinted from the Rosenthal DN et al., Impact of a modified anti- thrombotic guideline on stroke in children supported with a pediatric ventricular assist 
device, Journal of Heart and Lung Transplantation 2017;36:1250– 1257, Copyright (2017), with permission from Elsevier.
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experience.11,15 Neurologic events can be devastating and 
are the most frequent cause of death in the pediatric VAD 
population. In many cases these patients no longer qualify 
for transplantation, with subsequent withdrawal of support. 
In those who survive, statistically significant improvement 
in functional outcomes is noted 1 year post- transplant or 
device explant, though functional assessment remains 
below baseline.9,16

Infection
Infections with the Berlin Heart EXCOR can involve any 
aspect of the device, with the surgical site and cannula 
acting as the most common site. As with all chronically 
hospitalized patients, infection with antibiotic- resistant 
organisms (methicillin- resistant Staphylococcus aureus, 
vancomycin- resistant enterococci, and Pseudomonas) can 
occur, along with the need for broader antibiotic cover-
age.17 This can then lead to a risk of Clostridium difficile 
enteritis and opportunistic fungal infections. A high index 
of suspicion is required for fungal infections, as the pedi-
atric population can be relatively asymptomatic until the 
onset of fungal sepsis, which is associated with significant 
mortality and is difficult to clear despite aggressive ther-
apy.18 Routine cultures and fastidious attention to hygiene 
are the mainstays of prevention, along with the use of sur-
veillance transthoracic echocardiography to look for veg-
etations. Empiric use of broad- spectrum antibiotics and 
antifungals are frequent considerations dependent upon 
the index of suspicion. Prophylactic gram- positive cover-
age is continued in the first postoperative week with daily 
sterile dressing changes to the cannula sites. Following 
this, the dressing changes are performed twice weekly con-
comitant with showering.

Post- Approval Clinical Experience
Advances in the diagnosis and treatment of heart disease 
in children, whether cardiomyopathy or structural con-
genital heart disease, has led to increased survival and 
the inherent challenges of supporting this difficult cohort 
of patients over a longer time frame. While many of these 
patients undergo surgical correction for cure, others may 
pursue palliation with the potential for transplantation as 
the ultimate goal. This cohort often requires cardiac sup-
port with a VAD as a bridge to transplantation. The Berlin 
Heart EXCOR® is currently the only durable VAD approved 
for pediatric use, having been developed and validated 
in Europe with subsequent approval in the United States 
in 2011. It was conditionally approved as a bridge- to- 
transplant device (BTT) in children by the FDA.

A prospective, multi- center, single group Investigational 
Device Exemption (IDE) trial of the EXCOR® was under-
taken in the United States with 48 patients, evenly divided 

into two cohorts by body surface area (BSA) (Cohort 1: <0.7 
m2 BSA; Cohort 2:  0.7 to <1.5 m2 BSA).8 Patient charac-
teristics are shown in Table  22.3. A  2:1 comparison was 
made against a historical control group of ECMO patients 
that were propensity matched to corresponding EXCOR® 
patients. The IDE study demonstrated a statistically sig-
nificant increase in survival with the Berlin Heart EXCOR® 
when compared with ECMO. Serious adverse events (SAE) 
occurred at a rate of 0.07 and 0.08 per patient day in cohorts 
1 and 2, respectively. They included bleeding (42% and 
50%), infection (63% and 50%), and stroke (29% in both 
cohorts). While the SAE rate was concerning, the significant 
survival advantage led to the qualified approval by the FDA 
contingent upon annual medical device reports (MDR) and 
post- approval study (PAS).

A post- approval study reported finding that the diagnos-
tic categories for all- comers were similar between the IDE 
study and the PAS study. Safety and efficacy were compared 
to the IDE study using the Berlin Heart EXCOR® Registry 
(BHER). SAEs were similar between the groups:  bleeding 
was seen in 46% of the IDE cohort and 41% of the PAS, 
while stroke was unchanged with 29% vs. 33%, respec-
tively. While the rate of transplantation or weaning declined 
post- approval, the survival benefit was still high.19

The majority of patients that have been implanted and 
supported with the Berlin Heart EXCOR® have been those 
with cardiomyopathy, either hypertrophic or restrictive, and 
myocarditis.20 In this group of patients, earlier implementa-
tion of mechanical circulatory support has led to improved 
outcomes and more successful myocardial recovery or 
bridge to cardiac transplant. This was particularly evident 
in infants <1  year of age. Many children with cardiomy-
opathy have a component of diastolic heart failure that is 
particularly challenging for pulsatile mechanical circula-
tory support devices. The incipient right heart failure often 
leads to biventricular support that has a lower survival than 
LVAD alone.21 Cardiomyopathy patients <3  years old had 
a 38.5% survival to transplantation as opposed to 71.4% 
survival in those >3 years of age. LVAD versus BiVAD con-
figuration also had a survival advantage (77.8% vs. 27.3%), 
although the numbers were too small to reach statistical 
significance (p = 0.07). Still, over 50% of these challenging 
patients were successfully supported.

In patients with congenital heart disease (CHD), there 
are additional anatomic and physiologic challenges that 
may limit application of mechanical circulatory support. 
Survival to weaning or transplantation rates lag behind 
those for patients without CHD. A  recent study demon-
strated survival in non- CHD patients that was almost twice 
that of CHD patients (CHD vs. non- CHD: 48% vs. 80%).22 
The non- CHD patients tended to be evenly divided between 
INTERMACS profile 1 and 2, whereas the CHD patients 
were predominantly INTERMACS profile 1. Non- survivors 
also tended to have more post- implant renal, hepatic, and/ 
or respiratory failure. This is similar to Hertzer’s 23- year 
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Berlin Heart EXCOR® experience in Europe (47% success-
ful bridge in CHD cohort).20 Despite the unique challenges 
in found in this difficult group of patients, CHD patients can 
be successfully supported by the Berlin Heart EXCOR® with 
careful and early selection.

Eighty- eight percent of the patients in the IDE trial were 
successfully bridged to orthotopic cardiac transplantation 
with the Berlin Heart EXCOR® VAD, with much of the suc-
cess attributable to stringent inclusion criteria. Following 
the trial, survival to transplantation was 64%, likely due 
to relaxed selection criteria.10 Using the UNOS database, a 
recent retrospective study of patients supported with the 
Berlin Heart EXCOR® versus those with no mechanical cir-
culatory support (non- MCS) found no statistical difference 
in post- transplant survival between the cohorts. Overall 
survival at 30  days, 1  year, and 5  years was 94%, 90%, 
72% and 98%, 91%, 77% in the EXCOR® and non- MCS 
cohorts, respectively.23 This is comparable to the findings in 
a similar European study that found 93.6%, 84.6%, 79.1% 
and 91.9%, 84.6%, 78.8% for 30- day, 1- year, and 5- year 
post- transplant survival for EXCOR® and primary cardiac 
transplantation.24 These studies suggest that patients can 
be successfully bridged to cardiac transplantation with the 
Berlin Heart EXCOR® and have similar post- transplant sur-
vival expectations of those who are primarily transplanted 
without MCS.

By the close of 2018, over 2,400 Berlin Heart EXCOR® 
implantations had taken place at 176 centers in 41 countries 
with 76% of patients being successfully supported to recov-
ery or transplantation (Berlin Heart unpublished data). 
Issues with neurologic events, thromboembolism, and 
anticoagulation persist, but the rates are improving as the 
pediatric VAD community gains experience with patient 
selection and management, particularly in areas such as 
CHD and small children.25,26 Continued investigation and 
innovation should see these odds of successful support 
with the EXCOR® continue to improve in the years to come.
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EVAHEART® 2 Left Ventricular Assist 
Device System 

TADASHI MOTOMURA

Background of EVAHEART®

EVAHEART® is a clinically approved left ven-
tricular assist device (LVAD) system in Japan for 
bridge to heart transplantation and has been used 

for supporting over 170 end- stage heart failure patients 
with an average support time of 900  days (longest 
case: 10.5 years).1,2 EVAHEART® is a unique centrifugal 
LVAD that has high pulse pressure, excellent hemocom-
patibility, and has demonstrated low pump thrombosis.3 
In this chapter, the basic specifications of the EVAHEART 
will be summarized. Furthermore, a new version of the 
system, EVAHEART® 2, has been developed to improve 
the anatomical fitting and to minimize the risk of inflow 
malposition, which may help in reducing post- LVAD 
adverse events such as ischemic cerebrovascular acci-
dent (stroke).

Centrifugal Pump with Hydrodynamic 
Impeller Suspension
Pump design and the impeller suspension mechanism are 
key elements of LVAD technology. For recent clinically 
approved LVADs, there are two main technologies that are 
used for the impeller suspension, either hydrodynamic 
or magnetic levitation. EVAHEART® has implemented 
an open- vane pump design and a unique hydrodynamic 
impeller levitation system through the use of a continuous 
water circulation mechanism, a so- called cool seal system 
(Figure 23.1).3 Sterile water (WFI:  water for injection) is 
circulated by a separate diaphragm pump though driveline 
and pooled in the reservoir system (CSU: cool seal unit) 
inside the external controller. A  trained medical profes-
sional should replace the CSU every 2– 6 months at an out-
patient clinic.

Open- Vane Impeller Design
The EVAHEART® open- vane impeller (Figure 23.2) was 
designed to minimize the shear stress to the blood,4 which 
plays a main role in inducing hemolysis, platelet activa-
tion, and possibly degradation of the von Willebrand high 
molecular weight multimer.5– 7 This impeller design can 
also generate end systolic high peak flow, which contributes 
to preserving native heart aortic pulsatility (Figure 23.3).3 
The EVAHEART® flow- head pressure curve (HQ curve) 
is much flatter (more pressure sensitive) as compared to 
other clinical LVADs (Figure 23.4). In other words, as long 
as the afterload blood pressure is properly managed (i.e., 
65– 80  mmHg), the EVAHEART® pump flow can exhibit 
a self- regulating behavior similar to the “Frank- Sterling” 
law and have minimal pulse attenuation. The EVAHEART® 
pump also demonstrates low incidences of pump throm-
bosis.1 This is attributed to the open- vane design and high- 
end systolic peak flow, which help to promote washout of 
the blood around the hydrodynamic bearing, along with an 
antithrombogenic 2- methoxyethyloylphosphoryl choline 
(MPC) coating 8,9 on the blood- contacting surfaces inside 
of the pump.

Secure Power Management and 
Emergency Controller
The EVAHEART® system has three power sources: (1) wall 
outlet though AC/ DC adaptor, (2) two external lithium- ion 
batteries, and (3) an emergency battery inside the controller 
unit. Under normal operating conditions (approximately 
4– 5 W power consumption), the two external batteries last 
6– 8 hours (3– 4 hours per one battery). On top of that, the 
internal emergency battery allows the pump to operate 
for an additional 30 min when no other power source is 
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Figure 23.1. Schematic of EVAHEART internal and external components.

Figure 23.2. Blood Pump Cross Sectional View (Light blue section indicates water circulating path-
way for hydrodynamic impeller suspension. Red section indicates blood pathway from inlet to outlet.)
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available. The emergency controller is separate from the 
primary controller and is a backup in case the primary con-
troller fails. The emergency controller is powered by one of 
the external batteries, the same external batteries used for 
the primary controller. The blood pump power cable con-
nects directly to the emergency controller, which will run 
the pump at a fixed speed of 2,000 rpm.

Hemocompatibility
The lower required pump speed and the open- vane impel-
ler of the EVAHEART® blood pump minimize the amount 
of shear stress that the blood is exposed to. This plays a 
role in improving the hemocompatibility of the system, 
such as reducing hemolysis. The adverse event rate due to 

hemolysis associated with EVAHEART® LVAD implanta-
tion is very low.1 Another hemocompatibility parameter is 
von Willebrand factor (vWF) high molecular weight mul-
timers, which may contribute to non- surgical bleeding, 
clinically represented by gastrointestinal (GI) bleeding.10– 12 
Post- LVAD GI bleeding is a common issue for current com-
mercial LVADs and leads to other thromboembolic events 
due to the temporary discontinuation of anticoagulation.13 
The MOMEMTUM 3 trial investigated clinical outcome 
measures including post- LVAD adverse event profiles in 
comparing HeartMate II (HMII) and HeartMate 3 (HM3). 
Pump thrombosis was significantly improved in the HM3 
arm, but the incidence of GI bleeding remained the same 
(27.0% in HMII, 27.3% in HM3).14 Bartoli et  al. com-
pared the EVAHEART® LVAD with another commercially 

Figure 23.3. Computational fluid dynamic analysis of the EVAHEART® open- vane impeller.

 



Chapter 23. EVAHEART® 2 171

available pump using whole human blood in a mock circu-
latory loop and demonstrated that the EVAHEART® LVAD 
showed significantly less degradation of vWF high molec-
ular weight multimer than the commercially used axial 
flow pump. This result can be attributed to the open- vane 
impeller design and larger flow gaps (700 μm compared to 

50 μm in the axial pump), which create lower amounts of 
shear stress (22 Pa of wall shear stress compared to 55 Pa 
of wall shear stress in the axial pump).5 Supraphysiologic 
shear stress is the driving factor for the adverse events 
related to blood trauma, so minimizing the levels of 
shear stress induced on the blood will help to limit the 

Figure 23.4. Characerization of end systolic peak flow and aortic pulsatility.

Figure 23.5. HQ curve hemodynamic analysis for clinically used continuous flow LVAD pumps (Eva = EVAHEART LVAS, 
HMII = HeartMate II, HVD = HVAD).
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number of adverse events seen clinically. According to the 
Japanese Registry for Mechanically Assisted Circulatory 
Support (J- MACS), EVAHEART® patients tend to be non- 
ischemic dilated cardiomyopathy (DCM) dominant, and 
thus younger compared to US data registry (INTERMACS). 
Though the patient demographic is different, incidence 
of GI bleeding with the EVAHEART® LVAD seems mark-
edly low (2.7% at 1- year and 8.9% at 3- year post- LVAD 
implantation).

Current Development of EVAHEART® 2
The original EVAHEART® 1 pump was miniaturized to 
improve anatomical fitting and integrated with a new 
inflow cannula. This new system, EVAHEART® 2 (smaller 
pump and new inflow cannula), is shown in Figure 23.5. 
The EVAHEART® 2 blood pump was miniaturized by 
26.3% in displacement volume and 37.6% in weight. 

Also, the driveline diameter was reduced by 36.7%. The 
pump and key system specifications are summarized in 
Table 23.1. The EVAHEART® 2 inflow cannula was spe-
cifically designed to address inflow malposition inside the 
left ventricular chamber, which may potentially cause vari-
ous adverse events such as ventricular wall suction, fol-
lowed by low pump flow and pump thrombosis, and pose 
a high risk for right heart failure and ischemic stroke.15– 19 
Particularly, wedge thrombus and micro emboli (i.e., fibrin 
deposition and platelet- driven white thrombus) that are 
attached to the inflow cannula surface may be aggravated 
with inflow malposition due to the cannula leaning toward 
the ventricular free wall or septal wall. Standardization 
of the LVAD/ inflow implantation technique plays a key 
role in mitigating those risks. Yet in reality, it is difficult 
to completely adhere to a recommended procedure and 
thus inflow cannula malposition is practically inevitable 
with the conventional inflow cannula, which protrudes a 
few centimeters into the left ventricular chamber (Figure 
23.6). In contrast, the new inflow cannula, the Double Cuff 
Tip- Less (DCT) inflow cannula, eliminates the protruding 
chimney part and surgically secures endocardium plane to 
the suture mesh by the inflow ostium. Theoretically, there 
is no room to generate wedge thrombus between the can-
nula and myocardial wall. Also, pre- clinical animal stud-
ies demonstrated that the DCT inflow cannula was more 
forgiving against inflow malposition without causing wall 
suction and low pump flow.

Figure 23.6. EVAHEART® 2 LVAS.

Figure  23.7. Conventional inflow malposition (left) and 
new tip- less inflow fitting (right).

Table 23.1 •  EVAHEART® 2 LVAS Specifications

Type of pump Centrifugal

Impeller suspension Hydrodynamic bearing (with 
closed- loop water circulation)

Displacement Volume 97.3ml

Priming Volume 25ml

Dimensions (diameter × 
height)

51mm × 67 mm

Weight 262g

Driveline diameter 7.8mm

Flow range 8LPM @ 2,200 RPM at ΔP of 
90 mmHg

Pump speed range Clinical range: 1,600– 2,400 rpm
Average: 1,800 rpm

Power consumption 4– 8.5 W

System operation on 
Batteries

6– 8 hours on 2 external 
batteries,

30 min on emergency battery

Flow Display Flow estimation

Outflow graft 16 mm inner diameter
Reinforced e- PTFE, MPC coated
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Surgical Technique to Implant 
the Double Cuff Tip- Less (DCT) 
Inflow Cannula
The surgical technique and myocardial fitting are illus-
trated in Figure 23.7. The left ventricular apex is cored 
using the EVAHEART® coring knife, extra myocardial 
trabecular is trimmed, and then 12 braided 2- 0 mattress 
sutures are threaded through the myocardial wall from the 
epicardium to the endocardium (Figure 23.8). The sutures 
are threaded through the proximal mesh cuff and distal 
felt cuff, and then the DCT inflow cannula is parachuted 
downward until the distal cuff resides inside the cored 
apex and the proximal cuff sits on the epicardial surface. 
Mattress sutures are then tied off and a running suture is 
applied circumferentially around the proximal cuff.

Conclusions
The EVAHEART® 2 with DCT inflow cannula is PMDA 
approved in Japan, CE Mark approved and under clinical 
trial in the United States. The DCT inflow cannula is more 
forgiving against inflow malposition and can enhance 
fast endothelialization on the suture cuff’s interface with 
the endocardium. With this proprietary inflow cannula 
design, isolating the wound healing of the cored myocar-
dium from the left ventricle blood flow and inflow can-
nula, postoperative risk of ischemic stroke is expected to 
be reduced.
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AND MICHAEL F. SWEENEY

Preoperative Considerations

Patients requiring general anesthesia (GA) for the 
placement of a left ventricular assist device (LVAD) 
present unique challenges to the anesthesiolo-

gist during the perioperative period. The complexity of 
these operations presents anesthetic and procedural risks 
which are not commonly associated with conventional 
cardiac procedures. Advanced heart failure patients com-
monly exhibit Interagency Registry for Mechanically 
Assisted Support (INTERMACS) level 1– 4 at time of pre-
sentation for LVAD surgery, making their anesthetic man-
agement quite challenging. Frequently, these patients are 
managed preoperatively in an intensive care unit (ICU) 
for medical optimization. The usual American Society 
of Anesthesiology (ASA) physical status class is 4 or 
4E (indicating an emergency procedure) (Table 24.1).1 
Despite preoperative optimization in the setting of an 
ICU, many patients have developed some degree of multi- 
organ dysfunction that must be accounted for at the time 
of LVAD implantation. Therefore, at the time of reviewing 
the patient prior to surgery, the anesthesiologist should 
follow a detailed checklist specific to the unique chal-
lenges inherent in LVAD surgery (Table 24.2). In addi-
tion to a careful assessment of biventricular function, an 
evaluation of the patient’s pulmonary, renal, and hepatic 
systems is necessary. A  thorough review of all available 
cardiac studies should be performed. A particular focus 
on the etiology and the severity of the left ventricular 
(LV) dysfunction, the presence of right ventricular (RV) 
dysfunction or pulmonary hypertension, coronary artery 
disease, valvular disease, an atrial septal defect (ASD), 
or arrhythmias is necessary to optimally prepare for 
any challenges associated with coming off cardiopul-
monary bypass. In instances where concomitant cardiac 
lesions such as a right coronary artery stenosis, patent 
foramen ovale (PFO), left atrial appendage thrombus, or 

regurgitant valvular pathologies occur, a discussion with 
the surgeon to review the operative plan prior to induc-
tion is mandatory. The presence of RV dysfunction or pul-
monary hypertension will require having resources such 
as inhaled pulmonary vasodilators or a right ventricular 
assist device (RVAD) available. The presence of an intra-
cardiac defibrillator (ICD) or a pacemaker should also be 
ascertained, and arrangements made for device repro-
gramming, if necessary. The patient requires continuous 
monitoring on telemetry, and the ability to perform imme-
diate defibrillation must be available once the ICD therapy 
is disabled. Any previous cardiac interventions should be 
reviewed, with specific attention to a previous sternotomy 
as this requires preparation for the possibility of massive 
bleeding upon reopening the chest. For this reason, it is 
essential to have adequate intravenous access and an ade-
quate number of cross- matched packed red blood cells at 
the time of the induction for redo sternotomy cases.

The evaluation and management of RV dysfunction 
requires special consideration given the high prevalence 
and severe consequences of this condition at the time 
of LVAD implantation. Effective left ventricular support 
depends on the delivery of adequate blood flow from the RV 
through the pulmonary circulation. The reported incidence 
of RV failure after LVAD implantation is quite high, rang-
ing from 20.2% to 44%.2 The INTERMACS definition of RV 
failure after LVAD implantation requires an elevated central 
venous pressure (CVP) greater than 16 mmHG in the context 
of clinical manifestations such as peripheral edema, ascites, 
hepatomegaly, and laboratory evidence of hepatic or renal 
dysfunction.3 Postoperatively, the severity of right heart fail-
ure can be graded by the duration in days in which inotro-
pes or inhaled pulmonary vasodilators are required (mild 
<7 days, moderate 7– 14 days, severe >14 days). The need 
for an RVAD is graded as severe- acute right heart failure in 
the INTERMACS definitions. Preoperative RV dysfunction 
is often present in chronic LV failure due to the elevated 
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left heart filling pressures, which increase RV afterload, as 
well as elevated right heart filling pressures, which increase 
RV preload. Laboratory evidence of RV dysfunction- related 
hepatic congestion, renal dysfunction, and poor systemic 
perfusion should be carefully assessed, as these mark-
ers portend a greater need for aggressive RV support. The 
preoperative echocardiogram should be reviewed for right 
heart chamber dilation, tricuspid regurgitation (TR), and 
diminished RV ejection fraction. Echocardiographic data 
consistent with RV dysfunction include an RV fractional 
area change <35%, a low tricuspid annular plane systolic 
excursion (TAPSE) <7.5 mm, severe TR, a low tissue dop-
pler tricuspid annular systolic velocity (S'), and a decreased 
RV peak longitudinal strain (Table 24.3).2,4,5 Hemodynamic 
parameters of RV dysfunction which have been associated 
with postoperative RV failure include elevated right atrial 
and RV filling pressures, a right atrial pressure/ pulmonary 
capillary wedge pressure ratio >0.63, an RV stroke work 
index of <600  mmHg X mL/ m2, and a low cardiac index 
(CI).4,5 An elevated right atrial pressure and a narrow pul-
monary artery pulse pressure have also been used as a 

predictor of RVAD use post- LVAD implantation.6 Although 
many RV failure risk- prediction models have been devel-
oped using hemodynamic and echocardiogram data with 
variable results, no consensus on any single parameter 
exists.2 The patient must be evaluated using a combination 
of factors, including physical examination, laboratory data, 
echocardiographic findings, and hemodynamic parameters, 
to assess the risk for post- LVAD RV failure.

Pulmonary complications can severely impair a success-
ful transition from cardiopulmonary bypass (CPB) to LVAD 
support, and a complete review of the patient’s pulmonary 
history, chest X- ray, and any available pulmonary function 
test, CT scans, or arterial blood gases should be performed 
in all cases. Any acute respiratory illnesses should be 
treated to resolution before proceeding with LVAD surgery. 
Although the utility of pulmonary function testing has been 
recently called into question in the preoperative assess-
ment of LVAD candidates, patients with chronic obstructive 
lung disease who demonstrate a forced expiratory volume 
in 1 second <1 L or pulmonary hypertension with a pul-
monary vascular resistance (PVR) >3 Woods units should 

Table 24.1 •  American Society of Anesthesiology (ASA) Physical Status Classification

ASA PS 
Classification Definition Examples (including, but not limited to)

I A normal healthy patient Healthy, non- smoking, no or minimal alcohol use

II A patient with mild systemic disease Mild diseases only without substantive functional limitations. Examples 
include (but not limited to): current smoker, social alcohol drinker, 
pregnancy, obesity (30< BMI <40), well- controlled DM/ HTN, mild lung 
disease

III A patient with severe systemic disease Substantive functional limitations; one or more moderate to severe 
diseases. Examples include (but not limited to): poorly controlled DM 
or HTN, COPD, morbid obesity (BMI ≥40), active hepatitis, alcohol 
dependence or abuse, implanted pacemaker, moderate reduction 
of ejection fraction, ESRD undergoing regularly scheduled dialysis, 
premature infant PCA <60 weeks, history (>3 months) of MI, CVA, TIA, 
or CAD/ stents.

IV A patient with severe systemic   
disease that is a constant threat   
to life

Recent ( < 3 months) MI, CVA, TIA, or CAD/ stents, ongoing cardiac 
ischemia or severe valve dysfunction, severe reduction of ejection 
fraction, sepsis, DIC, ARD or ESRD not undergoing regularly scheduled 
dialysis

V A moribund patient who is not   
expected to survive without   
the operation

Ruptured abdominal/ thoracic aneurysm, massive trauma, intracranial 
bleed with mass effect, ischemic bowel in the face of significant cardiac 
pathology or multiple organ/ system dysfunction

VI A declared brain- dead patient whose 
organs are being removed for donor 
purposes

The addition of “E” denoted emergency surgery: an emergency is defined as existing when delay in treatment of the patient would lead to a significant 
increase in the threat to life or body part.
Abreviations: ARDS = acute respiratory distress syndrome; BMI = body mass index; CAD = coronary artery disease; COPD = chronic obstructive 
pulmonary disease; CVA = cerebrovascular accident; DIC = disseminated intravascular coagulation; DM = diabetes mellitus; ESRD = end- stage renal 
disease; HTN = hypertension; MI = myocardial infarction; PCA = post conceptual age; TIA = transient ischemic attack.
Reproduced from Hurwitz EE et al, Adding examples to the ASA- Physical Status Classification improves correct assignment to patients, Anesthesiology 
2019;126(4): 614– 622, http:// anesthesiology.pubs.asahq.org/  Copyright © 2019 by Wolters Kluwer Health and the American Society of Anesthesiologists.
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be approached with great caution in LVAD.7,8 Pulmonary 
edema, a ubiquitous finding in heart failure patients, can 
compromise systemic oxygen delivery, and therefore ade-
quate diuresis should be attempted in all patients. The 
level of ventilatory support needs to be considered, as 
these patients may require high concentrations of oxygen 
and significant levels of positive end expiratory pressure 
(PEEP) to maintain adequate oxygenation and ventilation. 
When transporting ventilated patients to the operating 
room (OR), the use of a PEEP valve or a transport ventila-
tor should be considered. An assessment of renal function 
should be performed preoperatively. About two- thirds of 
hospitalized patients with heart failure have chronic kidney 
disease. Pre- implant renal dysfunction is associated with a 
higher mortality after LVAD implantation.9 Those patients 
with a creatinine level >3 mg/ dL or on long- term dialysis 
are poor candidates for mechanical support.7 Patients with 
volume overload and poor cardiac output in the setting of 
renal impairment should be considered for preoperative 
hemodynamic optimization and aggressive diuresis prior to 
LVAD implantation.10 The incidence of acute kidney injury 
after LVAD implantation has ranged in numerous stud-
ies between 4% and 38%.9 However, many patients with 
reversible renal dysfunction may slowly improve their renal 
function in the first month after their LVAD surgery.9 Liver 
dysfunction caused by chronic heart failure may be due to 
ischemic hepatocellular necrosis or hepatic venous conges-
tion. An alanine aminotransferase (ALT) or aspartate amino-
transferase (AST) level >3 times the upper limit of normal or 
an international normalized ratio (INR) >1.5 would suggest 
the presence of concerning liver impairment.7 An elevated 
total bilirubin >5 mg/ dL has also been shown to be a strong 
predictor of hepatic impairment associated with increased 
mortality.7 Patients with abnormal liver function tests 
should have an ultrasound to assess for cirrhosis.10 Patients 
with cirrhosis or an increased Model for End- stage Liver 
Disease (MELD) score ≥17 are poor candidates for mechani-
cal circulatory support.11,12 Coagulopathy secondary to liver 
dysfunction needs to be assessed in the preoperative period. 
Vitamin K administered preoperatively has been demon-
strated to decrease blood product utilization in patients 
with impaired hepatic synthetic function before LVAD sur-
gery.13 The use of 4- factor prothrombin complex concentrate 
(PCC) has also been used to reduce an elevated INR before 

Table 24.2 •  Pre- LVAD Surgery Checklist

General: □ Patient name and MRN

□ Allergies

□  Current medications: antihypertensives, 
anticoagulants, inotropes

□ NPO status

□ Antibiotic prophylaxis

□ Anesthetic history and airway assessment

□ Access: IV, arterial line, CVL, PAC

□  Assess for TEE contraindications: esophageal pathology

□ Surgical consent form

Cardiac: □  Etiology/ severity LV dysfunction: echo and 
hemodynamic data

□  Assess for RV dysfunction: echo, right heart 
catheterization data

□ Pulmonary hypertension severity

□ Intracardiac shunts: PFO, ASD

□  Coronary artery disease: left heart catheterization; 
prior bypasses or stents

□  Valvular heart disease: AI, MS; previous mechanical 
AVR

□  Intracardiac thrombus: LV apical; left atrial 
appendage

□ Arrhythmias; pacemaker; ICD deactivated

□ Mechanical devices: IABP, Impella

□ Previous sternotomy

Pulmonary: □  Chronic pulmonary disease severity: Obstructive 
or restrictive

□ Pulmonary edema

□ Evaluate chest X- ray, CT scan, PFTs

□ O2 requirements; mechanical ventilation

Renal: □ Chronic or acute renal insufficiency severity

□  Baseline creatinine, blood urea nitrogen, electrolytes; 
acid/  base balance

□ Assess for volume overload

□ Dialysis

Hepatic: □ Chronic hepatic disease severity

□ Baseline liver function tests; INR

Hematologic: □  Baseline hemoglobin, platelet count, 
coagulation panel

□ Type and cross for RBCs; antibody screen

Abbreviations: MRN = Medical Record Number, CVL = Central Venous 
Line, PAC = Pulmonary Artery Catheter, TEE = Transesophageal Echo, 
LV = Left Ventricle, RV = Right Ventricle, PFO = Patent Foramen Ovale, 
ASD = Atrial Septal Defect, AI = Aortic Insufficiency, MS = Mitral 
Stenosis, AVR = Aortic Valve Replacement, ICD = Intracardiac Debrillator, 
IABP = Intraaortic Balloon Pump, PFT = Pulmonary Function Test, 
INR = International Normalized Ratio, RBC = R= Red Blood Cells.

Table 24.3 •  Echocardiographic Data Consistent with RV 
Dysfunction

RA and RV chamber dilation

Severe tricuspid regurgitation

Tricuspid annular plane systolic excursion (TAPSE) <7.5 mm

RV fractional area change <35%

Decreased RV peak longitudinal strain <– 9.6%

Low tissue doppler imaging tricuspid imaging systolic velocity (S’)
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invasive procedures in patients with liver impairment.14 If 
renal or hepatic insufficiency is present, the choice of anes-
thetic agents should be tailored to account for that organ’s 
dysfunction. Finally, a review of the medication record is a 
critical part of the perioperative assessment. For example, 
by definition, INTERMACS levels 1– 3 require inotropic 
support, either with milrinone or dobutamine, in order to 
stabilize and optimize their hemodynamic status prior to 
surgery. The presence of anticoagulant or antiplatelet drugs 
will increase the risk of bleeding and may require the avail-
ability of platelets or fresh frozen plasma for transfusion. 
Additionally, heart failure patients also are treated with 
angiotensin converting enzyme (ACE) inhibitors, angio-
tensin receptor blockers, and/ or beta- blockers, which may 
increase the risk for post- bypass vasoplegia.

When transporting an ICU patient to the OR, continu-
ous intravenous (IV) infusions must not be discontinued, 
as this may result in acute hemodynamic decompensation. 
Therefore, prior to transport, measures should be taken 
to ensure that the patient has a reliable form of IV access. 
Emergency vasoactive medications should be available 
during transport to the OR. The patient should be trans-
ported with hemodynamic monitoring and an available 
defibrillator.

Intraoperative Management
Induction of GA varies depending on the presence or 
absence of an intra- aortic balloon pump (IABP) or tempo-
rary mechanical circulatory support (MCS) device such 
as an Impella. Patients who are managed with MCS at 
the time of induction tend to demonstrate greater stabil-
ity than those without. In the absence of a short- term MCS 
device, the hemodynamic status of the patient can range 
from relative stability to cardiogenic shock (INTERMACS 
level 1). Prior to entering the OR, appropriate inotropic and 
vasoactive medications should be prepared, along with the 
standard monitoring devices and airway equipment. Our 
typical pre- LVAD anesthesia preparation includes place-
ment of a radial arterial line, a continuous cardiac output 
pulmonary artery catheter (PAC), and a transesophageal 
echocardiography (TEE) probe. In patients who are on axil-
lary Impella support, we typically obtain arterial access in 
the contralateral arm or a femoral artery. The timing and 
placement of a central venous line (CVL) and PAC depends 
on the level of the hemodynamic stability at the time of 
surgery.15 If the preoperative assessment of right ventric-
ular dysfunction suggests a high potential for RVAD use, 
we have typically favored use of the TandemLife Protek 
Duo cannula, which is likely to be used by the surgeon to 
help facilitate right heart support, then consider avoiding 
the right internal jugular vein for the central access site. 
In hemodynamically unstable patients, an IABP may be 
placed prior to the operation to provide afterload reduction 

and to assist coronary and systemic perfusion.3 The use of 
a continuous cardiac output PAC with a mixed venous sat-
uration oximetry may be useful in monitoring post- LVAD 
implantation. The data obtained from the PAC may be used 
in estimating the total cardiac output (CO) in those patients 
with native ejection adding to the CO supplied by the LVAD. 
A recent study, however, demonstrated that the accuracy of 
CO measurements obtained by thermodilution techniques 
have been shown to be discordant to CO measurements 
obtained by an indirect Fick method.16 Therefore, monitor-
ing for any decrease in the mixed venous oxygen saturation 
may assist in detecting any clinically significant decrease 
in CO or hematocrit. Near- infrared regional spectroscopy 
should be available for monitoring cerebral oxygenation as 
pulse oximetry may not function in the setting of continu-
ous, non- pulsatile flow post- LVAD insertion. The ability to 
transcutaneously pace and perform cardioversion/ defibril-
lation is attained by placing external pads after implanted 
devices, if present, have been appropriately reprogrammed 
for the OR setting.

One of the challenges of providing GA in the setting 
of advanced heart failure involves the balance between 
achieving an adequate anesthetic effect without inducing 
acute hemodynamic decompensation. Prior to induction, at 
least one large- bore IV line and an arterial line should be 
placed with the assistance of local anesthesia and judicious 
use of an anxiolytic. The potential for surgical awareness 
during induction and maintenance of GA can be problem-
atic in these unstable patients. Even low doses of anesthetic 
agents can contribute to further hemodynamic instability. 
Administration of an amnestic drug such as midazolam or 
scopolamine may be considered to decrease the potential of 
awareness. Scopolamine provides the benefit of achieving 
an excellent amnestic effect with minimal hemodynamic 
impairment. After pre- oxygenation, an IV anesthetic induc-
tion is performed with careful consideration of the sympa-
tholytic and myocardial depressant effects of the anesthetic 
agent being used. Etomidate is used frequently as the induc-
tion agent of choice given its minimal cardiac effects. It is 
important to remember that these patients have a slow cir-
culation time and it will take longer for the IV anesthetic 
drugs to take effect. The maintenance GA may consist of a 
careful balance of narcotics, such as fentanyl, and a vola-
tile anesthetic to minimize myocardial depression while at 
the same time preventing surgical awareness. Muscle relax-
ation is dosed with attention to the preoperative renal and 
hepatic function. In cases of redo surgery and in all LVAD 
explants, the use of paralytics should be minimized in order 
to decrease the risk of phrenic nerve injury, given that this 
nerve can often be difficult to identify in the reoperative, 
and stimulation by electrocautery may be surgeon’s only 
warning sign of the phrenic nerve’s location.

If the surgeon is planning a minimally invasive approach 
to LVAD placement via a left thoracotomy, the ability to per-
form lung isolation via a double lumen tube or a bronchial 
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blocker may be required. Ventilator management will be 
guided by the patient’s pulmonary status, but it would be 
prudent to avoid excessive airway pressures or a high level 
of PEEP in those patients with pulmonary hypertension to 
avoid worsening PVR.

Depending on the hemodynamic response to GA, ino-
tropic/ vasoactive agents may be required before the com-
mencement of CPB. Pharmacological support of the failing 
ventricle is almost always required to maintain an ade-
quate systemic arterial blood pressure (SBP) and CO. The 
commonly administered vasopressors/ inotropes include 
dopamine, norepinephrine, epinephrine, milrinone, dobu-
tamine, and vasopressin. A single agent or a combination 
of the preceding may be required to maintain an adequate 
SBP. It is important to keep in mind the afterload sensitiv-
ity of the failing left ventricle, which favors the use of an 
inotrope primarily as a means of maintaining adequate 
hemodynamics.

The performance of a comprehensive TEE examination 
should be performed in the operating room before LVAD 
implantation to help identify any previously unidentified 
issues that may need to be addressed by the surgeon (Table 
24.4).17 The aortic valve must be evaluated for the pres-
ence of aortic insufficiency (AI). Blood pressure augmenta-
tion may be required for patients under general anesthesia 
during aortic valve assessment to counteract the afterload 
reduction caused by the anesthetic drugs. Any residual 
AI after the initiation of the LVAD will contribute to LV 
volume overload and diminished forward flow as blood 
recirculates into the LV. If even mild AI is present in the pre- 
implantation evaluation, the surgeon can either replace or 
oversew the valve, thereby ensuring LV decompression.17,18 
Those patients who are classified as a bridge- to- transplant 
or a destination therapy LVAD recipient may have their 
valve oversewn, but in those patients in which a strategy 
of LV recovery is anticipated, the aortic valve replacement 

with a bioprothesis is required.19 A mechanical prosthetic 
aortic valve, if present, should be replaced or closed with 
a patch due to the increased risk of thrombosis after LVAD 
implantation.20 The aortic valve should be inspected again 
for AI after institution of CPB when the continuous flow 
conditions of LV unloading are more analogous to those that 
will exist after LVAD implantation.19 The intra- atrial septum 
should be assessed for the presence of a PFO or an ASD. 
Any atrial septal communication could result in systemic 
arterial desaturation by the presence of a right- to- left shunt 
after initiation of LVAD flow. The decrease in left atrial pres-
sure after LV decompression results in a change in the pres-
sure gradient between the two atria favoring right- to- left 
flow. The intactness of the atrial septum is best assessed by 
color flow Doppler and the performance of a “bubble study” 
using agitated saline as the contrast agent (Figure 24.1). This 
contrast echocardiogram is performed by rapidly injecting 
the contrast into a CVL while performing a sustained breath 
hold to 30  cm H2O (Valsalva maneuver). Upon opacifica-
tion of the right atrium (RA), the breath hold is released 
and the left atrium is inspected for any contrast crossing 
the septum.17 Although rare, the mitral valve should be 
inspected for mitral stenosis (MS) as any stenosis moderate 
or greater would restrict filling of the LVAD and diminish 
pump flow.10,21 Significant MS could also worsen pulmo-
nary hypertension from the increased left atrial pressures. 
Our practice has been to disregard mitral regurgitation (MR) 
under the assumption that the severity of MR will improve 
once the LV is decompressed. Nevertheless, some centers 
favor the concomitant surgical correction of significant MR 
in an effort to enhance the durability of the procedure by 
lowering the left- sided filling pressures in the postopera-
tive setting. An assessment of RV systolic function, RV and 
RA dilation, and the severity of any TR is also performed. 
Previous studies have suggested that a tricuspid valve 
annuloplasty should be performed when significant TR is 
present to help decrease its severity and improve RV func-
tion post- LVAD insertion.21 However, more recent data are 
challenging this recommendation. Although significant pre-
operative TR is associated with poorer long- term survival, 
INTERMACS data suggest that tricuspid valve repair at the 
time of LVAD implantation does not show a survival ben-
efit.22 Our practice has been to correct moderate or greater 
TR in patients with a long- term indication for MCS. Finally, 
the ascending aorta is interrogated for calcifications, and the 
LV apex is inspected for thrombus, since these are the future 
LVAD cannulation sites. The left atrial appendage should 
also be inspected for thrombus. The injection of IV contrast 
may be required to detect thrombus in certain patients.

Guidelines for antibiotic prophylaxis recommend that 
the patient receive broad- spectrum gram- positive and gram- 
negative coverage within 60 minutes of incision.10 Currently, 
there is no standardized antibiotic prophylaxis protocol rec-
ommended in the literature, but decreased infection rates 
have been shown in protocols which use vancomycin and 

Table 24.4 •  Comprehensive Pre- implantation TEE 
Checklist

1. Aortic valve: Aortic insufficiency> mild; prosthetic valves

2. Mitral valve: Mitral stenosis> moderate; severity of mitral 
insufficiency

3. Tricuspid valve: Tricuspid insufficiency> moderate

4. Intra- atrial septum: assess for PFO or ASD with bubble 
study

5. Left atrial appendage: assess for thrombus

6. Right ventricle: assess RV size and function

7. Left ventricle: assess LV size and function; assess for 
apical thrombus

8. Ascending aorta: assess for calcification at outflow graft 
insertion site
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fluconazole.23 Rifampin and nasal mupirocin ointment have 
also been recommended.24

Upon surgical incision, the potential for significant 
blood loss must be anticipated and appropriate measures 
should be taken to mitigate this risk. Patients frequently 
require preoperative anticoagulants as well as antiplate-
let drugs, which can potentiate bleeding. Patients with a 
degree of RV failure may be at risk for liver congestion and 
hepatic coagulopathy. Finally, many patients receiving an 
LVAD have had a prior sternotomy and are at increased risk 
for massive blood loss at the time of repeat sternotomy and 
mediastinal dissection.

After the LVAD insertion is completed, the appropriate 
inotropes and typically an inhaled pulmonary vasodila-
tor are started. The left heart and proximal aorta need to 
be inspected for any residual air after de- airing maneuvers 
have been performed. The right coronary artery, due to its 
location anteriorly in the aortic root, is at increased risk of 
air entrainment which may contribute to RV dysfunction. 
Once de- airing has been satisfactorily achieved in the LV, 
the assist device, and the outflow graft, the LVAD may be 
activated at a low speed per the manufacturer’s recommen-
dations. It is important to avoid high pump speeds until the 
LV is adequately filled to prevent the entrainment of air.24 
Weaning from CPB and advancing the pump speed requires 
a careful TEE assessment by the anesthesiologist. An ideal 
pump speed provides unloading of the left ventricle while 
allowing periodic opening of the aortic valve from LV 
ejection.25 Intermittent ejection helps decrease thrombus 
formation in the aortic root. A midline septum is consis-
tent with adequate filling of the LV post- LVAD insertion. 

A  non- decompressed LV with shifting of the interven-
tricular septum toward the right could represent cannula 
obstruction or insufficient pump flow. If the septum shifts 
toward the left, this could represent hypovolemia, RV dys-
function, or excessive pump flow.

Pump flow is directly proportional to pump speed and 
inversely proportional to the pressure difference across the 
LVAD. This differential pressure is defined as the difference 
between the aortic pressure and the left ventricular pres-
sure. Continuous flow LVADs are therefore afterload sensi-
tive and preload dependent. An increase in afterload will 
increase the differential pressure and impair flow across the 
LVAD. A decrease in afterload will increase flow, but an ideal 
mean arterial pressure (MAP) of 70– 90 mmHg has been rec-
ommended to balance flow and perfusion pressure.26 This is 
to ensure that there is adequate blood flow to certain vital 
organs, such as the brain and kidneys, in the face of possi-
bly impaired vascular autoregulation. Increased LV preload 
results in an increased LV pressure which decreases the 
differential pressure and increases pump flow. Conversely, 
decreased preload will result in decreased pump flow. The 
common causes of decreased preload include hypovolemia, 
position changes, tamponade, and RV failure. Pump speed 
may be adjusted and the LVAD flow monitored via the sys-
tem monitor and can be compared to the CO and mixed 
venous oxygen saturation obtained from the PAC. Pump 
speed must be carefully adjusted to avoid excessive LV flow 
that can cause a collapsing of the LV cavity and obstruc-
tion of the inflow cannula, which is called a suction event. 
A  suction event may cause an arrhythmia and hemody-
namic deterioration. A suction event may be immediately 

(B)(A)

Figure 24.1. (A) Bubble study demonstrating a patent foramen ovale. (B) Color flow across a patent foramen ovale.
Images courtesy of Dr. Ingela Schnittger, Stanford University Medical Center, Stanford, CA.
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corrected by decreasing pump speed or manual compres-
sion of the outflow graft by the surgeon. The issues that led 
to the suction event, such as hypovolemia or RV failure, are 
then addressed. It is important to remember that LVAD flow 
measured on the system monitor will not represent total 
left- sided CO when there is native ejection present. Also, 
the displayed LVAD pump flows are typically not actual 
measured values, but values extrapolated from the pump 
speed and pump power. However, trending the pump flows 
displayed will help in the hemodynamic management of the 
patient.26 Intermittent monitoring for the development of 
metabolic acidosis via an increasing base deficit and rising 
lactate can provide additional data to assess the degree of 
adequate perfusion. Note, however, that a rising lactate may 
occur with epinephrine administration that does not reflect 
poor tissue oxygenation. Epinephrine may cause a type B 
lactic acidosis which is not associated with any clinical evi-
dence of poor perfusion or oxygenation.27 Glycogenolysis is 
enhanced by epinephrine via a beta2- agonist mediated effect 
causing an increase in pyruvate production. The pyruvate 
dehydrogenase complex is also inhibited by epinephrine, 
which then shunts pyruvate toward lactate production by 
lactate dehydrogenase.27

It is essential to interrogate the aortic valve after CPB 
because the LVAD flow causes a reduction in LV diastolic 
filling pressures and an increase in aortic blood pres-
sure, which can lead to the appearance of AI that was not 
detected on the pre- implantation examination.17 Any AI 
greater than mild needs to be addressed by the surgeon.10 
The duration of aortic valve opening may be best assessed 
by using M mode across the valve.17 It is important to note 
that the AI flow may be continuous in those patients with-
out aortic valve opening from native LV ejection. The tradi-
tional assessments for the severity of AI, such as pressure 
half- time or diastolic flow reversal in the aorta, will have 
no validity in these patients, as there is regurgitant flow in 
the systolic period.17 It is recommended that a vena con-
tracta width >0.3 cm or an AI jet width/ LVOT width ratio of 
>46% be an indication of at least moderate AI.17 It is essen-
tial to re- examine the intra- atrial septum for any PFO that 
may have been masked pre- LVAD insertion by the elevated 
left atrial pressures. An unrecognized atrial septal defect 
may cause hypoxemia from right- to- left shunting. Excellent 
hemodynamic conditions following LVAD placement 
largely depend upon RV performance. The heart should be 
assessed for any impairment in RV contractility, RV and RA 
dilation, and worsening TR. RV afterload is minimized with 
optimization of acid- base balance favoring respiratory alka-
losis, avoidance of alveolar hypoxia, and pulmonary vaso-
dilators such as milrinone, nitric oxide (NO), and inhaled 
epoprostenol. Excessive pump speeds may result in a shift-
ing of the interventricular septum toward the left, which 
distorts the RV geometry and contributes to RV dysfunc-
tion. An assessment of cannula orientation should be per-
formed once the pump has been positioned appropriately, 

both before and after closing the sternum. The inflow can-
nula is positioned in the LV apex and should be directed 
toward the mitral valve. In the HeartMate II, the flow in 
an unobstructed cannula should appear laminar and uni-
directional by color flow Doppler with a continuous wave 
Doppler velocity of <1.5 m/ s.17 However, the intrapericar-
dial positioning of the HeartWare HVAD and HeartMate 3 
creates a characteristic color and spectral Doppler artifact 
which precludes a Doppler examination of the inflow can-
nula.17 Turbulent flow with a high velocity suggests obstruc-
tion from thrombus or impingement of the inflow cannula 
against the ventricular wall.28 The outflow graft anastomosis 
may be visualized in the long axis view of the ascending 
aorta at the level of the right pulmonary artery and should 
exhibit laminar flow with a pulsed wave Doppler velocity 
of less than 2 m/ s.17 Turbulent, high- velocity flow of the out-
flow graft anastomosis site suggests obstruction.

The transition from CPB to LVAD flows represents the 
most critical period of the entire procedure, when signifi-
cant challenges may be encountered related to coagulopa-
thy and bleeding, RV failure, and vasoplegia. Bleeding after 
CPB is usually multifactorial and may include residual anti-
coagulation, prior liver dysfunction with resultant cofac-
tor deficiency, CPB and prior renal insufficiency- induced 
platelet dysfunction, thrombocytopenia, and ongoing sur-
gical blood loss. Bleeding and coagulopathy are managed 
with scavenged autologous blood, blood bank products 
(packed red blood cells, fresh frozen plasma, platelets, and 
cryoprecipitate), and IV desmopressin.29 In our practice, the 
judicious administration of blood products to treat coagu-
lopathy is guided by the activated clotting time (ACT), 
coagulation panels, and the use of thromboelastography 
(TEG). Studies have been inconsistent on the reported risk 
of thrombosis after the use of recombinant factor VIIa in 
treating perioperative bleeding in LVAD recipients.30 Our 
practice has been to avoid the use of this drug altogether in 
the LVAD population. In dire circumstances when no suit-
able option exists, recombinant factor VIIa probably should 
only be administered at a lower dose (no greater than 45 
mcg/ kg) to minimize the risk of thrombosis.30 PCC appears 
safe in LVAD patients and has not been shown to increase 
the risk of thromboembolic events.31 Heparin should be 
completely reversed after CPB, and consideration should be 
given to using an hemostasis management system device to 
calculate the protamine dose for heparin reversal to prevent 
excessive protamine administration. Protamine should be 
administered slowly to minimize exacerbating any systemic 
vasodilation or pulmonary hypertension. Finally, careful 
attention must always be made to preserving normothermia 
in the post- CPB phase by utilizing fluid warmers, patient- 
warming devices, and increasing the ambient temperature.

RV failure is of utmost concern in the post- CPB period. 
The echocardiographic findings of the failing RV will include 
RV and RA dilation, qualitative decreased RV contractility, 
decreased TAPSE, worsening TR, and a leftward shift of the 
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intraventricular septum.4,5 Hemodynamic parameters may 
include a CVP >16 mmHg, a decreased cardiac index, and 
low pulmonary arterial pressures and pulmonary artery pul-
satility index (Papi).4,5,32 Direct observation of the anteriorly 
positioned RV in the open chest is another valuable method 
of assessing RV contractility. The management of RV failure 
requires a multifaceted approach. Heart rate and rhythm 
should be optimized. Normal sinus rhythm at a faster rate 
is preferred, but epicardial DDD pacing may be required. 
Maintaining a normal blood pH, potassium and magnesium 
level, and normothermia will assist in arrhythmia control. 
Medical therapy with amiodarone may be required in some 
patients.33 The RV is preload dependent and may require 
elevated filling pressures, but avoidance of overdistension 
is essential to prevent tricuspid annular dilation, TR, and 
impaired RV contractility.5 In our practice as well as oth-
ers, targeting an ideal CVP in the range of 10– 16 mmHg has 
resulted in the best outcomes.5 Inotropic medications are 
nearly universally required for right ventricular support. 
Milrinone, a phosphodiesterase- 3- inhibitor, demonstrates 
the properties of an inodilator and has the advantage of 
decreasing PVR. It should be used cautiously in the setting 
of vasoplegia as it also reduces systemic vascular resistance 
(SVR). Dobutamine and/ or epinephrine are also frequently 
used to enhance inotropy and chronotropy, both of which 
benefit the failing right ventricle. Dobutamine causes less 
vasodilation than milrinone and may be preferred when 
significant vasoplegia is present. Epinephrine should be 
used as a second- line agent for RV failure as it may also 
increase PVR in a dose- dependent fashion.4 The avoidance 
of systemic hypotension is also a critical management strat-
egy due to the fact that hypoperfusion and ischemia of the 
RV will further impair RV contractility. In many cases, a 
timely bolus of a vasopressor may eliminate the need for an 
RVAD by improving the RV perfusion pressure and revers-
ing hypotension associated ischemia.

A critical strategy in the successful of management of 
RV failure post- LVAD implantation involves the utiliza-
tion of pulmonary vasodilators for RV afterload reduction. 
Although the intravenous use of nitroglycerin, sodium 
nitroprusside, or milrinone may reduce pulmonary arterial 
pressures, they do so at the expense of systemic vasodila-
tion. Thus, the inhaled vasodilators nitric oxide (NO) or 
epoprostenol are utilized to treat pulmonary hypertension 
without systemic hemodynamic effects. Inhaled NO medi-
ates pulmonary vasodilation by increasing cyclic guanosine 
monophosphate (cGMP) intracellularly. Inhaled epopros-
tenol is a prostacyclin analog that augments cyclic adenos-
ine monophosphate levels. The result of either pathway 
is the relaxation of vascular smooth muscle. Both of these 
therapies have been shown to effectively reduce pulmonary 
arterial pressures during cardiac surgery.34 There are sev-
eral advantages of inhaled epoprostenol compared to NO. 
First and foremost is the sevenfold reduced cost of epopro-
stenol over NO. Although epoprostenol may inhibit platelet 

aggregation, it does not generate toxic metabolites as does 
NO. NO may cause methemoglobinemia and generate lung- 
injuring nitrogen dioxide (NO2) in a dose- dependent fash-
ion. Limiting NO to the lowest effective dose may minimize 
these risks.35 Also it is important to address the metabolic 
factors that can impact PVR such as hypoxia, hypercarbia, 
acidosis, and hypothermia. A ventilator strategy that main-
tains a tidal volume near the functional reserve capacity 
and avoids excessive PEEP or airway pressures will mini-
mize the respiratory influences on PVR.5

If RV failure persists despite maximal inotropic sup-
port and inhaled pulmonary vasodilators, an RVAD may be 
required. Although a variety of criteria exist for institution 
of RVAD support, a CVP that exceeds 18– 20 mmHg with 
a CI <2 L/ min/ m2, despite optimal therapy with escalating 
levels of inotropic support, typically characterizes a patient 
that will benefit from right- sided MCS. A recent review of 
INTERMACS data showed about a 4% risk of requiring an 
RVAD within the first 2 weeks after LVAD implantation.6 
This risk had been previously reported to be between 9.4% 
and 37%.2,4 Pre- implantation risk factors for RVAD use have 
been defined as INTERMACS levels 1 and 2, need for pre-
operative extracorporeal membrane oxygenation or renal 
replacement therapy, severe pre- implant TR, and prior his-
tory of cardiac surgery.6 Intraoperative risk factors included 
prolonged CPB times, excessive blood transfusions, and 
concomitant surgical procedures during the LVAD surgery.6 
Nevertheless, it has been shown that tricuspid valve repair 
in and of itself does not increase the risk for the need of 
an RVAD.6 A variety of right- sided support strategies exist, 
including central cannulation connected to an extracorpo-
real pump (e.g., CentriMag, TandemHeart, or Cardiohelp) or 
peripherally inserted devices. The peripheral options may 
include the percutaneous placement of an Impella RP via 
a femoral vein, or the placement of a Protek Duo cannula 
via the right internal jugular vein. The Protek Duo can-
nula must be connected to an extracorporeal pump (e.g., 
TandemHeart). The use of the Protek Duo has the advantage 
that an oxygenator may added to the pump if oxygenation 
support is required.

Vasoplegia syndrome, characterized as a low SVR state, 
is common after LVAD implantation. High- dose vasopres-
sors, such as norepinephrine and vasopressin, are often 
required to maintain a sufficient systemic blood pressure. 
Risk factors for developing vasoplegia during cardiac sur-
gery include the preoperative use of ACE inhibitors or 
beta- blockers, higher comorbid disease burden, normo-
thermic CPB, and prolonged CPB times.36 NO is an intra-
cellular mediator of vasoplegia which increases cGMP 
intracellularly. The increased cGMP activity contributes to 
the dephosphorylation of myosin, resulting in vasodilation. 
Methylene blue may be administered to prevent this NO- 
mediated vasodilation by the inhibition of NO synthase. 
Methylene blue does carry the risk of inducing serotonin 
syndrome, especially in patients taking selective serotonin 
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receptor inhibitor (SSRI) antidepressant medications.36,37 
Newer therapeutic strategies being investigated to treat 
refractory vasoplegia include hydroxocobalamin, hrdrocor-
tisone, vitamin C, and thiamine.36,38,39

Delayed chest closure may be warranted in those 
patients with uncorrected coagulopathy and bleeding. In 
addition, those patients with a tenuous RV function sta-
tus may benefit from delayed closure to avoid compres-
sion of the RV.19 Although this strategy may mitigate the 
risk of requiring an RVAD, it increases the risk of infec-
tion.5 Although this represents an area of some controversy 
within the field, our practice has been to correct ongoing 
coagulopathy in the operating room before attempting chest 
closure. In the absence of hemodynamic impairment, we 
have favored returning to the ICU only after hemostasis has 
been achieved and the chest has been closed. A percutane-
ously placed RVAD may be an option in this situation to 
facilitate chest closure in the setting of RV failure.

Postoperative Considerations
After the LVAD implantation surgery, sedation and anal-
gesia are maintained for transport of the patient to ICU 
using a combination of narcotics with an infusion of pro-
pofol or dexmedetomidine. A complete hand- off report is 
provided to the ICU physicians and nurses who will be 
managing the patient. A standardized checklist may help 
ensure that all critical information is reported (Table 24.5). 
After transitioning to ICU care, close attention is paid to 
the chest tube output in the first several hours. A high rate 
(up to 30%) of exploration for bleeding has been described 
in many series after LVAD implantation procedures.40,41 
Retained clot may cause tamponade, which typically 
manifests as hypotension despite escalating vasoactive 
infusions, increased CVP and pulmonary artery pressures, 
and decreased LVAD flows.42 A bedside TEE examination 
would demonstrate RV and RA compression and an under-
filled LV. Tamponade is corrected by immediate surgical 
decompression. A protocol of active chest clearance using 
specialized tubes (PleuraFlow ACT) that mechanically 
remove clot and fibrinous debris from obstructing the chest 
tube has been demonstrated to decrease the incidence of 
chest re- exploration after LVAD implantation.43

The requirements for extubation include acceptable 
heart rate and rhythm, stable hemodynamic parameters 
on low- to- moderate pharmacological support, an adequate 
level of consciousness and full reversal of pharmacologic 
neuromuscular blockers, normothermia, absence of signifi-
cant anemia or ongoing bleeding, and metabolic stability.44 
Ideally, extubation occurs within 6 hours of completion of 
the operation. Nevertheless, many patients will demon-
strate contraindications for this “fast- track” approach due 
to preoperative risk, procedural duration, and the need 
for inhaled pulmonary dilators. Despite these potential 

challenges, the anesthetic should be tailored so that early 
extubation is possible. A recent pilot study accessed the fea-
sibility of using ultra- fast track anesthesia for INTERMACS 
level 3 and 4 patients with a goal of extubation in less than 
4 hours.45 The ultra- fast- track group demonstrated a lower 
incidence of postoperative complications, better hemody-
namics, shorter ICU stays, and less RV failure.45

Anesthetic Considerations 
in Non- Cardiac Surgery
Anesthesiologists are also frequently involved in the care 
of patients with an LVAD in arenas outside of the cardiac 
operating room. The most common type of procedures 
are gastrointestinal (GI) endoscopies, cardiology proce-
dures, radiology vascular access procedures, and general 
surgical procedures.46 GI bleeding resulting from gastroin-
testinal angiodysplasia may occur in 20%– 40% of LVAD 
patients.47 The abnormal degradation of von Willebrand 
factor (vWF) by the shear stress of the axial and centrifugal 
flow mechanisms contributes to the pathogenesis of intes-
tinal angiodysplasia by triggering abnormal angiogenesis.47 
The combination of anticoagulation with warfarin and the 
LVAD- related acquired vWF deficiency and platelet dys-
function further contribute to the risk for GI bleeding in 
LVAD patients who develop angiodysplasia.

In the preoperative assessment for non- cardiac surgical 
procedures, the type of LVAD device (HeartWare HVAD, 
HeartMate II, or HeartMate 3)  should be determined. The 
optimal LVAD parameters should be documented, and ade-
quacy of battery life should be assessed. A  review of the 
system monitor or a discussion with the VAD coordinator 
should be conducted to determine if there have been any 
recent suction events or concerning alarms. An assess-
ment of the underlying RV function is essential. It is also 
important to know if the aortic valve had been oversewn 
to manage AI as the patient will then be completely LVAD 
dependent.

The preoperative evaluation of the patient requires a care-
ful assessment to determine the degree of pulsatility pres-
ent. Many patients can generate enough pulsatility for pulse 
oximetry to be used. In those patients without a suitable 
pulse, cerebral oximetry may be necessary. For most moni-
tored anesthesia care (MAC) cases or minor surgeries under 
GA, the use of a non- invasive method to monitor blood pres-
sure is feasible. An initial Doppler- derived blood pressure 
should be obtained using a handheld Doppler probe and a 
manual sphygmomanometer. In those patients with signifi-
cant pulsatility, the Doppler measured pressure correlates 
more closely with an SBP.48 However, in the patient with 
minimal pulsatility, the Doppler measured pressure tends 
to correspond with the MAP. When pulsatility is present, an 
automated oscillometric non- invasive blood pressure may 
be obtained, and if the measured value correlates well with 

 

 



Table 24.5 •  Intensive Care Unit Handoff Checklist

Patient name: _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

Patient MRN: _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

Procedure: _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___ _ 

CPB time _ _ _ _ _ _ _ _  Clamp time _ _ _ _ _ _ _ _     □ Off Pump

Height: _ _ _ _ _ _ _ _  Weight: _ _ _ _ _ _ _ _ 

Allergies: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _______ _ _ _ _ _ _ _ 

Medical History: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ 

Intubation:  □ Easy □ Difficult 

Details: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

ETT: Size _ _ _ _ _  Depth _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

Vent Settings: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

Monitoring/  Lines: IV _ _ _ _ _ _ _ _ _  Arterial _ _ _ _ _ _ _ _  CVL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  PAC depth (cm) _ _ _ _ _ _ _ _ 

Devices: □ IABP _ _ _ _ _ _ _ _ _  □ Impella _ _ _ _ _ _ _ _ _  □ LVAD _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  □ RVAD _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

Vitals: HR/  Rhythm _ _ _ _ _ _ _ _ _ _ _ _  Pacemaker settings _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ 

BP _ _ _ _ _ _ _ _  CVP _ _ _ _ _ _ _ _ _  PA _ _ _ _ _ _ _ _  CO/ CI _ _ _ _ _ _ _  /  _ _ _ _ _ _ _  Temp _ _ _ _ _ _ _ _ 

Infusions: □ Insulin _ _ _ _ _ _ _ _  □ Propofol _ _ _ _ _ _ _ _  □ Norepi _ _ _ _ _ _ _ _  □ Epi _ _ _ _ _ _ _ _  □ Milrinone _ _ _ _ _ _ _ _ 

□ Dobutamine _ _ _ _ _ _ _ _  □ Vasopressin _ _ _ _ _ _ _ _  □ Other _ _ _ _ _ _ _ _ _ _ _ _ _  □ Other _ _ _ _ _ _ _ _ _ ___ _ _ _ 

Pulmonary Vasodilator: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _______ _ _ 

Other Pertinent Medications: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _______ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

Labs: Hgb _ _ _ _ _ _ _ _  Platelet Count _ _ _ _ _ _ _ _  Coags/  TEG: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ______ _ _ _ _ _ _ _ 

Baseline ACT _ _ _ _ _ _ _ _  Last ACT _ _ _ _ _ _ _ _ _  Total Protamine given: _ _ _ _ _ _ _ _ _ _ 

Blood Products: RBC _ _ _ _ _ _ _ _  FFP _ _ _ _ _ _ _ _  PLT _ _ _ _ _ _ _ _  Cryo _ _ _ _ _ _ _ _ 

Urine Output: _ _ _ _ _ _ _ _  Chest tube output: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

Pertinent Intraoperative Events: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ____ _ _ _ _ _ _ _ 

Postop TEE findings: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___ _ _ _ _ _ _ 

Fast Track Extubation Candidate: □ Yes □ No  Concerns: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___ _ _ _ _ 

Ongoing Management Concerns: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _____ _ _ _ _ _ _ 
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the Doppler- derived value, it may be used for monitoring. 
In more involved surgical procedures under GA, an arterial 
line should be placed for monitoring. The use of ultrasound 
will help facilitate arterial line insertion in those patients 
with a non- palpable pulse. The requirement for central 
venous access or TEE monitoring is dictated by the surgical 
procedure performed and the hemodynamic condition of 
the patient. A CVL may be placed if there is an expectation 
of large fluid shifts or if the use of vasoactive medications is 
expected. TEE offers the advantage of easily monitoring RV 
function and assessing LV preload. Also, it is essential to be 
able to monitor and document the pump speed, flow, and 
power data from the system controller or system monitor 
during the anesthetic.

The majority of non- cardiac surgery cases performed on 
LVAD patients are GI endoscopies or cardiology procedures 
under MAC. Regional or neuraxial anesthetic techniques 
are rarely used in non- cardiac surgeries due to anticoagu-
lation concerns. When performing a general anesthetic in 
these patients it is important to keep in mind the preload 
dependence and afterload sensitivity of the LVAD. A fluid 
bolus may be required to compensate for any preopera-
tive fluid deficits or anesthetic- related decreases in pre-
load. Avoidance of extremes in afterload can typically be 
achieved with judicious use of anesthetics or vasopressors 
as required. A loss of pulsatility may signal a decrease in 
myocardial contractility or diminished preload. On the 
HeartWare HVAD monitor, this often correlates with a 
decrease in the flow waveform amplitude. An ideal flow 
pulsatility should be greater than 2 L/ min with a waveform 
trough of greater than 2 L/ min. Although waveforms are not 
represented in the system for the HeartMate devices, the 
pulsatility index provides a close correlation. If hemody-
namic instability persists, TEE or CVP monitoring may be 
required to help identify problems such as hypovolemia, 
RV dysfunction, tamponade, or an inappropriate pump 
speed contributing to a suction event.25

The perioperative anticoagulation plan needs to balance 
the risk of pump thrombosis with the risk of intraoperative 
bleeding.26 Warfarin and antiplatelet drugs may be contin-
ued if the risk of surgical bleeding is felt to be low. Bridging 
with heparin may be necessary for those procedures with 
an elevated risk of bleeding. Emergent surgery may require 
reversal of anticoagulation with fresh frozen plasma, PCC, 
and/ or vitamin K. Coordination between the surgeon and 
the heart failure cardiologist is essential for optimal antico-
agulation management in these procedures.10 It is important 
to monitor for any hemodynamic instability associated with 
a sudden increase in pump power in the patient in whom 
anticoagulants have been held as this may be a harbinger of 
pump thrombosis.10,25

According to a recent survey of members of the Society 
of Cardiovascular Anesthesiologists (SCA), about 79% of 
the anesthetics for non- cardiac procedures are performed by 
cardiac anesthesiologists.21 However, increasing caseloads 

have resulted in more LVAD- trained generalist anesthesi-
ologists being involved in care of LVAD patients undergo-
ing minor procedures. The SCA survey also noted that 48% 
of responders had reported that generalist anesthesiologists 
occasionally care for the LVAD patients.21 A cardiac anes-
thesiologist should manage these patients if they are on 
pharmacologic support, have significant comorbidities, or 
are undergoing a major surgical procedure.49 Connecting the 
patient to the system monitor should be considered for lon-
ger MAC procedures and most general anesthetics. This will 
facilitate monitoring LVAD parameters, adjustment in pump 
speed, and avoidance of battery depletion.50 The assistance 
of the VAD nurse or coordinator is extremely beneficial 
in the perioperative care of these patients.25 The SCA sur-
vey reported the presence of VAD support personnel in 
over 80% of non- cardiac procedures.21 The patient may be 
recovered in the post- anesthesia care unit (PACU) or ICU 
as required by the patient’s clinical status or the surgical 
intervention performed. If the patient is to be recovered in 
the PACU, it is necessary to have the VAD nurse accompany 
the patient in the absence of appropriately trained PACU 
nursing staff.

Conclusion
The successful anesthetic management of a patient under-
going LVAD implantation depends on a thorough preopera-
tive evaluation to identify and prepare for the intraoperative 
complexities of the advanced heart failure patient. The 
anesthesiologist must develop a well- formulated anes-
thetic management plan, perform a thorough echocardio-
graphic assessment, and anticipate the potential post- CPB 
challenges which disrupt the successful implantation of an 
LVAD in order to “cross the bridge” between the progres-
sion of advanced heart failure and a renewed quality of life 
through mechanical circulatory support.
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Perfusion Considerations 
PHILLIP SCOTT AND JEFFREY RILEY

Introduction

It is well known that events occurring during the oper-
ative period can dramatically affect the management 
of patients into the immediate postoperative setting. 

Perfusionists harbor much responsibility in the manage-
ment of these complicated patients and make many deci-
sions in the operating room which may drastically alter 
the patient’s immediate course of care. They often par-
ticipate in critical decision- making affecting hemodilu-
tion, coagulation, and hemodynamics. This chapter will 
primarily focus upon these three processes relative to car-
diopulmonary bypass (CPB), as well as complex scenarios 
experienced in the transition from CPB onto mechanical 
circulatory support (MCS) devices. Special circumstances 
specific to management of mechanical support in the 
immediate postoperative setting will be reviewed.

Procedural Sequence
Patients requiring CPB experience identical stages of 
care. For purposes of simplicity, this section will catego-
rize perfusion considerations for care management of CPB 
into four stages: pre- bypass, on bypass, post- bypass, and 
postoperative periods. Three specific foci of care exist for 
these patients within all four stages: hemodilution, coag-
ulation, and hemodynamics. While many pathophysi-
ological states may affect hemodynamics and coagulation 
prior to the operative period, chronic anemia is known 
to enhance transfusion related acute kidney injury (AKI), 
and interventions that reduce perioperative transfusions 
should be performed to protect anemic patients.1 Renal 
dysfunction is an important predictor of outcome for 
in- hospital mortality, morbidity, and midterm survival.2 
Because actions of the surgical team frequently induce 
clinical hemodilution during CPB, it can be considered 
a controllable process, whereas hemodynamics and 

coagulation may be thought of as responsive or secondary 
processes.

Pre- Bypass Considerations
The adverse effects of hemodilution from CPB are many 
and are likely the most detrimental insults imposed by a 
surgical team on its patients. Perfusionists are the gatekeep-
ers of fluid balance and are habitually keen to tracking the 
volume administrations and losses occurring within the 
surgical arena. Nadir hematocrit below mid- 20% on CPB 
is associated with worse renal function, more myocardial 
injury, longer postoperative ventilator support, longer hos-
pital stay, and higher mortality.3,4 This may be attributed 
to lower oxygen delivery (DO2) levels yielding ischemic 
and/ or inflammatory vital organ injury.5 Hemodilution is 
also an independent risk factor for postoperative hyperlac-
tatemia.6 Steps deliberated within the perfusion care plan 
and during the preop briefing to purposefully maintain an 
elevated nadir hematocrit on CPB prove wholly beneficial.

Several hemodilution reduction techniques exist and 
ought to be considered early in the operative planning pro-
cess. Efforts to minimize the CPB circuit prime volume by 
“right sizing” oxygenators and minimizing tubing lengths 
and diameters have proven to reduce hemodilution.7 
Tubing length harbors the greatest influence on static prime 
volume followed by tubing diameter. Perfusionists will 
often employ excessive blood flow rates for obese patients 
on CPB by utilizing actual body height and weight for flow 
calculation instead of implementing body mass index (BMI) 
correction. Adjusting body weight for high BMI can pro-
vide a more accurate estimate of a patient’s lean body mass 
(LBM), creating a better representation of the patient’s true 
metabolic needs and required blood flow, therefore avoid-
ing lower nadir hematocrits.8 Blood flow calculations for 
women have often been generated the same as men, despite 
different physiological needs. Because of a lower nadir 
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hematocrit on CPB, women have higher rates of stage 2– 3 
AKI and mortality.9 Using LBM via BMI correction further 
enables right- sizing to smaller circuits, resulting in less 
blood transfusions.10 Hemodilution can also induce bleed-
ing via dilutional coagulopathy.

Hemodilution is known to cause hemostatic alterations 
to both red cells and platelets, and 30% dilution levels of cir-
culating blood volume (CBV) in healthy study participants 
demonstrate significant reduction of platelet adhesion.11 
More notable is that at 30% dilution of CBV the addition 
of coagulation factor concentrates does not improve plate-
let reactivity. Hence, ideally the combined volumes of 
the CPB circuit, as well as the fluids administered to the 
patient pre- bypass via anesthesia, should be less than 30% 
of the patient’s CBV. It is only through implementation of 
contemporary prime reduction techniques and team com-
munication stemming from the preop briefing that this goal 
becomes enabled.

On Bypass Considerations
While there is some debate within the perfusion commu-
nity regarding the application of vacuum to an oxygenator 
reservoir, it is well known through the aged domains of 
autotransfusion, extracorporeal membrane oxygenation 
(ECMO), and the use of negative pressure relief valves 
in CPB circuits that whole blood can safely handle pres-
sures of – 150 mmHg even with an air- to- blood interface. 
Vacuum assist is safe and should be used to minimize 
venous tubing diameter.12,13 As of 2014 the use of vacuum 
assisted venous drainage (VAVD) was nearly univer-
sal throughout the perfusion society.14 Guidelines of the 
Extracorporeal Life Support Organization (ELSO) limit 
ECMO inlet pressures to – 300 mmHg and outlet pressures 
to +400 mmHg.15

VAVD also enables CPB initiation with an empty 
venous line permitting prime removal prior to initiation. 
Because of mixing at the blood/ fluid interface within a 
primed venous line during CPB initiation, a dry venous 
line proves most effective at prime removal. With either 
method, however, displacing the prime from the venous 
tubing remains valuable. Noteworthy of mention is that 
higher arterial line pressures better enable a membrane 
oxygenator to remove gaseous micro- emboli (GME). 
A  combined anesthesia and perfusion dilution goal 
<30% cannot be achieved without VAVD and smaller 
diameter venous tubing. Additional prime reduction 
techniques exist.

Prime in the arterial tubing between the oxygenator and 
the arterial cannula may be removed via RAP techniques. 
Patients with tight left main disease, aortic valve stenosis, 
and hypertrophic obstructive cardiomyopathy may not tol-
erate pre- bypass CBV reduction. Displacement of cardio-
plegia circuit prime and antegrade displacement of prime 

between the reservoir outlet and the oxygenator outlet can 
be quickly done upon CPB initiation. For any given CBV, 
reducing the static prime of a CPB circuit further enables 
higher levels in the oxygenator reservoir, permitting addi-
tional ultrafiltration (UF). The use of a hemoconcentrator 
while on CPB is an established technique for both volume 
management and reducing inflammatory mediators.16 Using 
prime reduction techniques reduces the demand for UF on 
CPB via lesser hemodilution, which in turn lessens asso-
ciated inflammatory mediator production, thus lowering 
the odds of inducing cardiac surgery– associated AKI.17 
Diuretics aide in maintaining a higher colloidal osmotic 
pressure (COP).

The use of mannitol as an osmotic diuretic is often used 
in the perioperative setting with the belief that it exerts 
renal protective properties and is recommended as treat-
ment for early AKI because it results in both vascular 
endothelial and tubular epithelial de- swelling, ultimately 
improving both renal perfusion and filtration.18 Mannitol 
aids in offsetting the effects of the crystalloid load on the 
interstitial space.19 Maintaining elevated plasma protein 
concentrations on CPB not only reduces interstitial edema, 
but also maintains more normal physiological coagulation 
profiles.

Hemodilution, not consumption, is the primary cause 
for the drop in coagulation and fibrinolytic proteins dur-
ing CPB. While activation does indeed occur on bypass, its 
impact on coagulation proteins is far less than the effects 
stemming from hemodilution. Reducing circuit sizes to 
minimize hemodilution improves postoperative coagula-
tion factor levels.20 Profound antithrombin III (ATIII) defi-
ciency may be acquired from sepsis prior to CPB21, or may 
occur intraoperatively through significant gross blood losses 
resulting in large volumes of replacement fluids. Neither 
crystalloids, platelets, allogenic nor autologous red blood 
cells (RBCs) contain ATIII, and large volume depletions in 
the perioperative setting diminish ATIII to dangerously low 
levels. It sometimes proves beneficial to administer fresh 
frozen plasma (FFP) into the heart- lung machine and con-
tinue UF to manage the dilutional effects from doing so. 
This can prove especially beneficial when a patient with 
an elevated international ratio (INR) urgently enters the 
operative suite. Oftentimes two units of FFP are insufficient 
to restore heparin responsiveness. ATIII administration is 
known to decrease hemostatic system activation during 
CPB.22 Post- bypass intracardiac thrombosis risks are low-
ered when appropriate ATIII levels are maintained during 
CPB on long pump runs.23

The prime reduction techniques discussed in the pre-
ceding may also be applied to ECMO circuits and short- term 
MCS devices. By first connecting the circuit inflow tubing 
to the venous cannula, the patient’s blood can be used to 
displace prime from the circuit into a basin prior to arterial 
cannulation. Doing so prevents further diluting an already 
fluid overloaded patient.
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Post- Bypass Considerations
Lower pulmonary compliance, higher pulmonary resis-
tance, and poor alveolar gas exchange is witnessed post- 
bypass because hemodilution causes serum albumin 
concentration and COP to drop and the effective capillary 
filtration pressure to increase.24 Gross deficiencies in COP 
and albumin levels are directly attributed to fulminant 
non- cardiogenic pulmonary edema, a condition which 
may require time on ECMO to resolve. Maintaining appro-
priate COP subsequently prevents the development of 
pulmonary interstitial edema and improves postoperative 
lung function.25 Total COP pressure averages 28 mmHg in 
the capillary, with albumin providing approximately 80% 
of it. Preserving the integrity of the endothelial vasculature 
proves critical but difficult during complicated surgical 
procedures.

Proteins, notably albumin, exert an osmotic pressure in 
the blood which is designed to pull water into the vascula-
ture from interstitial spaces with the opposing force being 
hydrostatic. Hypervolemic dynamics resulting from fluid 
overloading can stretch the endothelial lining in a Starlings 
Law manner. The endothelial glycocalyx has been labeled 
as the gateway to the interstitial space, and it appears to 
serve as a molecular filter which generates an oncotic gra-
dient within a very small space specifically for preserving 
vascular integrity.26 Hypervolemic conditions destroy the 
vascular barrier by increasing the release of atrial natriuretic 
peptide, which appears to cause delamination of the endo-
thelial glycocalyx.27

Hemodilution during CPB has also been directly linked 
to weaker clot strength and higher blood loss during the 
post- bypass period.28 Patients placed on CPB experience 
significantly increased activated partial thromboplastin 
time (APTT), platelet activation, and adenosine diphos-
phate (APD)– induced platelet aggregation compared to 
those patients receiving off- pump surgery.29 Minimizing 
post- bypass coagulopathic blood loss begins with prot-
amine reversal.

Protamine demonstrates negative effects not only on 
physiological hemodynamics, but also on coagulation.30 
Protamine is a platelet agonist, and administering allogenic 
platelets or giving excess protamine amidst activated native 
platelets remains a recipe for massive thrombosis, particu-
larly in the absence of sufficient ATIII levels. Minimizing 
the administration of protamine by accurately assessing 
the amount of heparin to be reversed reduces post- bypass 
platelet dysfunction,31 bleeding, and blood transfusion 
administration.32 While excess protamine exhibits mild 
anticoagulant properties, minimal protamine administra-
tion enhances risks for heparin rebound. While there are 
several tests that detect heparin, some are more specific 
to heparin quantification than others. The Hemostasis 
Management System (HMS, Medtronic Inc.) uses a prot-
amine titration assay to detect heparin levels as low as 0.2 

u/ ml, but levels as high as 0.19 u/ ml round down to a 0.0 
u/ ml result, presenting the false perception of no residual 
heparin. An extended R- time of kaolin Thromboelastograph 
(TEG) with a simultaneous HMS heparin concentration of 
0.0 u/ ml amid the presence of substantial bleeding and a 
normal heparinase/ kaolin TEG is not uncommon and makes 
obvious that additional protamine is required. The effects of 
these dilutional coagulopathies in the operating suite carry 
over into the intensive care unit.

Postoperative ICU Considerations
The concerns to minimize blood products for patients 
being placed on MCS are usually less than that for typical 
elective CPB patients due to the complexity of the surgery 
and higher blood losses. What become more important in 
the management of these patients are proportional volume 
replacement principles. While laboratory tests are read-
ily available for platelets and RBCs, plasma quantification 
proves more difficult. Being deficient in plasma protein 
factors can result from a state of dilutional coagulopathy 
where the administration of an imbalanced non- physiologic 
ratio of platelets, RBCs, and plasma has occurred. It is rec-
ommended that hemorrhaging trauma patients receive 
red cells and FFP in a 1:1 ratio.33 Recent studies suggest a 
survivor benefit when higher FFP/ platelet to RBC ratio is 
used.34 Unfortunately, many institutions wait until the INR 
is elevated before infusing FFP when bleeding from a dilu-
tional coagulopathy is already being witnessed. Post- CPB 
patients usually exhibit elevated coagulation tests results 
in the postoperative setting.

Patients demonstrate an elevated APTT and INR imme-
diately after surgery.35 After long pump runs, patients often 
appear edematous and benefit from diuresis. Heparin 
rebound is a well- documented phenomenon in many of 
these patients within the first 6– 18 hours of arrival to the 
ICU.36 Drawing simultaneous samples of a heparinase/ 
kaolin and kaolin TEG will validate if heparin is circulat-
ing from heparin rebound, a phenomenon more prevalent 
in patients with a high BMI. Depending on liver function, 
anticoagulation may be started after 3– 6 hours of normal 
kaolin TEGs. Patients with chronic liver failure demonstrate 
a diminished heparin consumption rate and a higher sen-
sitivity to heparin. The detrimental effects of heparin are 
numerous, and direct thrombin inhibitors (DTIs) are becom-
ing increasingly more popular for patients on MCS devices 
in the ICU.37

Complex Scenarios
The past decade has witnessed a tremendous increase in 
the utilization of MCS devices. Longevity ECMO patients 
now await transplantation for several months while talk-
ing, eating, and walking the hallways. This new world of 
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extended MCS has caused new approaches for cannula-
tion. Occasionally multiple MCS devices are utilized on a 
single patient for the use of weaning or ventricular unload-
ing. While technology has brought better devices to the 
forefront, it is the new frontier of anticoagulation manage-
ment that has enabled such forward progression.

Mechanical Circulatory 
Support Longevity
Polymethylpentene (PMP) membrane oxygenators have 
made possible weeks and months of ECMO via a single oxy-
genator without exchange. Higher cardiac index flows on 
ECMO should be anticipated in the new domain of patient 
mobility owed to extubated patients exercising without 
ventilator support. Central cannulation through the chest, 
as opposed to femoral or axillary cannulation, should be 
considered due to the risk of inducing compartment syn-
drome. Tunneled cannulation techniques during central 
cannulation permit both enhanced patient mobility as well 
as superior aseptic technique. ECMO circuits have demon-
strated that circuit pressures of – 150 mmHg to +350 mmHg 
do not damage blood, and it can be argued that it is better to 
use smaller A/ V femoral cannulae with higher/ lower line 
pressures during resuscitation efforts than to induce com-
partment syndrome in a patient. However, patient mobil-
ity is restrictive with femoral- femoral cannulation strategy, 
and mobile patients indeed require higher blood flows.

Long- term ECMO patients awaiting transplant will ben-
efit from an 8- mm graft onto the aorta fed by a 28 French 
(Fr) open- ended venous cannula into the graft from the 
ECMO circuit outflow. Tunneling the cannula below the 
xiphoid and closing the skin around the cannulae main-
tains aseptic technique, permits the chest to be closed, and 
avoids potential aorta degradation at the cannulation site. 
Upsizing cannulae for central infant/ pediatric ECMO will 
delay re- cannulation to larger sizes as the patient grows 
while awaiting organ donation. Patient mobility remains 
a top consideration in today’s cannulation strategies for 
transplant patients, and perhaps the greatest limiting fac-
tor against exercising on ECMO is that oxygenator surface 
sizes are too small, having been designed for patients under 
anesthesia in the operating room.

Contemporary Cannulation
When femoral cannulation is desired for ECMO, an 8- mm 
graft for patient inflow fed by an open- ended 28 Fr venous 
cannula may be used, and tunneling the cannula subcuta-
neously through the upper thigh permits closing the skin 
around the cannula. This technique will allow flexing of 
the leg for improved mobility. Femoral cannulation strat-
egies can facilitate hypoxia to the upper body, requiring 
the addition of a third cannula for inflow, also known as 

veno- arterial- venous (VAV)- ECMO.38 This provides a pos-
sible solution to the Harlequin phenomenon associated 
with femoral cannulation, and pre- procedural briefings 
should include this discussion prior to cannulation.39

Patient outflow may occur through a bicaval dual lumen 
ECMO catheter such as the Maquet Avalon Elite (MAQUET 
GETINGE GROUP) designed for the neck. Note that by 
design of the cannula, both ports of a veno- venous (VV) can-
nula may be used for patient outflow, but both ports cannot 
be used for patient inflow as the designated cannula inflow 
port will become obstructed when the larger outflow lumen 
becomes pressurized. Using a tunneled femoral cannula for 
patient inflow and a dual lumen neck cannula for patient 
outflow delays chest entry and further reserves converting 
to VV- ECMO as an option when cardiovascular hemody-
namics improve. Noteworthy of mentioning is that GORE- 
TEX grafts (Gore Medical) breathe and will entrain foam if 
exposed to the negative pressures of an ECMO circuit while 
exposed to atmosphere.

Combined Mechanical Circulatory 
Support Therapies
There are numerous applications for combined device 
uses. A postoperative LVAD patient may succumb to right 
heart failure (RHF) and demonstrate the inability for the 
pulmonary circulation to fill the LVAD despite maximal 
medical therapy. Use of a centrifugal RVAD will permit 
sufficient filling pressures for the LVAD while providing 
oxygenation.40 Occasionally a postoperative LVAD patient 
will require ECMO due to poor lung function, and using 
a centrifugal RVAD with an oxygenator cut into the cir-
cuit should be considered as pulmonary pressures permit. 
Caution must be taken to not overflow the right side, pos-
sibly inducing pulmonary edema, and lowering the revolu-
tions per minute (rpm) of the LVAD may prove necessary 
to prevent such an episode. Using this biventricular device 
conceptually permits staging the ECMO removal; if the 
oxygenator is close to the centrifugal pump outlet it can be 
removed from the centrifugal RVAD circuit, allowing the 
RVAD to remain for further weaning.

Ventricular Decompression While 
on Support
Similar staged concepts may be applied if a vent is needed 
to decompress the left ventricle while on veno- arterial 
(VA)- ECMO. Stagnation of blood in left heart cavities 
is a concern while on ECMO due to potential thrombus 
formation, and the use of a vent requires partial ejection 
and appropriate anticoagulation. An Impella (Abiomed) 
catheter inserted from an axillary approach and placed 
across the aortic valve prevents ventricular distension 
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while prompting antegrade flow across the aortic valve. 
This approach also enables ECMO removal while continu-
ing cardiovascular hemodynamic support via the Impella 
device.41 This technique, albeit expensive, demonstrates 
benefit over a vent spliced into the negative inflow side of 
the ECMO circuit in which excessive vent flow may occur 
unless restriction is placed on it. Negative pressures of an 
ECMO circuit can become great and too much flow from a 
vent spliced into it may induce retrograde flow across the 
aortic valve.

Coagulation Issues
Several facets regarding contemporary anticoagulation man-
agement bear attention. Any patient on an MCS device with 
prior or extended heparin exposure is at risk for acquiring 
heparin- induced thrombocytopenia (HIT). Noteworthy is 
that the heparin used in covalently bonded heparin- treated 
circuits such as Cortiva™ BioActive Surface (Medtronic) 
does not leach off the tubing. An ECMO circuit does not 
need to be changed if a patient acquires HIT on ECMO, but 
immediate removal of the antibodies via plasma aphaeresis 
could prove beneficial. One must be reminded that 50%– 
70% of the circulating anticoagulant is removed during 
apheresis and a loading dose should be considered, espe-
cially if FFP was chased through at the end of the apher-
esis run. While the use of DTIs has reduced some of the 
concerns regarding HIT, monitoring for an appropriate DTI 
maintenance dosage has proven difficult.

Because DTIs are excreted through both the liver and the 
kidney, patient- to- patient variability regarding organ func-
tion makes use of the TEG unreliable, and an APTT of twice 
normal reference range has become preferable methodol-
ogy. However, non- whole blood APTT tests do not account 
for either platelet or red cell coagulation contributions, but 
focus primarily on the intrinsic coagulation cascade. Also 
be advised that upon initiation of continuous renal replace-
ment therapy (CRRT) into an MCS circuit, approximately 
40%– 60% of Bivalirudin is lost through the effluent and its 
dose rate will need to be increased accordingly.42 Present- 
day anticoagulation strategies have become more effective 
because the internal and external coagulation cascades are 
starting to be managed separately.

Low- dose unfractionated heparin does little to suppress 
the external cascade, as is evidenced by a normal range INR. 
An elevated APTT reflects a suppressed intrinsic cascade 
yet does nothing to suppress platelet activation or ATIII 
consumption while the extrinsic cascade is physiologically 
normal. One cannot claim a patient is sufficiently anticoag-
ulated when one arm of the coagulation cascade is extended 
while the other is not. Warfarin has long been clinically 
proven effective for VADs yet is just now being considered 
for ECMO. The use of DTIs with antiplatelet therapy use, 
however, is quickly becoming standard.43

Contemporary anticoagulation strategies via Berlin 
Heart and Syncardia total artificial heart patient manage-
ment modalities continue to be applied and developed as 
technology enables and patients demand. Focus placed 
on the suppression of both platelet activation and func-
tion has earned much merit. Arachidonic acid, adenos-
ine diphosphate, and glycoprotein IIbIIIa receptors each 
exhibit different traits and should be treated individu-
ally. Platelet function, activation, and aggregation are not 
the same, and technologies such as platelet mapping and 
thromboelastometry can now safely guide practitioners 
through the difficulties of sepsis, disseminated intravas-
cular clotting, or fibrinolysis. Worth noting is that fibri-
nolytic therapy while on MCS requires a sufficient level 
of anticoagulation to prevent massive sudden thrombosis. 
This script barely scratches the surface for anticoagulation 
management of MCS patients, yet it reflects the hope and 
promise of progress recently being made. The successes in 
the past decade for MCS devices must be intensely attrib-
uted to modern diversity for using multiple anticoagula-
tion strategies and treating each MCS patient as a separate 
individual.

Summary
This chapter has focused on perfusion considerations for 
the procedural sequence of cardiac surgical events related 
to CPB and complex scenarios involved when converting 
to MCS devices. Regarding procedural sequence, the surgi-
cal team should:

 1. Tailor the size of the extracorporeal circuit to the 
patient’s lean body mass, target blood flow rate, 
and circuit contact surface in order to minimize 
hemodilution and maximize nadir hematocrit and DO2 
during CPB;

 2. Minimize hemodilution of plasma proteins to preserve 
coagulation factors, colloidal osmotic pressure, and 
the integrity of the glycocalyx of the endothelial vessel 
wall and platelet surface;

 3. Monitor heparin concentration, viscoelastic platelet 
function, and proportional volume replacement (a1:1 
FFP to RBC unit transfusion ratio) to avoid dilutional 
coagulopathy;

 4. Avoid simultaneous platelet and protamine infusions 
amid critical low ATIII levels potentially causing 
intracardiac thrombosis.

When managing MCS devices in complex scenarios, the 
surgical team should:

 1. Consider alternative strategies for longevity of ECMO 
cannulation and tunnel the cannulae to facilitate 
patient mobility and asepsis;
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 2. Optimize intraventricular decompression to avoid 
stagnant blood and potential thrombus formation from 
DTIs with a shorter half life;

 3. Monitor antithrombin activity and consider the use 
of direct thrombin inhibitors as well as multi- targeted 
antithrombotic therapies including antiplatelet agents.
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Assist Device Recipients 

YAN TOPILSKY AND OFER HAVAKUK

Introduction

Left ventricular assist devices (LVADs) are systems 
for mechanical support in patients with end- stage 
heart failure.1– 3 Currently, there are several types of 

pumps, mostly continuous- flow, positioned in parallel to 
the left ventricle (LV), consisting of a centrifugal or rotor 
axial pump, an inflow cannula, and an outflow cannula. 
The inflow cannula is inserted into the apex of the LV, and 
the outflow cannula is usually anastomosed to the right 
anterior aspect of the ascending aorta (Figure 26.1).

The combined functions of the LVAD, native LV, and 
native RV result in unique hemodynamic conditions resem-
bling a “cardiac chimera.” Comprehensive echo assessment 
of patients undergoing VAD insertion requires knowledge of 
these conditions. For purposes of simplicity, we will divide 
the following section (“Continuous LVAD Hemodynamics”) 
into three distinct parts:  “The Trade- off between Pump 
Output and Flow Pulsatility”; “LV and LA Unloading”; 
and “Hemodynamic Impact of the LVAD on Right- Sided 
Chambers.”

Continuous LVAD Hemodynamics
The Trade- off between Pump Output and 
Flow Pulsatility

The goals of LVAD are to increase total cardiac out-
put, unload left ventricular and left atrial pressure, and 
maintain some natural pulsatility of flow to end organs. 
Continuous- flow pumps are connected in parallel to the LV 
by the inflow cannula, with the LV being the direct source 
of preload essential for LVAD output. Although consid-
ered to be continuous- flow assist devices, the volume of 
flow generated by them are determined by the native LV 
residual contractility, the speed of the rotation of the pump 

(rpm), and by the differential pressure that exists across 
the device.4,5 The LVAD is connected to the circulation by 
the inflow conduit in the LV apex, while the outflow graft 
is secured to the aorta (Figure 26.1). For a specified speed, 
flow varies inversely with the pressure difference between 
the outflow (LVAD afterload) and inflow (LVAD preload) 
cannula. In other words, the flow increases with increasing 
LVAD preload (LV pressure), or decreasing LVAD afterload 
(aortic pressure), just like the native heart. The dynamic 
parameter that determines the pump’s differential pressure 
is the LV pressure, which in turn is dependent on the car-
diac cycle (systole vs. diastole), pump speed, pump proper 
function, and LV contractile reserve (Figure 26.1). At low 
pump speed, the flow created by the pump will be low, 
and even a severely depressed LV will have the possibility 
to generate some systolic contraction that will increase LV 
systolic pressure above the pressure in the aorta, allowing 
the aortic valve to open every cycle. The increase in LVAD 
preload during native LV systole decreases the pump dif-
ferential pressure, which in turn increases systolic pump 
flow and maintains flow pulsatility (Figures 26.1 and 
26.2). At high rpm, pump flow increases to maximum, at 
the expense of decrease in the LV end- diastolic volume, 
comparable to a state of hypovolemia. The already fail-
ing native LV exposed to reduced preload decreases its 
contractility according to Starling’s response. This mini-
mizes the increase in LV systolic pressure, resulting in a 
non- significant systolic increase in LVAD preload and 
output and loss of pulsatility of flow to end organs. The 
sub- physiological LV systolic pressure never increases 
above aortic pressure and is insufficient to allow aortic 
valve opening and ejection (Figures 26.1 and 26.2). Under 
mid- range LVAD speed, the flow created by the pump is 
sufficient to maintain proper end- organ perfusion and 
the systolic LV pressure increases above aortic pressure 
every several cycles, resulting in intermittent or variable 
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Figure 26.1. (A) An example of continuous LVAD consisting of the pump, the inflow cannula connected to the left ventricu-
lar apex, the outflow graft connected to the anterior aspect of the ascending aorta, a per- cutaneous power cable, a speed 
controller, and a battery. The controller and battery are worn on a belt or are carried in a bag.
(B) Arterial pressure tracing at standard pump speed settings. The pulse pressure decreases gradually from 25 mmHg at 
low rpm to 12 mmHg at intermediate rpm and 6 mmHg at high rpm. Note that at low rpm the dicrotic notch is present 
every cycle, proving that the aortic valve is opening every cycle. At intermediate rpm the dicrotic notch is absent, suggesting 
that the aortic valve remains closed. Nevertheless, although the pulse pressure decreases compared to low rpm, the pulse 
remains pulsatile, proving that pulsatility is maintained through the pump by the changing the preload and pressure dif-
ference between the outflow (LVAD afterload) and inflow (LVAD preload) cannulae, irrespective of the flow through the LV 
outflow tract.
Reprinted from Frazier OH et al., Circulation 2002;105:2855– 2860, with permission, ©Lippincott Williams & Wilkins.

(C) The trade- off between LV unloading and pulsatility of flow. On the left panel the Frank- Starling volume- pressure curve 
for a patient with LVAD shows that with increasing rpm (right lower arrow) end- diastolic volume decreases, resulting in 
decrease in peak LV pressure, while with lower rpm (right upper arrow) end- diastolic volume increases, resulting with higher 
peak LV systolic pressure.
In the middle panels we can see the aortic (purple) and LV (green) pressure curves with lower rpm (upper mid panel) 
and higher rpm (lower mid panel). In the right panels we can see the flow pattern in the outflow cannula with low (upper 
panel) and high (lower panel) rpm. With low rpm LV systolic pressure increases significantly (based on the Frank- Starling 
mechanism) but systolic aortic pressure increases only in a mild manner. Thus, with low rpm systolic LV (preload) to aortic 
(afterload) pressure difference is markedly reduced during systole, resulting in markedly increased systolic flow (right upper 
panel) and pulsatile flow pattern. With high rpm, systolic increase in LV pressure is attenuated, and the difference between 
LV pressure (LVAD preload) and aortic pressure (LVAD afterload) does not change significantly between systole and diastole. 
This results in a continuous flow pattern in the outflow cannula (right lower panel).
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AV opening due to variable left- sided stroke volumes. 
Nevertheless, the amount of blood left in the ventricle 
increases the native LV contractility through the Starling’s 
response, and the LV is able to generate enough systolic 

pressure to increase LVAD preload during systole, decrease 
the pump differential pressure, which in turn increases 
systolic pump flow even if the aortic valve remains closed, 
creating pulsatile systemic flow (Figures 26.1 and 26.2).

Figure 26.2. Parasternal and apical view in different rates of rpm. The upper figures show in long parasternal view the LV 
size, LV pressure, amount of functional MR, aortic valve opening status and pulsatilty, and amount of flow in the outflow 
cannula at low (left figure), middle range (middle figure) and high (right figure) rpm. The middle figures show in apical view 
the LV size, RV size, position of inter ventricular and inter atrial septa, amount of functional TR, pulsatility of flow in the 
inflow cannula, and mitral inflow pattern at low (left figure), middle range (middle figure) and high (right figure) rpm. The 
middle lower figures show the flow pulsatility in the outflow cannula at low (left figure), middle range (middle figure), and 
high (right figure) rpm. The lower figures show the aortic valve opening status in M- mode at low (left figure), middle range 
(middle figure) and high (right figure) rpm.
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LV and LA Unloading

Before surgery, LAVD patients have elevated LA and LV 
end- diastolic pressure, represented by short deceleration 
time (restrictive mitral inflow pattern.)6,7 In patients with 
systolic dysfunction, LV stiffness is load dependent and 
non- linear. It changes in relation to filling volume, anal-
ogous to the stiffness of a balloon in which the amount 
of pressure required to cause a given increase in vol-
ume increases as the volume of the balloon is increased. 
Once the LVAD is in place, LV volume decreases, stiff-
ness declines, E/ A ratio comes down (from restrictive to 
pseudo- normal to delayed relaxation pattern,8 and decel-
eration time prolongs to the normal range (Figures 26.2 and 
26.3).6 Persistence of restrictive pattern (E/ A >2 and decel-
eration time <150 msec) suggests insufficient LV unloading 
irrespective of aortic valve opening status (Figure 26.3).5,6,8

Several other variables have been evaluated for the 
assessment of optimal unloading of left- sided chambers. 
These include the change in LV dimension in end diastole 
(LVEDD), or end systole (LVESD) after LVAD implantation,9 
amount of functional mitral regurgitation,10 or the position 
of the inter- atrial septum (IAS).6 In patients with proper LV 
unloading, LV end- diastolic and end- systolic diameters are 
expected to decrease by 15%– 20%.7 Persistence of signifi-
cant functional mitral regurgitation or diminished changes 
in LV size are usually associated with LVAD dysfunction or 
too low pump speed.10

Because the IAS is a thin membranous structure, its 
configuration is altered by minor changes in the inter- atrial 
pressure gradient. When LVAD function is suboptimal, 
LA pressure remains higher than the right, and the IAS 
configuration is convex toward the right atrium. Proper 

Figure 26.3. LV and LA unloading. The E deceleration time increases (from 117 to 171 msec) with increasing left ventricular 
assist device pump speed from 9,200 to 10,000 rpm (A to B) suggesting decrease in LV end- diastolic pressure and improved 
LV compliance. The inter- atrial septum changes position from deviated to right to deviated to left with increasing left ven-
tricular assist device pump speed from 9,400 to 9,600 rpm (C to D), suggesting decrease in LA pressure.
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unloading of LA pressure should result in neutralization 
of IAS position (if RA pressure is below 10  mmHg), or 
displacement of the IAS toward the left (if RA pressure is 
elevated6,9 (Figures 26.2 and 26.3).

Hemodynamic Impact of the LVAD 
on Right- Sided Chambers

Right heart dysfunction (RHD) occurs in ≈30% of LVAD 
recipients, and contributes significantly to postoperative 
morbidity and mortality.11 Continuous- flow pumps are 
directly connected to the LV. The LV, in turn, receives pre-
load from the right ventricle (RV) through the pulmonary 
circulation. Thus, the output created by LVAD is limited 

by RV output. Unloading of left heart chambers may result 
in a complex effect on RV function. Optimal unloading 
will decrease mean left atrial and mean pulmonary pres-
sures, resulting in reduced RV afterload. Furthermore, it 
will increase the return of blood to the RV and optimize 
its preload, resulting in improved function and total out-
put according to Starling’s response.12 However, excessive 
unloading will result in bowing of the inter- ventricular 
septum away from the right ventricle into the decom-
pressed LV, and will reduce the efficiency of RV contraction 
by destabilizing the hinge upon which the RV contracts.5 
Moreover, the RV may receive excessive venous return, 
which in an RV working on the flat portion of Starling’s 

Figure 26.4. pRV dysfunction after LAVD: the “suction cascade.”
(A) Excessive LV unloading maintained the inter- ventricle septum in the leftward position. A sudden decrease in preload 
caused bowing of the inter- ventricular septum away from the right ventricle into the decompressed LV, reducing the effi-
ciency of RV contraction by destabilizing the hinge upon which the RV contracts.
(B) RV dilatation results in tricuspid annular dilatation and tethering of tricuspid leaflets, culminating in severe acute tri-
cuspid regurgitation.
(C) Adjustments in RPM lead to the reduction of the TR, improve RV function, and neutralization of inter- ventricular septal 
position but increase in functional mitral regurgitation.
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curve will result in RV dilatation and severe functional 
tricuspid regurgitation, exacerbating RV dysfunction even 
further (Figure 26.4). Thus, maintaining the inter- ventricle 
septum in the midline position is essential and requires 
maintenance of adequate or appropriate LV volume. If car-
diac output decreases because of lack of LV filling due to 
RV failure, high pulmonary resistance, or significant tri-
cuspid regurgitation (TR), it is hazardous to attempt to 
improve the patient’s condition by increasing pump speed. 
Without improvement in left ventricular inflow, increasing 
the speed will cause a further decrease in LV pressure and 
size, compounding the leftward septal shift. This further 
impairs RV function and increases TR severity, decreas-
ing the already compromised LV size, which may result 
in ventricular arrhythmia.13 This worsening spiral, some-
times referred to as the “suction cascade,” may cause the 
septum to encroach upon the inflow cannula, increasing 
inflow velocities, but decreasing the LVAD preload even 
further. This requires immediate intervention to avoid a 
vicious cycle that can eventually lead to a fatal outcome 
(Figure 26.4).

Role of Echocardiography 
in LVAD Patients
For purposes of simplicity, we will divide this section in 
three distinct parts: “Preoperative Assessment”; “Operative 
Assessment”; and “Postoperative Instability.”

Preoperative Assessment

Right Ventricular Function and TR
The central role of RV function has already been discussed, 
emphasizing the importance of RV evaluation before LVAD 
implantation. This evaluation allows for proper selection 
of patients and for planned RV support immediately after 
surgery in marginal patients.

Several methods are commonly used to evaluate RV 
function before LVAD implantation. The first is semi- 
quantitative assessment of RV function and dilatation, 
using the four chamber and inflow views. This assessment 
is based on visual appreciation of RV contraction.14 Another 
method involves the calculation of RV fractional area 
change based on the following formula: RV fractional area 
change = (RV diastolic area –  RV systolic area)/ RV diastolic 
area, with RV diastolic and systolic areas traced in the four 
chamber views (Figure 26.5). An RV fractional area change 
(RVFAC) of <30% has a sensitivity of 82%, and specific-
ity of 52% in predicting RV failure after LVAD implanta-
tion.14 Recently we have shown that a short duration of TR 
time (corrected for heart rate) before LVAD implantation 
is associated with RV failure after surgery (Figure 26.5).15 
In patients with extreme RV failure, RV peak systolic, RV 
end systolic, and pulmonary artery end- diastolic pressures 
decrease secondary to the markedly diminished stroke 

volume. On the other hand, end- diastolic RV pressure and 
end- systolic RA pressure (V wave) increase, due to RV 
diastolic dysfunction, decreasing the pressure differences 
from the time of tricuspid valve closure (RV end- diastolic 
pressure) to pulmonary valve opening (pulmonary artery 
end- diastolic pressure), and the time from pulmonary valve 
closure (RV end systolic pressure) to tricuspid valve open-
ing (RA end systolic pressure), respectively. In other words, 
with severe RV dysfunction, the main determinant of TR 
time are the end- diastolic RV pressure, and end- systolic RA 
pressure, causing the tricuspid valve to close later and open 
earlier, thereby shortening TR period (Figure 26.5). Finally, 
the literature reporting on RV function using speckle track-
ing is growing. RV free- wall longitudinal strain predicted 
RV failure at a cutoff of less than – 10%.14 For estimation of 
TR, a combination of qualitative and quantitative methods 
is used, as described previously.16

Aortic Regurgitation
Diagnosis and quantification of preoperative aortic regur-
gitation (AR) is crucial in patients receiving an LVAD. The 
LVAD draws blood from the LV and ejects it into the aorta, 
creating sub- physiologic LV systolic and diastolic pres-
sures. The retrograde aorta to LV gradient increases and 
continues throughout the cardiac cycle, including most 
of the systolic phase (Figure 26.6). The combination of 
increased pressure gradient and exposure time results in 
high regurgitant volume after LVAD insertion. This in turn 
increases LVAD preload and causes secondary pump flow 
volume up- regulation. Pump output spirals up to very high 
levels, while actual systemic forward blood flow falls. The 
end result is a “futile cycle” consisting of high pump flow, 
low forward cardiac output, and high LV and LA pressures 
(Figure 26.6). Importantly, the degree of aortic regurgitation 
may be underestimated before LVAD implantation because 
of a decreased diastolic trans- valvular gradient secondary 
to the increased left ventricular diastolic pressure and low 
aortic diastolic pressure.

Patent Foramen Ovale (PFO)
Investigation of a patent foramen ovale (PFO) should 
always be performed before implantation of an LVAD. Pre- 
LVAD implantation LA pressure usually surpasses the RA 
pressure. After insertion of an LVAD, there is LV unload-
ing with decrease of the LA pressure. This hemodynamic 
change, in association with maintained or increased right 
heart pressures, may uncover the existence of the PFO, 
usually with the use of intraoperative TEE. Those hemody-
namic conditions can also favor a paradoxical embolism, 
which may result in stroke or even pump thrombosis. One 
of the serious and more common consequences of this 
sequence of events is the development of severe hypox-
emia due to the significant right- to- left shunt, stressing the 
need to evaluate for PFO before and after LVAD implanta-
tion in the operating room.

 

 

 

 

 

 



Chapter 26. Echocardiography in LVAD Recipients 201

Operative Assessment

Operative echo evaluation is performed for two main 
purposes: (1) to evaluate the surgical results of the LVAD 
implantation; (2)  to determine reasons for postoperative 

hemodynamic compromises. Specifically, important rou-
tine postoperative imaging concerns include the follow-
ing: (1) overall structure and function of left heart chambers; 
(2)  quantification of RV function and TR; (3)  mitral and 

Figure 26.5. Pre- surgical right ventricular function assessment. RV end diastolic area (A) and end systolic are (B) are traced in 
the 4- chamber view. RV fractional area change (RVFAC) is calculated by the formula: RVFAC%= [(RVEDA- RVESA)/ RVEDA] 
x 100. RV efficiency can be assessed by Doppler using the RIMP ratio or tricuspid regurgitation time corrected for heart rate.
(C) A patient with short tricuspid regurgitation (TR) duration. The increased right atrial (RA) pressure causes the tricuspid 
valve to open earlier, on the steeper curve of the ventricular relaxation curve, thereby shortening the isovolumic relaxation 
(IVR) interval and TR flow duration. Furthermore, a reduction in diastolic pulmonary artery (PA) to end- diastolic right ven-
tricular (RV) pressure difference shortens the “isovolumic contraction (IVC) time.”

(D) Prolonged TR duration in another patient with end- stage dilated cardiomyopathy. The TR signal has a higher peak 
velocity and systolic RV pressure. The pressure in the right ventricle at the time of pulmonary valve closure must fall from 
a higher point to reach the pressure of the right atrium, lengthening the IVR period. Furthermore, the increase in diastolic 
pulmonary pressure to end- diastolic RV pressure difference lengthens the IVC period. Note that the TR signal ends with a 
concave, prolonged contour, consistent with a markedly delayed relaxation of the right ventricle.

(E) Calculation of TR duration corrected for heart rate (TRDc). We first measure the time interval of the duration of the TR 
signal in milliseconds (red arrow, 450 ms). We then measure the RR interval in seconds using the electrocardiographic trac-
ing (yellow arrow, 0.9 seconds). We then use the formula TRDc = TR duration/ √RR interval (450/ √0.9 = 473ms).
Reprinted from Topilsky Y, Oh JK, Shah DK. et al., Echocardiographic predictors of adverse outcomes after continuous left ventricular 

assist device implantation, JACC Cardiovasc Imaging. 2011;4:211– 222, with permission from Elsevier © American College of Cardiology 

Foundation.
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aortic regurgitation; (4) pump flow and total cardiac out-
put; (5) inflow cannula; and (6) outflow cannula.

Postoperative Evaluation of Left Heart Chambers
After LVAD insertion, the LV and the LA are unloaded with 
a reduction in their size.5,7 Neutral inter- ventricular and neu-
tral or slight leftward inter- atrial septa position indicates 
adequate LV and LA decompression7 (Figures 26.3 and 26.4). 
If the LV and LA are not decompressed after LVAD implan-
tation, suspicion of insufficient device ejection or cannula 
obstruction should be immediately raised. In contrast, 
extreme inter- ventricular leftward septal shift may indicate 
excessive decompression due to high pump rpm, significant 
tricuspid regurgitation, or RV dysfunction6 (Figure 26.4).

Right Ventricular Function and TR
Up to one- third of patients will present with variable 
degrees of RV dysfunction following surgery.11 This 
stresses the importance of a thorough re- examination of 
RV function and TR severity after LVAD insertion. The 
postoperative examination should follow the same proto-
col described in the pre- LVAD examination section. Once 
identified, TR severity should be assessed during pump 

flow adjustments. Such adjustments not only lead to the 
reduction of the TR, but can also improve RV function.

Assessment of Aortic and Mitral Regurgitation
Estimation of AR severity should be part of every echo 
evaluation as it may deteriorate secondary to the closed 
aortic valve encountering high retrograde pressure gradi-
ent, continued throughout the cardiac cycle. The most 
commonly used methods are visual estimation by color 
Doppler, the ratio of AR jet area to the short axis area of the 
LVOT at the level of the aortic annulus, and the width of 
the regurgitant jet at its origin relative to the dimension of 
the LVOT in the parasternal long- axis view.5,16

For mitral regurgitation (MR), in a normally function-
ing LVAD system, functional MR is expected to decrease 
significantly.10 When MR persists, a thorough evaluation of 
its cause should be performed. Whenever significant func-
tional MR is encountered, a trial of increasing rpm under 
echo guidance can be tried.10

Inflow Cannula Evaluation
The inflow cannula and its orientation within the left 
ventricular apex should be imaged on the four-  and 

Figure 26.6. Aortic regurgitation. (A) Blood is pumped from the LV into the aorta, creating sub- physiological LV pressures 
and increasing aortic regurgitation. (B) The retrograde aorta to LV gradient continues throughout the cardiac cycle, includ-
ing most of the systolic phase. (C, D) Pump flow is estimated by measuring the outflow cannula diameter in the parasternal 
view, calculating its surface area (C). Second, we measure the outflow cannula flow integral by pulsed- wave Doppler 1 cm 
proximal to its anastomosis to the aorta (D). We then calculate the pump flow using the equation LVAD output = (cannula 
diameter/ 2)2 x π x cannula flow time- velocity integral (TVI) x heart rate (HR). (E, F) For total cardiac output estimation, we 
measure the RVOT diameter in the short- axis view on the level of large vessels (E) and calculate its surface area. (F) Second, 
we measure the RVOT flow integral by pulsed- wave Doppler in the same view. We then calculate the total cardiac output by 
multiplying these measurements by the heart rate. The difference between the pump flow and forward flow is the regurgitant 
volume, representing a futile cycle consisting of high pump flow, low forward cardiac output.
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two- chamber views, parasternal; it sometimes requires off- 
axis imaging as well. The cannula should be aligned with 
the LV inflow tract. A  properly aligned inflow cannula 
should have a laminar and unidirectional flow from the 
ventricle to the device. Continuous- wave Doppler is used 
for measurement of the maximal velocity along the inflow 
pathway from the ventricle to the LVAD. Maximal systolic 
and diastolic velocities should be recorded using Doppler, 
and the ratio of systolic to diastolic inflow velocities is cal-
culated. Peak inflow velocities should be <2.0 m/ sec and 
typically are <1.5 m/ sec7 (Figure 26.7). High velocity or 
turbulent flow suggests obstruction of the inflow cannula.

As discussed previously, the flow pattern in the inflow 
cannula will normally be pulsatile because the pump inflow 
originates from the beating LV, resulting in periodic changes 

in flow throughout the cardiac cycle, reaching a maximum 
during systole, and minimum during diastole.17

Outflow Cannula
Interrogation of the outflow cannula is technically challeng-
ing. In TTE we advocate the use of (1) high left parasternal 
long- axis view, which shows the end- to- side anastomosis 
of the outflow cannula to the mid ascending aorta; (2) right 
parasternal view, with the patient lying on his/ her right side, 
which shows the long axis of the outflow cannula travers-
ing from the pump toward the right aspect of the ascending 
aorta. Color flow, pulsed wave (PW), and continuous wave 
(CW) Doppler are used to evaluate flow patterns of the out-
flow cannula. To measure flow velocity in the outflow graft, 
the PW sample volume should be at least 1 cm proximal 

Figure 26.7. Inflow cannula.
(A) Proper inflow cannula orientation within the left ventricular apex in the trans- esophageal, mid- esophageal four- chamber 
view. The cannula is aligned with the LV inflow tract.
(B) Proper inflow cannula orientation within the left ventricular apex in the trans- esophageal, mid- esophageal two- chamber 
view. The cannula is aligned with the LV inflow tract in this orthogonal view. Color Doppler shows a laminar and unidirec-
tional flow from the ventricle to the device.
(C) Proper inflow cannula orientation within the left ventricular apex in the trans- thoracic parasternal long axis view. The 
cannula is aligned with the LV inflow tract, and LV diameter is small suggestive of proper LV evacuation through the inflow 
cannula.
(D) Proper inflow cannula orientation within the left ventricular apex in the trans- thoracic four- chamber view. The cannula 
is aligned with the LV inflow tract, and color Doppler shows a laminar and unidirectional flow from the ventricle to the 
device.
(E) Pulsed- wave Doppler is used for measurement of the maximal velocity along the inflow pathway from the ventricle to the 
LVAD, and the ratio of systolic to diastolic inflow velocities is calculated. Peak inflow velocities should be <2.0 m/ sec and 
typically are <1.5 m/ sec. Pulsed Doppler signal is laminar, with no regurgitation.
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to the aortic anastomosis. The peak velocity in the outflow 
graft in continuous flow pumps usually ranges from 0.5 to 
2.0 m/ s, with unidirectional and slightly pulsatile flow,7,18 
dependent on LVAD output and speed. This pattern is pres-
ent even when the aortic valve does not open (Figure 26.8).

Pump Flow and Total Cardiac Output
Pump flow, although it can be extracted from the device con-
troller, must be directly evaluated during echo. Measuring 
the outflow cannula diameter in the right parasternal view, 
calculating its surface area (diameter2 x 0.785), and mul-
tiplying it times the outflow cannula time- flow velocity-
integral and heart rate is the most reproducible method7 
(Figure 26.6). For total cardiac output we should measure 
the right ventricular outflow tract (RVOT) diameter in the 

short- axis view on the level of aortic valve and calculate its 
surface area. The result is multiplied by the integral of flow 
in the RVOT (on the same view) and the heart rate.8

Postoperative Instability

The most common reasons for hemodynamic instability 
during the first postoperative days are hypovolemia, acute 
RV dysfunction, cardiac tamponade, and LVAD dysfunc-
tion, most commonly secondary to impeller thrombosis or 
cannula kinking.19, 20

Hypovolemia
In patients with LVAD, evidence of hypovolemia will be 
similar to that in patients without LVAD. The inferior vena 

Figure 26.8. Outflow cannula. Interrogation of the outflow cannula in the high left parasternal long- axis view showing 
the end- to- side anastomosis of the cannula to the mid ascending aorta with and without color Doppler (A, B). Note that 
the color Doppler shows the typical continuous color flow pattern away from the transducer (blue) coming from the pump 
toward the distal outflow cannula.

Interrogation of the outflow cannula in the high right parasternal view (positioned in the second inter costal space), with 
and without color Doppler (C, D). Note that the color Doppler shows the typical continuous color flow pattern away from 
the transducer (blue) when the outflow cannula is bending toward the ascending aorta. (E) This is usually the best view to 
measure flow velocity, with the pulsed- wave sample (the angle of interrogation will be optimal) positioned 1 cm proximal to 
the aortic anastomosis and the flow moving away from the transducer.

We then continue to follow the outflow cannula along the right side of the sternum as it transverses toward the ascending 
aorta (F). In the mid- sternum, the cannula is parallel to the transducer.

We continue to follow the outflow cannula to the low parasternal area (G)  so that the color Doppler shows the typical 
continuous color flow pattern toward the transducer (red) coming from the pump toward the proximal outflow cannula. 
(H) Sometimes this is the best view to measure flow velocity, with the flow moving toward the transducer.
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cava will be collapsed, LV and RV sizes will be small, and 
mitral inflow will resemble the delayed relaxation pattern 
with low E wave velocity and prolonged deceleration time.

Acute RV Dysfunction
Acute RV dysfunction will manifest itself in the previ-
ously described “suction cascade,” including a dilated 
hypo- contractile RV, worsening TR, small LV size, and 
intermittent inflow cannula obstruction by the collapsed 
LV (Figure 26.4).

Postoperative Tamponade
This is a common complication after implantation of LVAD 
and may be difficult to diagnose. Contrary to classic tam-
ponade, in which reciprocal respiratory changes in the 
RV and LV relationship are common, these hemodynamic 
characteristics may be masked by LVAD action.20 In patients 
with LVAD, tamponade should be suspected whenever 
pump flows are decreased and right filling pressures are 
increased, especially if not responsive to a fluid challenge. 
Blood collections may be confined to a small area, com-
pressing a particular chamber. Right or left atrial tampon-
ade can occur with very small collections of blood.20

Impeller Thrombosis
LVAD thrombosis should be suspected with the follow-
ing combination of findings: (1) rightward deviation of the 

inter- ventricular and inter- atrial septum due to deficient 
unloading of the LV and left atrium; (2) significant func-
tional MR; (3)  aortic valve opening every cardiac cycle; 
(4)  decreased LVAD flow; (5)  increased systolic/ diastolic 
(S/ D) flow velocity ratio in the inflow and outflow can-
nula because with inefficient unloading even a severely 
depressed LV will generate some systolic contraction 
that will decrease the pump differential pressure, which 
in turn increases inflow and outflow cannula pulsatility; 
(6)  laboratory clues suggesting intravascular hemolysis 
(elevated LDH, plasma hemoglobin, and bilirubin and 
decreased haptoglobin levels).9,17 In extreme cases the flow 
through the inflow cannula may reverse in diastole when 
aortic pressure exceeds LV pressure (Figure 26.9).

Cannula Kinking or Obstruction
Inflow or outflow cannula obstruction or kinking (Figure 
26.10) should be suspected with the following combi-
nation of findings:  (1) rightward deviation of the inter- 
ventricular and inter- atrial septum due to deficient 
unloading of the LV and left atrium; (2) significant func-
tional MR; (3) aortic valve opening every cardiac cycle; 
(4) decreased LVAD flow; (5) color Doppler profile dem-
onstrating a turbulent flow in the inflow/ outflow cannula; 
(6)  increase in inflow/ outflow cannula systolic velocity 
(above 2 m/ s) with partial occlusion or low flow with 
total occlusion.5

(A) (B)

Figure 26.9. Postoperative instability LVAD thrombosis.

(A) A patient with a remote history of left atrial thrombus developed shock in the operating room immediately after LVAD 
was started. Mid trans- esophageal view shows rightward deviation of the inter- ventricular septum and apical tethering of 
the mitral leaflets. With acute catastrophic impeller thrombosis the pump’s impeller does not rotate; the LVAD system oper-
ates as a conduit connecting the ascending aorta to the left ventricular apex. Because diastolic aortic pressure is higher than 
left ventricular diastolic pressure, the pressure difference reverses the flow from the ascending aorta through the outflow 
and inflow cannula and into the LV apex (red instead of the normal blue in TEE).

(B) Doppler of the inflow cannula in the same patient as in (A), showing reversal of flow during end diastole.
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Summary
Precise echo monitoring is mandatory to evaluate the per-
formance of continuous- flow LVADs. This evaluation is 
essential for surgical planning and interventional success. 
Standard echo techniques allow optimal LVAD settings 
during routine follow- up visits and rapid and accurate 
evaluation of mechanical or systemic malfunctions.
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Figure 26.10. Inflow cannula kinking. A patient developed shock with a palpable radial pulse immediately after LVAD 
implantation. He was hurried back to the operating room and trans- esophageal echo was performed showing rightward 
deviation of the inter- ventricular septum, apical tethering of the mitral leaflets, and aortic valve opening every cardiac cycle.

(A) Color Doppler demonstrates a turbulent flow in the inflow cannula.

(B) Doppler interrogation of the inflow cannula shows an increase in inflow cannula systolic velocity (reaching 3 m/ s). (C) M 
mode of the aortic valve shows wide opening of the valve every cycle. The patient performed cardiac CT showing intermit-
tent obstruction of the cannula by adjacent myocardial trabeculations.
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Implantation of Continuous- Flow 
Left Ventricular Assist Devices via 
Sternotomy Technical Considerations

ANDREW SHAFFER AND RANJIT JOHN

Preoperative Testing

Preoperative assessment of LVAD candidates 
should include a thorough history and physi-
cal. Comprehensive laboratory studies including 

complete blood count, comprehensive metabolic panel, 
coagulation studies, urinalysis, type and cross for blood 
components, and baseline lactate dehydrogenase are nec-
essary. Imaging studies including posterior- anterior (PA) 
and lateral chest X- ray, as well as a computed tomogra-
phy (CT) scan of the chest, abdomen, and pelvis, provide 
an important baseline imaging assessment and assist in 
the preparation for redo surgical procedures. Diagnostic 
imaging studies including a recent coronary angiogram 
and transthoracic (or transesophageal) echocardiogram 
are important. Right heart catheterization provides a base-
line assessment of right heart function, pulmonary vascu-
lar resistance, and cardiac index. Patients should have a 
physiologic assessment that includes pulmonary function 
testing, cardiopulmonary exercise testing, and a 6- minute 
walk test performed to assess for degree of limitation 
due to cardiac disease as opposed to other confounding 
diagnoses.

Preventative health examinations should be up to date for 
any patient undergoing LVAD implantation. Routine dental 
care and an assessment for dental carries/ abscesses should 
be performed. Patients older than 50 years should have a 
current screening colonoscopy. Men should have prostate 
specific antigen checked (or prostate exam). Women over 
40 years old should have current mammography and PAP 
smears performed. Pre- menopausal women should have 
beta- HCG (human chorionic gonadotropin) checked.

A psychosocial evaluation by a clinically special-
ized psychiatrist should be performed, along with an 

evaluation by a social worker familiar with the demands 
on the patient after LVAD implantation. Insurance assess-
ment and prior authorization for reimbursement are nec-
essary to maintain financial viability as a program, and 
to prevent placing an onerous financial burden on the 
patient.

A visit with a specialized LVAD coordinator is important 
to begin educating the patient on the basics of LVAD man-
agement, and to assess for appropriate power supply in the 
patient’s home.

Finally, a decision regarding intended aim of therapy 
(i.e., bridge to transplant vs. destination therapy vs. recov-
ery) is necessary for reimbursement purposes, and to frame 
appropriate expectations of therapy.1

Preoperative Preparation and Planning
After preoperative assessment and approval by a multi-
disciplinary selection committee, a concise operative plan 
should be developed before proceeding to the operating 
room.2,3,4 Encountering patients with a history of prior 
sternotomy is quite common when preparing for LVAD 
surgery. Reviewing the prior operative report is always 
well advised, and these patients should typically have a 
contrast- enhanced CT scan performed of the chest and 
abdomen. The surgeon should evaluate the images with 
careful consideration of the key structures which may be 
prone to injury, including the innominate vein, aorta, right 
ventricle, and prior bypass grafts, as well as an evaluation 
of the number and location of sternal wires. Patients with 
a previously placed mechanical aortic valve will require 
oversewing with a pericardial patch or bioprosthetic 
replacement of the valve.

27
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The surgeon should then plan an appropriate cannu-
lation strategy. Patients without previous sternotomy can 
be cannulated centrally with ease. When undertaking 
LVAD implant for patients with a prior sternotomy, the 
surgeon can frequently cannulate centrally. Depending on 
expected difficulty and potential of inadvertent vascular 
injury, the surgeon can prepare for femoral cannulation. 
This can vary from having the groins marked, preemp-
tive placement of an arterial and venous angiocatheter, 
planned exposure of the femoral vessels, or cannulation 
with initiation of cardiopulmonary bypass (CPB) prior to 
opening the chest.

Standard LVAD placement can be accomplished with a 
single venous cannula for drainage and a central aortic can-
nula of surgeon preference. Patients with right- sided cardiac 
lesions (i.e., patent foramen ovale [PFO] or severe tricuspid 
regurgitation) should have these lesions repaired during the 
index procedure. This will require bicaval venous cannula-
tion with snaring of the superior vena cava (SVC) and inte-
rior vena cava (IVC) to permit full CPB.

LVAD implantation is ideally performed on a non- 
arrested beating heart. However, patients with moderate or 
greater aortic insufficiency should have this lesion repaired 
to prevent formation of a circulatory loop. These patients 

will require a brief period of aortic cross- clamp, cardioplegic 
arrest, and standard LV decompression (LV vent placement).

Our standard CBP setup is diagramed in Figure 27.1. We 
routinely use a three- stage venous cannula for drainage and 
a 18- 22 Fr EOPA aortic cannula. Visualization of the surgi-
cal field is aided by three cardiotomy suction lines.1

Anesthesia Considerations
The majority of patients will transfer from the intensive 
care unit with central IV access, swan ganz catheter, and 
an arterial line in place. If there are any concerns related 
to adequate vascular access, these will be addressed prior 
to starting the case. Patients undergo standard general 
anesthetic induction with endotracheal intubation using a 
single lumen endotracheal tube.

LVAD recipients are given a significant regimen of pre-
operative antibiotics that typically includes vancomycin, 
zosyn, and rifampin.

Maintaining adequate perfusion pressure during induc-
tion is important to prevent hemodynamic collapse. The 
majority of our patients will present to the OR with an intra- 
aortic balloon pump in place, and inotropic or vasopressor 
supplementation may be necessary in many cases.

Figure 27.1. Median sternotomy, operative setup, and cannulation strategy for LVAD implant.
Reprinted from John RJ et al., Implantation of continuous- flow ventricular assist devices: technical considerations, Operative Techniques 

in Thoracic and Cardiovascular Surgery 2012;17:143– 153, Copyright (2012), with permission from Elsevier.
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Transesophageal echocardiography (TEE) is routinely 
performed during LVAD procedures in order to evaluate 
for cardiac pathology that will require repair at time of the 
LVAD implant (i.e., PFO, tricuspid regurgitation, or aortic 
regurgitation). TEE is mandatory for assessment of right 
ventricular function, left ventricular volume load, inflow 
cannula position, tricuspid regurgitation, and final bubble 
study at separation from CPB.

Positioning, Sterile Prep,   
and Draping
Patients are positioned supine on the operating table 
with a shoulder roll placed to optimize exposure. We 
routinely place external defibrillator pads, especially 
on patients who have undergone prior sternotomy. The 
patient is prepped from chin to toes in sterile fashion 
using chlorhexadine- based surgical scrub. Draping should 
be performed to allow access to the lower neck (helpful 
in redo sternotomies) and access to the lateral aspect of 
the upper abdomen (which aids in driveline placement). 
Additionally, access to both groins should be available.

Cardiopulmonary Bypass   
Configuration
Our standard practice during LVAD surgery is to use CPB 
assistance and a non- arrested beating heart. CPB time can 
be minimized by creation of the LVAD pump pocket, sew-
ing of the outflow graft, and tunneling of the driveline prior 
to institution of CPB.

Off- Pump LVAD Implant
We routinely perform all LVAD implants using CPB, due 
to the stable hemodynamic picture it avails with minimal 
adverse effects throughout the course of implant. Off- pump 
LVAD implant has been reported and is performed selec-
tively at certain centers. The benefits of off- pump LVAD 
implant include minimization of adverse effects associated 
with CPB, less manipulation of vascular structures, and 
shorter operative times.

Choice of Incision
Sternotomy

We routinely perform all LVAD implants using full median 
sternotomy. For first- time sternotomy implants, this allows 
quick access and excellent exposure to all cardiac struc-
tures. For redo surgeries, median sternotomy is the only 
safe option available for implant. Recovery after median 
sternotomy is tolerated quite well, despite a common 
misperception of cardiologists and patients.1

Minimally Invasive LVAD Implant

Minimally invasive LVAD implant (Figure 27.2) is gaining 
in popularity.6 This is performed using femoral cannula-
tion for CPB. The apex of the heart is accessed by making 
a small anterolateral left thoracotomy, or subcostal inci-
sion. The apical core and inflow cannula placement are 
performed through this incision. A  small right anterior 
thoracotomy, or partial upper hemisternotomy, is used to 
gain access to the ascending aorta or right axillary artery. 
The outflow graft is anastomosed to the ascending aorta in 
the standard fashion. The outflow graft is passed anterior 
to the heart, using care to not twist the graft while pass-
ing. Initiation of CPB will decompress the heart and aid 
in passing the graft within the pericardium (Figure 27.3).2

Creation of LVAD Pump Pocket
For the HeartMate II (HMII) LVAD, the exposed part of 
the diaphragm is cauterized as far lateral into the left 
chest as possible, along the line created by the pericardial 

Figure  27.2. Minimally invasive HeartMate 2 LVAD 
implant.
Reprinted from Anyanwu AC, Nonsternotomy approaches to left 

ventricular assist device placement: combined left subcostal- right 

minithoracotomy technique, Operative Techniques in Thoracic 

and Cardiovascular Surgery 2014;19:254– 275, Copyright (2014), 

with permission from Elsevier.
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reflection. Care should be taken to not create a defect in the 
peritoneum just deep to this muscle layer. The rectus fibers 
can be divided medially in order to allow the HMII device 
to sit in a preperitoneal position. Creation of this pocket 
as inferior as possible will allow for the best orientation 
of the inflow and outflow cannulas after pump placement. 
Additionally, it is often helpful to incise the pericardium 
laterally to create a window into the left chest.

The HeartMate 3 and HVAD devices can be placed intra-
pericardially without the need for pump pocket dissec-
tion. For these devices, pump position can be optimized by 
extension of the pericardial opening along the pericardial 
reflection laterally. At the lateral aspect of the pericardium 
a 8– 10- cm notch is created posteriorly. This notch provides 
room for the pump to sit and creates a hammock for the 
pump to sit in (Figure 27.4).1

Inflow Cannula Placement
Inflow cannula positioning is perhaps the most crucial 
step in LVAD implantation technique. Correct positioning 
of the inflow cannula provides the best chance for ideal 

(A)

(C)

(B)

Figure 27.3. Non- sternotomy LVAD implant. The outflow vascular graft is distally tied and tunneled extrapericardially and 
retrosternally toward the ascending aorta. A partial cross clamp is placed on the ascending aorta. (A) The graft is measured, 
cut obliquely. (B) The anastomosis with the ascending aorta is performed using a continuous 4- 0 prolene (C).
Reprinted from Schmitto JD et al., Minimally invasive implantation: the procedure of choice, Operative Techniques in Thoracic and 

Cardiovascular Surgery 2016;21:65– 78, Copyright (2016), with permission from Elsevier.

Figure 27.4. Creation of LVAD pump pocket.
Reprinted from John RJ et  al., Implantation of continuous- flow 

ventricular assist devices:  technical considerations, Operative 

Techniques in Thoracic and Cardiovascular Surgery 2012;17:143– 

153, Copyright (2012), with permission from Elsevier.
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performance of the pump by minimizing the risk of septal 
contact, thrombus formation, or ventricular wall contact. 
Ideal positioning will orient the inflow cannula toward the 
mitral valve and parallel to the ventricular septum.

The LV apex is exposed by elevating the heart. The heart 
can be kept in position by placing several laparotomy pads 
in the pericardial well. Ideal positioning of the heart will 
result in the LV apex directly in the middle of the sternal 
incision. One additional maneuver that can improve expo-
sure is placement of a long 0 silk suture in the posterior peri-
cardium and retracting this laterally and securing this to the 
drape. Laparotomy pads should be positioned between this 
stitch and the heart to prevent injury to the myocardium.

Positioning at LV Apex

The ideal position for apical coring is usually 1– 2  cm 
anterolateral to the apical dimple. The apical dimple is usu-
ally easily palpable. For centrifugal flow devices, optimal 
pump positioning can often be accomplished by placing 
the inflow cannula at the location of the true apex around 
the dimple. When choosing the site of coring, it is impor-
tant to be mindful of the proximity to the distal left anterior 
descending artery (LAD). The sewing cuff for the different 
types of pumps can protrude medially and come in close 
proximity to the LAD. Being aware of this location will 
allow appropriate position of the apical core stitches so that 
impingement of the LAD is prevented. Our common prac-
tice is to position the stitches so they pass under or over the 
LAD, but never across, although some surgeons intention-
ally ligate the LAD at the time of inflow cannula placement.

Apical Core Technique

Coring occurs prior to placement of the inflow cannula 
adapter in HeartMate II insertion and after placement in 
HVAD insertion. For the HeartMate 3, the apical core can be 
made before sewing cuff placement (cut and sew) (Figure 
27.5) or after sewing cuff placement (sew then cut) (Figure 
27.6). The ventricular apex can occasionally be friable 
and easily tear. Tearing of the LV apex can be problematic, 
especially in patients with recent myocardial infarction. 
It is our perception that decompression of the ventricle 
through initial coring or with an LV vent placed through 
the apex allows for placement of the stitches with less 
tension on the muscle. The cut and sew technique allows 
complete decompression of the ventricle with straightfor-
ward placement of the sutures in a way that minimizes the 
risk of tearing of the ventricular muscle.

It is important to have the pump suckers ready prior 
to cutting. Patients with a competent aortic valve will still 
have a moderate amount of pressurized blood in the ven-
tricle. Lifting the heart can cause aortic valve incompetence 
and increase the amount of blood in the LV. Patients with 
aortic insufficiency will require placement of the cardiot-
omy suction to maintain a clear view.

To perform the cut and sew technique, the apical dim-
ple is located as described in the preceding. A 2- 0 Tevdek 

suture is placed here in a figure- eight fashion. The tails of 
the suture are then passed through the coring knife and 
grasped by the assistant to prevent the apical core from fall-
ing into the LV. The heart is grasped with the surgeon’s left 
hand, and the coring knife in the other. The knife is ori-
ented toward the mitral valve as it passes through the myo-
cardium. A  gentle corkscrew motion back and forth with 
the right hand will create a nice clean cut. The cardiotomy 
suction can then be placed within the LV. The core can be 
completed at this point with metzenbaum scissors or an 11- 
blade scalpel. It is important to use extra caution to prevent 
any debris from falling into the LV. Once the core has been 
completed we routinely examine the LV apex. Any throm-
bus or trabeculated muscle present that will obstruct the 
inflow cannula should be removed.1

The sewing cuff is secured by placing 2- 0 Tevdek 
sutures through the myocardium in a circumferential 
rosette. When using the cut and sew technique, the sutures 
can be placed in a full thickness fashion (Figure 27.7). The 
suture can be passed from outside the myocardium and 
retrieved on the inside of the ventricle through the open 
core. The same stitch can then be passed through the inner 
edge of the cut myocardium. We typically place a hemo-
stat on each stitch as they are passed through the myocar-
dium. Alternatively, a suture organizer can be used. Once 
all the stitches are in place they are passed through the 
sewing cuff.3

Sew then cut technique, the stitches are placed in a par-
tial thickness fashion and immediately through the sew-
ing cuff. The stitches are tied down by the surgeon while 
the assistant holds the cuff in place gently. The tails of 
the stitches are then cut to approximately 3 mm in length. 
Alternatively, a running 3- 0 Prolene suture on an SH needle 
can be used to secure the inflow cannula adapter to the LV 
apex. Once the sewing cuff is secure, the coring knife can 
be passed inside the opening of the cuff to make an apical 
core as described earlier. The pump can then be placed as 
described in the following.

For the HMII (Figure 27.8) the plastic obturator that 
comes with the sewing cuff should be pushed in slightly 
(Figure 27.9). Next, the tails of suture attached to the sew-
ing cuff are looped around the cuff in opposite directions. 
These can be snared with a romelle tourniquet. We typi-
cally mark the felt cuff with a blue marker to designate the 
separate quadrants. We then routinely place three stitches 
into each quadrant. The sewing cuff is then parachuted 
down and held gently in place by the assistant while the 
surgeon ties the stitches at each of the four quadrants. Next 
the remaining stitches are tied down by the surgeon and 
assistant. The tails of the stitches are then cut to approxi-
mately 3 mm long. This technique works for either the cut 
and sew or sew then cut technique.4

For the HM3 (Figure 27.10), the sewing cuff is designed 
with a rigid metal frame that is secured to a large felt 
cuff (Figure 27.11). There is debate about the ideal order 
of sewing cuff placement (i.e., sew then cut vs. cut and 
sew technique). It is our general impression, however, 

 

 



(A)

(C)

(B)

(D)

Figure 27.5. Inflow cannula placement, apical core technique; cut and sew. Although there are specific tools available for each 
of the currently used continuous- flow LVADs, certain common principles are essential. During CPB, either a circular coring 
device or an 11 blade is used for creating the LV apical core (A, B, and C). A 2- 0 Tevdek (Johnson & Johnson, Somerville, NJ) 
suture placed at this location and brought through the coring knife facilitates traction on the apical portion being cored (C). 
The ideal position is usually 1– 2 cm anterolateral to the apical dimple, which is an easily palpable location. A full- thickness 
piece of myocardial core is removed and the opening is inspected closely for thrombi or adjacent trabeculae, both of which 
are carefully removed (chronic thrombus, that is well embedded and adherent to the ventricular wall, can be left alone; D).
Reprinted from John RJ et al., Implantation of continuous- flow ventricular assist devices: technical considerations, Operative Techniques 

in Thoracic and Cardiovascular Surgery 2012;17:143– 153, Copyright (2012), with permission from Elsevier.
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that placing stitches through friable myocardium and 
then tying to a rigid cuff tends to increase the amount of 
bleeding present after securing the cuff. Because of this 
we have adopted a modified cut and sew technique. To 

perform our modified cut and sew technique, first the api-
cal dimple is identified. The sewing cuff is then held in 
place by the assistant while the surgeon places four par-
tial thickness stitches at the four quadrants of the cuff.  

(A)

 

(A)

(B)

(B)

Figure 27.6. Inflow cannula placement: sew then cut technique. The HVAD sewing ring is placed on the apex and secured 
using teflon- pledged sutures and a 4- 0 running prolene suture reinforced with BioGlue or PuraStat. A coring knife is used to 
remove the apial plug (A). The inflow cannula is inserted into the ventricle and secured by tightening an integrated screw 
in the titanium sewing ring (B).
Reprinted from Schmitto JD et al., Minimally invasive implantation: the procedure of choice, Operative Techniques in Thoracic and 

Cardiovascular Surgery 2016;21:65– 78, Copyright (2016), with permission from Elsevier.
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We use pledgeted 2- 0 Tevdek suture on MH needles. These 
are then tied down and the sutures cut to 2– 3 mm in length 
(if the tails are left longer than this, there is the potential 
for interference with connection of the pump to the cuff). 
Next the apical core is created as described earlier by pass-
ing the coring knife through the opening for the inflow can-
nula. The remaining stitches are placed circumferentially 
to create a rosette at the ventricular apex. The sutures are 
tied and cut. It is important to be mindful of the LAD when 
placing this cuff. The felt strip is wider than others and 
will lie in closer proximity. If the LAD is close it is optimal 
to make sure the needles for each particular stitch enter the 
myocardium on the same side of the LAD (i.e., do not cross 
the LAD with the stitch). Additionally, it is important to 
be mindful of the metal cross members on the frame of 
the cuff. When passing stitches through the sewing cuff, 
one must avoid having the tails of the stitches on opposite 
sides of the frame members and tying down. Doing so will 
interfere with attachment of the pump to the frame. If a 
stitch is placed on opposite sides, then one needle should 
be passed under the cross member and then tied.5

For the HeartWare HVAD (Figure 27.12), sewing cuff 
placement is performed using either cut and sew or sew then 

cut technique (Figure 27.13). This cuff has a smaller diameter 
than the HM3 cuff, but larger than HMII. Additionally, this 
cuff is made with a softer felt and does not have a rigid frame 
attached. These attributes make it less problematic to place 
this cuff using the sew then cut technique. The cuff is posi-
tioned at the ventricular apex. Sutures are passed using either 
technique. The stitches are again cut to 2– 3 mm in length (too 
long and the tails will interfere with pump attachment).7,8

Securing the Inflow Cannula

After the sewing cuff is adequately secured, the pump can 
be connected and positioned. The pump is wet tested in 
saline prior to starting the surgery. The pump should then 
be delivered to the surgeon wetted with the cut finger of a 
surgical glove covering the inflow cannula. For the HMII 
LVAD, the pump should be delivered to the surgeon with 
a specialized plastic cap covering the bend relief of the 
outflow graft connection. There is a small luer lock con-
nection that accommodates a cardiotomy suction line well. 
For the HM3 and HVAD pumps, the outflow graft should 
be connected to the pump at this point, prior to positioning 
the pump in the pericardial well. The surgical glove tip is 
removed and the pump is drained. The laparotomy pads, 

(A) (B)

Figure 27.7. Apical suture placement: cut and sew technique. 2- 0 Tevdek sutures are placed in a full- thickness fashion 
through the myocardial core. These sutures are either placed through a large circular Teflon donut piece as shown in (A) or 
one can use a series of pledgetted sutures (B).
Reprinted from John RJ et al., Implantation of continuous- flow ventricular assist devices: technical considerations, Operative Techniques 

in Thoracic and Cardiovascular Surgery 2012;17:143– 153, Copyright (2012), with permission from Elsevier.
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along with any other positioning aids, should be removed 
from the pericardial well. The driveline and outflow can-
nula should be oriented to travel from the ventricular apex 
toward the patient’s right side with a gentle anterior direc-
tion. We typically envision the lie of a coronary graft to the 
posterior descending artery when trimming the outflow 
graft. Next the pump is held in the surgeon’s right hand 
while the heart is steadied with the left hand. The pump 
is inserted into the sewing cuff. This provides an excel-
lent opportunity to check for hemostasis around the sew-
ing cuff. We typically check by having the assistant irrigate 
the connection with a warm saline squirt. Any problematic 
areas should be addressed prior to positioning the heart 
in the pericardial well, as lifting the heart and pump back 
up can exacerbate problematic bleeding. Each pump is 
attached to the sewing cuff in a particular way as desig-
nated by the manufacturer: For the HMII LVAD we rou-
tinely gently place the heart and pump into position in the 

pericardial well. The suture around the silastic portion of 
the cuff is tied. An additional zip tie is placed around the 
silastic and secured.

The HM3 LVAD is designed with a special metal 
tab on the pump that slides into position and attaches 
to the metal frame of the sewing cuff. There is a yel-
low line visible when this tab is in open position. 
The pump is positioned with the inflow cannula into 
the apical core. The metal frame of the sewing cuff 
and pump should fit flush together. Next the secur-
ing tab is pressed towards the body of the pump. 
When properly positioned there is a satisfying click 
of the tab, and the yellow line is no longer visible. 
The heart and pump are then gently positioned in 
the pericardial well.

The HeartWare HVAD has a screw incorporated 
into the sewing cuff. The pump is positioned in an 
identical fashion to the HM3 with the body of the 

Figure 27.8. HeartMate II LVAD pump.
Reprinted with permission from HeartMate II LVAS; Left Ventri-

cular Assist System Operating Manual. Thoratec Corporation. 

Document No. 103538 Rev. B, November 2007, downloaded 

June 27, 2018, http:// www.thoratec.com/ medical- professionals/ 

resource- library/ ifus- manuals/ heartmate- ll- lvad.aspx. Reproduced 

with permission of Abbott, © 2019. All rights reserved.

Figure 27.9. HeartMate II sewing cuff.
Reprinted from John RJ et  al., Implantation of continuous- flow 

ventricular assist devices:  technical considerations, Operative 

Techniques in Thoracic and Cardiovascular Surgery 2012;17:143– 

153, Copyright (2012), with permission from Elsevier.

http://www.thoratec.com/medical-professionals/resource-library/ifus-manuals/heartmate-ll-lvad.aspx
http://www.thoratec.com/medical-professionals/resource-library/ifus-manuals/heartmate-ll-lvad.aspx
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pump and metal frame of the sewing cuff flush to 
each other. Next, a special wrench is used to tighten 
the screw of the sewing cuff. The wrench is set to 
a specific torque and will ratchet once that torque 
is achieved. We routinely tighten until the wrench 
clicks three times. The heart and pump are then gen-
tly positioned in the pericardial well.

Driveline Placement and Tunneling
The driveline exit wound can be performed prior to hepa-
rinization and institution of CPB to minimize bleeding at 
the driveline track. However, our preference is to perform 
the LVAD pump placement first and then decide the exact 
track of the driveline wound. The exit site is typically 3– 4 
fingerbreadths below the right costal margin in the mid-
clavicular line. All patients are marked preoperatively to 
avoid placement of the driveline inferior to their usual 
beltline.

All currently available LVADs come with a specialized 
tunneling device. The tunneling device is passed from the 
open sternotomy site. The tip of the tunneling device is 
used to penetrate the posterior rectus sheath on the right 
side, just at the inferior edge of the sternotomy. The tunneler 
is traversed through the rectus muscle until it reaches the 
intended exit site. The tip is then penetrated through the 
anterior rectus sheath. A skin incision is made over the tip 
of the tunneler with a knife, or specialized coring tool, by 
palpating the tip of the tunneler.

Next, all available pumps come with a specialized con-
nector to attach the driveline to the tunneling device. The 
driveline is attached to the sternal end of the tunneler. The 
tunneler is then pulled to deliver the driveline through this 
track and out the skin incision (Figure 27.14).

All currently available drivelines have been coated 
with a polyester velour covering that allows for subcutane-
ous tissue ingrowth. Our preference is to leave the end of 
the polyester- covered portion of the driveline completely 
within the subcutaneous wound (leaving the junction of 
the polyester and smooth portion at least 1– 2 cm from the 
exit site).

Technical factors that will reduce the risk of driveline 
infections include making the driveline tunnel as long as 
possible within the abdomen, as well as maneuvers to sta-
bilize the driveline even in the immediate postoperative 
period. We typically place a skin suture at the driveline 
exit wound site that is removed 4– 6 weeks postoperatively 
when the wound is well healed. This stitch should be made 
with a large purchase on the skin to facilitate removal. 
Additionally, it should be tied gently to the driveline, as 
there have been reports of driveline fracture from overzeal-
ous force when tying.

Outflow Graft Placement
Positioning and Measurement 
of Outflow Graft

The outflow graft is anastomosed to the anterolateral por-
tion of the mid- ascending aorta (Figure 27.15). This por-
tion can be performed prior to institution of CPB; however, 
determining the exact length of the outflow graft is ide-
ally done after positioning the LVAD pump. We routinely 

Figure 27.10. HeartMate3 LVAD pump.
Reprinted with permission from HeartMate 3 Left Ventricular 

Assist System:  Instructions for Use. Thoratec Corporation. 

Document No. 10006135.B. Publication date:  August 2017. 

Downloaded June 27, 2018, http:// www.thoratec.com/ medical- 

professionals/ resource- library/ ifus- manuals/ heartmate- 3- lvad.

aspx. Reproduced with permission of Abbott, © 2019. All rights 

reserved.

Figure 27.11. HeartMate3 apical sewing cuff.6

Reprinted from Beyersdorf F et al., Implantation of the HeartMate 

3: description of the surgical technique, Operative Techniques in 

Thoracic and Cardiovascular Surgery 2017;22:173– 185, Copyright 

(2017), with permission from Elsevier.
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position the pump as discussed earlier. The outflow graft 
is then positioned along the inferior wall of the right ven-
tricle and the lateral aspect of the right atrium, again very 
similar to the orientation of a distal posterior descending 
coronary artery (PDA) graft. The graft is best anastomosed 
to the right side of the mid- ascending aorta. To accurately 
measure the graft length, the heart should be filled by leav-
ing volume behind on CPB. The graft can then be gently 
stretched to the perfect comfortable length. Avoidance of 
excess graft length is important to avoid kinking of the 
outflow graft. Grafts that are too short may cause tension 
on the anastomosis, leading to anastomotic site bleeding 

or even possible stricture at the anastomosis, resulting in 
increased afterload on the LVAD. Grafts that are too short 
will impinge on the right atrium and right ventricle, poten-
tially causing poor filling of the right heart and right heart 
dysfunction. In addition, grafts that are too short may 
cause them to lie closer to the midline, thus increasing the 
risk of graft injury during sternal re- entry. The graft is cut 
at a gentle bevel of approximately 60– 70 degrees.

Aortic Outflow Graft Anastomosis

Once the graft is cut to length, a small area of adventitial 
is cleared from the aorta. Hemostasis will be improved by 
incorporating the aortic adventitia into the anastomosis. 
Next, a partially occlusive side- biting aortic cross- clamp 
is applied. An aortotomy is started with an 11- blade 
knife and extended with Potts scissors. The ends of the 
aortotomy can be punched with a 5- mm punch to make 
the edge smooth and open the anastomosis more. We rou-
tinely perform the anastomosis using a running 4- 0 or 5- 0 
polypropylene suture. Typically, pledgets are not used for 
this anastomosis. The anastomosis is best completed by 
the surgeon on the left side of the table sewing a forehand 
stitch from the heel of the graft, along the left side, and 
stopping just short of the apex. The stitch can then be con-
tinued around the toe and down the right side of the anas-
tomosis by the surgeon on the right in a forehand fashion. 
Performing the anastomosis in this manner allows for one 
continuous suture line without irregularities. Hemostasis 
can be improved by the addition of tisseal glue prior to 
releasing the aortic clamp. Once completed, patency and 
hemostasis can be ascertained by removal of the par-
tial occluding clamp. A  straight vascular clamp should 
always be placed on the outflow graft with a continuous 
flow LVAD to avoid backflow into the left ventricle (Figure 
27.16).

Special Considerations for Bridge to Heart 
Transplant Patients

Strategies instituted at the time of LVAD placement 
can facilitate a safer/ easier LVAD explant at the time of 
heart transplantation. The LVAD outflow graft should be 
directed toward the right atrial gutter so as to avoid injury 
during sternal re- entry. The outflow graft can be wrapped 
with GoreTex sheet at the time of implant. This protects 
the outflow graft and allows an easier plane of dissection. 
Additionally, the outflow graft anastomosis should be 
placed on the lateral aspect of the aorta as proximal as pos-
sible to leave adequate room for aortic cannulation as well 
as the aortic anastomosis during the subsequent transplant. 
Minimization of dissection of the plane between the aorta 
and the pulmonary artery is also preferable to allow easier 
dissection around the aorta at the time of subsequent trans-
plant. The use of Teflon pledgets at cannulation sites at the 
time of LVAD placement should be avoided, as this will 

Figure 27.12. HeartWare LVAD pump.
Reprinted with permission from:  HeartWare Image & Video 

Library. https:// www.heartware.com/ resources Reproduced with 

permission of Medtronic Inc, © 2019. All rights reserved.
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(E) (F)

Figure 27.13. HeartWare LVAD apical sewing cuff.9 Placement of the inflow cannula. The procedure is performed on full 
cardiopulmonary bypass on the beating heart. The heart is elevated and supported with moist laparotomy pads to expose the 
left ventricle (LV) and apex. Correct positioning of the inflow cannula is essential. It should be parallel to the interventricular 
septum and directed toward the mitral valve. To achieve this, the sewing ring is attached to the distal anterior surface of the 
LV, approximately 2 cm lateral to the left anterior descending artery. (A) We place 12, 2- 0 ETHIBOND pledgeted sutures deep 
in the myocardium and then through the Dacron sewing ring. It is recommended that the integrated screw of the sewing 
ring be oriented parallel to the LAD and pointing toward the base of the heart to facilitate tightening. (B) Once the sewing 
ring is seated, all sutures are tied down. (C) A full- thickness cruciate incision is made in the myocardium within the middle 
of the sewing ring. (D) The myocardium within the ring is then excised with the punch device supplied by HeartWare. The 
LV is then inspected for thrombus and crossing trabeculae, which are excised as necessary. Continued) (E) At this point, it 
is our practice to infuse CO2 into the LV cavity to facilitate deairing of the LV. (F) The inflow cannula is then inserted into 
the sewing ring and the device is positioned with the outflow graft and driveline parallel to the diaphragm, and the screw 
on the sewing ring is tightened. Additional deairing is accomplished by passively filling the heart and pump and elevating 
the apex and gently shaking the ventricle. (G) The outflow graft is then distended, clamped, and trimmed to proper length.
Reprinted from Romano M et al., HeartWare HVAD: principles and techniques for implantation, Operative Techniques in Thoracic and 

Cardiovascular Surgery 2013;18:230– 238, Copyright (2013), with permission from Elsevier.
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reduce the burden of scarring and facilitate easier aortic 
dissection at the time of transplant.

Transitioning from Cardiopulmonary 
Bypass to LVAD Support
De- Airing the LV and LVAD Outflow Graft

The outflow graft must be connected to the pump at this 
point for the HMII LVAD. The HM3 and HeartWare devices 
are usually connected to the pump prior to position-
ing in the pericardial well. Once the partially occlusive 
clamp is removed from the aorta, it is important to place 
a cross- clamp on the outflow graft with the continuous- 
flow devices until the LVAD flow is initiated. This maneu-
ver prevents retrograde flow of blood through the LVAD 
causing distension of the left ventricle. The left ventricle 
and LVAD need to be de- aired prior to initiation of flows 
(Figure 27.17). Typical de- airing maneuvers, including 
Trendelenburg position, addition of volume to the heart, 
and resuming ventilation, are performed. Next a large- bore 

needle is used to make a small hole in the outflow graft 
between the LVAD and cross- clamp. An aortic root vent 
can also be placed in the ascending aorta. De- airing is con-
firmed by TEE.

Weaning from Cardiopulmonary Bypass and Initiation 
of LVAD Flows

Separation from CPB to LVAD support must involve close 
communication between the surgeon, anesthesiologist, 
perfusionist, and surgical team. All members of the team 
must be alert, vocal, and active participants during the 
transition.

Our standard process is as follows. First, low-  to 
moderate- dose inotropic and vasopressor support is initi-
ated by anesthesia. A general dose range can be anticipated 
based upon requirements required by perfusion during 
CPB. We typically target a mean arterial pressure (MAP) 
of 90 mmHg, this provides good coronary perfusion (espe-
cially for the right heart). If an intra- aortic balloon pump is 
present, we generally resume use at this point. The patient 
is then gradually weaned to <1 L/ min CPB flow and the 
LVAD pump is started. The speed of the LVAD is gradually 
increased to allow for increased LVAD output as CPB is dis-
continued. Initial targeted pump parameters for each pump 
(shown in Table 27.1) include the following:

 •  HMII— flow 4– 5 L/ min, RPM 8,800– 9,400, power 3– 
7W, and pulsatility index (PI) of 4– 6.

 •  HM3 –  flow 4– 5 L/ min, RPM 5,000– 6,000, power 6– 
7W, and PI 2.5– 5.

 •  HeartWare HVAD flows 4– 5 L/ min, RPM 2,400– 2,800, 
power 3– 7W, and flow variability less than delta of 3 L.

Next, inotropic and vasopressor support is titrated to target 
a MAP of 65– 80 mmHg. A low pulse pressure is normal at 
this stage of the operation.

A thorough assessment of the transesophageal echocar-
diogram should be performed next. Close attention should 
be paid to the presence of air, right ventricular (RV) func-
tion, septal wall motion, LV decompression, tricuspid, aor-
tic and mitral valve competence (Figure 27.18). If moderate 
or greater tricuspid or aortic insufficiency is present, this 
should be fixed before separating completely from CPB. 
Tricuspid insufficiency, if left untreated, can lead to per-
sistent volume overload and significant right ventricular 
dysfunction. Aortic insufficiency will typically worsen 
over time and can lead to formation of a circular flow loop 
from LVAD to aorta to LV to LVAD. We generally do not treat 
mitral insufficiency as the LVAD should decompress the left 
side of the heart. A bubble test is performed to assess for 
PFO. If present, a PFO should be closed to prevent develop-
ment of right- to- left shunt. Inflow cannula position and flow 
should be assessed for orientation directly toward the mitral 
valve. The most common positioning problem involves 

Figure 27.14. Driveline placement and tunneling.
Reprinted from John RJ et  al., Implantation of continuous- flow 

ventricular assist devices:  technical considerations, Operative 

Techniques in Thoracic and Cardiovascular Surgery 2012;17:143– 

153, Copyright (2012), with permission from Elsevier.
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orientation toward the ventricular septum with limited 
flows through the LVAD. Left alone this can predispose to 
cannula suction events against the septum, and prolonged 
issues with pump performance. Maneuvers to address 
inflow cannula position at this point will be discussed in 
the following.

LVAD Pump Positioning and Final Steps
Assessment of LVAD Position

Transesophageal echocardiography assessment of inflow 
cannula position, degree of LV filling, and number of times 
the aortic valve opens are additional maneuvers that can be 
performed in the operating room to optimize LVAD func-
tion. As stated earlier, the inflow cannula should ideally be 
directed in line with the mitral valve. This is affected pri-
marily by selecting the ideal spot on the cardiac apex, and 
development of an appropriate pump pocket at the start 
of the operation. Once the pump is in place, maneuvers 
that can be performed to position the pump vary by the 
type of pump. One should first relax the sternal retractor to 
get the most realistic assessment of pump position. Fixing 
the body of the HMII pump to the posterior rectus fascia 
can permit the pump to move inferior and rightward. This 
motion will cause the inflow cannula to angle away from 
the septum and toward the left shoulder. An additional 

Figure 27.15. Outflow graft placement; positioning and measurement of outflow graft.
Reprinted from John RJ et al., Implantation of continuous- flow ventricular assist devices: technical considerations, Operative Techniques 

in Thoracic and Cardiovascular Surgery 2012;17:143– 153, Copyright (2012), with permission from Elsevier.

Figure 27.16. Outflow graft placement; aortic outflow graft 
anastomosis.
Reprinted from John RJ et  al., Implantation of continuous- flow 

ventricular assist devices:  technical considerations, Operative 

Techniques in Thoracic and Cardiovascular Surgery 2012;17:143– 

153, Copyright (2012), with permission from Elsevier.
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maneuver performed by some surgeons is to create a can-
tilever stitch that is attached to the rubberized angled con-
nection of the inflow cannula. By looping a long 0 silk 
suture around this connection twice, and then placing an 
anchoring stitch on the diaphragm, one can create a canti-
lever that will change the angle of the inflow cannula when 
tied down. For the HM3 and HVAD devices, inflow can-
nula orientation is most affected by the initial apical place-
ment, and placement of the pump within the pericardium. 
A  cantilever stitch can be attempted for these devices, 
although we do not routinely perform this maneuver.

Optimization of Initial LVAD Settings

Optimal initial LVAD settings can be guided by TEE assess-
ment of hemodynamics, LV filling, and opening of the 
aortic valve. We routinely target a MAP of 65– 80 mmHg. 
There is usually 10 mmHg pulsatility, or less, after initial 
placement of the LVAD.

The relative filling of the LV is an additional guide to 
pump parameter adjustment. We do not routinely perform a 
RAMP study (testing the function at varying pump speeds) 
in the operating room. However, a brief assessment of LV 
fullness and adjustment of LVAD RPM under echocardio-
graphic guidance can be performed to optimize the initial 
settings. Ideally the aortic valve will open intermittently, on 
the order of once every 5th cardiac cycle. This will allow for 
intermittent washing of the aortic root, and aid in prevent-
ing thrombus formation in the aortic root.

Final Steps

After ensuring adequate de- airing of the LV and LVAD we 
place a pledgeted 5- 0 or 6- 0 prolene suture to close the 
defect made in the outflow graft. Meticulous hemostasis of 
this site should be ensured.

Next the bend protector should be checked on the out-
flow graft. This is a crucial step to perform and not skip. For 
the HMII the bend protector connection should be tested 
and then the bend protector should be secured with two 2- 0 
Tevdek sutures placed through the eyeholes. The HM3 and 
HeartWare HVAD bend protector is attached prior to posi-
tioning of the pump in the pericardial space.

Bridge- to- transplant designated patients should be 
treated with the expectation of redo sternotomy in the future. 
We routinely wrap the outflow graft and medial portion of 
the driveline with Gor- Tex (W. L.  Gore Co., Newark, DE) 
or CorMatrix (CorMatrix Cardiovascular, Inc., Alpharetta, 
GA). This allows easier re- entry and minimizes the risk of 
outflow graft or driveline injury. This should be well docu-
mented in the operative report for the future surgeons.

Troubleshooting
Failure to Separate from Bypass

Failure to separate from bypass usually is due to poor 
coronary perfusion or right ventricular failure.7 This prob-
lem can be minimized by ensuring the MAP is at least 80 
prior to weaning from CPB. We typically achieve this by 
running inotropic and vasopressor support prior to wean-
ing. Doing so will optimize coronary perfusion and usu-
ally obviates RV failure. This approach will allow most 
patients to smoothly transition from CPB to LVAD support. 
After achieving stability on LVAD support, the inotropic 
and vasopressor support can be titrated down.

Figure 27.17. Transitioning from cardiopulmonary bypass 
to LVAD support; de- airing the LV and LVAD outflow graft.
Reprinted from John RJ et  al., Implantation of continuous- flow 

ventricular assist devices:  technical considerations, Operative 

Techniques in Thoracic and Cardiovascular Surgery 2012;17:143– 

153, Copyright (2012), with permission from Elsevier.

Table 27.1 •  Typical Parameters for Commonly Used LVADs

Device Flow (L/ min) Rpm (typical range) Rpm (static flow) Power (W) Pulsatility Index

HMII 4– 5 8,800– 9,400 6,000 3– 7 4– 6

HM3 4– 5 5,000– 6,000 3,000 6– 7 2.5– 5

HVAD 4– 5 2,400– 2,800 2,800 3– 7 N/ A
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RV failure that is recalcitrant to this approach will 
require resumption of full CPB. After stability is ensured 
on CPB, we will typically attempt to optimize the 
patient’s hemodynamics, and attempt a second wean 
from CPB to LVAD support. We will reassess the ino-
tropic and vasopressor regimen and make adjustments 
where needed. Assessment of RV function, LV filling, 
and pump position can be useful to ensure that nothing 
consequential was missed on first assessment. The addi-
tion of flolan or nitric oxide can decrease the pulmonary 
vascular resistance and reduce RV strain. After a thor-
ough reassessment and optimization of hemodynamics, 
we will attempt a second transition from CPB to LVAD 
support. If not successful, we will typically place an 
intra- aortic balloon pump, if not already present. If the 
addition of pulmonary vasodilators and IABP support 
fails to achieve adequate separation from CPB, we will 
generally proceed to institution of right- sided temporary 
mechanical circulatory support.

Temporary right- sided support entails drainage from the 
right atrium, and reinfusion via the pulmonary artery. We 
most often will use an ECMO circuit for support initially. 
If the patient’s lung function/ gas exchange is adequate, 
we can easily remove the oxygenator from the circuit and 
convert to right- sided temporary VAD support with a short- 
term centrifugal flow pump.

Moderate or Greater Aortic Valve Insufficiency

Significant aortic insufficiency will generally progress if 
left untreated during LVAD implantation. It is important 

to treat this aggressively, as the patient will ultimately 
develop recalcitrant heart failure from the continuous loop 
generated with flow from the LVAD to aorta to LV to LVAD. 
If moderate or greater aortic insufficiency is detected, then 
the surgical technique is usually altered. Ideally the sur-
geon is aware of this prior to proceeding to the operating 
room. The most commonly used technique for aortic valve 
closure is either with a single multi- pledgeted 4- 0 prolene 
suture or with the use of a felt strip along each leaflet. 
Aortic valve replacement with a bioprosthetic valve is also 
used. This technique does require longer ischemic time. 
Additionally, the cusps of the valve will ultimately fuse. 
Fusion of the cusps makes the patient 100% dependent 
upon LVAD function. If the LVAD should stop working, the 
patient will quickly expire.

Treatment of aortic incompetence during LVAD implan-
tation should proceed in similar fashion to standard aortic 
valve replacement.5 The repair of the aortic valve should be 
performed at the beginning of the operation. Cannulation 
strategy is similar, with an aortic infusion cannula and 
venous drainage cannula. An aortic cross- clamp will be 
applied, and the heart can be arrested with retrograde car-
dioplegia or with cardioplegia given via handheld cath-
eters directly down the coronary ostia. The aortotomy 
should be made at the usual site of aortic valve replace-
ment. The valve can be repaired or replaced according to 
surgeon preference. The aortotomy is closed and the con-
duct of LVAD implant should proceed as outlined previ-
ously. The aortic anastomosis for the outflow graft should 
be made distal to the aortotomy site. Some have described 
repairing the aortic valve through the aortotomy for the 
outflow graft; however, this is usually challenging due 
to the small opening and distance from the aortic valve. 
After the repair is complete, the heart is resuscitated with 
a warm shot of cardioplegia. The LVAD implant is then 
performed as outlined earlier.

Patent Foramen Ovale

Patent foramen ovale is another cardiac defect that should 
be treated aggressively. If left untreated after unloading the 
LV, a right- to- left atrial level shunt will develop. Depending 
on size of the PFO, this will result in moderate to severe 
hypoxia and poor unloading of the LV.

Repair of PFO should entail bicaval venous cannula-
tion. We routinely snare the cavae for a brief period of 
total CPB. Some surgeons elect to leave the cavae without 
snares to make the dissection during a redo sternotomy 
for transplant less risky for injury. A small right atriotomy 
is made and the PFO defect is closed with a running 4- 0 
prolene suture. The right atriotomy is closed with a run-
ning 4- 0 prolene suture, and the caval tapes are removed. 
Implant of the LVAD should then proceed in routine 
fashion.

Figure 27.18. Transitioning from cardiopulmonary bypass 
to LVAD support; weaning from cardiopulmonary bypass 
and Initiation of LVAD flows.
Reprinted from John RJ et  al., Implantation of continuous- flow 

ventricular assist devices:  technical considerations, Operative 

Techniques in Thoracic and Cardiovascular Surgery 2012;17:143– 

153, Copyright (2012), with permission from Elsevier.
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Tricuspid Regurgitation

Moderate or greater tricuspid regurgitation is an indication 
for repair. Studies have shown a lower rate of RV dysfunc-
tion in patients after LVAD who undergo repair.

Bicaval venous cannulation and caval tapes are placed. 
A  right atriotomy is made. Non- pledgeted 2- 0 Tevdek 
sutures are placed circumferentially around the tricuspid 
annulus. The AV node and conduction system are vulner-
able to injury near the commissure of the septal and poste-
rior leaflets. Injury here can be avoided by use of a partial 
ring, the avoidance of suture placement here, and perform-
ing the repair with the heart beating. A size 30 or 32 par-
tial Edwards MC3 tricuspid annuloplasty ring (Edwards 
Lifesciences Corp., Irvine, CA) is our usual choice. We 
use the CoreKnot device (Innovative Solutions, Victor, 
NY) regularly to secure the annuloplasty ring in place. 
The right atriotomy is closed with a running 4- 0 prolene 
suture, and the caval tapes are removed. Implant of the 
LVAD should then proceed in routine fashion.

IABP Use and Issues

We regularly implement IABP support in patients prior 
to LVAD placement. Reduction in afterload and improved 
coronary perfusion will typically improve patients’ physi-
ologic status (liver function, renal function, RV function) 
prior to proceeding to the operating room. We routinely 
pause the balloon after heparinization. The case is per-
formed as outlined earlier, and IABP function is resumed 
prior to separation from CPB. We have found this to 
decrease the need for extremely high doses of inotropes 
and vasopressors. Additionally, use of IABP as a measure 
to improve hemodynamics can help when there is diffi-
culty transitioning from CPB to LVAD support.

IABP use can cause spurious readings of flows and PIs 
on the HM3 pump. We regularly use IABP to transition from 
CPB to LVAD support, and for the first 3– 4 hours postopera-
tively. After this we will routinely remove the IABP once 
the patient is settled in the ICU.

Conclusion
Implantation of LVAD via sternotomy approach remains a 
widely accepted technique. Advantages include excellent 

visualization and the ability to perform concurrent proce-
dures with ease. Disadvantages include increased blood 
utilization and bleeding related to surgery. While mini-
mally invasive thoracotomy techniques are increasing in 
popularity, sternotomy remains the standard approach in 
the current era.
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The Less- Invasive (Lateral) Approach 
to Left Ventricular Device Implantation 

EDWIN C. MCGEE, JR.

Introduction

Implanting left ventricular assist devices (LVADs) 
in the modern era of continuous- flow devices is 
still associated with substantial rates of morbidity, 

despite improvements in survival. Surgical bleeding and 
severe right heart failure are particularly problematic.1 
Perioperative bleeding and subsequent blood product 
administration contribute to right heart failure secondary 
to volume expansion and the increase in pulmonary vas-
cular resistance seen with blood product administration. 
Additionally, blood product administration can lead to 
allosensitization, which decreases the probability of find-
ing an acceptable donor and increases the risk of vascular 
rejection.

To address these pitfalls and improve the accept-
ability of this technology to both patients and referring 
physicians, and with the advent of smaller devices, less- 
invasive implant techniques have been developed for 
LVADs (Figure 28.1).

A description of every implant strategy in the modern 
era is beyond the scope of this chapter. Rather, we focus 
on the refinement and widespread adoption of less- invasive 
implant techniques and highlight the evolution of this 
aspect of mechanical circulatory from a series of “one- offs” 
to evidence- based practice.

A History of Implant Strategies
Frazier and Gregoric were the first to describe a less- 
invasive implant of a continuous- flow pump. In 2006, they 
implanted a Jarvik 2000 flowmaker with an outflow anas-
tomosis to the supra celiac aorta using a subcostal incision 
to access the LV apex and the supra celiac aorta in patients 
with a history of heart surgery.2 They did not use cardio-
pulmonary bypass and reported lower rates of bleeding 

and earlier patient recovery.3 Lack of access to intramyo-
cardial pumps and a lack of familiarity with the anatomy 
of the supra celiac aorta among cardiac surgeons hampered 
widespread adoption of this approach. The same authors 
also described a subcostal approach with the HeartMate 
II (Abbott labs), but they anastomosed the outlet graft to 
the ascending aorta. Anyanwu reported that an off- pump 
subcostal approach with the HeartMate II was reproducible 
and associated with less blood use.4 Despite these efforts, 
less- invasive approaches with the HeartMate II were not 
widely adopted.

The HeartWare HVAD (Medtronic, Inc.), a third- 
generation centrifugal pump, is the smallest full- support 
pump approved for both bridge to transplantation and 
long- term destination therapy. Its small size and relatively 
low- profile inflow canula led to extensive experience with 
less- invasive and alternative implant techniques. Single- 
center retrospective studies by both European and North 
American groups have found lower rates of bleeding, shorter 
or no time on cardiopulmonary bypass, and lower rates of 
right ventricle (RV) failure.5,6 A  multicenter, retrospective 
series in the United States confirmed this as well.7

Given the promising results in single-  and multicenter 
retrospective studies, the HeartWare LATERAL trial was 
undertaken to study the less- invasive implant technique. 
It was the first trial approved by the US Food and Drug 
Administration to study a non- sternotomy mode of LVAD 
implantation. The trial was a single- arm multi- center, pro-
spective trail of 144 patients undergoing HVAD implant 
through a left anterior thoracotomy and either an upper 
hemi- sternotomy or a right anterior thoracotomy. Results 
were compared with data from contemporaneous matched 
patients (controls) in the Society of Thoracic Surgeons’ 
INTERMACS (Interagency Registry for Mechanically 
Assisted Circulatory Support) database undergoing implan-
tation with full sternotomy. Enrollment lasted from 2014 to 
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2016. All implants were required to be performed on cardio-
pulmonary bypass.

Success was a composite endpoint defined as follows:

 1. Alive on the originally implanted device at 180 days 
and without a stroke (modified Rankin scale >3 or more 
months after the stroke (Table 28.1);

 2) Transplanted by 180 days and without a stroke >3 
on a modified Rankin Scale when assessed 3 or more 
months after the stroke; or

 3) Explanted for recovery by month 6 and without a 
stroke >3 or greater on modified Rankin Scale assessed 
3 or more months after the stroke.

The primary composite endpoint was non- inferiority to the 
historical control patients undergoing traditional sternot-
omy; 88.1% (126/ 143) patients met the primary endpoint 
(Figure 28.2). No adverse safety signals were identified, 
and improvements in quality of life and in NYHA heart 
failure class were sustained. Bleeding requiring reopera-
tion occurred in 5 (3.4%) patients, and bleeding requiring 
transfusion occurred in 13 (9%) patients. Two- year sur-
vival was 87% (Figure 28.3). The lateral mode of implant 
was approved by the FDA in 2018.

The HeartMate 3 has recently been approved for bridge 
to transplantation and destination therapy in the United 
States. A lateral implant has been reported with this device, 

but the procedure has not been formally studied.8 Because 
this device is larger than the HVAD, whether non- sternotomy 
approaches will be widely accepted is unknown.9

Patient Selection
As with most operations, proper patient selection is criti-
cal, especially early in a surgeon’s experience. The lateral 

Figure 28.1. A schematic demonstrating the various surgical approaches used for LATERAL implantation techniques.

Table 28.1 •  Modified Rankin Scale Criteria

Modified Rankin Scale (MRS)

0No symptoms

1No significant disability, despite symptoms; able to perform all 
usual duties and activities

2Slight disability; unable to perform all previous activities but 
able to look after own affairs without assistance

3Moderate disability; requires some help, but able to walk 
without assistance

4Moderate severe disability; unable to walk without assistance 
and unable to attend to own bodily needs without assistance

5Severe disability; bedridden, incontinent, and requires 
constant nursing care and attention

6Death

 



Chapter 28. The Less-Invasive Approach to Implantation 227

HVAD implant has a substantial learning curve, but the 
procedure is quite reproducible with experience. The ideal 
patient on which to start should be relatively thin with a 
large heart and no history of heart surgery. With experi-
ence, carefully selected reoperative cases can be consid-
ered for the LATERAL technique.

Implantation in patients with a history of valve surgery, 
especially those with mitral valve repair or replacement, 
is straightforward because adhesions tend not to be dense. 
Adhesions over the apex are typically filmy and are easy 

to lyse. Usually, we choose to secure the sewing ring to the 
apex without going on bypass. However, if the left ventri-
cle (LV) is tense and fragile, or if hemodynamic instability 
ensues, cardiopulmonary bypass should be instituted with-
out hesitation. When approaching the apex during a reoper-
ative full sternotomy, cardiopulmonary bypass is typically 
required so that the apex and lateral wall can be dissected 
enough to dislocate the apex medially enough to place a 
sewing ring. If the epicardium is particularly fragile, car-
dioplegic arrest may be required.

Figure 28.2. Primary endpoint success was achieved in 88.1% of patients enrolled in the LATERAL trial.
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Most LVAD implants in most centers are undertaken as 
bridge to transplantation. Therefore, the LVAD should be 
implanted with a strategic focus on improving the ease of a 
subsequent explant and heart transplantation.

Central aortic and venous cannulation for lateral implant 
spares the groin or axillary artery for the transplant opera-
tion, if needed. Standard aortic cannulation can reliably be 
accomplished with an upper hemi- sternotomy, and many 
cases will permit central venous cannulation as well (Figure 
28.4). A  two- stage cannula introduced through the right 
atrial appendage facilitates exposure of the outlet graft- to- 
aorta anastomosis when the cannula is retracted inferiorly.

The sewing ring is sewn to the apical dimple in the 
standard fashion. My current mode of securing the ring 
consists of 4, 2- 0 Ethibond sutures supported with pled-
gets of Teflon felt. I  then run a 4- 0 PROLENE suture on 
an SH needle joining the LV myocardium to the sewing 
ring. Depending on the quality of the epicardium, I may 

support this suture line with a strip of bovine pericar-
dium. I keep two of the Ethibond sutures on hemostats to 
facilitate coring and pump placement because seating the 
pump becomes a one- handed operation with the lateral 
implant technique. If the sutures are not placed on trac-
tion, the left ventricle will be pushed into the pericardium, 
which makes seating and securing the pump difficult if not 
impossible (Figure 28.5).

I orient the sewing ring to make the securing screw eas-
ily accessible for the fastening wrench. Typically, the ring 
is oriented so that the screw is pointed toward the right 
shoulder. Orienting the screw toward the left shoulder may 
be necessary in obese patients. The screw should never be 
oriented inferiorly because it likely will be covered by some 
portion of the bend relief (Figure 28.6).

I always begin cardiopulmonary bypass before coring 
the ventricle and seating the pump. Off- pump LVAD inser-
tion has been described, but in my opinion, the few minutes 

Figure  28.4. Operative setup for a lateral LVAD implant. 
The left ventricular apex is accessed through a left 5th or 
6th anterior thoracotomy. The ascending aorta is accessed 
through an upper hemi- sternotomy that extends through 
the right 4th intercostal space. An Alexis wound protec-
tor facilitates exposure. Central cannulation is typically 
possible.

Figure  28.5. A  patient on cardiopulmonary bypass using 
standard central cannulation. A  cruciate ventriculostomy 
has been made within the opening of the sewing ring, which 
is being elevated into the wound by uncut sewing ring sutures 
placed on traction. The pump has been placed in the opera-
tive field and the outlet graft has been routed through the 
hemi- sternotomy. The bend relief is covered with gortex.



Chapter 28. The Less-Invasive Approach to Implantation 229

on bypass to core the LV, remove any bridging trabeculae, 
and safely secure the pump are a small price to pay for 
the substantial benefits that accrue by having the ability to 
visualize the inside of the ventricle. In addition, long- term 
success with this procedure requires placing the inlet can-
nula perfectly, and in my opinion, cardiopulmonary bypass 
is the only way that ideal inlet placement can be assured. 
Off- pump insertion of LVADs certainly can be mastered, but 
I am concerned that the excellent results described by some 
surgeons may not be reproducible when this approach is 
applied more broadly.

After removing any trabeculae, the heart is filled, and 
ventilation is begun by the anesthesia team to evacuate 
any air from the left side. An index finger inserted into the 
ventriculotomy can confirm hemostasis of the sewing ring 
(Figure 28.7).

To seat the pump properly into the pericardial space, 
several links of the bend relief must be removed or the 
pump outlet graft will be too bulky to fit between the ribs. 
An optional technique is to keep most of the bend relief but 

to unhook the second link from the pump. After the out-
let graft is routed through the mediastinum, the bend relief 
can be reconnected manually without too much difficulty 
(Figure 28.8).

The outlet graft is clamped after it is de- aired. The heart 
is filled, and the correct graft length is determined after the 
graft has had a chance to distend. The Vascutek graft is more 
expansive than the Hemashield graft, so allowing the graft 
to distend and stretch is an important nuance in placing 
the graft correctly. I typically route the graft along the mid-
portion of the diaphragm and then along the right atrioven-
tricular groove, similar to the strategy used for a vein graft to 
a posterior descending artery during coronary artery bypass 
grafting.

After orienting the outlet graft and trimming to the right 
length, it is anastomosed to the ascending aorta (Figure 
28.9). Gelweave Vascutek is fairly expansible, so I clamp the 
end of the graft with heart full in order to determine the opti-
mal length of the graft. Depending on the degree of ventricu-
lar dysfunction, this step can possibly be completed after 
the patient is weaned from cardiopulmonary bypass. The 

Figure 28.6. The ventricle being cored. The torque wrench 
has been introduced through the lateral aspect of the tho-
racotomy, and the set screw has been accessed. Sometimes, 
a counter incision is required to allow the wrench and set 
screw to be properly oriented.

Figure  28.7. A  pump being seated. The traction sutures 
and the torque wrench are providing counter- traction to the 
sewing ring/ ventricle, which allows the pump to be intro-
duced through the ventriculotomy.
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anastomosis can be completed and then the LVAD started. 
Typically, we just complete implant on bypass. With the 
patient in Trendelenburg position, the heart is completely 
de- aired using standard maneuvers and an aortic root vent. 
The outlet graft (which has been clamped just proximal to 
the aortic anastomosis) is then vented with a needle as the 
pump is filled and started. Typically, we increase the speed 
to around 2,200 rpm during pump de- airing. The outlet 
graft clamp is temporarily released as the ascending aorta is 
visualized on transesophageal echocardiography. Once car-
diopulmonary bypass has been weaned to a low level and 
de- airing is complete, the graft clamp is released, and pump 
flow is increased as appropriate. Typical speeds after bypass 
range from 2,400 to 2,600 rpm. The de- airing site is closed 
with a fine PROLENE suture, the cannulae are removed, 
and the incision is closed after heparin reversal with prot-
amine. Pleural and mediastinal drains are placed, and the 
pericardium and mediastinal fat are closed over the pump 
and aorta. If there is not enough tissue to cover the pump, a 

gortex membrane can be used to prohibit lung adhesions to 
the pump during time of removal for the heart transplant.

One pitfall of the less- invasive lateral approach is an out-
let graft of the wrong length. A kink can constrict the graft if 
it is too long, or can compress it if the graft is too short. Graft 
obstruction manifests as low flows and low power, which are 
easily diagnosed from the waveform on the display screen. 
In this case, the flow will be low, and the waveform will be 
flat. Additionally, the patient’s aortic valve will continue to 
open, and phasic blood pressure will be normal. Loosening 
the setscrew and rotating the pump counterclockwise will 
compensate for a graft that is too long; rotating it clockwise 
will alleviate issues if it is too short. These maneuvers must 
be done carefully to avoid damaging the silicon O- ring on 
the inlet cannula. If the ring is not fully seated, or if it buck-
les or breaks, the resulting bleeding from the ring and pump 
interface will not be controllable. If the O- ring is fractured 
during seating, the pump must be replaced.

Although some authors have described routing the out-
flow graft into the preperitoneal or pleural space to avoid 
mediastinal adhesions,10 my success with doing so has 

Figure 28.8. The pump seated and well positioned in the 
pericardium. Before closure, the pericardium and mediasti-
nal fat will be reapproximated over the pump or a polytet-
rafluoroethylene (PTFE) pericardial membrane will be 
placed to span the pericardial defect. The driveline will be 
tunneled through the interspace or below the costal margin.

Figure 28.9. A view from the head of the bed of the com-
pleted outlet graft to the ascending aorta. The standard 
two- stage venous cannula in the right atrium and the aortic 
cannula are in the foreground.
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been mixed. The potential for graft impingement with pre-
peritoneal or subcutaneous tunneling is a concern, even 
with the use of reinforced grafts that some have described. 
Although tunneling through the pleura is certainly feasible 
from a technical standpoint, adhesions to the lung pres-
ent a formidable challenge during LVAD explantation and 
transplantation.

Outflow to the axillary artery using the HeartWare 
device has been reported.11 My experience has been 
limited to a few patients with a hostile ascending aorta. 
The same anterior thoracotomy is used for placement of 
the inflow cannula and pump as described earlier, but 
the outflow graft is routed through the pleural space 
and is delivered throughout the second intercostal 
space to the left axillary artery, which has been pre-
viously isolated. Typically, an 8- mm Vascutek graft is 
anastomosed end- to- side to the axillary artery and this 
is anastomosed to the 10- mm outflow graft from the 
pump with a beveled end- to- end anastomosis to allow 
unobstructed egress from the pleural space through the 
second interspace.

Despite the attractiveness of this technique in provid-
ing mechanical support in patients with a hostile aorta, in 
my experience the outflow to the left axillary artery does 
not provide full support, One reported complication of this 
technique is swelling of the left arm due to over- circulation. 
Pressure in the arm should be kept relatively normal, with 
mean arterial pressures less than 100– 110  mmHg. More 
experience is required before this technique can be recom-
mended without reservation.

Conclusion
Implanting LVADs is now standardized and reproduc-
ible. However, bleeding and RV failure may still occasion-
ally occur. We need to find ways to lessen the morbidity 
associated with these implants. Increasing evidence indi-
cates that a less- invasive approach with an upper hemi- 
sternotomy and left anterior thoracotomy can be safe and 
associated with lower rates of bleeding than those associ-
ated with conventional approaches. With experience, the 
lateral implantation can be mastered, and all surgeons with 

expertise in implanting LVADs should have this approach 
in their armamentarium.
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Introduction

The use of left ventricular assist devices (LVADs) to 
support patients with acute and chronic left heart 
failure has increased exponentially over the past 

two decades. Globally, more than 30,000 LVADs have been 
implanted. In 2005, less than 10 countries were implant-
ing LVADs; today, more than 40 countries do. The expan-
sion can be attributed to improved clinical results, as well 
as to the limited number of donor hearts available to treat 
the growing pandemic of heart failure. Furthermore, the 
increasing number of older patients in developed coun-
tries may be better served by LVAD support than by car-
diac transplantation.

Historically, survival has been the dominant metric used 
to assess VAD therapy. Currently, more than 5,000 patients 
have been supported with LVADs for more than 4  years 
and some for more than 15 years. With more patients being 
supported for longer periods, both the length and quality 
of life will be the new metrics for success. Because only 
the LV is supported, right ventricular (RV) heart failure can 
become a progressive problem, especially in recipients who 
have elevated pulmonary vascular resistance. Persistent or 
acquired valvular insufficiencies can escalate the develop-
ment of RV failure. In addition, a small subset of supported 
patients can be weaned from their devices. Competent 
native heart valves become important for sustaining these 
three populations.

The higher hydraulic outputs required during exer-
cise can only be achieved by the combined output of the 
left ventricle and the LVAD, in what we have labeled the   
LV- LVAD complex. Competent valves in the retained 
heart have the potential to augment and optimize this 

complementary systemic flow. For these reasons, we have 
always emphasized first repairing the native heart and then 
adding an LVAD. To that end, we currently repair 55% of 
the mitral valves, 20% of the tricuspid valves, and close 
to 20% of the aortic valves at the time of LVAD implanta-
tion. In more than 300 HeartMate implants, our operative 
mortality has been 1%, and our RVAD use has been 2%. 
Randomized trials validating clinical recommendations for 
valvular repair during LVAD implantation do not yet exist. 
The value of mitral valve repair remains disputed, but aor-
tic valve closure and tricuspid valve repair are less contro-
versial. In this chapter, we present our reasoning as well 
as our strategies to correct these three valves during LVAD 
implantation.

Repairing the Mitral Valve
The function of the mitral valve during LVAD support is 
to maintain both forward blood flow and the volume in 
the LV. In the LVAD- supported patient, mitral chordal 
mechanics are less important for distributing force to the 
ventricular walls, and the systolic anterior leaflet tension 
is less important for expanding the aortic annulus because 
the LV pressures are usually lower. This reduced impor-
tance is especially true with the current continuous- flow 
LVADs, but it was not universally true with the volume- 
displacement LVADs, especially when they were peri-
odically in a systolic synchronous LV- LVAD relationship. 
Future iterations of continuous- flow pumps with the abil-
ity to generate episodic flows may recreate that adverse 
relationship. However, even with current continuous- flow 
LVADs, intra- ventricular pressures can become elevated. 
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Mitral insufficiency under elevated pressures can produce 
high left atrial pressures, and eventually, right heart failure.

The right- sided pumping complex is most vulnerable 
during the early post- implant period, when pulmonary 
vascular resistance may be elevated, and RV function 
diminished. Systemic blood pressure (right coronary artery 
perfusion pressure), volume status, pulmonary vascular 
resistance, RV contractility, and tricuspid valve function 
are all in a state of flux, creating the conditions for RV fail-
ure. Despite this state, RVAD use can usually be avoided, 
although that option requires attending to many details, all 
aimed at maximizing right- sided pumping efficiency. The 
function of the mitral valve during this crucial state can be 
pivotal. Left ventricular volumes are usually kept high to 
prevent suction events. Any transmitted pulsatility (pulsa-
tility index) can be referred back through an incompetent 
mitral valve and increase RV afterload.

First Case Example: Immediate Postoperative   
Right Ventricular Failure in a Patient with   
a HeartMate II

A patient with a HeartMate II LVAD and postoperative RV 
failure was returned to the operating room for possible 
RVAD insertion. An intraoperative transesophageal echo-
cardiogram (TEE) revealed persistent mitral regurgitation 
and RV dysfunction, despite the use of inotropics and pul-
monary artery vasodilatation (A in Figure 29.1). We were 
unable to re- repair the mitral valve. However, the hemody-
namics improved when the mitral valve was replaced, and 
an RVAD was not needed (B in Figure 29.1).

In a mock circulatory loop, we found that mitral regur-
gitation decreased the augmentation of forward flow by 
native cardiac function at lower LVAD speeds.1 During 
exercise, flow demand exceeds the flow capacity of the 
volume displacement pumps in the pulsatile HeartMate 
I (Figure 29.2). The higher flow demands rely on the com-
bined pumping capacity of what we have labeled the LV- 
LVAD complex.2

During exercise in patients with recovered native LV 
function, the LV- LVAD complex augments systemic flow by 
adding a parallel flow through the aortic valve (AV). Others 
have reported the same augmentation with continuous- flow 
HeartMate II pumps (Figures 29.3 and 29.4)2– .

When pulmonary vascular resistance is low, the hydrau-
lic component of maximum exercise capacity is limited by 
the combined pumping capacity of the LV- LVAD complex 
and not by RV function (Figure 29.5)2. Under these condi-
tions, a competent mitral valve can improve that comple-
mentary ventricular contribution and, at the same time, 
prevent RV afterload from increasing.

Second Case Example: Aortic Valve   
Regurgitation with Mitral Regurgitation   
in Chronic Circulatory Support

During chronic circulatory support, the AV can become 
progressively incompetent and can increase LV pressures. 
In that situation, an incompetent mitral valve can produce 
high right- sided pressures and present as RV failure in the 
LVAD- supported patient. These high right- sided pressures 
were greatly and easily reversed in four cases by placing a 

(A) (B)

Figure 29.1. First case example, transesophageal echo:  (A) mitral valve with RV failure; (B) bio- prosthetic mitral valve 
without RV failure.
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mitral clip, which created a competent mitral valve (Figure 
29.6).5

In the rare instances when the LV has sufficiently recov-
ered after LVAD implantation., some patients can be weaned 

from support. In those patients, a competent mitral valve can 
permit LVAD removal without concurrent mitral valve repair.

Third Case Example: A 16- Year- Old Boy   
with an Occluded Aortic Valve and 
Mitral Regurgitation

In a 16- year- old boy with acute heart failure, aortic insuf-
ficiency, and dilated cardiomyopathy (secondary to cryp-
tic systemic vasculitis), the aortic root was replaced with a 
mechanical prosthesis. The valve became occluded during 
LVAD insertion. Systolic ventricular function appeared to 
recover, but we were unable to test LV function, given both 
the closed LV outflow tract and the presence of acquired 
mitral regurgitation. We re- replaced the AV conduit and 
repaired the mitral valve. When the LVAD was explanted 
5 years later, ejection fraction was low, but the valves were 
competent.

Robertson’s6 analysis of the INTERMACS database, 
published as “Concomitant Mitral Valve Procedures in 
Patients Undergoing Implantation of Continuous- Flow Left 
Ventricular Assist Devices,” found no statistically signifi-
cant survival advantage for concomitant mitral valve pro-
cedures 3 months, 1 year, or 2 years after surgery (Figure 
29.7). However, there was a trend toward increased survival 
among patients with moderate- to- severe mitral regurgita-
tion who underwent a mitral valve procedure when receiv-
ing LVADs as destination therapy.

The effect of mitral valve repair on quality of life has 
not been extensively studied. Patients treated for mitral 
valve prolapse reported a statistically significant increase 
in quality of life 1 year later as measured on the EuroQol 
Questionnaire, despite being sicker preoperatively than 
patients whose valves were not treated. Patients with mitral 
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Figure 29.2. Diagram of blood flow at rest and with exer-
cise as documented in the mock circulatory loop.
Reproduced from Jaski B et  al., Effects of exercise during long- 

term support with a left ventricular assist device:  results of the 

experience with left ventricular assist device with exercise 

(EVADE) pilot trial, Circulation 1997;95(10):2401– 2406, https:// 

www.ahajournals.org/ journal/ circ, Copyright © 2019 by Wolters 

Kluwer Health and the American Heart Association and American 

Stroke Association.
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valve procedures also improved their 6- minute walk dis-
tances more than did patients with unrepaired valves, but 
there were no other statistical differences between groups. 
However, concomitant mitral valve repairs were associated 
with significantly fewer hospital readmissions 1 and 2 years 
later (Figure 29.8). The reason for this reduction is unclear 
because mitral valve repair did not seem to reduce the risk 
of readmission for right heart failure. Collectively, however, 
these data corroborate a benefit for select patients.6

Six- minute walk distances were significantly increased 
at 1 year post- operatively for all groups, and no differences 

were noted at this point between the groups. The greatest 
changes in 6- minute walk distances were noted for patients 
who underwent mitral valve repair. There was no increase 
in early mortality for patients who underwent a concomitant 
mitral valve procedure (MVP), which suggests that repair-
ing the valve during LVAD implantation is a safe option to 
consider (Table 29.1).

The primary goal of mitral repair is to minimize regurgi-
tant flow. Systolic anterior motion of a large anterior leaflet is 
unimportant in LVAD- supported patients. Mitral regurgita-
tion is usually managed by inserting an undersized annulo-
plasty ring. Edge- to- edge suture repair through a transapical 
approach has been reported, but experience is limited.7 
Existing mitral prostheses have been successfully left in 
place.8 Strokes were not more common in patients with 
mechanical mitral prostheses left in place, although the ret-
rospective INTERMACS data are inconclusive on this point.6

When mitral valve replacement is necessary, we prefer 
a bio- prosthesis. In many cases, late failure of the valve can 
be addressed using percutaneous techniques. Reducing 
anticoagulation in patients with LVADs (who often have an 
increased risk of bleeding complications) may increase the 
risk of thrombosis for those with a mechanical prosthesis, 
especially because the leaflet motion necessary to wash the 
hinge points in most mechanical prostheses is reduced by 
continuous- flow LVADs.

Our current policy is to correct mitral regurgitation 
greater than 2+ at any time during the patient’s hospital-
ization. We have gradually increased our mitral valve pro-
cedures from 17% during our HeartMate I  era from 1991 
to 2008, to 42% with our early HeartMate II experience 
between 2005 and 2011, to our current rate of 55% for our 
HeartMate II and HeartMate 3 recipients.

Aortic Valve Problems Related 
to Device Implantation

Because blood may not be moving through the AV dur-
ing LVAD support, aortic stenosis need not be corrected. 
Existing aortic insufficiency (AI) and progressive deterio-
ration of the native AV, however, do require special atten-
tion. Aortic insufficiency in LVAD recipients produces 
central recirculation with diminishing systemic output 
and increases the sheer stress on the blood components. 
Increased LV volume loading usually increases LV pres-
sure and volume, depending on native ventricular func-
tion. This increased LV pressure can be transmitted back 
through the pulmonary circulation and can contribute to 
RV failure. As discussed, this phenomenon can be influ-
enced by the competency of the mitral valve. Increasing 
LV volume can create functional mitral regurgitation and 
can exacerbate existing untreated mitral regurgitation. 
Clinically, this complex interaction gradually reduces 
exercise tolerance through falling systemic flows; even-
tually, high left- heart- filling pressures cause pulmonary 
congestion and dypnea.9 Finally, progressive symptoms of 
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Figure 29.5. Top change in LV dimension from rest to exer-
cise reflects a significant (P >.05) increase in LV size (n = 8).
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right heart failure (including renal and hepatic failure) and 
peripheral edema will ensue. Peripheral organ failure pro-
duced by systemic elevated venous pressures is worsened 
by falling systemic cardiac output.

As AI progresses, the shear stress experienced by circu-
lating blood elements increases because the insufficiency is 
constant rather than episodic (as it is in the unsupported 
circulation) and because (as described by Bluestein10), 
the circulation history of the blood elements is markedly 
increased. Clinically, this shear stress can manifest as 
progressive hemolysis with increasing concentrations of 
lactate dehydrogenase and hyperbilirubinemia (hepatic 
congestion).

The incidence of AI in LVAD patients is greater than in 
the general population. Aortic insufficiency can occur with 
both pulsatile and non- pulsatile LV assist devices. A recent 
meta- analysis found that the incidence of AI was 37% in 
548 pooled patients with LVADs (Table 29.2).11

Variables associated with the development of de novo 
aortic regurgitation (AR) in patients with LVADs include 
increasing age, female sex, increased duration of support, 
and continuous closure of the AV. A tailored LVAD manage-
ment strategy has been proposed to reduce the incidence 
of AR by allowing the LV to intermittently open the valve, 
impeding the evolution of morphologic valvular remodel-
ing.16 The authors concluded that further investigation was 
warranted to evaluate the clinical impact of AR and, conse-
quently, less- efficient LVAD flows.

Interestingly, a Japanese study reported the 1- year inci-
dence of de novo AV insufficiency to be 18% in the Jarvik 
2000 device, which periodically opens the AV every 8 sec-
onds.11 In contrast, recent studies12 from European centers 
where the HeartWare VAD (HVAD) was programmed with 
an intermittent low- speed- like effect known as the Lavare 

cycle, showed that marked AR was rare in HVAD recipi-
ents; the 1- year incidence was only 1.9%.13 Those stud-
ies also revealed that AV opening was frequent in most 
of the recipients and that atrial AR was common with a 
closed AV.

Histochemical changes in AVs analyzed from LVAD- 
supported patients have also been well documented by 
numerous authors.14 Aortic valves in patients with LVADs 
showed increased stiffness with increased valve cell activa-
tion, immune and oxidative stress, and transforming growth 
factor β– related proteins. In patients with LVADs, the AV 
responds to altered hemodynamics by increasing signaling 
pathways related to injury and valve cell activation, ulti-
mately leading to valve stiffening. Further study is required 
to identify the mechanisms resulting in the changes in these 
mechanical properties.

Predicting Aortic Insufficiency 
after Device Implantation

Patients with preoperative enlargement of the aortic root 
may have progressive root dilatation, which may be associ-
ated with aortic insufficiency.15 However, in the previously 
mentioned meta- analysis of eight trials,16 the diameter of 
the aortic root did not predict the occurrence of insuffi-
ciency. Interestingly, patients whose AVs opened during 
support experienced less aortic insufficiency.17 Practice 
guidelines currently suggest that more- than- mild AV 
insufficiency at the time of LVAD implantation should be 
corrected.18

Numerous concomitant surgical procedures to treat or 
prevent AI at the time of LVAD implantation have been pro-
posed. During the current era of continuous- flow LVADs, 
the fatal threat of pump thrombosis with an occluded LV 
outflow tract has prompted strategies to keep the outflow 

Figure 29.6. Left, pre- clip; right, 30 days from clip.
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tract open while eliminating AI. Although long- term, 
event- free survival of patients with occluded outflow tracts 
has been reported, AV annuloplasty, bio- prosthetic replace-
ment, and partial valve closure have all been used to main-
tain an open outflow tract. Because the primary pathology 
in acquired insufficiency is leaflet failure, experience with 
annuloplasty is limited and is not widely accepted.19

Bio- prosthetic replacement is appealing, but these 
valves tend to thrombose and can also begin to leak 

themselves. Partial native valve leaflet closure with a cen-
tral felt- reinforced suture can be effective. Unfortunately, 
this repair can fail when AI progresses in the unclosed 
portion of the valve or when the closure is disrupted, 
presumably during occasional native systolic ventricu-
lar ejections. Additionally, extension of the fibrotic pro-
cess initiated by the central felt suture can progress and 
close the LV outflow tract. For these reasons, Adamson 
has advocated completely closing the AV using felt strips 

(A)

(B)

Figure 29.7. (A) Patients receiving destination therapy; (B) patients not receiving destination therapy.
Reprinted from Robertson J et  al., Concomitant mitral valve procedures in patients undergoing implantation of continuous- flow left 

ventricular assist devices, Journal of Heart and Lung Transplantation 2018;37:79– 88, Copyright (2018), with permission from Elsevier.
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suspended from the annulus. The outflow tract can be 
securely closed with occlusive outflow patches in the 
aortic annulus.

Existing Aortic Valve Prostheses
Existing mechanical and bio- prosthetic valves have both 
successfully been left in place during VAD implantation. 
Most authorities advocate closing the mechanical AVs 
with the technique described by Cohen20 to minimize 
thrombotic risks. Insufficient bio- prosthetic valves over 
the short term have been closed surgically.

Long- Term Outcomes with Aortic 
Valve Closure
Robertson7 analyzed 5,344 patients enrolled in the 
INTERMACS database between June 2006 to December 
2012 to assess the impact of AV procedures in LVAD 
recipients. Of these, 125 underwent AV closure, 95 
repairs, and 85 replacements. Postoperative aortic insuf-
ficiency increased over time in patients undergoing an 
AV procedure. Despite the procedure, early recurrence 
of moderate- to- severe AV insufficiency still occurs. After 
6– 12  months, moderate- to- severe AI has developed in 
18% of patients with AV repairs, 10% of those with no 

Figure 29.8. Time to first re- hospitalization by mitral valve procedure group.
Reprinted from Robertson J et  al., Concomitant mitral valve procedures in patients undergoing implantation of continuous- flow left 

ventricular assist devices, Journal of Heart and Lung Transplantation 2018;37:79– 88, Copyright (2018), with permission from Elsevier.

Table 29.1 •  Changes in exercise function post- operatively

Exercise Function
No Mitral Valve Procedure 
(N = 4,667) Mitral Valve Repair (N = 252) p- value

6- minute walk (feet), pre- implant 800.3 ± 14.2 (n = 839) 662.6 ± 85.5 (n = 29) 0.08

6- minute walk (feet), 1 year post- implant 1158.4 ± 20.1 (n = 988) 1131.7 ± 51.1 (n = 63) 0.74

Difference between pre- implant and 1 year   
post- implant (feet)

385.3 ± 46.4 (n = 283) 597.4 ± 127.4 (n = 11) NA

p- value 0.0009 <0.0001

Data expressed as mean ± standard error. NA, Not applicable.
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AV repair, 9% of those with AV replacements, and 5% 
of those with AV closures (P <0.001) The best approach 
for dealing with AI at the time of continuous- flow LVAD 
implantation has been debated, with no consensus on 
whether to perform AV repair, replacement, or closure. 
Robertson’s20 primary finding is that AV closure markedly 
increases mortality, whereas short-  and long- term survival 
in patients undergoing AV repair is like that of patients 
with continuous- flow LVADs who did not undergo an AV 
procedure. The limitation to AV repair is a higher inci-
dence of postoperative AI.

The difficulty in assessing AI in patients with 
continuous- flow LVADs is that the flow is usually pan- 
cyclical and eccentric.21 Traditional transthoracic echo-
cardiography (TTE) measurements for grading AI severity, 
including vena contracta, jet width/ LV outflow tract 
diameter, and proximal isovelocity surface area, are less 
accurate in a continuous- flow system and tend to be 
less reliable with eccentric regurgitant flow. The clinical 
importance of AI in patients with continuous- flow LVADs 
remains unclear. The increased regurgitant flow caused by 
AI elevates cardiac filling pressures and produces signs or 
symptoms of congestion. However, studies evaluating out-
comes after the development of de- novo AI are mixed with 
respect to morbidity and mortality.

Grinstein et  al.21 have introduced two new trans-
thoracic echocardiographic measurements for grading 
AI severity in patients with continuous- flow LVADs. 
The peak systolic- to- diastolic (S/ D) velocity ratio of 
the LVAD outflow cannula and diastolic acceleration of 
the LVAD outflow cannula correlate better with clini-
cal filling pressures and regurgitant fraction than do 

traditional transthoracic echocardiographic measures, 
including vena contracta measurements (Figure 29.9). 
Furthermore, the authors found that traditional measures 
tend to underestimate AI severity.22 The new AI trans-
thoracic echocardiographic measures better discriminate 
AI severity and predict clinically meaningful outcomes 
(Figure 29.10)22.

Managing Late- Onset Aortic   
Insufficiency
The initial management of symptomatic heart failure in 
patients with moderate or severe AI should involve diure-
sis, afterload reduction, and inotropic support, if needed. 
If symptoms fail to improve, a ramp study to optimize 
LVAD pump speed should be considered. If symptoms 
persist despite speed optimization, definitive therapy 
with surgical or percutaneous correction may be required. 
Percutaneous treatment of LVAD- acquired and clinically 
important moderate- to- severe AI that is not amenable to 
medical management (use of optimal LVAD speed and 
lower goals for mean arterial pressure) has been docu-
mented and reviewed extensively.23– 25

Percutaneous interventional therapies are important 
options for patients who are not surgical candidates or who 
have high surgical risk. Both the percutaneous implantation 
of an AV and the placement of an Amplatzer Cribiform Septal 
Occluder to completely occlude the native aortic outflow 
have been successful. These therapies should be approached 
with caution because the associated outcomes are not ideal 
and long- term data are lacking. Reports of Amplatz occluders 

Table 29.2 •  Summaries of Eight Observational Studies Included in a Meta- Analysis (548 Pooled Patients) of the Factors 
Influencing de novo Aortic Regurgitation in Patients Receiving Continuous- Flow Left Ventricular Assist Device

Author, Year of 
Publication

Study 
Period Country

Sample 
Size Device Type (n) Severity of AR

Incidence of do 
novo AR, %

Aggarwal, 2013 2005– 2011 United States 79 HM2 (79) Mild or more 52

Bhagra, 2016 2009– 2013 United Kingdom 48 HVAD (48) Mild or more 27

Da Rocha, 2016 2009– 2013 Germany 102 HM2 (25), HVAD (77) More than mild 31

Hiraoka, 2015 2005– 2012 United States; Japan 82 HM2 (69), HVAD (11),
VentrAssist (2)

More than mild 52

Imamura, 2014 2006– 2013 Japan 52 HM2 (11), Jarvik 2000 
(3), EvaHeart (24), 
DuraHeart (14)

Mild or more 21

Patil, 2015 2006– 2012 United Kingdom 90 HM2 (56), HVAD (34) Mild or more 53

Saeed, 2016 2013– 2015 Germany 32 HVAD (32) Mild or more 28

Soleimani, 2012 2008– 2010 United States 63 HM2 (55), HVAD (8) Mild or more 10

AR = atrial regurgitation; HM2 = HeartMate II; HVAD = HeartWare ventricular assist device.

Robertson J et al., Concomitant mitral valve procedures in patients undergoing implantation of continuous- flow left ventricular assist devices: an 
INTERMACS database analysis. J Heart Lung Transplant. 2018;37(1):79– 88.
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are limited, as are data about the “off- label” use of transcath-
eter AV replacement to treat pure severe AR.

A recent review of 146 patients enrolled in a large data-
base from 18 centers identified 78 with native aortic valve 
regurgitation (NAVR) and 68 with failing bioprosthetic 
surgical heart valves (SHVs).26 The authors concluded that 
TAVR for pure NAVR remains a challenging condition, with 
old- generation transcatheter heart valves (THVs) associated 
with embolization, migration, and significant paravalvular 
regurgitation. Newer- generation devices show more promis-
ing outcomes. However, further study of this patient subset, 
with likely new device technology, is required before trans-
catheter valve replacement can be routinely recommended 
as a state- of- the- art treatment option for pure NAVR. For 
those patients with severe AR caused by failing surgical 
heart valves, transcatheter replacement is a valuable thera-
peutic option.

Tricuspid Valve
Moderate- to- severe tricuspid regurgitation (TR) affects up 
to 1.6 million patients in the United States. Usually associ-
ated with concomitant valvular disease, it independently 
predicts long- term survival among patients with multival-
vular disease undergoing surgical or transcatheter aortic or 
mitral valve procedures, patients with heart failure treated 
medically, and patients with severe isolated TR who are 
treated medically. Despite these indicators, surgical treat-
ment of TR is underused in contemporary practice. Isolated 
TR is associated with high operative morbidity and mortal-
ity, prolonged hospitalizations, and considerable cost.27

A large observational analysis of cardiac surgical 
patients revealed a robust relationship between the pre-
operative grade of TR as assessed by intraoperative TEE 
and long- term mortality.28 Even moderately severe TR was 

Figure 29.9. Derivation of regurgitant fraction by flow measurements using echocardiography and right- sided heart cath-
eterization (RHC) through the LVAD outflow cannula, across the AV, and the right side of the heart.

AI = aortic insufficiency; AoVof = fraction of AV opening; Ca = arterial oxygen content; CO = cardiac output; CSA = cross- sectional area; 

CV = venous oxygen content; HR = heart rate; LVAD = left ventricular assist device; LVOT = left ventricular outflow tract; VTI = velocity 

time integral.

Reprinted from Grinstein J et al., Accurate quantification methods for aortic insufficiency severity in patients with LVAD: role of dia-

stolic flow acceleration and systolic- to- diastolic peak velocity ratio of outflow cannula, JACC: Cardiovascular Imaging 2016;9:641– 651, 

Copyright (2016), with permission from Elsevier.
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associated with substantially increased long- term mortal-
ity. Survival in patients who underwent tricuspid valve 
surgery for all grades of TR was better than that in those 
who did not. Randomized controlled trials are needed to 
assess the long- term survival benefit after surgical repair of 
less- than- severe TR.

The European Society of Cardiology29 recommends that 
patients who have severe TR undergo surgical repair at 
the time of left- sided valve surgery (class I) and that such 
surgery should be considered in patients undergoing left- 
sided heart valve surgery with at least mild TR and a dilated 
tricuspid annulus (class  IIa; Table 29.3). However, simi-
lar guidelines do not exist for patients undergoing LVAD 
implantation, although the prevalence of at least moderate 
TR has recently been estimated to be nearly 50%.1,9

To provide guidance for treating LVAD recipients 
with TR, Robertson analyzed patients enrolled in the 
Society of Thoracic Surgeons’ National Database between 
January 2006 and September 2012.30 Of 2,196 patients 
with moderate- to- severe preoperative TR who received 
continuous- flow LVADs at 115 institutions, 588 (27%) 
underwent a concomitant tricuspid valve procedure. 
Concomitant procedures did not reduce early death or 
the requirement for RVAD placement and were associ-
ated with worse early postoperative outcomes. These 
data caution against routine concomitant tricuspid valve 
procedures based solely on the degree of preoperative TR 
and suggest that additional selection criteria are needed 
to identify patients in whom concomitant tricuspid valve 
procedures may prevent postoperative RV failure.

The first meta- analysis to evaluate the outcomes of 
tricuspid valve surgery performed at the time of LVAD 

implantation, published in 2014,30 concluded that tri-
cuspid valve surgery prolongs cardiopulmonary bypass 
times, but that the evidence was insufficient to conclude 
that performing tricuspid valve surgery at the time of 
LVAD implantation affected early postoperative outcomes. 
Concomitant tricuspid valve procedures did not affect the 
need for RVADs (6 studies, HR 1.42, 95% CI 0.54 to 3.76), 
the prevalence of acute renal failure (4 studies, HR 1.07, 
95% CI 0.55 to 2.10), or early mortality (6 studies, HR 
1.28, 95% CI 0.78 to 2.08). However, most studies were 
inadequately powered and did not adjust for potential 
confounders. The two largest studies (which analyzed data 
from the HeartMate II trials31 and STS database30) found no 
difference in early mortality in patients undergoing con-
comitant tricuspid valve procedures, although one30 found 
a higher risk for RVAD placement and the other31 for post-
operative renal failure and prolonged length of stay. Both 
studies noted that observational data on this topic were 
limited. Although cardiopulmonary bypass times appear 
to be longer in patients undergoing concomitant tricuspid 
valve procedures, definitive conclusions on the effect of 
tricuspid valve surgery on early postoperative outcomes 
could not be drawn. Data, especially on long- term out-
comes, are needed to establish the best practice for these 
patients.

Anwer et  al.32 have suggested that atrial fibrillation is 
associated with early progression of TR after LVAD implan-
tation. In patients with preoperative atrial fibrillation and 
less- than- severe TR, a concomitant tricuspid valve proce-
dure may be considered. The authors acknowledged that 
the possible relationship between atrial fibrillation and TR 
on RV failure or remodeling remains to be established.

Figure 29.10. Measurement of the LVAD outflow cannula S/ D ratio and diastolic acceleration by pulsed- wave Doppler 
echocardiography.
Reprinted from Grinstein J et al., Accurate quantification methods for aortic insufficiency severity in patients with LVAD: role of dia-

stolic flow acceleration and systolic- to- diastolic peak velocity ratio of outflow cannula, JACC: Cardiovascular Imaging 2016;9:641– 651, 

Copyright (2016), with permission from Elsevier.
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In one study of patients with preoperative RV fail-
ure and marked TR receiving continuous- flow LVADs, 
about half also underwent concomitant tricuspid valve 
procedures.33 These concomitant procedures prolonged 
cardiopulmonary bypass times, but surgical experience 
reduced the rate of post- implant RV failure, as evidenced 
by a reduced need for RVAD and inotropic support 
(Figure 29.11). Furthermore, prolonged hospitalizations 
were less frequent in patients undergoing concomi-
tant tricuspid valve procedures. The authors concluded 
that patients receiving continuous- flow LVADs with 

moderate or severe TR should be considered for concom-
itant tricuspid valve procedures to reduce post- implant 
RV dysfunction.

Recently, a more focused single- center study34 examined 
the effects of residual TR on long- term outcomes in patients 
with LVADs. The assist devices improved RV and LV func-
tion, as well as TR resulting from chordal tethering. The 
authors noted the benefit of a competent tricuspid valve. 
Marked TR was observed in about 25% of patients sup-
ported for 1 year. Recipients with residual TR had a higher 
mortality than those without (Figure 29.12). Regurgitation 

Table 29.3 •  Summary of Existing Society Guidelines for Tricuspid Valve Surgery for Tricuspid Regurgitation

2012 European Society of Cardiology Recommendations
2014 American Heart Association/ American College of 
Cardiology Recommendations

Class I

Severe primary or secondary TR at the time of left- sided valve   
surgery (level of evidence C)

Severe primary or secondary TR at the time of left- sided valve 
surgery (level of evidence C)

Symptomatic isolated severe primary TR without evidence of right 
ventricular dysfunction (level of evidence C)

Class IIA

Surgery may be appropriate for moderate primary TR in patients   
at the time of left- sided valve surgery (level of evidence C).

Surgery may be appropriate for severe primary TR in patients 
unresponsive to medical therapy (level of evidence C).

Surgery may be appropriate for mild or moderate secondary TR   
in patients with annular dilation (≥40 mm or >21 mm/ m2) at   
the time of left- sided valve surgery (level of evidence C).

Surgery may be appropriate for mild or moderate secondary 
TR at the time of left- sided valve surgery if there is 
(A) dilation of the tricuspid annulus or (B) the patient has a 
history of right heart failure (level of evidence B).

Surgery may be appropriate for asymptomatic or mildly   
symptomatic patients with severe isolated primary TR   
and evidence of progressive RV dilation or decreased RV   
function (level of evidence C).

In patients with previous left- sided valve surgery; stand- alone 
tricuspid surgery may be appropriate for patients with severe 
secondary TR and either symptoms or evidence of right ventricular 
dilation or dysfunction, in the absence of left- sided valve 
dysfunction, severe RV or LV dysfunction and severe pulmonary 
hypertension (level of evidence C).

Class IIB

Surgical tricuspid valve repair may be appropriate in patients 
with mild or moderate secondary TR and pulmonary 
hypertension at the time of left- sided valve surgery (level 
of evidence C).

In patients with previous left- sided valve surgery; surgical 
repair or replacement may be appropriate in patients 
with symptomatic severe TR in the absence of severe RV 
dysfunction or severe pulmonary hypertension (level of 
evidence C).

Surgery may be appropriate for patients with asymptomatic 
or minimally symptomatic severe primary who have 
evidence of at least moderate right ventricular dilation or 
dysfunction (level of evidence C).

Abbreviations: LV = left ventricle; RV = right ventricle; TR = tricuspid regurgitation.
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Figure 29.12. Impact of tricuspid regurgitation on mortality. (A) Mortality related to patients with or without tricuspid regur-
gitation prior to device implant. (B) Mortality related to the degree of residual tricuspid regurgitation after the device impland.
From Nakanishi K, Homma S, Han J, et al. Prevalence, predictors, and prognostic value of residual tricuspid regurgitation in patients with 

left ventricular assist device. J Am Heart Assoc. 2018;7:e008813. Copyright © 2018 The Authors. Published on behalf of the American 

Heart Association, Inc., by Wiley Blackwell.

was associated with increasing age, preoperative annular 
diameter, and mitral regurgitation. The authors concluded 
that enlarged annuli greater than 41 mm should be consid-
ered for correction at the time of LVAD implantation and 

that patients with residual regurgitation require closer sur-
veillance (Figure 29.13).35

Our current policy if to correct tricuspid regurgita-
tion if more than moderately severe at any time during 
the patient’s preoperative course, especially in the pres-
ence of atrial fibrillation and a dilated annulus greater 
than 42 mm.

Surgical Correction of 
Tricuspid Regurgitation
Tricuspid regurgitation caused by annular dilatation 
and leaflet tethering is best corrected with annuloplasty 
rings. Implantable cardioverter defibrillators and pace-
makers are widely used in patients with poor ventricu-
lar function who undergo LVAD implantation. Traumatic 
damage to the valve is usually caused by lead adher-
ence and restrictive impingement, but perforation and 
entanglement are also causes. Repairing these tricuspid 
valves can be difficult. Several corrective valvuloplasty 
techniques can be used, especially in values with nor-
mal, pliable leaflets. Severe leaflet and subvalvular fibro-
sis may prevent repair. If a prosthetic valve is needed, a 
bio- prosthesis may be best because late malfunctions can 
be corrected using catheter- based techniques, and non- 
essential anticoagulation can be discontinued if neces-
sary. Epicardial pacer and defibrillator electrode leads 
can be placed if needed. Additionally, retained defibril-
lator and pacer electrodes can be relocated through the 
prosthesis to permit late removal in cases of infection or 
malfunction36,37

Figure 29.11. Impact on need for RVAD with or without tri-
cuspid valve repair at time of implantation of continuous- 
flow LVAD. Abbreviations: cf LVAD = continuour flow left 
ventricular assist device, TVP = tricuspid valve procedure.
Reprinted from Piacentino V 3rd et al., Utility of concomitant tri-

cuspid valve procedures for patients undergoing implantation of 

a continuous- flow left ventricular device, Journal of Thoracic and 

Cardiovascular Surgery 2012;144:1217– 1221, Copyright (2012), 

with permission from Elsevier.
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Summary
Concomitant procedures at the time of LVAD implantation 
often have durable benefits to patients, especially those 
treated with destination therapy. Identifying risk factors 
that favor less- complex approaches will require further 
research in large multicenter studies.
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Providing Mechanical Support 
to Children Size and Anatomical 
Considerations

KYLE W. RIGGS AND DAVID L. S. MORALES

Introduction

Mechanical circulatory support (MCS) in children 
has changed greatly during the past 2 decades. 
Before the 2000s in the United States, less 

than 4% of eligible children received a ventricular assist 
device (VAD) as a bridge to transplant. Now, many large 
pediatric hospitals are experiencing substantial growth in 
this area, as documented in the Second Annual Pediatric 
Interagency Registry for Mechanical Circulatory Support 
(PediMacs) report (Figure 30.1).1 More than 700 devices 
have been implanted in more than 500 patients since 
this National Heart, Lung, and Blood Institute– sponsored 
North American database was begun (personal commu-
nication from PediMacs executive board, December 17, 
2018). This has resulted in more than 40% of children 
undergoing heart transplantation being bridged with a 
device.

Historically, extracorporeal membranous oxygenation 
(ECMO) was the only mechanical support option for chil-
dren. In many programs, this option is restricted to emergent 
indications for MCS or for concurrent pulmonary dysfunc-
tion. The transition from ECMO to VAD as a default option 
began with the introduction and widespread use of the 
Berlin Heart EXCOR (Berlin Heart, AG, Berlin, Germany), 
a pulsatile, pneumatic compression device still commonly 
used in small children.2 Recently, we have pushed the lim-
its considering implantable continuous- flow (CF) devices in 
children weighing at least 13 kg, discharging children with 
intracorporeal CF VADs in a Fontan circulation, success-
fully bridging to transplant a neonate weighing less than 
3 kg with a single ventricle, and implanting total artificial 
hearts in children with transposition of the great arteries.3,4 
Here, we review the implications of size and anatomy when 

selecting and implanting VADs, as well as advances in 
imaging technology that can expand the eligibility for VAD.

Device Selection
The first question when selecting a device is, “Does the 
patient need either emergent or pulmonary support?” If 
so, ECMO should be started immediately and continued 
until the patient is stabilized and the lungs have recovered. 
Next, one must consider the indication for MCS and thus, 
the anticipated duration of support. The pathology will 
dictate whether a short-  (less than 2 weeks) or long- term 
VAD strategy should be considered. Finally, the patient’s 
weight and anatomic and physiologic considerations will 
help determine which device is best.

Choosing the Right Device for the 
Right Patient
Temporary or short- term support can be provided with a 
host of devices that are typically extracorporeal centrifugal 
pumps, such as the ROTAFLOW (Maquet Cardiovascular, 
Wayne, NH) and the Centri/ PediMag (Abbott, Lake Bluff, 
IL). The phrase “short- term VADs” is now out of date 
because these devices, as discussed in the following, 
are no longer used exclusively for short- term support. 
Temporary support is typically used to resuscitate patients 
from cardiogenic shock secondary to acute heart failure 
from inflammatory causes (i.e., myocarditis or acute graft 
rejection) to improve their candidacy for long- term sup-
port. These devices are also used in patients in whom 
neurologic status, transplant status, or the cause of heart 

30
 

 

 

 



Chapter 30. Providing Mechanical Support to Children 247

failure is uncertain. This strategy is generally effective for 
less than 2 weeks and can serve as a bridge to recovery 
or a bridge to decision. Implantation should involve expe-
ditiously cannulating the left atrium and ascending aorta 
without cardiopulmonary bypass or blood products. This 
short- term cannulation strategy can be used in children of 
any size.

Other options less commonly used in children include 
the TandemHeart (CardiaAssist, Pittsburgh, PA) and the 
Impella (Abiomed, Danvers, MA), although their use is lim-
ited, given access requirements, which include large percu-
taneous catheters that typically necessitate a body- surface 
area (BSA) of at least 1.3 m2. The TandemHeart is particu-
larly difficult to maintain in the small left atrium of a child 

(A)

(B)

Figure 30.1. Second Annual PediMacs report.
Reprinted from Blume ED et al., Second annual Pediatric Interagency Registry for Mechanical Circulatory Support (Pedimacs) report: pre- 

implant characteristics and outcomes, Journal of Heart and Lung Transplantation 2018;37:38– 45, Copyright (2018), with permission from 

Elsevier.
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because even small movements may dislodge it back across 
the atrial septostomy, leading to cyanosis.

Long- term support is preferable in patients expected 
to need MCS for longer than 2 weeks. Indications for long- 
term support most commonly involve dilated cardio-
myopathy or end- stage congenital heart disease (Figure 
30.2). Historically, the Berlin Heart EXCOR has been 
the device of choice for long- term support in children. 
EXCOR can support children of any size because it fea-
tures pumps with 10- , 15- , 25- , 30- , 50- , and 60- mL cham-
bers, as well as numerous cannula options. More than 
2,000 EXCOR devices have been implanted in children 
worldwide, making it by far the most studied pump and 
currently the only U.S. Food and Drug Administration 
(FDA)- approved pediatric VAD. The EXCOR was brought 
to the United States in 2000 and was used sparingly until 
about 2004. By 2012, the North American Investigation 
Device Exemption trial conclusively established EXCOR’s 
superiority over ECMO as bridge to transplantation in 48 
children.5 During the same period, among 204 children 
receiving the EXCOR in North America, 75% survived to 
transplant or recovery.6 Notably, end- organ dysfunction, 

the use of biventricular assist devices, and low weight 
predicted early mortality and associated neurologic 
injury.7 At this time, EXCOR remains the de facto VAD of 
choice in children weighing less than 25 kg (~BSA<1.0 
m2) in the absence of specific features that mandate an 
alternative strategy.

Despite the success of the Berlin Heart EXCOR, its use 
in children weighing less than 10 kg, especially those with 
single- ventricle physiology, has not been as successful. The 
weight issue (4– 10 kg) seems to correlate with poor patient 
selection, such as the use of the EXCOR as a “salvage 
VAD” (i.e., a failed congenital palliation then bridged with 
ECMO to EXCOR). Therefore, EXCOR technology may not 
always be suitable for small children and those with single- 
ventricle physiology.

Recently, placing EXCOR cannulas connected to extra-
corporeal CF pumps as a bridge to transplant has been 
increasingly successful in smaller children, especially 
those with congenital heart disease. This long- term strat-
egy is more involved because the EXCOR cannulas are 
placed during cardiopulmonary bypass. For this reason, 
the phrase “short- term VADs” is no longer accurate for 
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Figure 30.2. Indications for long- term mechanical support most commonly involve dilated cardiomyopathy or end- stage 
congenital heart disease.



Chapter 30. Providing Mechanical Support to Children 249

these types of extracorporeal CF pumps. The advantages 
of this strategy include easier postoperative manage-
ment of anticoagulation and less- expensive and simpler 
replacement in the event of pump thrombosis. In addition, 
a centrifugal pump can compensate for frequent changes 
in perioperative preload without adjustments by the pro-
vider. This ability is important in patients with congenital 
heart disease when the Qp:Qs ratio is constantly chang-
ing and is rarely 1:1 because of intracardiac shunting, an 
operative shunt, or collateral aorto- pulmonary arteries. 
In fact, a 2018 study of the PediMacs database identified 
63 devices used in first- time implantations as “tempo-
rary” or “short- term VADs.”8 Nonetheless, 40% of devices 
were placed as a bridge to transplant with a median (IQR) 
duration of support of 47 (10– 227) days before transplant. 
Incredibly, 5 patients with a “temporary” VAD lived longer 
than 5 months on device support. In all, 71% reached the 
composite endpoint of transplanted, still on the device, or 
recovered with the extracorporeal CF devices.

Other long- term VAD options in larger children include 
those approved for use in adults, such as the intracorporeal 
CF HeartWare® HVAD® (Medtronic, Minneapolis, MN), 
HeartMate II® (Abbott, Chicago, IL), and HeartMate 3® 
(Abbott, Chicago, IL), as well as the biventricular, pulsatile 
total artificial heart (SynCardia, Tucson, AZ). Despite gener-
ally being more suitable for larger patients, these devices 
provide lower morbidity, better mobility, and the ability to 
be discharged to home with the VAD.

The HVAD, an intracorporeal centrifugal VAD, is now 
the most common device implanted in patients younger 
than 18  years. It can consistently be placed in children 
weighing as little as 25 kg with excellent outcomes. There 
have been reports of placement in several children less 
than 20  kg, with the smallest reported in a patient of 
13 kg.4,9 However, implantation below 20 kg is still an area 
where it remains unclear if the device will consistently 
work well because of the lower flows required at times. 
A study of 205 children undergoing HVAD implantation 
found that more than 50% were discharged to home and 
89% had a positive outcome at 1 year.10 As expected, the 
discharged patients were typically older and larger than 
those remaining in the hospital. A more recent report from 
PediMacs with 192 HVAD patients showed that survival in 
children was similar to propensity- matched young adults 
(<30  years old) with no increased mortality in patients 
weighing less than 20 kg.11

The HeartMate II (HMII) is a rotary, axial- flow pump 
amenable for use in children with a BSA of greater than 
1.3 m2, given its larger pump and inlet and outlet ports. 
Implanted in more than 25,000 adults, the device has also 
provided an excellent positive outcome rate of 95% at 
6 months in the pediatric population.12 In one large study, 
the device had favorable outcomes that included a bleeding 
rate of 21%, a stroke rate of 7%, and a sepsis rate of 11%. 
In late 2017, the HeartMate 3 (HM3), a smaller centrifugal 

VAD similar to the HVAD, was approved for use in adults. 
Because of outstanding survival and low adverse event 
rates in adults, this device is being implanted in children 
in several institutions. One important difference in its use 
in adults and children is the extracardiac portion of the 
device, which is larger and heavier than that of the HVAD. 
Nevertheless, the intraventricular shaft is shorter, which 
can be advantageous in children. This device also appears 
to decompress the ventricle to a lesser degree than does 
the HMII but more than what is typically seen with the 
HVAD,24 which may be important in certain populations, 
such as patients with Fontan circulation. The lowest size 
limit of eligibility for this device remains unclear, but 
based on virtual implantation techniques, we believe it is 
about 25 kg.

Finally, the total artificial heart replaces both ventricles 
in a strategy that delivers pulsatile cardiac output. Current 
FDA approval is limited to the SynCardia 70- cc cardiac 
chamber device, which can be used in patients with a BSA 
greater than 1.7 m2. An ongoing trial with the 50- cc cham-
ber version is intended for children with a BSA between 
1.2 and 1.85 m2 or to those in whom virtual implantation 
can confirm the fit. This smaller chamber could potentially 
extend the indication down to a BSA as low as 0.9 m2. 
This smaller device has been implanted 70 times world-
wide and is increasingly used in patients with congenital 
defects not easily served by other devices (where it has 
increased from 4% to 9% of total artificial heart implanta-
tions), in children (increased from 4% to 13% of total arti-
ficial hearts), and in young females (increased from 12% to 
70% of total artificial hearts). This device is not an alterna-
tive to long- term VAD support, but it is ideal for patients 
with pathophysiologic features that preclude the use of 
a VAD alone. Such patients include those with chronic 
rejection after orthotopic heart transplant (to stop immune 
suppression), intractable arrhythmias, cancer, large ven-
tricular clot burdens, biventricular failure, and restrictive 
cardiomyopathy, among other indications.13 Discharge 
from the hospital is possible with the Freedom Portable 
Driver, which can be carried in a 6- kg backpack. More 
than 1,800 total artificial hearts have been implanted in 
23 countries since 1982, with 40% in just the past 7 years. 
Outcomes after total artificial heart implantation approxi-
mate those of single VAD therapy and are superior to those 
with biventricular assist therapy, despite the fact that these 
hearts are more often placed in patients with cardiogenic 
shock and higher acuity INTERMACS status. The ability of 
these devices to resuscitate the sickest patients may help 
increase the rate of end- organ recovery in cases previously 
believed to be unrecoverable (i.e., congestive cirrhosis; 
renal insufficiency). This success may in part result from 
the ability of these devices to produce a cardiac index of 
at least 4 L/ min/ m2 in the setting of low central venous 
pressure, something neither a new transplanted heart nor 
a VAD can offer.
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Technical Modifications to Fit   
a Device
Extracorporeal CF VADs and cannulas will generally fit in 
all patients because the device itself remains outside the 
body (Figure 30.3). However, when placing intracorpo-
real devices in children, spatial considerations can inter-
fere with maintaining unobstructed device inflow. Several 
innovative techniques to accommodate an intracorporeal 
CF VAD in children below the recommended BSA guide-
lines have been described.4,14– 17 Before 2012, these tech-
niques were primarily focused on the HeartMate II, but for 
the past several years, the HVAD has drawn the most inter-
est, given that it is smaller than other CF VADs. Recently, 
the HeartMate 3 has emerged as another option.

One technique for providing more extracardiac space for 
the device involves opening the left pleural space. In this 
technique, covering the device with Gore- Tex may prevent 
adhesions to the lung, facilitate VAD removal if heart trans-
plantation is anticipated, and avoid erosion into the chest 
wall arteries (devices abutting the chest wall can cause 
massive hemorrhage). Furthermore, the left diaphragmatic 
attachments can be taken down to create a sub- rectus pocket 
where the device can sit or be anchored by a stay stitch.4 To 
provide better inflow in smaller ventricles, felt buttresses 
can be stacked externally to minimize cannula protrusion 
into the ventricle.4 In addition, a papillary muscle sling can 
create space for unobstructed inflow, or the atrioventricu-
lar valve can be excised if necessary, although excision may 
cause problems if chronic support is anticipated because 
such support has been associated with late right- heart 

failure. In other situations, the atria can be cannulated 
directly with the VAD.18 Further creative techniques have 
been used in patients with more complex anatomy.14– 16,19

Expanding Patient Eligibility through 
Advanced Imaging
Advanced, 3- dimensional imaging has revolutionized the 
way patients can be selected for VAD implantation and has 
the potential to greatly expand the use of VADs, especially 
in children (Figure 30.4). The SynCardia 50- cc trial was the 
first in which the FDA permitted “virtual evidence of fit” 
as an acceptable eligibility criterion for device implanta-
tion.20 This permission was based in part on studies show-
ing that virtual fit may increase the eligibility of patients to 
receive artificial hearts by a third and allow implantation 
in infants with a BSA as small as 0.9 m2.21 Similarly, this 
technology has been used to fit HVADs in patients below 
the recommended BSA of 1.5 m2 to as small as a 7- year- 
old with a BSA of 0.86 m2.17 Although body imaging is 
required, this method will supplant the antiquated use of 
weight and BSA criteria with much greater accuracy and 
the ability to plan complicated implantations in the grow-
ing number of patients with congenital heart disease pre-
senting with advanced heart failure.

Early in our experience, the surgeon and imaging cardi-
ologist would sit down at a monitor and perform the virtual 
fit. Now, however, a patient’s CT scan or MRI image can be 
put into a virtual space with three- dimensional images of 
all the devices we place (HVAD, HeartMate3, total artificial 

Figure 30.3. A 2.5- kg infant bridged- to- heart transplant with a Thoratec CentriMag Ventricular Assist System. Extracorporeal 
continuous- flow, ventricular assist devices, and cannulas will generally fit in all patients because the device itself remains 
extracorporeal.

 

 



Chapter 30. Providing Mechanical Support to Children 251

hearts 50- cc and 70- cc). The surgeon can then manipulate 
the virtual device to determine the optimal dimensions for 
a particular patient. The utility of this technology for ortho-
topic heart transplant sizing and complex implantation 
planning is being explored as well.22

Anatomical Considerations:   
Single- Ventricle Pathologies
In general, a single- ventricle heart refers to any patient on 
the single- ventricle pathway, before or after any stage of 
palliation. However, patients are best grouped as being 
either before or after bidirectional Glenn (BDG) shunting or 
after Fontan procedures when considering how their phys-
iology effects VAD function. Regardless of palliation stage, 
precise timing and careful patient selection are critical to 
a successful outcome when contemplating VAD support in 
patients with single- ventricle pathology.

A review of the North American experience with the 
EXCOR VAD identified 26 patients with single- ventricle 
hearts. Of 9 patients undergoing stage I  palliation (before 
BDG), 8 died.23 The lone survivor was unique: a 19- month- 
old who survived to undergo a Damus- Kaye- Stansel proce-
dure with a modified Blalock- Taussig shunt.

The literature has not documented, nor are we aware, 
of any neonate undergoing a Norwood procedure who has 
been successfully bridged to transplantation and discharged 
home after EXCOR VAD support. Therefore, the survival 
benefit of EXCOR VAD therapy remains unclear for these 
patients. Some of the challenges in these patients involve 
candidate selection with a constantly changing Qp:Qs 
ratio (especially in patients with shunts) and the frequent 

requirement for a cardiac index of 4 L/ min/ m2 or more— 
a demand the EXCOR VAD was not designed to provide. 
However, the EXCOR atrial and aortic cannula connected 
to an extracorporeal CF VAD can meet these requirements, 
and several patients with single- ventricle pathology and 
shunts have been successfully bridged to transplant with 
this strategy.15 Nevertheless, in very small patients (<3 kg), 
the EXCOR cannulas are limited, and shunts and bypass 
cannula are likely better options.

Providing VAD Support 
after Bidirectional Glenn Shunting
In the EXCOR review cited previously, 7 of 12 patients 
did considerably better after BDG shunting and were suc-
cessfully bridged to transplant after EXCOR support, with 
results similar to those with ECMO. Patients after BDG 
shunting benefit from the fact that their heart failure is 
typically not post- cardiotomy but experienced over an 
extended period between the Glenn and Fontan proce-
dures. These patients are less commonly placed on a VAD 
as a salvage maneuver after a failed operation, as is com-
mon in patients with Stage 1 palliation. Because patients 
undergoing Glenn shunting rarely present with chronic 
heart failure without a substantial aorto- pulmonary col-
lateral burden, in many ways, these patients continue to 
manifest a “shunted” physiology with a changing Qp:Qs 
ratio and a greater- than- normal cardiac index requirement. 
Hence, the aforementioned technique of combining EXCOR 
cannulas with centrifugal pumps is effective in managing 
these patients and is gaining popularity. As opposed to 
pre- BDG, post- BDG circulation is not well supported by 

Figure 30.4. Advanced, 3- dimensional imaging allowing “virtual fitting” of devices has revolutionized the way patients can 
be selected for VAD implantation and has the potential to greatly expand the use of ventricular assist devices, especially in 
children.
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peripheral ECMO, given the inadequate decompression of 
the heart secondary to inferior vena cava inflow and the 
high rate of neurological complications with Glenn can-
nulation. Therefore, after stabilization, peripheral ECMO 
should swiftly be converted to central ECMO or temporary 
support with an extracorporeal CF pump.

Providing VAD Support after a 
Fontan Procedure
The challenge with the failing Fontan circulation is iden-
tifying the cause, which is usually multifactorial, and then 
targeting interventions with the potential for correcting the 
cause. Therefore, mechanical circulatory support may not 
be the best primary strategy for these patients. However, 
in appropriately selected Fontan patients, VAD support 
can be consistently successful. Such support is complex 
and beyond the scope of this chapter, but in short, VADs 
are most successfully placed in patients with late failure of 
their Fontan circulation with systolic dysfunction and rising 
end- diastolic pressures greater than 12– 14 mm Hg. If end- 
diastolic pressure is not high, heart failure is dominated by 
right- sided issues, and VAD placement will not improve cir-
culation and may even worsen it. Additionally, VAD therapy 
in these patients should be considered before end- stage mor-
bidities (i.e., liver cirrhosis, protein losing enteropathy, plas-
tic bronchitis, etc.) produce marked frailty and increased 
surgical risk. Fontan patients have been discharged home 
with VAD support.3,24 Overall, VAD therapy in Fontan circu-
lation has been associated with positive outcomes in about 
two- thirds of several case studies and case series, with many 
of these patients living to transplantation.23– 36 However, with 
proper patient selection, success could be improved further.

Some Fontan patients present with a variety of late 
comorbidities and end- organ dysfunction that make them 
poor heart transplant candidates. In these cases, heart 
transplantation may be best avoided and the patients 
offered a device that can provide both a supra- physiologic 
cardiac output, as well as a central venous pressure of 3– 
5 mmHg. This type of support can only be supplied by a 
total artificial heart. The resultant perfusion and decreased 
venous congestion surpasses that of a fresh transplant or 
VAD and potentially allows end organs, such as the liver 
and kidneys, to recover. Although only five artificial hearts 
have been placed in Fontan patients, as the technology 
improves and smaller versions become available, artifi-
cial hearts may become an increasingly attractive option, 
with the potential to resuscitate these frail patients and 
mitigate the risk of subsequent transplantation. Because 
the Fontan circulation fails at multiple levels, support-
ing these patients requires a well- thought- out, staged, and 
multidisciplinary approach.

Conclusion
The use of mechanical circulatory support in children has 
substantially increased over the past two decades; conse-
quently, the indications for implanting these devices are 
expanding. Both size, physiology, and the unusual anatomy 
of complex congenital heart disease are challenges to sur-
geons attempting to provide mechanical circulatory support 
in these children. Despite these challenges, creative implan-
tation strategies, mixing of cannulas and devices, enhanced 
imaging techniques, and the development of smaller devices 
have all combined to offer this lifesaving therapy success-
fully to more and more children. New devices should allow 
implantation in ever- smaller patients, and industry and cli-
nicians are focused on the increasing number of adolescents 
and adults with congenital heart disease who present with 
advanced heart failure. As the experience with VADs in 
children continues to accumulate, we expect an increasing 
number of children to receive them with excellent results as 
bridge to transplant and as long- term therapy.
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31 Postoperative Management after   
Assist Device Implantation 

CHRISTOPH E. BREHM

After the patient has arrived in the intensive care 
unit, an in- depth sign- out from the surgical/ anes-
thesia team to the critical care team is invalu-

able for the patient’s further management in the ICU. 
This discussion should include details related to surgical 
challenges, complications, degree of coagulopathy, right 
ventricular (RV) function, optimal filling pressures, hemo-
dynamic measurements and pump flows (both with the 
chest open and after chest closure), as well as informa-
tion about inotropic and vasopressor requirements (Table 
31.1). It is important to know not only what medication 
is currently running, but why this medication was started 
and if the desired effect was achieved. This information is 
paramount in the subsequent decision making related to 
weaning strategies.

At the completion of an in- depth sign- out, a thorough 
assessment by the ICU team itself is still an imperative. 
Significant clinical changes may have taken place during 
the time the patient was transported from the operating 
table to an ICU bed. Optimal timing for this assessment 
occurs after the patient is completely settled in, with all 
drips transferred, pressure lines appropriately zeroed, 
ventilator support transitioned to the ICU ventilator with 
performance of any necessary adjustments, and (ideally) 
with the patient remaining on a level of sedation that mini-
mizes any agitation or pain. Also some laboratory analysis 
should be completed at this time, if not already done at 
the end of surgery, to assess the most recent coagulation 
status, hematocrit, and acid base status (including lactate 
and mixed venous oxygen saturation).

Hemodynamic parameters such as systemic blood pres-
sure (SBP), mean arterial pressure (MAP), centra venous 
pressure (CVP), pulmonary artery pressure (PAP), pul-
monary capillary wedge pressure (PCWP), cardiac output 
(CO), and cardiac index (CI) should be obtained and a 
goal minimum for pump output according to the patient’s 

weight should be identified. This goal minimum is calcu-
lated as the pump flow in liter per minute (L/ min) that 
will be necessary to achieve a cardiac index of at least 2.2 
L/ min/ m2. Depending on the underlying left ventricular 
(LV) function and assuming the aortic valve is not over-
sewn, most patients can typically generate additional 
cardiac output via the normal physiological route, which 
will augment the output of the LVAD. In the event that 
the patient manifests a wide pulse pressure with open-
ing of the aortic valve on every beat, an increase in left 
ventricular assist device (LVAD) revolutions per minute 
(rpm) should be considered to achieve the best ventricu-
lar unloading and optimal flow through the pump. Ideally, 
the aortic valve should not open with every beat.1 In order 
to achieve the optimal rpm settings, a transthoracic echo-
cardiogram (TTE) can be helpful for the assessment of LV 
unloading, aortic valve opening, position of the septum, 
and inflow- cannula peak velocity (ideally maintained at 
<1.5 m/ s2). In the event that direct postoperative TTE is 
limited by postsurgical intrathoracic changes, dressings, 

Table 31.1 •  A Sample Checklist for Providing Sign- Out 
to the ICU upon Arrival Post- MCS Surgery

ICU Sign- Out Checklist

Surgical challenges

Degree of coagulopathy

RV function

Optimal filling pressures

Hemodynamic measurements

Pump flows (before and after chest closure)

Inotrope/ pressor requirements
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and chest tubes, a transesophageal echocardiogram (TEE) 
may be preferred— particularly in the event that the patient 
remains intubated.

Since the current generation of LVAD devices that 
comprise the majority of mechanical circulatory support 
(MCS) implants feature a laminar flow design, pulse pres-
sure may be substantially blunted, and monitoring of the 
mean arterial pressure typically offers the best approach 
to hemodynamic assessment. Due to the enhanced sen-
sitivity to afterload with these devise, the mean arterial 
pressure should be maintained below 90 mmHg with an 
optimal range between 70  mmHg and 80  mmHg.3 These 
devices are also pre- load dependent and therefore careful 
attention must be paid to venous filling and RV function. 
Postoperative assessment of venous filling is performed via 
CVP or right atrial pressure (RAP) monitoring, but these 
data can be confirmed with echo measurement of the IVC 
diameter. There may be significant variability in defining 
the optimal right- sided filling pressure for a patient, but 
maintaining the RAP between 10 and 16 mmHg has been 
described as a reasonable goal.1 However, caution should 
be exercised to avoid overloading the RV, which can lead 
to RV distension with increasing insufficiency of the tri-
cuspid valve, resulting in worsening RV function.

The heart rate will also affect RV output and by extension 
LVAD preload. Under typical demand, a heart rate between 
80 and 100 bpm appears to be sufficient to support optimal 
RV output.1 Intraoperative placement of temporary atrial 
and ventricular pacing wires may provide some benefit in 
that regard. However, excessive increase of the heart rate 
will likely not yield a significant increase in pump output.4

Severe electrolyte imbalance is common in heart failure 
(HF) patients and may continue throughout the early post-
operative period. Frequent laboratory checks and electro-
lyte replacement may be indicated to avoid complications 
in that regard, such as arrhythmias.

In the early postoperative period, the patient will be 
monitored with an arterial catheter to measure blood pres-
sure. Depending on left ventricular pre- load, underlying 
LV function, LVAD speed settings, and inotropic support, 
the arterial waveform can vary significantly within short 
periods of time. While some degree of pulse pressure is 
to be expected and typically corresponds with a wave-
form consistent with intermittent aortic valve opening, a 
completely flat arterial waveform can be concerning for 
reduced ventricular filling, and regardless of the underly-
ing cause this should be further investigated.

Once the patient is more stable the intra- arterial blood 
pressure measurement can be discontinued, and pressures 
can be obtained by cuff if the patient has an adequate pulse 
pressure, recognizing that cuff pressures can often be lower 
than those obtained from an intra- arterial measurement.5 In 
patients whose pulse pressure is not high enough for accu-
rate automated cuff measurements, blood pressure can be 
measured by manual sphygmomanometry combined with 
Doppler or pulsoximetry.6 It is important to understand that 

in this setting the measured pressure is an estimate of the 
patient’s mean arterial pressure.

In patients with minimal or no pulsatility in the arterial 
waveform, pulse oximetry may prove to be unreliable. This 
complicates the monitoring of changes in oxygenation, and 
in some cases cerebral near infrared spectroscopy (NIRS) 
can provide a useful adjunct to standard pulse oximetry.7

Ventilator Management
The postoperative ventilator management after LVAD 
implant should not significantly differ from the ventila-
tor management of patients recovering from other types of 
open heart surgery. To date, there is no specific ventilation 
strategy identified to be superior over other approaches in 
this patient population. However, some ventilation modes 
like Airway Pressure Release Ventilation (APRV) should be 
used with caution due to their potential to cause RV dys-
function. Ventilation strategies using high tidal volumes 
(VT) and significantly increased positive end- expiratory 
pressure (PEEP) should also be avoided for the same 
reasons.

Inspiratory oxygen concentration and ventilator support 
should be weaned carefully and under close monitoring of 
the patient’s blood gas. Hypoxemia (as well as hypercapnia) 
should be avoided due to the potential for an increase in 
pulmonary vascular resistance and PAP, which will increase 
RV afterload and further impair RV function.8

When feasible, early extubation (ideally within 6 hours 
of arrival to the ICU) is a laudable goal. Standard early extu-
bation criteria include hemodynamic stability, achievement 
of sufficient pump flows, and acceptably low levels of chest 
tube drainage. By taking away the positive intrathoracic 
pressure from the ventilator, some stress will be taken off 
the RV, which in turn may enhance RV function.

Bleeding
Patients who underwent placement of a mechanical circu-
latory support devices are often prone to increased post-
operative blood loss. Preoperative medications such as 
platelet inhibitors or Warfarin, disease- related liver dys-
function, redo surgery, and prolonged pump- runs with 
subsequent coagulopathy are only some of the potential 
factors that can contribute to ongoing blood loss after sur-
gery. In the era of continuous- flow LVADs, about 30% of 
patients require reoperation, and 50%– 80%9 of patients 
require a blood transfusion.

Correction of coagulopathy is started in the operating 
room and continued in the ICU. This typically involves 
administration of an appropriate dose of protamine to ade-
quately reverse systemic heparin, blood product adminis-
tration, and in some cases the use of Aminocaproic acid as 
an anti- fibrinolytic agent. If not already performed in the 
operating room, a complete laboratory assessment of the 
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patient’s most recent coagulation status including partial 
thromboplastin time (PTT), international normalized ratio 
(INR), hemoblobin (HGB), platelet count, and fibrinogen 
levels should be performed as soon as the patient arrives in 
the ICU. In the presence of active bleeding, transfusion of 
blood products should not be delayed while awaiting the 
results from the laboratory. Once the results are available, 
therapy can then be modified in a goal- directed fashion. 
Attention to detail with respect to monitoring the appropri-
ate laboratory parameters and staying ahead of the situation 
is paramount in the control of bleeding.

Typically, PRBCs (packed red blood cells), FFPs (fresh 
frozen plasma), and platelet concentrates are used initially 
for substitution. In cases with severe bleeding, recombi-
nant Factor VII has been used to control the situation, but 
caution is advised here since these aggressive types of 
agents may promote thrombus formation in the implanted 
device either acutely or as a foundation for subsequent 
device thrombosis.10

Ongoing bleeding at an hourly rate of >200 ml/ h despite 
normalization of the coagulation profile typically points 
toward surgical sources of bleeding9 and is typically best 
managed with timely reoperation. The presence of con-
tinuous blood loss will likely impair the establishment of 
stable device flows, which when combined with the ongo-
ing need for transfusion may lead to RV volume overload 
with subsequent deterioration in RV function. In bleeding 
situations where the CVP is already high, cryoprecipitate 
and prothrombin complex concentrate (PCC)11 can be used 
to normalize coagulation while reducing the amount of 
transfused volume.

Inotropes and Pulmonary 
Vasodilators
Patients that have been implanted with biventricular support 
devices (e.g., Berlin Heart or Syncardia total artificial heart) 
do not require inotropic support since the cardiac output is 
achieved entirely through mechanical circulatory support in 
these instances. However, these patients frequently require 
the use of vasopressors in order to achieve adequate blood 
pressure due to the relatively high prevalence of hypoten-
sion in these types of cases. Alternatively, vasodilators may 
be necessary in order to treat episodes of hypertension.

After implantation of an LVAD the situation is different. 
Here only the left ventricle is mechanically supported, and 
consequently the RV function must be sufficient to ensure 
adequate transpulmonary blood flow and LV filling, without 
which the LVAD will be ineffective in generating appropri-
ate systemic blood flow.

Often patients with end- stage HF will have some degree 
of RV dysfunction, but ideally in the thoughtful decision- 
making around LVAD candidacy, patients with severe RV 
failure are considered for biventricular support strategies. In 
most other cases, preoperative hemodynamic optimization 

of RV support will be sufficient to provide adequate circula-
tion after LVAD implantation. Nevertheless, there are sev-
eral intra-  and postoperative factors which can negatively 
influence RV function. These include volume overload, 
prolonged clamp time, massive transfusion due to bleeding, 
hypoxemia, and hypercapnia. For this reason, pharmaco-
logic forms of RV support are commonly instituted during 
LVAD implant and are titrated appropriately during wean-
ing from cardiopulmonary bypass and later during recovery 
in the ICU. Inotropes such as dobutamine and epinephrine 
provide the mainstay of RV- directed therapy in conjunction 
with phosphodiesterase 3 inhibitors.12 The use of inodila-
tors such as levosimendan has been described for precondi-
tioning of the RV prior to LVAD implant,13,14 but the role for 
these agents in the post- LVAD implant setting has not been 
elucidated. Once adequate inotropic support for the RV has 
been established, vasopressors such as vasopressin and nor-
epinephrine can be used to maintain an appropriate mean 
arterial pressure. Inhaled pulmonary vasodilators such as 
nitric oxide (NO) or prostaglandins can be used to reduce 
RV workload by lowering pulmonary vascular resistance.15

Typically these medications are initiated in the operat-
ing room and are continued on transfer to the ICU, where 
an ongoing assessment of the patient’s hemodynamic data 
will guide decision- making related to weaning and escala-
tion of drips. The parameters routinely monitored in this 
context include LVAD pump flow (and the resulting pulsa-
tility index), MAP, CVP, PCWP, CO (CI) obtained by pulmo-
nary artery catheter, echocardiographic data, and laboratory 
parameters such as mixed venous saturation and lactic acid. 
Most patients can be gently weaned from inotropic support 
after LVAD implantation without difficulty, but some will 
present challenges in this capacity that will require a care-
ful approach to weaning strategies. Although the duration 
of inotropic support has been recognized as a predictor for 
poor outcomes,16 weaning inotropes too aggressively can 
potentially have more damaging effects. In our practice the 
down- titration of inotropic support is deferred until the 
patient has demonstrated hemondynamic stability over a 
sufficient period of time without significant ongoing bleed-
ing. Titration of vasopressors may be required in order to 
keep the patient’s blood pressure within the targeted range.

Increases in right atrial pressure, decreases in systemic 
blood pressure, decreases in pump flow, and a drop in 
venous saturation suggest that supportive medication has 
been weaned too aggressively. These findings can also point 
in the direction of cardiac tamponade as a potential cause of 
hemodynamic impairment.

Despite the short half- lives of most inotropes, sufficient 
time should be allowed between weaning steps to observe 
the hemodynamic impact of any changes that have been 
made. In the weaning of phosphodiesterase inhibitors, even 
more time between weaning steps is necessary since the 
half- life of these drugs is significantly longer.

Inhaled NO or prostacyclin can be safely continued after 
extubation via nasal cannula or face mask,17,18 and therefore 
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the use of these agents should not be viewed as a reason to 
delay extubation.

If a patient has demonstrated a significant response to 
NO, weaning should be carefully performed in that even a 
low dose of around 5 ppm could still be very effective. In 
most cases the NO concentration is halved until 5– 10 ppm 
is reached, and then it can be discontinued. However, in 
some patients an abrupt weaning of NO can have a signifi-
cant effect on oxygenation and RV afterload, and therefore 
slower weaning below 5 ppm is often necessary prior to dis-
continuation of the therapy.

While NO has been associated with significant costs, 
prostacyclin has the potential to adversely impact on plate-
let function, and its use may lead to increased postoperative 
bleeding.19

Right Ventricular Failure
Even in the context of improvements in technology and 
patient selection that characterize the current era of contin-
uous - flow LVADs, right ventricular failure remains a sig-
nificant complication in up to 40%20 of the patients, with 
implications for both short-  and long- term outcomes that 
likely persist beyond heart transplantation. Despite numer-
ous publications related to the prediction of RV failure, the 
ability to accurately identify this problem preoperatively 
remains elusive.21 Perhaps this can be accounted for in part 
due to the fact that there are a number of intraoperative 
factors which can contribute to RV failure even in patients 
where baseline risks are absent. For this reason, it is imper-
ative to watch carefully for signs and symptoms of RV fail-
ure during postoperative ICU management, avoiding any 
treatments that may precipitate this condition.

Generally defined as inotrope or vasodilator dependence 
for more than 2 weeks after LVAD implant or the require-
ment of mechanical RV support,22 RV failure is character-
ized by high RAP combined with relatively low PAP and 
consequent low pump output. In this clinical context, 
cardiac tamponade must be excluded as a cause of hemo-
dynamic impairment. If a PA catheter is in place, low PA 
pressures can be observed along with a low PCWP, demon-
strating a well unloaded LV that is not likely the result of a 
malfunctioning pump.

If RV failure occurs in the early postoperative period it is 
imperative to optimize medical management, using volume 
removal to offload the right ventricle in order to maintain a 
CVP of less than 15 mmHg. If the CVP rises above 20 mmHg, 
inotropic and pulmonary vasodilator support should be ini-
tiated or intensified. In the clinical context of rising CVP 
accompanied by a low pulmonary artery pulsatility index 
(PaPi) and insufficient volume removal with aggressive 
diuresis, initiation of a percutaneous RV support device 
should be strongly considered. In some cases in which 
sufficient fluid removal cannot be accomplished, renal 

replacement therapy (CRRT) can be considered as an alter-
native strategy.1 Aggressive ventilator settings that promote 
hypercapnia and hypoxemia should be avoided, NO should 
be initiated, and sources of acidosis should be corrected.

If RV failure proves to be irreversible despite signifi-
cant escalation of inotropes, vasopressors, and inodila-
tors, mechanical RV support should be initiated without 
delay. Early initiation of mechanical circulatory support of 
the RV has traditionally been resisted due to the invasive 
nature of reopening the patient’s chest to insert cannulae 
in the right atrium and pulmonary artery. However, with 
the current percutaneous device options, patients can avoid 
a reoperation and undergo device removal at the bedside 
following end- organ recovery.23 Cannula- based RV support 
options24 offer the additional opportunity to integrate an 
oxygenator which provides the same functionality as veno- 
venous extracorporeal membrane oxygenation (VV- ECMO), 
allowing for improved oxygenation, low carbon dioxide 
levels, and gentler ventilator settings, all of which facilitate 
RV recovery. In institutions where these new devices are 
not available, RV support can also be achieved with a two- 
cannula approach whereby one cannula is inserted through 
the right internal jugular vein with the cannula tip resting 
in the right main pulmonary artery, and the second cannula 
is inserted through a femoral vein with the cannula tip ter-
minating in the right atrium.

Immediately after initiation of mechanical RV support, 
inotropes can typically be weaned aggressively and end- 
organ function can usually be preserved. Once the patient’s 
volume status is optimized, RV function should be regularly 
assessed by echo. This assessment can be quite challeng-
ing, and each of the parameters for RV assessment discussed 
previously should be considered in making the decision to 
separate from mechanical support. During weaning trials 
the RVAD should be briefly discontinued, which requires 
higher levels of heparin in order to be performed safely. 
Ideally the LVAD flow should be adjusted to within the nor-
mal range for the patient. Transthoracic echo should be used 
to assess the position of the septum, the amount of tricuspid 
regurgition (TR), tricuspid annular plane systolic excursion 
(TAPSE), and aortic valve opening during the RVAD wean. 
If all parameters are in an acceptable range and the patient 
only requires minimal amounts of inotropic support, sepa-
ration from RVAD support will likely be successful.

Arrhythmias
Ventricular arrhythmias remain a common problem in the 
postoperative setting after LVAD implantation. Patients 
with preexisting ventricular arrhythmias generally expe-
rience a higher incidence of postoperative ventricular 
arrhythmias.25 Other risk factors that have been identified 
include mechanical irritation from the LVAD inflow can-
nula, electrolyte shifts, and myocardial scarring.
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Ventricular arrhythmias typically occur early in the post-
operative phase, and can be severe and prolonged at times, 
requiring multiple cardioversions in addition to maximal 
medical management with amiodarone or lidocaine.26

LVAD patients frequently appear to be relatively stable 
even during episodes of prolonged ventricular arrhythmias. 
It is not uncommon for ventricular fibrillation to initially 
only cause a slight drop in blood pressure and pump flow. 
Nevertheless, treatment should not be delayed due to the 
potential for negative effects on RV function with prolonged 
rhythm abnormalities. Should electric termination be 
required, there is almost always sufficient time to organize 
appropriate sedation.

Medical treatment includes normalizing any electrolyte 
imbalance or volume overload with adjustment of the pump 
speed under ultrasound guidance to minimize LV disten-
tion. Care must be taken to rule out suction events as a pos-
sible cause, and appropriate antiarrhythmic medication 
should be initiated immediately, ideally in close communi-
cation with the electrophysiology (EP) service.26

Unfortunately, nearly all antiarrhythmic medications 
carry negative side effects on cardiac function that do not 
pose a problem for the supported LV, but can be highly prob-
lematic for the RV if high doses of antiarrhythmic medica-
tions are necessary. This in turn may result in a vicious 
cycle of lower pump flows requiring escalation of inotropes 
and aggravation of any ongoing ventricular arrhythmias. In 
these situations, mechanical RV support may be effective in 
bridging through the acute phase of this condition, provid-
ing appropriate end- organ perfusion.

Atrial arrhythmias with higher heart rates are generally 
well tolerated, but if the onset is acute, resulting in impaired 
filling of the right ventricle, they may have the potential to 
worsen RV dysfunction.27 If an acute drop in hemodynamic 
parameters and LVAD flow is observed in this clinical set-
ting, cardioversion may be indicated. Amiodarone is typi-
cally initiated as first- line medical therapy given that it has 
only a minimal negative inotropic effect.28

Cardiopulmonary Resuscitation (CPR)
During prolonged episodes of ventricular fibrillation, LVAD 
patients will typically achieve some level of perfusion 
which prevents them from losing consciousness immedi-
ately.29 These compensatory mechanisms may ultimately 
fail, however, and resuscitation measures are then required. 
Severe bleeding causing hypovolemia, accidental power 
disconnection, ischemic stroke, and a variety of less com-
mon conditions can also precipitate a loss of consciousness 
in the LVAD patient. A prompt identification of the cause is 
mandatory in these situations, even prior to the initiation of 
chest compressions, since resuscitation efforts can poten-
tially lead to inflow cannula dislocation or injury to the RV.

An arterial line can significantly enhance resuscita-
tion efforts by removing the uncertainty of blood pressure 
measurement by cuff in the setting of continuous flow. An 
immediate review of the patient’s equipment and power 
connections should be performed, in addition to trouble-
shooting any specific alarms which may be present. Also, a 
Doppler assessment of carotid flow,30 along with ausculta-
tion over the LVAD, can establish whether or not the pump 
is running. After a prompt assessment of the patient’s sta-
tus, CPR should be initiated in accordance with the exist-
ing algorithms that have been published specific to the 
unconscious LVAD patient.29

Venous- arterial extracorporeal membrane oxygenation 
(VA- ECMO) support in patients with a malfunctioning 
assist device may be considered, but is not without prob-
lems. The currently available continuous- flow LVADs 
permit free retrograde blood flow in the case of pump 
stoppage, resulting in a significant increase in LV filling 
pressure, causing severe pulmonary edema. Therefore, VA- 
ECMO support for instances of LVAD malfunction should 
be viewed as a short- term solution, until the underlying 
problem can be corrected.

In summary, the postoperative ICU course of the MCS 
patient can often influence the long- term trajectory of a 
patient’s survival. Meticulous attention to detail in the man-
agement of each organ system is essential to achieve suc-
cessful results.
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Anticoagulation Strategies for Patients 
on Mechanical Circulation Support 

SCOTT D. NEI

Introduction

Mechanical circulatory support devices (MCSD) 
have improved care for patients who have 
exhausted medical therapies and still require 

additional cardiac support.1 One major clinical challenge 
involves balancing the need for anticoagulation to keep 
the device functioning with the need to prevent bleed-
ing events.1– 3 Patients on MCSD support fit the typical 
Virchow triad of having stasis of blood flow, endothelial 
injury, and occasional hypercoagulability. Patients may 
have stasis because of low cardiac contractility or immo-
bility from the severity of their illness. The device itself 
is a foreign object, and patients with MCSDs are at risk 
for complications related to infection, hypertension, and 
shear stress, which can contribute to endothelial dys-
function. Finally, a higher rate of antithrombin III (ATIII) 
deficiencies in many patients can contribute to a hyperco-
agulable state.2,4,5

In addition to the thrombotic risks associated with 
MCSD, bleeding complications occur at an even greater 
frequency, in part because of the need for anticoagulation.6 
Balancing the increased mortality from thrombotic compli-
cations with the increased morbidity from bleeding com-
plications is the crux of providing optimal care for these 
patients. The goals of this chapter are to describe current 
practice standards for anticoagulation management, to 
address some challenging and common clinical situations, 
and to discuss some successful anticoagulation strategies 
for patients requiring MCSDs.

Current Guidelines
Ventricular Assist Devices

Anticoagulation goals for VADs have changed because 
of increased clinical experience with a rapidly evolving 

technology. Initially, higher anticoagulation goals were 
targeted to protect the device from failure and to reduce 
the high mortality associated with pump thrombosis. 
Anticoagulation regimens were aggressive, such as dual 
antiplatelet therapy and warfarin to provide an INR (inter-
national normalized ratio) between 2.5 and 3.5 for some 
devices.7 The initial rate of pump thrombosis was low, 
around 2%– 4%, but this rate came at the expense of a 
higher rate of bleeding, most commonly gastrointestinal 
(GI) bleeding.5,7 In response to high bleeding rates, the pen-
dulum began to swing in the other direction, with warfa-
rin INR goals as low as 1.5– 2.0 and potentially without an 
antiplatelet agent. The consequences of this approach (as 
well as variability in surgical and medical management 
strategies across an expanding number of new VAD pro-
grams) became apparent with the subsequent rapid rise of 
acute pump thrombosis, reported in 2013 to be 8.4% at 
3 months.5 This alarmingly high increase in acute device 
thrombosis resulted in adapting a strategy that falls between 
the two historical swings in anticoagulation practices.

The most recent guidelines from the International 
Society for Heart and Lung Transplantation (ISHLT) in 2013 
recommend starting heparin on postoperative day 1 or 2 
after VAD implantation, with a lower goal of partial throm-
boplastin time (PTT) of 40– 60 seconds and increasing the 
goal on day 2 or 3 to 60– 80 seconds if there is no evidence 
of bleeding (Table 32.1). Additionally, on day 2 or 3, aspirin 
81– 325 mg, and warfarin should be started if chest tubes 
are removed.1 The recommended INR goal for continuous- 
flow devices is 2.0– 3.0 and 2.5– 3.5 for pulsatile devices. 
These recommendations are sound and should be consid-
ered by providers when starting anticoagulation treatment 
in patients with VADs.1

Recent prospective data evaluating adherence to a 
multisite protocol for reducing pump thrombosis offers 
additional insight into initial anticoagulation practices. 
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The Pump Thrombosis Through Clinical Management 
(PREVENT) trial, which included starting anticoagulation 
soon after VAD implantation as recommended by the ISHLT 
guidelines, found that adherence to the protocol reduced 
early pump thrombosis (Table 32.2).8 Some notable differ-
ences between the trial and the ISHLT guidelines were that 
warfarin and aspirin could be administered before the chest 
tube was removed if there was no evidence of bleeding. 
Aspirin was started slightly later on day 2 to 5 in this proto-
col, and the dose could be 81– 325 mg.8 The trial’s INR goal 
was narrow, between 2.0 and 2.5.8 Some practices even after 
this study have tended to begin anticoagulation after VAD 
implantation even earlier. Some institutions have begun 
administering aspirin, warfarin, and heparin all on postop-
erative day 1, as long as there is no evidence of bleeding, in 
an effort to prevent early pump thrombosis.

Extracorporeal Membrane Oxygenation

The use of ECMO has increased markedly over the 
past decade in response to increased demand for acute 

pulmonary and cardiovascular support.9 The expanding 
use and longer duration of ECMO support has improved 
our current understanding of the anticoagulation needs 
for these devices, but many questions remain. The cur-
rent guidelines for ECMO management are from the 
Extracorporeal Life Support Organization (ELSO).2

The most recent ELSO guidelines (published in 2014; 
Table 32.3) give general recommendations for anticoagula-
tion strategies with a preference for heparin anticoagulation 
as first- line therapy. However, anticoagulation practices 
have changed since these guidelines were published, given 
new research on the use of direct thrombin inhibitors as 
first- line therapy.4,10

The 2014 ELSO guidelines recommend that heparin 
anticoagulation be started as soon as clinical bleeding has 
been ruled out. Historically, anticoagulation with heparin 
has been the preferred agent for cardiopulmonary bypass 
circuits, which resulted in a natural progression to its 
use as a first- line agent for anticoagulation with ECMO. 
Nevertheless, the appropriate method for monitoring hepa-
rin and the desired degree of anticoagulation during ECMO 
support are highly controversial.2,11 Bleeding continues to 
be a common clinical challenge associated with ECMO, and 
patients continue to be at high risk for severe bleeding com-
plications, including hemorrhagic stroke.2

Table 32.1 •  The 2013 International Society for Heart and Lung Transplantation Recommendations for Beginning 
Anticoagulation in Patients with Ventricular Assist Devices

Starting Intervention Continuous- Flow Pump Goal Pulsatile- Flow Pump Goal

Postoperative day 
1 to 2

Start heparin if no evidence of 
bleeding

A PTT of 40– 60 s A PTT of 40– 60 s

Postoperative day 
2 to 3

Increase heparin goal, start 
warfarin and aspirin

• A PTT of 60– 80s
• Aspirin 81– 325 mg
• An INR of 2.0– 3.0

• A PTT goal 60– 80 s
• Aspirin 81– 325 mg
• AN INR of 2.5– 3.5

PTT = partial thromboplastin time; INR = international normalized ratio.

Adapted from Feldman D et al, The 2013 International Society for Heart and Lung Transplantation Guidelines for mechanical circulatory 
support: executive summary, Journal of Heart and Lung Transplantation 2018;32:157– 187. Copyright (2018), with permission from Elsevier.

Table 32.2 •  Anticoagulation Recommendations from the 
PREVENT Trial (PREVENtion of HeartMate 
II Pump Thrombosis Through Clinical 
Management)

Medication Starting Goal

Heparin Within first 48 hours 
in patients without 
persistent bleeding

• A PTT goal 45_ 50 s 
for the first 48 h

• Increase to goal of 
50_ 60 s by 96 h

• Stop when INR is 
between 2.0 and 2.5

Warfarin Within first 48 hours An INR goal of 2.0_ 2.5 
by day 5 to 7

Aspirin Between day 2 and 5 Aspirin 81_ 325 mg

PTT = partial thromboplastin time; INR = international normalized ratio

Reprinted from Maltais S, Kilic A, Nathan S, et al., PREVENtion of 
HeartMate II pump thrombosis through clinical management: the 
PREVENT multi- center study, Journal of Heart and Lung Transplantation 
2017;36:1– 12, Copyright (2017), with permission from Elsevier.

Table 32.3 •  Anticoagulation Monitoring for Patients 
Receiving Extracorporeal Membrane 
Oxygenation Support

Anticoagulation Lab Initial Starting Goal

Activated clotting time 180– 220 s

Partial prothrombin time 60– 80 s

Anti- Xa 0.3– 0.7 IU/ mL

Thromboelastography R- time 2x to 3x baseline or heparinase 
reaction time

Anti- Xa = anti- factor Xa assay for plasma heparin; 
IU = international units

Reprinted with permission, ©Extracorporeal Life Support 
Organization (ELSO)
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The ELSO guidelines provide general recommen-
dations for using activated clotting time (ACT), partial 
thromboplastin time (PTT), the anti- factor Xa (anti- Xa) 
assay for monitoring plasma heparin concentrations, or 
thromboelastography (TEG) (Figure 32.1) as appropriate 
for monitoring heparin anticoagulation. Some studies have 
found that changes in anticoagulation values are poorly 
correlated with increasing doses of heparin in ECMO.11 To 
best capture the overall anticoagulation picture, ELSO rec-
ommends monitoring more than one laboratory measure 
(e.g., ACT and PTT, or PTT and TEG, or PTT and anti- Xa) 
and to associate these values with the patient’s status and 
circuit patency.2 There are no specific guideline- directed 
anticoagulation monitoring goals, but some general recom-
mendations are included in Table 32.1.

Finally, ATIII deficiencies have occurred in these 
patients. ATIII is a co- factor that is crucial for heparin 
efficacy, so a possible complication of low ATIII con-
centrations is subtherapeutic anticoagulation values, 
despite increasing doses of heparin.12 ATIII deficiencies 
can lead to heparin resistance and potential thrombotic 
complications in the ECMO circuit.13,14 Different cen-
ters target varying ATIII goals (e.g., >80%, >50%, >30%; 
neonate goals are often 80%– 100%), but the minimum 
amount of ATIII needed for adequate heparin response 
remains unknown.14 ATIII supplementation will likely 
reduce the heparin dose, but whether it reduces device 
complications is unknown. The literature indicates that 
an ATIII value between 40% and 60% is a reasonable 
standard for evaluating potential ATIII supplementation 
when concentrations of heparin are subtherapeutic.13,15– 

17 If anticoagulation is therapeutic, supplementation 
may not be necessary. For ATIII concentrations lower 
than 40%, supplementation should be consideration. 
With the high cost of ATIII supplementation, more cen-
ters are moving toward administering only one to two 

vials at a time instead of using dosing equations to cal-
culate the number of units to reach an ATIII concentra-
tion of 100%.

Total Artificial Heart

Early use of the total artificial heart (TAH) in the 1980s was 
associated with a high rate of stroke. The high rate led to 
anticoagulation strategies that included more intense anti-
platelet therapy.3,18 Beginning in the mid- 1990s, the antico-
agulation regimens in most centers had changed to aspirin, 
dipyridamole, and heparin bridge to warfarin. Some cen-
ters also added pentoxifylline to prevent platelet aggrega-
tion by another mechanism of action and potentially to 
reduce blood viscosity.18

Different manufacturers have slightly different recom-
mendations, but some are the same (Table 32.4). Early 
antiplatelet inhibition with dipyridamole and aspirin 
is recommended. Aspirin can be started at a lower dose 
and increased a few days after surgery to a goal of 325 mg. 
Dipyridamole administration ranges from 100 mg every 8 
hours to 250 mg every 6 hours. Platelet aggregation studies 
are recommended to reduce platelet response by at least 
50% for ADP, arachidonic acid, and epinephrine path-
ways. Finally, centers that add pentoxifylline typically 
start a dose of 400 mg every 8 hours.3,18

Anticoagulation with heparin is recommended once 
chest tube drainage is stable, without evidence of major 
bleeding. Initial heparin anticoagulation goals include 
a PTT greater than 50 seconds for about 2 weeks, until 
warfarin therapy reaches an INR goal of 2.5– 3.5.18 This 
anticoagulation strategy reduces stroke rates and bleed-
ing episodes for patients with TAH. One proposed reason 
for lower bleeding despite intense anticoagulation is the 
inherent pulsatility of the TAH. Until advances in tech-
nology allow lower concentrations of anticoagulants, this 
strategy is likely to yield the best outcomes.

α or angle

R Time K Time

MA

Reaction rate = R Time
Kinetics or clot growth rate = angle & K Time
Maximum amplitude = MA

Figure 32.1. Thromboelastography for monitoring heparin anticoagulation. Thromboelastography (TEG) is a visual.
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Challenging Situations

Ventricular Assist Devices: Adjusting 
Anticoagulation for Gastrointestinal Bleeding

Post- implantation bleeding remains a substantial problem 
in patients with continuous- flow VADs, which often neces-
sitates changing anticoagulation goals. For patients with 
no thrombotic or bleeding complications, following the 
ISHLT guidelines of aspirin plus warfarin for an INR goal 
2.0– 3.0 is recommended. However, thrombotic or hemor-
rhagic complications require modifying that recommenda-
tion. The incidence of GI bleeding complications is greater 
than 30%, in part because of the propensity for arteriove-
nous malformations to develop.19 Therefore, many patients 
will require lower degrees of anticoagulation.6,20– 22

After an initial GI bleeding event, treating the acute 
bleeding and continuing the previous management with 
increased monitoring for future bleeding are reasonable. 
This recommendation is based on the premise that the risk 
of mortality associated with a pump thrombosis is higher 
than that of GI bleeding for patients with VADs. However, 
this general recommendation may need to be modified in 
certain situations.

No current guidelines recommend an exact protocol for 
how to alter anticoagulation goals with recurrent GI bleed-
ing, but the following general approach can be used. The 
first consideration for adjusting the degree of anticoagula-
tion is to determine whether the INR was supratherapeutic 
and contributed to the bleeding. If so, consider adjusting the 
dosage of warfarin to keep the INR in a target range rather 
than resetting the INR goal. For recurrent GI bleeding that 
is not the result of supratherapeutic INRs, decreasing the 
dose of aspirin may be the first step.23 Patients with VADs 
acquire von Willebrand deficiencies from the shear stresses 
inherent in the VAD, and reducing antiplatelet therapy may 
help reduce future bleeding.23,24 For subsequent GI bleed-
ing, a stepwise reduction in the INR goal, first to between 
2.0 and 2.5 and then to between 1.8 and 2.3, may be neces-
sary, and discontinuing antiplatelet therapy altogether may 

be appropriate. A select few patients will be able to stop all 
anticoagulation therapy, but the resulting increased risk of 
thrombosis means that stopping should be reserved only for 
patients with higher VAD flows.

In some case reports and case series, arteriovenous mal-
formations have been treated successfully with agents such 
as danazol, thalidomide, and doxycycline.16– 18,21 For patients 
with known arteriovenous malformations, these agents can 
be tried during anticoagulation therapy to reduce GI bleed-
ing, but these agents can have adverse effects. Overall, GI 
bleeding events in patients with VADs often lead to difficult 
anticoagulation decisions.

Warfarin Time- in- Therapeutic Range for Ventricular 
Assist Devices

Currently, predicting which patients will have GI bleeding 
and which will have thrombosis is difficult. One modifi-
able risk factor is the “time- in- therapeutic range” (TTR). In 
patients without LVADs, a TTR greater than 65% has been 
associated with fewer thrombotic complications.26 The 
same reduction in complications for patients with LVADs 
has been reported in smaller retrospective trials, in which 
a TTR less than 50% was associated with an increased 
risk of pump thrombosis.27 Unfortunately, obtaining a 
high TTR (>65%) is difficult in patients with LVADs.28 In a 
meta- analysis of five studies comparing TTRs for patients 
with continuous- flow LVADs, the weighted mean TTR was 
46.6%.28 Although these patients have inherent reasons for 
labile warfarin dosing (heart failure, advanced age, right 
heart failure, and poor nutrition), a goal for all programs 
should be to maintain a high TTR to avoid complications.

Chromogenic Factor X or Chromogenic   
Factor II Monitoring

The increased monitoring of patients without MCSDs and 
unreliable INRs with alternative laboratory measures raises 
the question of how to apply this concept to patients with 
MCSDs.29– 32 Laboratory tests for chromogenic factor X or 

Table 32.4 •  Example Anticoagulation Regimen for Patients with Total Artificial Hearts

Medication Dosing Starting Monitoring and Goal

Heparin Start 2– 5 units/ kg/ h Postoperative day 1 to 3 when chest 
tube output < 30 mL/ h x 4 h

• Monitoring: PTT and TEG
• Goals: PTT >50 s; TEG reaction time >12 s

Warfarin Adjusted for INR Postoperative day 1 or when chest 
tube output <30 mL/ hr x 4 h

• Monitoring: INR
• Goal: 2.5– 3.5

Aspirin 81– 325 mg Postoperative day 1 or when platelet 
counts >50,000

• Monitor: light transmittance aggregometry
• Goals: arachidonic acid 20%– 40%; ADP 20%– 

40%; epinephrine 20%– 40%

Dipyridamole 75– 100 mg every 6– 8 h Postoperative day 1 or when platelets 
>50,000

• Monitor: light transmittance aggregometry
• Goals: arachidonic acid 20%– 40%; ADP: 20%– 

40%; epinephrine: 20%– 40%

Pentoxifylline 200– 800 mg every 8 h Postoperative if additional
felt to be needed

• Monitor: total plasma hemoglobin
• Goal: <50 mg/ dL

Abbreviations: PTT = partial thromboplastin time; TEG = thromboelastography; INR = international normalized ratio; ADP = adenosine diphosphate.
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factor II may be used in patients with conditions that falsely 
alter INR laboratory tests, such as antiphospholipid syn-
drome and direct thrombin inhibitor use.29,30 The rationale 
for these alternative tests is that warfarin inhibits vitamin- 
K- dependent clotting factor, which includes factor X and 
factor II. As the vitamin- K- dependent factors decrease in 
the body from warfarin inhibition, the INR increases. Each 
lab has slight differences in its validated goals. For exam-
ple, the goal of a chromogenic factor X concentration of 
20%– 40% reflects an INR of 2.0– 3.0. Chromogenic factor II 
has similar laboratory- specific goals validated to INR goal 
ranges.32

The INR is not specific solely to the factors that warfarin 
inhibits. In fact, it assesses only three vitamin- K- dependent 
clotting factors and two non- vitamin- K- dependent clotting 
factors. Consequently, the INR can be affected by several 
other clinical conditions. Measuring specific factor concen-
trations shows the true extent of anticoagulation from war-
farin therapy.32 This information may be helpful to assess 
the effectiveness of anticoagulation in patients who expe-
rience thrombosis while on therapeutic INRs to determine 
whether their INR truly reflects an appropriate factor reduc-
tion from warfarin. The long half- lives of factor X and fac-
tor II make using them challenging during acute titration of 
warfarin because it reflects dosing 2 to 3 days before the day 
of monitoring. Clinicians should consider monitoring chro-
mogenic factor X or factor II concentrations in outpatients 
with VADs to verify that they are receiving appropriate con-
centrations of factor inhibition from warfarin.

Direct Thrombin Inhibitors and Extracorporeal 
Membrane Oxygenation

The increasing use of direct thrombin inhibitors (DTIs) 
in patients on ECMO raises new opportunities and new 
questions. For several reasons, bivalirudin, a DTI, is an 
attractive alternative for ECMO anticoagulation. Recent 
studies of bivalirudin have shown that it decreases bleed-
ing on ECMO without a notable compromise of the cir-
cuit.10 Additionally, the use of direct thrombin inhibitors 
does not require ATIII to have an anticoagulant effect, 
thereby reducing potential anticoagulation resistance.10 
Finally, the pharmacokinetics of bivalirudin are such that 
drug elimination is 80% organ- independent, with the 
remaining 20% eliminated through the kidneys.

These presumed benefits come with some risk. Most 
notable is that bivalirudin’s effects are not reversible in 
cases of life- threatening bleeding. Blood product supple-
mentation and waiting for drug clearance are the only man-
agement options in this situation. Although bivalirudin 
had lower bleeding rates than those of heparin in ECMO 
in certain studies,10 these studies are limited by different 
definitions of bleeding and by small samples. Bivalirudin 
increases the risk of thrombosis with static blood, notably in 
the ventricles of patients with low contractility on ECMO.33 
This risk is caused by a reduction in circulating blood in the 
areas of stasis, combined with an 80% organ- independent 

drug degradation, which results in a focal region of sub- 
therapeutic anticoagulation in those areas.33 For this reason, 
patients with a propensity for these types of flow varia-
tions, as well as those who are being prepared for wean-
ing from ECMO, should be managed with heparin unless 
contraindicated.

Another issue with direct thrombin inhibitors has been a 
PTT response curve that plateaus at higher drug concentra-
tions.34 At some point, dose increases will no longer change 
PTT, making anticoagulation titration difficult and putting 
the patient at a potential risk for bleeding.34,35 In these situ-
ations, alternative monitoring procedures, such as ACT or 
dilute thrombin time, can be used.35 A more specific and 
readily available laboratory assessment of a direct thrombin 
inhibitor effect is needed, given the increasing use of these 
drugs in these critically ill patients.

Despite the proposed benefits and expanding use of 
bivalirudin in patients with ECMO, unanswered questions 
related to the translation of small center data to multi- center 
use limit more widespread implementation. The ELSO 
guidelines currently recommend bivalirudin as an alterna-
tive to heparin, but as more evidence is accumulated and 
monitoring becomes more advanced, this recommendation 
could evolve.

Future Directions
Direct Oral Anticoagulant Use and 
Ventricular Assist Devices

Although warfarin anticoagulation continues to be the 
reference standard for long- term VAD therapy, it contin-
ues to be limited by a narrow therapeutic range, several 
drug- drug and drug- food interactions, and a delayed INR 
response to its administration. These limitations have 
contributed to the evolution of direct oral anticoagulants 
(DOACs) as an alternative to warfarin for non- VAD indica-
tions. The expanded use of DOACs as an anticoagulation 
strategy for patients with VADs is intriguing and is a topic 
for future research.

The three DOACs that have been described most widely 
in the literature are dabigatran, rivaroxaban, and apixaban. 
A  DTI anticoagulant, dabigatran was the first DOAC on 
the market. It is effective in treating atrial fibrillation and 
venous thromboembolism, but it is currently contraindi-
cated in patients with VADs.36– 38 The drug itself requires an 
acidic environment for appropriate absorption and has tar-
taric acid in the capsules to improve drug absorption. This 
requirement is problematic for patients with VADs because 
of the high rate of GI bleeding that accompanies the use of 
antacids, which can lead to sub- therapeutic anticoagula-
tion concentrations. A prospective trial evaluating the use 
of dabigatran in VADs was stopped early because the rate of 
thrombosis in the dabigatran group was greater than that in 
the warfarin group.39 For these reasons, dabigatran should 
not be used for patients with VADs.

 

 

 



266 Mechanical Circulatory Support

Rivaroxaban is a direct Xa inhibitor and was the sec-
ond DOAC on the market. Despite its short half- life, only 
a single daily dose is needed to treat atrial fibrillation.40,41 
To achieve adequate anticoagulation with once- daily 
dosing in the setting of pharmacokinetic limitations, the 
degree of anticoagulation is highest soon after adminis-
tration and decreases over the day. This decrease is prob-
lematic for patients with VADs because a missed dose 
may increase the risk of thrombosis. Data collected after 
approval for its use in treating atrial fibrillation showed 
that the risk of intracranial bleeding for rivaroxaban is 
also greater than it is for other DOACs and warfarin.42– 44 
Although data from patients with VADs are limited, the 
potential risks of rivaroxaban may outweigh the potential 
benefits.

Apixaban, another direct Xa inhibitor and the third 
DOAC on the market, has the most promising data. Post- 
approval data on atrial fibrillation showed that apixaban 
is safer than warfarin and other DOACs.42,43,45,46 The rate 
of GI bleeding is significantly less and could be optimal 
for patients with VADs. Case reports of apixaban used 
in patients with VADs are promising, but more data are 
needed before routine use should be considered.47,48 The 
patients in these case reports had VADs with recurrent 
GI bleeding, and apixaban was used as an alternative to 
warfarin. Apixaban has fewer drug- drug interactions than 
does warfarin, but preventing sub- therapeutic anticoagu-
lation still requires a diligent review of potential drug 
interactions. Two other issues need to be addressed:  the 
risk of thrombosis compared to that of warfarin, and 
experience with a reversal agent specifically for a factor- 
Xa inhibitor. Andexanet alfa is a reversal agent recently 
approved by the Food and Drug Administration (FDA), 
but its use in patients with LVADs has not been reported.49 
For these reasons, among the various DOAC agents, apix-
aban offers the most promise for future use in treating 
patients with VADs.

Lower Anticoagulation Intensity with Advanced 
Ventricular Assist Devices

Engineering advancements with new centrifugal 
continuous- flow devices can markedly reduce thrombo-
sis rates up to 2 years after implant.50 This reduction may 
again raise the question about reducing the degree of anti-
coagulation to reduce bleeding complications. Despite the 
failure of axial- flow designs to reduce the degree of antico-
agulation, the low thrombotic rates associated with newer 
technologies have re- energized interest in anticoagulation- 
reduction strategies. Although stroke continues to be a 
major complication even with newer devices, reducing the 
warfarin INR goal or using apixaban may be appropriate, 
even if antiplatelet therapies remain unchanged.50 Ideally, 
early efforts at slowly reducing anticoagulant intensity 
will lead to head- to- head comparisons in the near future.

Direct Thrombin Inhibitor Drug- Level   
Monitoring

Advances in laboratory medicine have begun to allow 
drug- specific anticoagulant monitoring. More specific 
monitoring is effective, as evident by the use of anti- Xa 
concentrations for heparin monitoring instead of PTT. 
For ECMO and the increased use of DTI, validating drug- 
specific concentrations would be a great step forward in 
monitoring anticoagulation concentrations, given that the 
lack of such validation is one of the biggest limitations in 
balancing the risk- benefit in patients with ECMO.

Conclusions
Over the past few decades, thinking about anticoagula-
tion in patients with MCSD has been innovative. Evolving 
practices have helped to reduce bleeding complications for 
these patients while protecting the device that is support-
ing their circulation. As these devices continue to improve, 
so will the strategies for managing anticoagulation, until 
the ultimate goal of preventing both bleeding and throm-
bosis is achieved.
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Acquired von Willebrand Syndrome 
with Mechanical Circulatory Support 
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Introduction

The increased mechanical shear stress generated 
by mechanical circulatory support (MCS) devices 
can cause the large von Willebrand factor mul-

timer to become deformed, leading to cleavage of the 
protein. The cleaved lower molecular weight multimers 
have a decreased ability to promote platelet plug forma-
tion, leading a disease phenotype known as acquired 
von Willebrand syndrome. In this chapter we discuss the 
physiology of von Willebrand factor, the pathophysiology 
of acquired von Willebrand syndrome, the effect of MCS 
device choice, and limited data for treatment options in 
those with recurrent bleeding.

Physiology of von Willebrand Factor
Von Willebrand factor (vWF) is a large, multimeric gly-
coprotein that is synthesized in endothelial cells and 
megakaryocytes (Figure 33.1).1 After synthesis of the pro- 
polypeptide monomer, vWF is processed in the endoplas-
mic reticulum, where it dimerizes. Larger vWF multimers 
are then assembled in the Golgi apparatus before under-
going glycosylation, followed by packaging into a helical 
structure or tubules and incorporating factor VIII (FVIII). 
The assembled vWF multimer complex is then stored in 
the alpha- granules of platelets or the Weibel- Palade bod-
ies of endothelial cells and secreted at a basal rate by the 
endothelial cells. Large vWF multimers are released from 
activated endothelial cells or platelets.2

In the bloodstream, vWF circulates with FVIII. The vWF- 
FVIII complex protects FVIII from degradation by activated 
protein C, markedly increasing the half- life of circulating 

FVIII. Additionally, vWF brings FVIII to the site of blood 
vessel injury to participate in coagulation.3

The vascular endothelium is lined with antithrombotic 
proteins that inhibit platelet activation and activate fibri-
nolysis. However, the subendothelial layer contains pro-
teins, such as collagen, that can activate hemostasis when 
exposed to the bloodstream. After endothelial injury, vWF 
multimers are rapidly expelled from Weibel- Palade bodies. 
Shear stress associated with flow through the injured vas-
culature leads to unfolding of plasma vWF. The exposed 
vWF then facilitates platelet binding to subendothelial col-
lagen. Platelet aggregation forms a platelet plug and serves 
as the phospholipid membrane required to activate the 
coagulation system.3,4

The size and clearance of vWF is regulated through two 
distinct mechanisms. ADAMTS- 13 is a metalloprotease that 
cleaves vWF multimers at a site in the A2 domain that is 
only exposed after binding to platelets, collagen, or shear- 
stress- induced vWF unfolding. Deficiencies of ADAMTS- 13 
lead to ultra- large vWF multimers and to a prothrombotic 
disorder, thrombotic thrombocytopenic purpura.3 Plasma 
vWF is cleared from the circulation through endocytosis by 
macrophages in the liver and spleen.2

Pathophysiology of Acquired von 
Willebrand Syndrome in Mechanical 
Circulatory Support
The American internist Edward Heyde first proposed 
the development of acquired von Willebrand syndrome 
(AvWS) in the setting of severe aortic stenosis. Severe aor-
tic stenosis increases the turbulence and velocity of blood 
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flow through the narrowed valve orifice. This turbulence 
increases shear stress on the proteins and cells passing 
through the valve, leading to unfolding of circulating vWF 
multimers, exposing them to cleavage by ADAMTS- 13 
(Figure 33.2).5,6 Loss of the high- molecular- weight vWF 
multimers is suggested by decreased vWF:collagen bind-
ing (vWF:CB) to vWF antigen (vWF:Ag) ratios, which is 
detected by gel electrophoresis and measured with densi-
tometry, a technique that measures the optical density of 
each band.7 A vWF:CB/ vWF:Ag ratio of less than 0.8 with 
an abnormal multimer analysis is diagnostic of AvWS.

Current durable left ventricular assist devices (LVADs) 
used in adults rely on continuous flow provided by axial 
or centrifugal mechanisms that pull in blood through an 
inflow cannula inserted in the left ventricular apex and 
pump blood into the aorta through an outflow cannula. 
As blood cells and plasma proteins pass through the 
pump, they are exposed to increased velocity and shear 

stress. Plasma vWF circulates in a globular quaternary 
structure that unfolds when exposed to the supraphysi-
ologic shear stress associated with LVAD support, expos-
ing the A2 domain and allowing for multimer cleavage by 
ADAMTS- 13.

In vitro studies suggest that supraphysiologic shear 
stress alone may lead to some multimer degradation, but 
the pattern of AvWS seen in vivo requires the activity of 
ADAMTS13.8 Unfolding of vWF also allows for the binding 
of platelets, leading to thrombus formation and a consump-
tion of high- molecular- weight multimers.

Acquired von Willebrand syndrome occurs within 4– 6 
hours of LVAD implantation and resolves within 4 hours 
after explantation.9– 11 The time course for resolution of 
AvWS is shorter than the time required to synthesize vWF 
multimers, and is believed to be explained by a stress- 
related release of vWF from Weibel- Palade bodies in combi-
nation with a lack of shear- stress- induced vWF unfolding.

Figure 33.1. Schematic representation of plasma VWF synthesis. (A) VWF originates as a 360 kDa monomer in the endothe-
lial cells and megakaryocytes. (B) vWF is dimerized through intermonomer disulfide bonds in the endoplasmic reticulum. 
(C) Multimerization occurs in the Golgi apparatus, with formation of multimers between 500 and 40,000 kDa, which are 
secreted into the plasma. (D) Enzymatic regulation by ADAMTS13 occurs in the plasma.
Reprinted from Lippok S et  al., Exponential size distribution of von Willebrand factor, Biophysical Journal 2013;105:1208– 1216, 

Copyright (2013), with permission from Elsevier.



(A)

(B)

Figure 33.2. AVWS in the setting of AS can lead to angiodysplasia and Heyede’s syndrome (A). Von Willebrand protein 
circulates as a coiled protein that unfolds in response to the shear stress created by the narrowed valve (B). The A2 domain 
of von Willebrand protein is exposed and cleaved by ADAMTS13, resulting in loss of high- molecular weight multimers of 
von Willebrand protein.
Reprinted from Van Belle E et al., von Willebrand factor and management of heart valve disease: JACC Review Topic of the Week, Journal 

of the American College of Cardiology 2019;73:1078– 1088, Copyright (2019), with permission from Elsevier.
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Device Differences in Acquired von 
Willebrand Syndrome
Early studies comparing pulsatile-  with continuous- flow 
devices revealed differences in gastrointestinal bleed-
ing,12,13 which were postulated to result from differences 
in shear stress and AvWS (Figure 33.3).12 However, as the 
technology evolved, most devices adopted a continuous- 
flow mechanism. Consequently, most MCS devices used 
today provide continuous flow through either an axial 
or centrifugal flow mechanism. Axial- flow devices cre-
ate flow through the rotation of impeller blades at 7,000– 
12,000 rpm, oriented parallel to the direction of flow. Fluid 
dynamic modeling suggests that axial devices create mean 
shear stress levels about 100 times larger than those occur-
ring in normal arterioles.14,15 Centrifugal- flow devices cre-
ate flow through revolutions of a rotor at 2,000– 6,000 rpm, 
oriented perpendicular to the direction of flow. The lower 
rotational speed associated with centrifugal pumps cre-
ates one- third to one- quarter of the shear stress associated 
with axial pumps (Figure 33.4).14– 16 The decreased shear 
stress is hypothesized to prevent AvWS from developing. 
However, nearly all patients with implanted MCS devices 
have moderate- to- severe high molecular weight vWF deg-
radation within 30  days of support (Figure 33.5; Table 
33.1).9– 11,16– 21

Temporary Mechanical Circulatory 
Support Devices
The Impella Heart Pump

The Impella® Heart Pump is an axial- flow device that 
can provide between 2.5 and 5.0 L of flow. A case report 
and case series have reported vWF multimer profiles in 
Impella- supported patients. A  patient bridged with an 
Impella® 5.0 to a HeartWare VAD (HVAD) had clinical and 
biomechanical evidence of AvWS when the Impella was 
run at 30,000 rpm (4.4 liters per minute). Increased vWF 
multimer sizes were detected after transition to HVAD sup-
port; however, an altered vWF profile persisted.20 In a case 
series of 21 patients with the Impella® CP, 20 experienced 
AvWS after an average of 10 hours of support.22

Temporary Extracorporeal Centrifugal Pumps

Several external centrifugal pumps are on the market, 
including the CentriMag magnetically levitated pump, 
the TandemLife pump, the Rotaflow pump, and the 
Biomedicus pump. Each of these devices can provide left, 
right, or biventricular support, depending on inflow and 
outflow cannula positioning. These pumps can also pro-
vide extracorporeal membrane oxygen (ECMO) support if 
an oxygenator is spliced into the circuit.

Figure 33.3. Proportion of patients without a gastrointes-
tinal hemorrhage in patients implanted with pulsatile and 
non- pulsatile devices.
Reprinted from Crow S et  al., Gastrointestinal bleeding rates in 

recipients of nonpulsatile and pulsatile left ventricular assist 

devices, Journal of Cardiovascular Surgery 2009;137:208– 215, 

Copyright (2009), with permission from Elsevier.

Figure 33.4. Correlation between percentage of high molec-
ular weight von Willebrand protein multimers and HVAD 
pump speed.
Reprinted from Meyer AL et  al., Acquired von Willebrand syn-

drome in patients with a centrifugal or axial continuous flow 

left ventricular assist device, JACC Heart Failure 2014;141– 145, 

Copyright (2014), with permission from Elsevier.
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Several studies have found altered vWF multimer pro-
files in patients supported with extracorporeal centrifu-
gal pumps.11,21,23 A retrospective study found that 12 of 13 
patients with clinical bleeding while on CentriMag support 
had evidence of AvWS, with an absence of high- molecular- 
weight vWF multimers.21 Additionally, a prospective cohort 
of 38 patients started on ECMO support showed transient 
reductions in vWF multimer weights in all patients and per-
sistent reductions in vWF multimer size that resolved only 
after stopping MCS in 37 patients.11 This study found no 
important differences in vWF profiles related to pump type 
or cannulation strategy (e.g., veno- veno vs. veno- arterial 
ECMO).11

Durable Left Ventricular Assist Devices
Axial and Centrifugal LVADs

Although LVADs were originally pulsatile, the current gen-
eration of implantable MCS devices provide continuous 
flow through either an axial (HeartMate II) or a centrifugal 

(HVAD, HeartMate 3)  flow design. Data suggest that all 
patients supported with a continuous- flow device show 
some degree of AvWS, with reductions in high- molecular- 
weight vWF multimer concentrations.9,10,16,17,24 Although 
the HeartMate II is associated with higher baseline levels 
of hemolysis than the centrifugal flow LVADs,25 the degree 
of AvWS16 and bleeding26 between the HeartMate II and 
HVAD devices appears to be similar. The severity of AvWS 
remains stable over time.27 Although patients treated with 
the HeartMate 3 left ventricular assist system showed less 
loss of high molecular weight vWF multimers compared 
to HeartMate II patients, differences in vWF:RCo/ vWF:Ag 
ratios were not seen.28

Total Artificial Heart

The Syncardia total artificial heart provides biventricular 
support powered by pneumatically driven membranes that 
actively retract and then passively relax to pump up to 9.5 
liters of blood per minute. This pulsatile method of pump-
ing exposes blood cells and plasma to lower velocities and 
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Figure 33.5. von Willebrand multimer gel electrophoresis showing loss of high molecular weight multimers after LVAD 
implantation.
Reprinted from Crow S et al., Acquired von Willebrand syndrome in continuous- flow ventricular assist device recipients, Ann Thorac 

Surg. 2010;90(4):7. Copyright (2010), with permission from Elsevier.

Table 33.1 •  Degree of Acquired von Willebrand Syndrome Commonly Associated with Selected Mechanical 
Circulatory Devices

Device
vWF:CB,
mean (SD), %

vWF:Ag,
mean (SD), %

vWF:RCo,   
mean (SD), %

vWF:CB/ vWF:Ag, 
mean (SD) ratio

vWF:RCo/ vWF:Ag,   
mean (SD) ratio

Impella22 213 (82) 265 (106) 183 (56) 0.82 (0.1) 0.71 (0.2)

ECMO11 NC 261 (138) 157 (103) NC 0.61 (0.17)

HeartMate II17 NC 372 (28) 186 (18) NC 0.66 (0.04)

HVAD16 113 (57) 160 (58) NC 0.7 (0.2) NC

HeartMate 328 NC ~350 ~200 NC ~0.65

Abbeviations: vWF:CB = von Willebrand factor: collagen binding; vWF:Ag = von Willebrand factor: Antigen; vWF:RCo = von 
Willebrand: Ristocetin cofactor activity; NC = testing not completed.
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degrees of shear stress, which may correlate with a lower 
incidence of AvWS. In support of this possibility, Heilmann 
et al. found no significant change in vWF multimer profiles 
up to 3 weeks after implanting three total artificial hearts.9

Association of Acquired von Willebrand 
Syndrome with Bleeding
The causes of increased bleeding in patients with AvWS 
are multifactorial. Loss of the high- molecular- weight mul-
timers removes the proteins that most effectively bind 
platelets. Additionally, a function for vWF in angiogenesis 
has recently been discovered. In vitro models suggest that 
vWF regulates angiogenesis through αvβ3 inhibition of 
vascular endothelial growth factor receptor 2 (VEGFR2). 
Loss of vWF can also increase VEGFR2 concentrations 
through increases in angiopoietin- 2.29 Abnormal VEGFR2 
signaling in turn results in abnormal vascular proliferation 
and endothelial cell migration. One hypothesis contends 
that the abnormal angiogenesis secondary to a lack of high- 
molecular- weight vWF multimers promotes the formation 
of arterial venous malformations, which are often found in 
the gastrointestinal tract of patients with AvWS.

Several cohort studies have evaluated risk factors 
associated with bleeding to predict the risk of bleeding 
in patients on mechanical circulatory support. Thus far, 
the presence and severity of AvWS have not been consis-
tently associated with risk for gastrointestinal bleeding 
in patients supported by MCS.16,17,24 Additionally, direct 
measurement of vWF concentration has not been indepen-
dently associated with increased bleeding risk.30– 33 Given 
the growing cohort of patients on MCS living with AvWS 
and the persistently elevated rates of bleeding complica-
tions associated with these devices, a validated predictive 
risk model for bleeding in these patients could potentially 
improve clinical outcomes through customized anticoagu-
lation strategies.

Pharmacologic Treatment Options
Chapter  34 provides an in- depth discussion of the man-
agement for gastrointestinal bleeding, but several therapies 
merit discussion in the treatment of AvWS (Table 33.2).

Octreotide

Although not a targeted therapy for AvWS, octreotide 
reduces splanchnic blood flow by binding to somatostatin 
receptors. Case reports of octreotide therapy in patients 
with LVADs and recurrent gastrointestinal bleeding have 
reported decreased admissions, re- bleeding episodes, 
blood product use, and the need for endoscopic proce-
dures.34– 37 A study of 10 patients suggested that prophylac-
tic use of depot octreotide may also decrease the incidence 

of gastrointestinal bleeding.38 Data suggests that octreotide 
is most beneficial to patients with AvWS and gastrointes-
tinal bleeding from arteriovenous malformations35 and is 
less effective in patients presenting with gastrointestinal 
bleeding from gastric erosions.39

Doxycycline

In vitro studies have shown that doxycycline decreases 
degradation of vWF multimers and restores vWF:CB activ-
ity, even though ADAMTS- 13 activity was decreased by 
only 18%.40 However, whether doxycycline is effective in 
treating patients with LVADs remains unclear because in a 
cohort of six patients, ADAMTS- 13 activity did not change 
significantly after receiving doxycycline therapy to prevent 
driveline infection.41

Humate- P

Humate- P is a concentrate of intermediate purity vWF 
and factor VIII. The vWF multimer band pattern is similar 
to normal human plasma, except for a mild decrease in 
the highest- molecular- weight multimers.42 The effective-
ness of Humate- P in treating patients with AvWS caused 
by immune mechanisms has been well validated.43 One 
case report has examined Humate- P as adjunct therapy to 
treat bleeding events in a patient with an LVAD. Pump- 
related thrombosis occurred during Humate- P supple-
mentation, but the patient was successfully bridged to 
heart transplant.44 The immediate degradation of high- 
molecular- weight vWF multimers that occurs during 
LVAD therapy is an additional challenge when adminis-
tering IV therapeutic agents to treat or prevent bleeding 
complications.

Table 33.2 •  Drug Therapies for Acquired von Willebrand 
Syndrome

Drug Dose and Regimen

Octreotide acetate37 50 μg subcutaneous, twice per 
day

Octreotide LAR depot37,38,49 20 mg subcutaneous, monthly

Doxycycline (no effect)41 100 mg, twice per day

Humate- P44 Slow taper starting at 60 units/ 
kg every 8 hours with down- 
titration steps of
• 60 units/ kg every 12 hours
• 40 units/ kg every 24 hours
• 40 units/ kg every 48 hours
• 20 units/ kg every 24 hours
• 20 units/ kg every 48 hours

Desmopressin acetate45,49,50 0.3– 4 μg/ kg IV infusion

Tranexamic Acid51 20– 25 mg/ kg, every 8 hours; 
adjunctive therapy

LAR = long- acting release.
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Desmopressin Acetate

Desmopressin acetate (trade name, DDAVP) releases vWF 
from Weibel- Palade bodies of endothelial cells and may 
therefore be an option for treating AvWS- associated bleed-
ing.45,46 However, the response to DDAVP can be variable, 
and there are no studies that demonstrate a clear benefit of 
DDAVP in patients with mechanical circulatory support.

Limitations to DDAVP therapy include tachyphylaxis, 
hyponatremia, and increased fluid retention.47 Also, any 
additional vWF multimers released from the Webel- Palade 
bodies will experience the same shear- mediated changes in 
quaternary structure discussed earlier, exposing these mol-
ecules to degradation by ADAMTS- 13.

Tranexamic Acid

Tranexamic acid is an anti- fibrinolytic that inhibits clot 
degradation by reversibly blocking the lysine binding sites 
of plasminogen. Tranexamic acid is used in patients with 
menorrhagia and inherited bleeding disorders, including 
von Willebrand disease. Ten randomized control trials 
have shown that administering tranexamic acid before car-
diopulmonary bypass for coronary artery bypass surgery 
reduces postoperative blood loss and transfusion require-
ments.48 The use of tranexamic acid to treat bleeding com-
plications during LVAD support has not been studied.

REFERENCES

1. Leebeek FW, Eikenboom JC. Von Willebrand’s disease. 
N Engl J Med. 2016;375(21):2067– 2080.

2. Lenting PJ, Christophe OD, Denis CV. von Willebrand 
factor biosynthesis, secretion, and clearance: connect-
ing the far ends. Blood. 2015;125(13):2019– 2028.

3. Peyvandi F, Garagiola I, Baronciani L. Role of Von 
Willebrand factor in the hemostasis. Blood Transf. 
2011;9(Suppl 2):6.

4. Palta S, Saroa r, Palta A. Overview of the coagulation 
system. Indian J Anaesth. 2014;58(5):9.

5. Shetty S, Kasatkar P, Ghosh K. Pathophysiology of 
acquired von Willebrand disease: a concise review. Eur 
J Haematol. 2011;87(2):99– 106.

6. Loscalzo J. From clinical observation to mech-
anism:  Heyde’s syndrome. N Engl J Med. 
2012;367(20):1954– 1956.

7. Sharma R, Flood VH. Advances in the diagnosis 
and treatment of von Willebrand disease. Blood. 
2017;130(22):2386– 2391.

8. Bartoli CR, Restle DJ, Zhang DM, Acker MA, Atluri P. 
Pathologic von Willebrand factor degradation with a left 
ventricular assist device occurs via two distinct mech-
anisms: Mechanical demolition and enzymatic cleav-
age. J Thorac Cardiovas Surg. 2015;149(1):281– 289.

9. Heilmann C, Geisen U, Beyersdorf F, et  al. Acquired 
von Willebrand syndrome in patients with ventricular 
assist device or total artificial heart. Thromb Haemost. 
2010;103(5):962– 967.

10. Meyer AL, Malehsa D, Bara C, et  al. Acquired von 
Willebrand syndrome in patients with an axial 
flow left ventricular assist device. Circ Heart Fail. 
2010;3(6):141– 145.

11. Tauber H, Ott H, Streif W, et al. Extracorporeal mem-
brane oxygenation induces short- term loss of high- 
molecular- weight von Willebrand factor multimers. 
Anesth Analg. 2015;120(4):730– 736.

12. Crow S, John R, Boyle A, et al. Gastrointestinal bleed-
ing rates in recipients of nonpulsatile and pulsatile left 
ventricular assist devices. J Thorac Cardiovasc Surg. 
2009;137(1):208– 215.

13. Jessup ML, Goldstein D, Ascheim DD, et al. 5 Risk for 
Bleeding after MCSD Implant:  An Analysis of 2358 
Patients in INTERMACS. J Heart Lung Transplant. 
2011;30(4):S9.

14. Fraser KH, Zhang T, Taskin ME, Griffith BP, Wu ZJ. A 
quantitative comparison of mechanical blood damage 
parameters in rotary ventricular assist devices:  shear 
stress, exposure time and hemolysis index. J Biomech 
Eng. 2012;134(8):081002.

15. Nascimbene A, Neelamegham S, Frazier OH, Moake 
JL, Dong JF. Acquired von Willebrand syndrome 
associated with left ventricular assist device. Blood. 
2016;127(25):3133– 3141.

16. Meyer AL, Malehsa D, Budde U, Bara C, Haverich 
A, Strueber M. Acquired von Willebrand syndrome 
in patients with a centrifugal or axial continuous 
flow left ventricular assist device. JACC Heart Fail. 
2014;2(2):141– 145.

17. Crow S, Chen D, Milano C, et  al. Acquired von 
Willebrand syndrome in continuous- flow ventricular 
assist device recipients. Ann Thorac Surg. 2010;90(4):7.

18. Coutance G, Repesse Y, Belin A, Massetti M. Acquired 
von Willebrand disease in Jarvik 2000 recipients: a sin-
gle center experience. Int J Cardiol. 2012;159(1):57– 58.

19. Klovaite J, Gustafsson F, Mortensen SA, Sander K, 
Nielsen LB. Severely impaired von Willebrand factor- 
dependent platelet aggregation in patients with a 
continuous- flow left ventricular assist device (HeartMate 
II). J Am Coll Cardiol. 2009;53(23):2162– 2167.

20. Davis ME, Haglund NA, Tricarico NM, Keebler ME, 
Maltais S. Development of acquired von Willebrand 
syndrome during short- term micro axial pump sup-
port:  implications for bleeding in a patient bridged 
to a long- term continuous- flow left ventricular assist 
device. ASAIO J. 2014;60(3):355– 357.

21. Morrison KA, Jorde UP, Garan AR, Takayama H, Naka 
Y, Uriel N. Acquired von Willebrand disease during 
CentriMag support is associated with high prevalence 
of bleeding during support and after transition to heart 
replacement therapy. ASAIO J. 2014;60(2):241– 242.

22. Flierl U, Tongers J, Berliner D, et  al. Acquired von 
Willebrand syndrome in cardiogenic shock patients on 
mechanical circulatory microaxial pump support. PloS 
ONE. 2017;12(8):e0183193.

23. Heilmann C, Geisen U, Beyersdorf F, et  al. Acquired 
von Willebrand syndrome in patients with extra-
corporeal life support (ECLS). Intensive Care Med. 
2012;38(1):62– 68.

24. Uriel N, Pak SW, Jorde UP, et al. Acquired von Willebrand 
syndrome after continuous- flow mechanical device 
support contributes to a high prevalence of bleeding 
during long- term support and at the time of transplan-
tation. J Am Coll Cardiol. 2010;56(15):1207– 1213.

25. Birschmann I, Dittrich M, Eller T, et al. Ambient hemo-
lysis and activation of coagulation is different between 
HeartMate II and HeartWare left ventricular assist 
devices. J Heart Lung Transplant. 2014;33(1):80– 87.

 

 

 



276 Mechanical Circulatory Support

26. Gaffey AC, Chen CW, Chung JJ, et  al. Is there a dif-
ference in bleeding after left ventricular assist device 
implant: centrifugal versus axial? J Cardiothorac Surg. 
2018;13(1):22.

27. Heilmann C, Trummer G, Beyersdorf F, et al. Acquired 
von Willebrand syndrome in patients on long- term 
support with HeartMate II. Eur J Cardiothorac Surg. 
2017;51(3):587– 590.

28. Netuka I, Kvasnicka T, Kvasnicka J, et  al. Evaluation 
of von Willebrand factor with a fully magnetically 
levitated centrifugal continuous- flow left ventricular 
assist device in advanced heart failure. J Heart Lung 
Transplant. 2016;35(7):860– 867.

29. Randi AM, Laffan MA. Von Willebrand factor 
and angiogenesis:  basic and applied issues. JTH. 
2017;15(1):13– 20.

30. Wever- Pinzon J, Wever- Pinzon O, McKellar S, et al. A 
novel model to predict the risk of non- surgical bleed-
ing among patients receiving continuous flow left 
ventricular assist devices. J Heart Lung Transplant. 
2014;33(4):S22.

31. Sparrow CT, Nassif ME, Raymer DS, et al. Development 
of a preoperative risk model that predicts gastrointes-
tinal bleeding after implantation of continuous- flow 
LVADs. J Cardiac Fail. 2015;21(8):S99– S100.

32. Balcioglu O, Kemal HS, Ertugay S, et al. Risk factors of 
gastrointestinal bleeding after continuous flow left ven-
tricular assist device. ASAIO J. 2018;64(4):458– 461.

33. Joy PS, Kumar G, Guddati AK, Bhama JK, Cadaret LM. 
Risk factors and outcomes of gastrointestinal bleed-
ing in left ventricular assist device recipients. Am J 
Cardiol. 2016;117(2):240– 244.

34. Smallfield GB, Gunda S, Emani S, et  al. A multi-
center evaluation of octreotide for ventricular assist 
device related gastrointestinal bleeding. J Heart Lung 
Transplant. 2016;35(4):S245.

35. Shah KB, Sampath G, Emani S, et al. Octreotide reduces 
the reoccurrence of ventricular assist device related 
gastrointestinal bleeding. J Heart Lung Transplant. 
2017;36(4):S124.

36. Dias PS, Hayes H, Baumwol J. The use of octreotide 
to treat refractory gastrointestinal bleeding in patients 
supported with a continuous- flow left ventricular assist 
device. J Heart Lung Transplant. 2015;34(4):S211– S212.

37. Loyaga- Rendon RY, Hashim T, Tallaj JA, et al. Octreotide 
in the management of recurrent gastrointestinal bleed 
in patients supported by continuous flow left ventricu-
lar assist devices. ASAIO J. 2015;61(1):107– 109.

38. Malhotra R, Shah KB, Chawla R, et al. Tolerability and 
biological effects of long- acting octreotide in patients 
with continuous flow left ventricular assist devices. 
ASAIO J. 2017;63(3):367– 370.

39. Aggarwal A, Pant R, Kumar S, et  al. Incidence 
and management of gastrointestinal bleeding with 

continuous flow assist devices. Ann Thorac Surg. 
2012;93(5):1534– 1540.

40. Bartoli CR, Kang J, Restle DJ, et  al. Inhibition of 
ADAMTS- 13 by doxycycline reduces von Willebrand 
factor degradation during supraphysiological shear 
stress:  therapeutic implications for left ventricular 
assist device- associated bleeding. JACC Heart Fail. 
2015;3(11):860– 869.

41. Keebler ME, Haglund N, Zalawadiya S, et al. Standard 
dose doxycycline does not alter von Willebrand factor 
degradation in patients with CF LVAD. J Heart Lung 
Transplant. 2017;36(4):S11.

42. Metzner HJ, Hermentin P, Cuesta- Linker T, Langner 
S, Muller HG, Friedebold J. Characterization of factor 
VIII/ von Willebrand factor concentrates using a modi-
fied method of von Willebrand factor multimer analy-
sis. Haemophilia. 1998;4(Suppl 3):25– 32.

43. Charlebois J, Rivard GE, St- Louis J. Management of 
acquired von Willebrand syndrome. Transfus Apher 
Sci. 2018;57(6):721– 723.

44. Cushing M, Kawaguchi K, Friedman KD, Mark 
T. Factor VIII/ von Willebrand factor concentrate 
therapy for ventricular assist device- associated 
acquired von Willebrand disease. Transfusion. 
2012;52(7):1535– 1541.

45. Castaman G, Rodeghiero F, Di Bona E, Ruggeri M. 
Clinical effectiveness of desmopressin in a case 
of acquired von Willebrand’s syndrome associ-
ated with benign monoclonal gammopathy. Blut. 
1989;58(4):211– 213.

46. Biguzzi E, Siboni SM, Peyvandi F. Acquired Von 
Willebrand syndrome and response to desmopressin. 
Haemophilia. 2018;24(1):e25– e28.

47. Mannucci PM, Bettega D, Cattaneo M. Patterns of devel-
opment of tachyphylaxis in patients with haemophilia 
and von Willebrand disease after repeated doses of   
desmopressin (DDAVP). Br J Haematol. 1992;  
82(1):87– 93.

48. McCormack PL. Tranexamic acid:  a review of its 
use in the treatment of hyperfibrinolysis. Drugs. 
2012;72(5):585– 617.

49. Juricek C, Kagan V, Ruedlinger H, Lee W. Use of long 
acting octreotide in an outpatient clinic reduces the 
rate of gastro- intestinal bleeding in continuous flow 
LVAD patients. J Heart Lung Transplant. 2016;35(4):  
S82– S83.

50. Federici AB, Stabile F, Castaman G, Canciani MT, 
Mannucci PM. Treatment of acquired von Willebrand 
syndrome in patients with monoclonal gammopathy of 
uncertain significance:  comparison of three different 
therapeutic approaches. Blood. 1998;92(8):2707– 2711.

51. Tiede A, Rand JH, Budde U, Ganser A, Federici AB. 
How I  treat the acquired von Willebrand syndrome. 
Blood. 2011;117(25):6777– 6785.



277

Gastrointestinal Bleeding in Patients 
with Left Ventricular Assist Devices 

SHIVTEJ KAUSHAL AND NUNZIO GAGLIANELLO

Introduction

Newer- generation, continuous- flow left ventricu-
lar assist devices (CF- LVADs) offer multiple 
advantages over the older, pulsatile left ventric-

ular assist devices (PF- LVADs). Continuous- flow LVADs 
are smaller and less prone to malfunction than are their 
pulsatile counterparts.1 However, the rate of gastrointes-
tinal bleeding (GIB) in CF- LVADs is two to four times 
higher than the GIB rate in PF- LVADs. Gastrointestinal 
bleeding in patients with these devices is a common 
complication with high morbidity, even if not associ-
ated increased mortality.2 In the first 3  months after 
LVAD implantation, surgical bleeding is the major cause 
of bleeding. However, after 3 months, GIB is the major 
cause.3 Concerns for device thrombosis (particularly in 
axial- flow devices) mean that most patients with CF- 
LVADs require anticoagulation with an INR (interna-
tional normalized ratio) in the range of 2 to 3, as well as 
an antiplatelet agent, usually aspirin at a daily oral dose 
of between 81 and 325 mg.

The Incidence of 
Gastrointestinal Bleeding
Although the risk of readmission is lower with CF- LVADs 
than with PF- LVADs (primarily because of the lower inci-
dence of device malfunction), readmissions for GIB occur 
at a rate of nearly 10%.4 The overall incidence of GIB in 
patients with CF- LVADs ranges from 18% to 40%, with 
recurrent GIB ranging from 30% to 40%.5 The most com-
mon location for GIB is the upper GI tract, followed by the 
colon, obscure sources of bleeding, and the small bowel.5 
Most culprit bleeds occur as angiodysplasias, followed by 
peptic ulcer disease.5

Gastrointestinal bleeding is not only more prevalent in 
patients with LVADs, it is associated with a higher morbid-
ity than that in the general public,6 as evidenced by the need 
for more blood products, longer hospital stays, and multiple 
endoscopic procedures. In addition, nearly 80% of these 
patients are admitted to an intensive care unit.7 Several 
studies have tried to identify the risk factors for this bleed-
ing, but the only factor that consistently increases risk is 
older age.5

The Pathophysiology of 
Gastrointestinal Bleeding
Gastrointestinal bleeding in patients with CF- LVADs 
appears to be multifactorial. Proposed mechanisms include 
the mechanics of continuous flow, abnormal platelet aggre-
gation, and the need for therapeutic anticoagulation.8

Continuous- flow mechanics can lead to acquired von 
Willebrand syndrome and angiodysplasias. Von Willebrand 
factor is an integral protein in the plasma that allows 
adequate hemostasis. To be effective in recruiting plate-
lets, the factor has to maintain its three- dimensional con-
figuration in large multimers. Degradation into smaller 
fragments leads to the catabolism and eventual clearance 
of this protein.9 The shear stress produced by continuous- 
flow devices cleaves these multimers and renders them 
ineffective. Several studies have documented the loss of 
these multimers into smaller fragments in patients with 
CF- LVADs (Figure 34.1) Some studies have even found that 
the lysis of these multimers depends on the speed of the 
CF- LVAD pump. Moreover, the loss of these large multim-
ers is reversed after transplantation, when normal throm-
botic mechanisms are restored.6 Angiodysplasia formation 
is also believed to be a direct consequence of continuous- 
flow pumps. As in Heyde’s syndrome in aortic stenosis, the 
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chronically narrow pulse pressure resulting from continous 
flow alters the physiology of the endovasculature, which 
ultimately dilates smooth muscle. This dilatation leads to 
angioectasias and the resultant bleeding.6

Continuous flow also alters platelet aggregation. These 
alterations appear to be independent of aspirin use and are 
reversed after transplantation.7

Anticoagulation and antiplatelet therapy have long been 
considered to contribute to the increased incidence of GIB 
in LVAD recipients. However, patients who receive these 
therapies for other medical conditions, such as mechani-
cal valves, have a much lower incidence of bleeding. This 
lower incidence is true, even for those on triple therapy 
with aspirin, warfarin, and a P2y12 inhibitor. Moreover, GI 
bleeds often occur in patients with CF- LVADs when their 
INR is either subtherapeutic or therapeutic.8

Treating Gastrointestinal Bleeding
Treating GI bleeds in patients with LVADs follows the same 
basic principles as managing any patient with a GI bleed. 
The initial assessment involves hemodynamic monitoring, 
a focused physical exam, placing two large- bore intrave-
nous lines, and obtaining basic blood values. However, 
given the complexity of these patients, a treatment algo-
rithm incorporating a multidisciplinary team should be 
employed (Figure 34.2). The algorithm provides an orga-
nized method of diagnosis and management that improves 
clinical outcomes.7 The initial objective of this approach 
should be to identify and eliminate the source of bleeding. 
If the patient has recurrent bleeding, new approaches can 
be employed, aspirin should be withheld, and the INR goal 
should be closer to 2.

Figure 34.1. Gel electrophoresis of von Willenbrand factor multimers showing the effect on blood from healthy volunteers 
after it circulates through a left ventricular assist device. Lanes 4 and 7 show the effects of 2 hours of extracorporeal circu-
lation on plasma from the same healthy volunteer. The size of the von Willenbrand factor multimers is markedly reduced, 
which increases the susceptibility to bleeding. Lanes 1, 2, 5, 9, and 10 represent commercial plasma controls. Lanes 3 and 
6 represent plasma from the same healthy volunteer before extracorporeal circulation.
Reprinted from Jilma- Stohlawaetz P et  al., Acquired von Willebrand factor deficiency caused by LVAD is ADAMTS- 13 and platelet 

dependent, Thrombosis Research 2016;137:196– 201, Copyright (2016), with permission from Elsevier.12
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Endoscopy can localize the source of bleeding in up to 
80% of patients. Upper endoscopy offers the highest yield, 
given that most of these lesions represent angiodysplasias 
with a predilection for the small bowel.5 However, tradi-
tional esophagogastroduodenoscopy does not visualize 
most of the small bowel anatomy. For this reason, studies 
have found that visualizing the small bowel within 24 hours 
of hospitalization has been associated with fewer transfu-
sions, procedures, and days of appropriate treatment.5 
Despite appropriate endoscopic therapies to stop bleeding, 
recurrence of bleeding has been reported in up to half of 
these patients.5 In patients for whom the source of bleeding 
is not identified, video capsule endoscopy can be used.5

Patients with recurrent bleeding have been treated 
medically with drugs, including octreotide, danazol, 
and thalidomide. Octreotide is a somatostatin analogue 
reported to be effective in case reports and case series.10 
The starting dose of 100 µg subcutaneously twice per day 
is increased to 20 mg intramuscular injections monthly.10 
Octreotide works by decreasing blood flow in the arter-
ies supplying the small bowel and can reduce the 

recurrence of bleeding. The drug is generally well toler-
ated, with side effects predominantly limited to nausea 
and vomiting.11

Danazol is another new agent that has been used 
in a small number of patients. A  synthetic androgen 
and known coagulant, the drug has been reported to 
decrease bleeding time.11 However, its use is limited by 
an increased incidence of thromboembolic events and 
hepatotoxicity.5

Finally, thalidomide has been effective in selected 
cases. Thalidomide can only be prescribed by certain 
practitioners, given the known risk of teratogenicity.5 This 
medication works directly on the vascular growth factors 
to inhibit angiogenesis.11 The typical dose is 50 mg twice 
daily. Its use is mainly limited by an increased risk of 
thrombosis and peripheral neuropathy.5

Although the medications noted in the preceding have 
reduced bleeding and the need for transfusions in some 
institutions, the data are primarily from case reports and 
case series. Their efficacy has not been tested in random-
ized clinical trials.

LVAD patient with GIB

Monitor Vitals, clinical assessment
Two large bore IV’s
T&S
Lab work: CBC, INR, PT/ PTT
NPO
INR goal~2.0

-Procedures (EGD, colon, push,
capsule) may be done on the same
day. If cardiac anesthesia is not
available, critical care anesthesia
may be available. Patient will need
VAD trained staff at bedside for
procedure.Unstable

Discuss wtth AHF MD
on call

Hematemesis?
IV PPI gtt

Proceed to EGD with
push enteroscopy

Melena?
IV PPI gtt

EGD, push enteroscopy
and colonoscopy

Hematochezia?
Colonoscopy +/-EGD with push

enteroscopy

Angiography/Embolization

Consider Deep Enteroscopy

Tagged RBC scan with Angiographic
Embolization

Consider Octreotide 100 mcg SQ BID

No Clear
Source

Identified

Negative

Capsule Endoscopy

Positive?

Targeted Endoscopy

Consider Octreotide 100 mcg SQ BID if
demonstarated recurrent bleeding episodes

Resuscitation with blood
products, reversal of

anticoagulation (NO REVERSAL
until discussed with AHF/CT

surgery

Assess Stability

Figure 34.2. The algorithm for treating gastrointestinal bleeding in patients with LVAD patients used at Froedtert Hospital 
and the Medical College of Wisconsin.
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Conclusion
Gastrointestinal bleeding often complicates CF- LVAD 
therapy. Although this complication does not typically 
increase mortality, its associated morbidity can be substan-
tial, leading to recurrent hospitalizations, increased use of 
resources, and a higher risk of subsequent thrombotic com-
plications, particularly pump thrombosis, if antiplatelets 
and anticoagulants are de- escalated. New therapies, partic-
ularly octreotide, show promise in reducing the recurrence 
of GIB in cases with persistent bleeding problems.
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Pump Thrombosis 
JACOB N. SCHRODER AND CARMELO A. MILANO

Introduction

The past two decades have seen significant improve-
ments in left ventricular assist device (LVAD) 
design. During this period, device design has moved 

from pulsatile to continuous- flow (CF) pumps, which are 
smaller and more durable. Simultaneously, implanta-
tion techniques have become less invasive. Overall sur-
vival and adverse events with contemporary CF devices 
continues to improve, with >80% survival at 1 year and 
70% at 2 years. Despite this, more than 50% of patients 
have an adverse event in the first 6- months post- implant.1 
Infection, bleeding, stroke, and pump thrombosis con-
tinue to be unacceptably high. LVAD thrombosis occurs 
in up to 13% of all adults with CF LVADs, and differs from 
axial flow (4%– 13%) and centrifugal flow (1%– 4.5%) 
devices.2– 4 Once thrombosis has occurred, it can lead to 
hemolysis, renal failure, cerebrovascular accident (CVA), 
and device malfunction. Timely diagnosis and aggressive 
management, sometimes including pump exchange, are 
imperative to decrease these subsequent risks.

Mechanisms of Pump Thrombosis
The cause of pump thrombosis is a complex interaction 
between the patient, pump design, and management 
strategy. Rudolf Virchow (1821– 1902) is credited with 
describing three categories that contribute to thrombo-
sis: hypercoaguability, stasis, and endothelial injury. The 
introduction of a prosthetic pump, with variable moving 
parts, blood contact with artificial surfaces, and differ-
ing blood pathway spaces complicate this relationship. 
Differences in rotor speed, shear stress, internal surface 
texture, and blood path clearance between the pump hous-
ing and the rotor all affect blood cell destruction (hemo-
lysis).5,6 Although the internal surfaces of all pumps have 
been designed with hemocompatibility in mind, even 
the use of inert titanium does not completely eliminate 

fibrinogen adsorption and platelet activation, leading to 
adherence.7 Continuous shear stress leads to platelet dam-
age and activation, further activating the coagulation cas-
cade.8,9 Concurrent conditions that affect inflammation 
and activation, such as ongoing infection, may also affect 
increase thrombosis risk.

During preoperative patient evaluation, special atten-
tion should be paid to patient factors that may contribute 
to thrombosis. These include a history of or laboratory 
evidence of hypercoaguable state or contraindications to 
antithrombotic therapies post- implant. History of hyperco-
agulability is an important consideration and relative con-
traindication to LVAD placement. If this is present, alternate 
therapies, such as transplantation, should be considered. 
Heparin- induced thrombocytopenia (HIT) is relatively 
common in all cardiac surgery patients due to repeated 
heparin exposure and should be considered during patient 
evaluation.10 This immune- mediated thrombosis may be 
more common in LVAD patients, and leads to an increase 
in risk for thrombo- embolic complications (transient isch-
emic attacks, CVA, and visceral or extremity thrombo- 
embolism).11,12 Although HIT+ patients are higher risk, this 
is not necessarily a contraindication for surgery. The use of 
pre- , intra-  and postoperative plasmapheresis and alternate 
postoperative anticoagulation (such as bivalirudin) can be 
safely done in LVAD placement and heart transplantation.13

Current CF LVADs are rotary pumps that propel blood 
in parallel (axial flow) or perpendicular (centrifugal flow) 
to the axis of the rotor. Clinical results from current CF 
LVAD trials reveal that pump design plays a significant 
role in rates of thrombosis. The HeartMate II (HMII, Abbott 
Medical, Abbott Park, IL) was the first CF LVAD approved 
for bridge to transplantation and destination therapy and 
has been implanted in almost 25,000 patients worldwide. 
The HMII is an axial flow device centered on a hydrody-
namic bearing (Figure 35.1, left panel). The initial experi-
ence with this axial flow pump was quite good, with low 
rates of thrombosis. In fact, trials were being developed to 
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test reduced rates of anticoagulation. Unfortunately, a rela-
tively abrupt increase in thrombosis was noted at a few high- 
volume centers. From March 2011 to January 2013 the rate 
of confirmed early (3- month) pump thrombosis was noted 
to increase from 2.2% to 8.4% (Figure 35.1, right panel). 
This was associated with significant short- term morbidity 
and mortality. This observation has been confirmed in mul-
tiple studies where the rate of thrombosis for this device in 
patients undergoing short-  or long- term support is between 
6% and 15%.14– 16 The potential causes for this abrupt rise 
in thrombosis are not clear but are likely multifactorial, 
including changes in antithrombotic strategies and drift in 
patient selection from the pivotal trial for this device.

The HeartWare HVAD (Medtronic, Minneapolis, MN) is 
another commonly used LVAD with approval for both bridge 
to transplantation and destination therapy. This pump has 
a centrifugal design, is truly intra- pericardial and is smaller 
and more versatile than the HMII (Figure 35.2) Although 
it is still prone to thrombosis, the rate is lower, with sig-
nificant thrombosis requiring LVAD exchange in 4.5% of 
patients (compared to 10.2% in HMII patients)3 (Table 35.1). 
This pump has a single moving part and no bearings, so 
it is thought that HVAD “thrombosis” may be more likely 
due to ingestion of thrombus or debris rather than de novo 

thrombosis within the pump. Unfortunately, the currently 
published literature does not describe the exact incidence 
rate of de novo thrombus vs. ingestion, but a pathologic 
analysis of all submitted pumps is ongoing.

The newest commercially available pump, the HeartMate 
3 (HM3, Abbott Medical, Abbott Park, IL), was developed 
to improve upon the results of the HMII, with a special 
focus on hemocompatibility. This pump has wider passages 
for blood flow (approximately 10– 20 times that of typical 
hydrodynamic bearings: 0.5 mm on the sides and 1.0 mm 
on the top and bottom), is fully magnetically levitated, and 
utilizes frictionless propulsion and intrinsic pulsation— all 
design changes intended to reduce shear stress and blood 
stasis (Figure 35.3). Recently, the 2- year results were pub-
lished showing only three device exchanges (<1%), with 
no documented episodes of pump thrombosis4 (Table 35.2). 
Although this is very encouraging, the HMII experience is 
evidence that thrombosis may yet continue to present chal-
lenges to the LVAD population.

The current generation of pumps are smaller and 
significantly easier to implant than their predecessors. 
Newer designs allow for greater versatility with respect to 
approaches to minimally invasive insertion and biventric-
ular support. Despite these advances, meticulous surgical 
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Figure 35.1. Left panel: Photograph and schematic drawing (at bottom) demonstrating the axial flow design of the HeartMate 
2 LVAD.
Reproduced with permission of Abbott, © 2019. All rights reserved.

Right panel: From March 2011 the rate of confirmed early (3- month) HeartMate 2 pump thrombosis increased abruptly from 
2.2% to 8.4% in January 2013 at three large volume centers.

From Starling RC et  al., Unexpected abrupt increase in left ventricular assist device thrombosis, New England Journal of Medicine 

2014;370:33– 40. Copyright © (2014) Massachusetts Medical Society. Reprinted with permission from Massachusetts Medical Society.
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technique may continue to play a significant role in reduc-
ing pump thrombosis. Removal of intraventricular throm-
bus and debris after left ventricular coring may significantly 
reduce the risk of early ingestion of thrombus/ debris. This 
may pose different challenges with small pumps and mini-
mally invasive techniques. Inflow cannula malposition/ 
excessive angulation adversely affects the hemodynamic 

performance of the pump and may further increase the 
risk of thrombosis.17,18 This issue has been described in the 
HMII, where pump position and cannula angulation can 
change over time with weight gain or loss. Although there 
is no comparative data for the HM3 and HVAD, inflow can-
nulation angle likely has hemodynamic consequences and 
may affect thrombosis risk, even in the absence of gross mal-
position. Additionally, technical errors that lead to outflow 
graft stenosis may lead to turbulent flow with subsequent 
thrombosis.

Presentation and Diagnosis
The variable onset of LVAD thrombosis due to different 
etiologies can make diagnosis difficult. Diagnosis is depen-
dent upon patient history and physical exam, laboratory 
values, LVAD parameters, and multiple imaging modali-
ties. It must be noted that many patients with subclinical 
thrombosis have near normal labs and studies, and, thus, 
a high index of suspicion must remain. Depending on the 
extent of thrombosis, patients can present along a spec-
trum from being asymptomatic with no change in their 
functional status to acute heart failure with cardiogenic 
shock. The patient’s history should be reviewed for com-
pliance with anticoagulation and introduction of any fac-
tors that could alter warfarin metabolism, such as dietary 
changes or concomitant infection. Physical exam should 
occur, with particular attention to auscultation adjacent to 
the VAD. Depending on the LVAD type and severity of the 
thrombus, the LVAD may emit a harsh, grinding noise char-
acteristic of thrombosis. Examination of pump parameters 
may reveal decreased calculated flows, elevated pump 
power consumption, and decreased flow variation (pulsa-
tility index for HeartMate devices and flow wave ampli-
tude form for HVAD). A sudden increase in pump power 
may suggest ingestion of thrombus, rather than de novo 
formation, where gradual power increase can occur. If the 
pump is completely thrombosed, the power consumption 
may paradoxically decrease rather than increase, though 
this is less common in our experience.

One of the most frequent presentations is with dark 
urine (due to hemoglobinuria), or even frank hematuria, 
both from hemolysis. Hemolysis is due to the red blood cells 
passing through a device with thrombus formation on the 
rotor or bearing mechanism. If the thrombosis is significant 
enough to affect pump function, patients may have the signs 
and symptoms of heart failure or even shock. Admission to 
an LVAD center should be immediate, and escalation to an 
intensive care setting should occur if the patient has any 
signs or symptoms of instability.

The first step in laboratory assessment to diagnose 
thrombosis involves monitoring plasma levels of hemoly-
sis, such as lactate dehydrogenase (LDH) and plasma- free 
hemoglobin. An increase in LDH to greater than 1,000 

Figure 35.2. The HeartWare HVAD, demonstrating its cen-
trifugal flow design.
Reproduced with permission of Abbott, © 2019. All rights 

reserved.
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U/ L, or 5 times the normal upper limit, demonstrates a 
sensitivity of 100% and a specificity of 92.5% for LVAD 
thrombosis.19 It should be noted that these data are based 
mainly on HMII patients and that absolute levels for other 
devices may vary. Plasma- free hemoglobin results can be 
variable, and have been less frequently studied, but may 
be used as an adjunct to LDH. An assessment for adequate 
anticoagulation, typically by measuring international nor-
malized ratio (INR) in patients taking chronic warfarin, 
can be helpful in both diagnosis and management of this 
condition.

All patients with suspected pump thrombosis should 
undergo transthoracic echocardiography (TTE). Although 
more invasive, transesophageal echocardiography (TEE) 
may be useful if visualization with TTE is inadequate.

Echocardiography may reveal signs of poor pump per-
formance, including reduced LV unloading, frequent AV 
opening, and increased MR.20,21 Although not diagnos-
tic of thrombosis, it supports the diagnosis in the setting 

of other suggestive findings. The integrity, location, and 
velocities of the inflow cannula and out flow graft should 
be evaluated. Doppler evaluation should reveal laminar 
flow for both inflow and outflow. Increased turbulence 
and increased inflow velocity greater than 2.5 m/ s sug-
gests inflow obstruction.22 Additionally, reduced cannula 
diastolic flow and increased systolic/ diastolic flow veloc-
ity ratio may suggest thrombosis.23 Echocardiography can 
also useful in identifying LV thrombus. The “Columbia 
ramp study” was designed, and has been adopted widely, 
for speed optimization and to analyze for pump malfunc-
tion.17 This standardized approach to pump evaluation is 
critical— pump malfunction increases the urgency of treat-
ment. It must be noted that the LVAD function of many 
patients with suspected thrombosis is within normal 
limits.

Due to location and acoustic artifact, echocardiography 
is not useful to visualize the inside of the inflow cannula 
or outflow graft. Gated computed tomography angiography 

Table 35.1 •  Summary of Adverse Events Occurring Through 1 Year

Study Device (n = 308) Control Device (n = 157)

p Value
Patients with   
Events

Number of   
Events

Patients with 
Events

Number of 
Events

Major bleeding 159 (51.6) 310 89 (56.7) 196 0.33

Cardiac arrhythmia 105 (34.1) 151 49 (31.2) 56 0.60

Hepatic dysfunction 12 (3.9) 12 6 (3.8) 6 >0.99

Hypertension 40 (13.0) 54 20 (12.7) 21 >0.99

Major infection 166 (53.9) 300 93 (59.2) 181 0.28

Driveline exit site infection 50 (16.2) 59 19 (12.1) 22 0.27

Device malfunction/ failure 74 (24.0) 107 38 (24.2) 47 >0.99

Hemolysis 4 (1.3) 5 9 (5.7) 9 0.01

Stroke 52 (16.9) 75 23 (14.6) 25 0.60

Ischemic cerebrovascular event 40 (13.0) 58 12 (7.6) 14 0.09

Hemorrhagic cerebrovascular event 16 (5.2) 17 11 (7.0) 11 0.53

TIA 13 (4.2) 13 1 (0.6) 1 0.04

Renal dysfunction 32 (10.4) 35 23 (14.6) 25 0.22

Respiratory failure 61 (19.8) 77 31 (19.7) 37 >0.99

Right heart failure 109 (35.4) 116 60 (38.2) 65 0.61

Pump replacement 16 (5.2) NA 18 (11.5) NA 0.02

Exchange for pump thrombosis 14 (4.5) NA 16 (10.2) NA 0.03

Values are n (%). The p values compare the percentage of patients with events using the Fisher exact test.
NA = not applicable; TIA = transient ischemic attack.

Reprinted from Milano CA et al, HVAD: the ENDURANCE supplemental trial, JACC Heart Failure 2018;6:792– 802, Copyright (2018), with permission 
from Elsevier.
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(CTA) is a useful adjunct to visualize the LV, inflow can-
nula, and outflow graft, and is particularly helpful to iden-
tify anastomotic strictures or outflow graft compression.24 
Intravascular ultrasound (IVUS) has been used to evaluate 
the outflow graft and differentiate outflow graft thrombus 
from external compression from between the bend relief 
and graft.

Treatment
The first goal of treatment for pump thrombosis is hemo-
dynamic optimization and preservation of end- organ 
function. In patients with evidence of LVAD dysfunc-
tion, this frequently involves invasive hemodynamic 
monitoring and inotropic support. When patients pres-
ent in extremis, additional mechanical circulatory 
support (such as peripheral veno- arterial ECMO) may 
be required for stabilization and time to evaluate the 
various treatment options. Historically, the definitive 
therapy for significant LVAD thrombosis was cardiac 
transplantation. Due to the severe shortage of suitable 
donor hearts, this is not a practical option. In some 
cases, device explantation or exclusion for recovery can 
be considered, but this is also a relatively uncommon 
occurrence. Under normal circumstances the treatment 
of thrombosis can be divided into medical (or pharma-
cologic) therapies and surgical replacement. Choice of 
treatment strategy should be dictated by the suspected 
cause of thrombosis, rate of onset, and the type of LVAD 
in place. Both strategies are less successful in emergent 
circumstances, underscoring the importance of early 
detection and treatment. Despite the historical scope of 
the problem, there is no consensus statement on optimal 
treatment.

A recent meta- analysis of 43 studies comparing sur-
gical and medical treatments favored device exchange, 
with significantly higher initial success rate (81% versus 
45%), 30- day survival (83% versus 55%), and decreased 
recurrence (12% versus 38%) when compared with 
medical treatments.25 In the absence of a correctable 
anatomic issue, the standard surgical approach involves 
device exchange.26,27 Nevertheless, the risk of periop-
erative complications (recurrent thrombosis 25%, infec-
tion, stroke, renal failure, and death 1- yr 40%) remain a 
concern.

Limited data from single institution studies suggests 
that both the approach and the choice of replacement 
pump may improve these results. Most of these studies 
address preplacement of HMII pumps, which have a high 
risk for recurrent thrombosis (up to 31%).28– 30 Although 
the surgical approach does not appear to affect recur-
rent thrombosis, it does appear to have other important 
benefits, such as shorter operative times, lower rate of re- 
operation for bleeding, decreased blood transfusions, and 
possibly longer 1- year survival.31

Given the hemocompatible design features of the 
HeartMate 3, there is some thought that it should be the 
replacement pump of choice in patients who have had 
pump thrombosis requiring device exchange. Successful 
exchanges to an HM3 have been performed via sternot-
omy, subcostal, or combined thoracotomy and midline 

Figure  35.3. Photograph and schematic drawing dem-
onstrating the centrifugal flow design of the HeartMate 
3 LVAD.
Photo reproduced with permission of Abbott, © 2019. All rights 

reserved. Schematic reprinted from Mehra MR et  al., Two- year 

outcomes with a magnetically levitated cardiac pump in heart 

failure, New England Journal of Medicine 2018;378:1386– 1395. 

Copyright © (2018) Massachusetts Medical Society. Reprinted 

with permission from Massachusetts Medical Society.
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Table 35.2 •  Major Adverse Events in the Per- Protocol Population*

Event
Centrifugal Flow Pump 
Group (n = 189)

Axial Flow Pump Group 
(n = 172)

Hazard Ratio   
(95% CI) p value†

No. of Patients 
with Event (%)

No. of 
Events

No. of Patients 
with Event (%)

No. of 
Events

Suspected or confirmed pump 
thrombosis

2 (1.1) 2 27 (15.7) 33 0.06 (0.01– 0.26) <0.001

Pump thrombosis resulting   
in reoperation or   
removal of device

0 0 21 (12.2) 25 NA <0.001

Stroke

Any stroke 19 (10.1) 22 33 (19.2) 43 0.47 (0.27– 0.84) 0.02

Hemorrhagic stroke 8 (4.2) 8 16 (9.3) 17 0.42 (0.18– 0.98) 0.06

Ischemic stroke 12 (6.3) 14 23 (13.4) 26 0.44 (0.22– 0.88) 0.03

Disabling stroke 13 (6.9) 15 9 (5.2) 11 1.25 (.54– 2.93) 0.66

Other neurologic event‡ 22 (11.6) 25 15 (8.7) 16 1.27 (0.66– 2.45) 0.39

Bleeding

Any bleeding 81 (42.9) 187 90 (52.3) 206 0.71 (0.53– 0.96) 0.07

Bleeding that led to surgery 23 (12.2 29 30 (17.4) 34 0.66 (0.38– 1.13) 0.18

Gastrointestinal bleeding 51 (27.0) 107 47 (27.3) 100 0.92 (0.62– 1.37) 1.00

Sepsis 26 (13.8) 37 24 (14.0) 28 .95 (0.55– 1.66) 1.00

LVAS driveline infection 45 (23.8) 68 34 (19.8) 59 1.15 (0.73– 1.79) 0.37

Local infection not associated   
with LVAS

70 (37.0) 108 60 (34.9) 114 1.00 (0.71– 1.42) 0.74

Right heart failure

Any right heart failure 60 (31.7) 73 48 (27.9) 53 1.12 (0.77– 1.64) 0.49

Right heart failure managed   
with RVAS

6 (3.2) 6 8 (4.7) 8 0.67 (0.23– 1.94) 0.59

Cardiac arrhythmia

Any cardiac arrhythmia 71 (17.6) 108 70 (40.7) 105 0.88 (0.63– 1.23) 0.59

Ventricular arrhythmia 45 (23.8) 67 39 (22.7) 64 1.04 (0.67– 1.59) 0.80

Supraventricular arrhythmia 33 (17.5) 40 36 (20.9) 37 0.79 (0.49– 1.26) 0.42

Respiratory failure 45 (23.8) 61 39 (22.7) 46 1.04 (0.68– 1.59) 0.80

Renal dysfunction 25 (13.2) 29 18 (10.5) 18 1.23 (0.67– 2.25) 0.52

Hepatic dysfunction 8 (4.2) 8 7 (4.1) 7 0.98 (0.36– 2.71) 1.00

*The per- protocol population included only patients who received the assigned device implant. LVAS = left ventricular assist system; NA = not 
available; RVAS = right ventricular assist system.
†P values were calculated with the use of Fisher’s exact test. An upper boundary of the 95% confidence interval of the hazard ratio of less that 1.0 was 
considered to indicate statistical significance.
‡Other neurologic events included transient ischemic attack and neurologic events other than stroke.

From Mehra MR et al., Two- year outcomes with a magnetically levitated cardiac pump in heart failure, New England Journal of Medicine 2018;378:1386– 
1395. Copyright © (2018) Massachusetts Medical Society. Reprinted with permission from Massachusetts Medical Society.
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approaches32– 34 (Figures 35.4, 35.5 and 35.6). Although 
the cumulative experience is small, to date no recurrent 
thrombosis events have been reported in patients who 
have been exchanged to a HM3.

The medical/ pharmacologic treatment of LVAD throm-
bosis has been well described and can be divided into 
thrombolytic and non- thrombolytic/ antiplatelet thera-
pies. Initial reports, all smaller series, showed promising 
results.35– 39 Although less invasive, the obvious downside 
to systemic or catheter- directed lytic therapy is bleeding. 
In a recent meta- analysis, major bleeding occurring in 
29% of patients receiving thrombolytics and 12% of those 
receiving non- thrombolytics. Interestingly, there appeared 
to be no difference when response to therapy was evalu-
ated based on pump type (HMII versus HVAD).40 Most of 

these data come from case reports or small series; it is likely 
possible that larger studies of different treatment modali-
ties (such as intra- cavitary administration versus systemic 
administration) and different pharmacologic agents would 
help identify the patients in which non- surgical therapy 
would be most successful.

Despite the results from the previously mentioned meta- 
analysis, the pump type in question, and more specifically 
design modifications to future LVADs, may impact on the 
results of both surgical and thrombolytic treatments. When 
the results of surgery (transplantation or exchange) in the 
setting of HMII thrombosis are more closely evaluated, the 
outcomes are favorable with comparable 6- month survival 
between exchanged/ transplanted patients and those who 
did not develop thrombosis.14 In contrast, HMII patients 
treated with medical/ pharmacologic therapies had sig-
nificantly higher rates of thrombosis recurrence and major 
bleeding events.41,42

By comparison, studies in the HVAD population have 
demonstrated a 50% success rate in managing suspected 
thrombosis with aggressive antiplatelet/ anticoagulant or 
thrombolytic therapy.43 Additional research has shown 
benefits to using HVAD log files in the diagnosis of throm-
bosis, with some potential to differentiate between etiolo-
gies (ingestion versus de novo).44 This careful examination 
can be successful in monitoring thrombolytic therapy 
success (Figure 35.6). These disparate data from two dif-
ferent engineering designs emphasizes the importance of 
manufacturing techniques in the etiology and treatment of 
thrombosis.

Conclusion
Although rates are decreasing with newer generation 
pumps, LVAD thrombosis continues to be a concern given 
the potential for significant downstream complications 
including death. Device exchange can be performed with 
acceptable morbidity and mortality, and research into 
thrombolytic treatment shows promise in select situations. 
Proper patient selection, good surgical technique, and 
careful patient management are foundational to achieve 
optimal results. Despite our increasing ability to diagnose 
and treat thrombosis, the improvements in device hemo-
compatibility have yielded the most significant reduction 
in complication rates. Gaining a better understanding of 
the interaction between patient, blood, and pump remains 
the primary challenge for continued improvement in clini-
cal outcomes.

Figure 35.4. A long left subcostal incision provides excel-
lent exposure of the inflow, outflow, and power cord of 
the HMII LVAD, avoiding a sternotomy for exchange to a 
HM3 LVAD. 
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Figure 35.5. A left anterolateral thoracotomy and midline incision allows for good exposure of the inflow and outflow of 
the HMII for exchange to an HM3. The left panel shows the inflow exposure and the small size of the midline incision for 
outflow with graft exposure. The right panel shows the HM3 sewing ring in place.
Courtesy of Igor Gosev MD, Rochester, New York.

Figure 35.6. Left panel: Examination of HVAD waveforms can be useful in predicting the onset and possible causes of 
pump thrombosis:  gradual buildup, sudden buildup, ingestion, and occlusion. Additionally, waveforms can be used to 
monitor lytic therapy for efficacy and recurrence of thrombosis. The right panel depicts a patient who was treated with 
thrombolytics, twice, with recurrence, and ultimately underwent LVAD exchange.
Reprinted from Jorde UP et al., Identification and management of pump thrombus in the heartware left ventricular assist device system: a 

novel approach using log file analysis, JACC Heart Failure 2015;3:849– 856, Copyright (2015), with permission from Elsevier.
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Introduction

Since 2010, the number of patients with mechanical 
circulatory support (MCS) devices has increased, 
which has created a corresponding increase in the 

number of patients at risk for device- related infections.1 
The risks are inherent in any prolonged breech in the 
skin and constant foreign- body exposure to immune cells. 
Although the percentage of deaths caused by major infec-
tions has decreased, infections contribute to high rates of 
re- hospitalization and healthcare costs and cerebrovas-
cular events and may delay transplantation.2– 6 Here, we 
describe the scope and microbiology of left- ventricular 
assist device (LVAD)- related infections. Data regarding 
LVAD- related infections can likely be extrapolated to 
other MCS devices.

Host Factors of Infection
The incidence of fatal infections in patients receiving 
MCS decreased by about 6.5% between 2014 and 2017.1 
However, the overall incidence of infectious complica-
tions remains high. A constellation of factors predisposes 
patients to infections resulting from the interactions 
between a host and microbes within the “damage- response 
framework.” This framework evaluates host- pathogen 
interactions across the spectrum, from commensalism 
(the normal gut microbiome), to colonization (acquiring 
a potential pathogen as part of the normal microbiome), 
to disease (invasive infection with inflammatory signs and 
symptoms). An individual host’s susceptibility to invasive 
infectious disease results from the interactions of at least 
11 identifiable factors:  microbiome, inoculum, sex, tem-
perature, environment, age, chance, history, immunity, 
nutrition, and genetics.7

Immune dysregulation begins well before the implanta-
tion of an MCS device. Evidence suggests that widespread 
immune activation occurs in the setting of decompensated 
heart failure with increased levels of the membrane attack 
complex (the end result of complement activation), as well 
as increased concentrations of interleukin- 6, tumor necro-
sis factor- α, and interleukin- 1.8,9 Gene expression related 
to cellular immune response, antigen presentation, and T- 
cell activation- survival is down- regulated by 7  days after 
implantation. These changes appear to reverse, although 
not back to normal, by 6 months after implantation.10 Both 
recent and historical data support the deposition of acti-
vated monocytes and T- cells on the LVAD surface, which 
can be susceptible to apoptosis with further stimulation, 
resulting in a relative T- cell- directed immune suppression.11

Beyond the effects of advanced heart failure and device- 
related immune suppression, comorbidities, such as 
advanced age, diabetes mellitus, and obesity, are common 
in patients with LVADs and can further impair the immune 
system. The aging immune system undergoes changes 
favoring overall immune suppression, including both 
innate (neutrophils, monocytes, macrophages) and adap-
tive (B- cells, T- cells) immunity.12 With 46% of LVADs being 
placed in patients more than 60 years old,1 and the increas-
ing use of the devices as destination therapy, patients are 
often immune- suppressed at the time of implantation and 
for the duration of their life that they spend on the device.

Diabetes mellitus is an established risk factor for infec-
tions, a fact that extends to patients who receive MCS 
devices. In the Mayo Clinic series, about 40% of the patients 
had diabetes at the time of device implantation. Driveline 
and pump infections were more frequent in those with dia-
betes than in those without (16.8% vs. 14.3%). Despite this 
corresponding increase in device infections overall (HR 
2.25 on adjusted analysis), this finding did not correlate 

36
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with hemoglobin A1c concentrations.13 In addition, obe-
sity is common in patients with LVADs, given its associa-
tion with multiple risk factors for advanced heart failure. 
Device infections may be more common in patients with 
class II (moderate risk) obesity or greater, but obesity has not 
been clearly established as an independent risk factor in the 
absence of diabetes.14,15

Overall, the incidence of infection increases with the 
duration of MCS device use, immunologic deficiencies, 
and the number and duration of transcutaneous lines and/ 
or drains.16 The risk of infection does not differ by sex or 
race.17,18

Diagnosis
Clinical signs and symptoms vary greatly among patients 
with VAD- related infections. The most thoroughly investi-
gated study published since the International Society for 
Heart and Lung Transplantation (ISHLT) definitions were 
formulated found that when compared to local infections 
(driveline and pump- pocket infections), endovascular 
infections (infective endocarditis, bloodstream infections, 
VAD- related infection) presented earlier and were more 
often associated with fever, leukocytosis, and anemia.20 
A systemic inflammatory response was also present in sub-
stantially more patients with endovascular infections than 
with local infections (39% vs. 8%), but this inflammatory 
response was seen in a minority of patients.20 Nearly three- 
quarters of localized infections presented with erythema, 
purulent drainage, and tenderness.20

The ISHLT working group recommends that all patients 
with suspected device- related infections have lab tests for 
white blood cell count, serial C- reactive protein, and eryth-
rocyte sedimentation rate; microbiology exams for gram 
stain, potassium hydroxide, blood cultures, and bacterial 
and fungal cultures on sterile aspirate; and echocardio-
graphic (transesophageal echocardiography if transthoracic 
echocardiography is negative) and chest radiographic 
images.19 Basic imaging modalities are limited to aiding in 
the diagnosis of VAD infections (VADIs). Computed tomo-
graphic scans are hindered by artifacts from the VAD but 
can assist in identifying rim- enhancing fluid collections, 
soft- tissue stranding, and gas pockets, with the caveat 
that postoperative changes can mimic these findings.21 
Ultrasonography is sensitive but non- specific and remains 
the reference standard for diagnosing endocarditis. For 
bloodstream infections, transthoracic echocardiography 
is recommended, with transesophageal echocardiography 
follow- up (if transesophageal echocardiography is negative) 
when an endovascular source is suspected.

Although these basic imaging modalities are currently 
the tests of choice for suspected VADIs, several stud-
ies indicate that nuclear imaging may aid in diagnosing 
infections.22– 25 Fluorine 18- fluorodeoxyglucose (18F- FDG) 

positron emission tomography/ computed tomography 
(PET/ CT) and Gallium- 67 single- photon emission tomog-
raphy/ computed tomography (SPECT/ CT) have shown 
promise in this regard. Both modalities localize the infec-
tion more specifically to guide tailored interventions.22– 25 In 
the largest study to date, among 30 patients who underwent 
two consecutive whole- body examinations, the sensitivity 
and specificity of 18F- FDG PET/ CT for VADI were 100% 
and 80%, respectively.24

The function of biomarkers (C- reactive protein, eryth-
rocyte sedimentation rate, and procalcitonin) in the diag-
nosis of VADIs is not well established. Immediately after 
VAD placement, the systemic inflammatory response from 
surgery is marked and exacerbated by cardiopulmonary 
bypass with an expected increase in all inflammatory 
marker concentrations, limiting specificity and the ability 
to differentiate an infection from postoperative inflamma-
tion. This difficulty was best demonstrated in a prospec-
tive study that took serial procalcitonin measurements 
of 25 patients before surgery and at days 1, 2, 14, and 30 
after surgery. As expected, procalcitonin concentrations 
increased immediately after surgery and did not differ 
between patients with and without subsequent VADIs dur-
ing the study.26

Biomarker kinetics have not been studied in VAD 
patients enough to support specific recommendations to 
guide their use. Proof- of- concept has been established for 
some new biomarkers, such as circulating microbial RNA 
and point- of- care imaging tools (real- time auto fluores-
cence) and may be available in the near future.27,28

Microbiology Tests
As in other intravascular devices (central venous cath-
eters, dialysis catheters, etc.), gram- positive organisms 
are more often recovered than gram- negative and fungal 
pathogens in VADIs (Table 36.1). Infections can occur at 
any site related to the VAD, with the pattern of involve-
ment varying with time from implantation.29,30 The mean 
time to onset of percutaneous infections that then place the 
patient at risk for deeper infections is 3 to 8 months after 
implantation.20,31,32

Types of Infections
Before 2011, the definitions of infections associated with 
VADs were not standardized. As a result, how infections 
are described in different series varies widely. In 2011, the 
ISHLT Infectious Disease Working Group published defi-
nitions that are now the current standard. The definitions 
classify infections into (1) VAD- specific, (2) VAD- related, 
and (3)  non- VAD infections.19 Though clinically impor-
tant infections, such as ventilator- associated pneumonia, 
postsurgical sternal infections, and urinary tract infections 
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often occur, this chapter addresses only VAD- specific and 
VAD- related infections.

The VAD- specific infections are defined as infections of 
the pump and pump pocket, the inflow cannula and outflow 
graft, anastomoses, and the driveline (superficial or deep; 
Figures  36.1– 36.4). The ISHLT working group proposed 
diagnostic criteria for each potential site of infection based 

on the modified Duke criteria used to diagnose infectious 
endocarditis in patients without VADs.26 Thus, infections 
can be categorized as proven, probable, possible, and absent 
with major and minor criteria at a VAD- specific site.19

Device- related infections include infective endocarditis 
and bloodstream infections. According to the ISHLT defini-
tions, mediastinitis and sternal wound infections are also 
included in this category. However, because most of these 
infections are perioperative, they are more likely caused by 
standard risk factors associated with non- VAD procedures 
rather than by VAD implantation.

Driveline Infections

The driveline exit site bridges the external environment 
and the deeper components of the device, making this 
interface the likely source of bacterial invasion when 
VADIs develop. Driveline infections (DLI) are the most 
common device infections in VAD recipients. These infec-
tions have an incidence of about 2% per month and a peak 
of 11% per month, 7.5 months after implant, which then 
returns to a baseline risk of 2% per month over the life of 
the device.29,33 More than 85% of DLIs are bacterial, about 
1% are fungal, and in the remaining 10%– 15%, a pathogen 
is not recovered.31 Across multiple studies in several coun-
tries, Staphylococcus species (S.  aureus and numerous 
species in the coagulase- negative Staphylococcus group 
[CoNS]) are the most commonly recovered organisms, with 

Figure  36.1. Severe wound infection of the lateral chest 
wall uncovering the pump chamber and driveline.
Reprinted from Tjan TD et al., Wound complications after left ven-

tricular assist device implantation, Annals of Thoracic Surgery 

2000;70:538– 541, Copyright (2000), with permission from 

Elsevier.

Table 36.1 •  Causes of Infections Associated with Mechanical Circulatory Support Devices, by Site 
of Infection

Prevalence, %

Infection Site* Gram- positive Gram- negative Fungal

Bloodstream S. aureus 19 to 47
MRSA 5.9 to 29
MSSA 5.9 to 16
Enterococcus spp 3 to 25
CoNS 0 to 85
Corynebacterium spp 0 to 9
Bacillus spp 2.9 to 8

P. aeruginosa 2 to 27
Enteric GNRs 4 to 6
Stenotrophomonas 0 to 10

Candida 6 to 30

Driveline S. aureus 26 to 44
Enterococcus spp 0 to 11
CoNS 0 to 30
Corynebacterium 0 to 2

P. aeruginosa 14 to 28
Enteric GNRs 13 to 29
Stenotrophomonas 0 to 7

Candida 0 to 4

Pump pocket S. aureus 6 to 25
Enterococcus spp 23 to 25
CoNS 29 to 50
Corynebacterium 0

P. aeruginosa 18 to 25
Enteric GNRs 12 to 25
Stenotrophomonas 0

Candida 0 to 10

Inflow/ outflow/ endocarditis S. aureus 20 to 33
Enterococcus spp 0
CoNS 0 to 40
Corynebacterium 0 to 20

P. aeruginosa 20 to 33
Enteric GNRs 0
Stenotrophomonas 0

Candida 0 to 33

*See references 4, 6, 30, 36, 43– 45.
Abbreviations: MRSA = methicillin- resistant Staphylococcus aureus; MSSA = methicillin- susceptible Staphylococcus aureus; 
CoNS = coagulase negative staphylococci; GNR = gram- negative rod infections
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Staphylococcus aureus, including methicillin- resistant 
Staphylococcus aureus (MRSA), dominant in many 
series.20,29,30,32 Other gram- positive organisms, reflecting 
cutaneous flora, are seen in varying percentages of DLIs 
(Viridans- group Streptococci, Corynebacterium species, 

etc.). Although not typical components of the cutaneous 
microbiome, Enterococcus faecalis and Enterococcus fae-
cium can be recovered from DLIs in varying percentages 
and likely represent a shift in microbiome that can occur 
with gram- negative gastrointestinal organisms. Gram- 
negative pathogens have been seen in a substantial num-
ber of cases of DLIs,30,32,34 with Pseudomonas aeruginosa 
recovered as the initial pathogen in nearly 30% of DLIs 
and, increasingly, in patients with multiple DLIs (about 
42%).34 Other often- encountered gram- negative bacte-
ria reflect repeated and prolonged hospital exposure and 
include Escherichia coli, Klebsiella species, Serratia spe-
cies, Enterobacter species, and Proteus species. Most DLIs 
remain localized without extending to deeper tissues.34 
The cumulative incidence of DLI increases with time from 
implantation (7% at 1 year, 20% at 2 years, and 29% at 
3 years after implantation).35

Pump- Pocket Infections

Infections involving the pump pocket are the least often 
encountered LVAD- related infections and are evenly dis-
tributed from implantation through the life of the device.30 
One study reported an incidence of 15 driveline infec-
tions per 100 person- years of LVAD support, compared to 
an incidence of 2.3 in- pocket infections per 100 person- 
years over the same period.20 Staphylococci and other 
gram- positive organisms predominate, with a shift toward 
more indolent CoNS and Enterococci and a similar gram- 
negative spectrum when compared with DLIs.

Bloodstream and Endovascular Infections

Bloodstream infections are of particular concern in 
patients on MCS, given that the device is in contact with 
infected blood and at risk for becoming a persistent source 
of recurrent infections. Although the driveline exit site is 

Figure 36.3. Three visualizations are shown of a deep driveline infection (arrow): (left) computed tomography (CT), (mid-
dle) positron emission tomography (PET), and (right) fusion PET/ CT.
Reprinted from Dell’Aquila AM et  al., Contributory role of fluorine 18- fluorodeoxyglucose positron emission tomography/ computed 

tomography in the diagnosis and clinical management of infections in patients supported with a continuous- flow left ventricular assist 

device, Annals of Thoracic Surgery 2016;101:87– 94, Copyright (2016), with permission from Elsevier.47

Figure  36.2. Severe median wound infection with visible 
outflow graft conduit.
Reprinted from Tjan TD et al., Wound complications after left ven-

tricular assist device implantation, Annals of Thoracic Surgery 

2000;70:538– 541, Copyright (2000), with permission from 

Elsevier.46

 

 



Chapter 36. Infectious Complications 295

(A) (B)

Figure 36.4. Frontal views of after a patient after receiving 
a left ventricular assist device acquired with (A) positron 
emission tomography and (B) computed tomography scans. 
The deep driveline infection (arrow) is localized at the right 
site of abdomen, whereas the piercing site of driveline is on 
the left site.
Reprinted from Dell’Aquila AM et al., Contributory role of fluo-

rine 18- fluorodeoxyglucose positron emission tomography/ com-

puted tomography in the diagnosis and clinical management of 

infections in patients supported with a continuous- flow left ven-

tricular assist device, Annals of Thoracic Surgery 2016;101:87– 

94, Copyright (2016), with permission from Elsevier.

often the primary site of infection, the urinary tract, respi-
ratory tract, skin, and other intravascular devices may also 
precipitate these infections. Across several studies, the 
incidence of bloodstream infections ranges between 14% 

and 30%, with about half of cases attributed to the LVAD.3– 

6,20,35 Several groups have described an increased risk of 
stroke in patients with documented bloodstream infec-
tions, particularly in cases of persistent infections. The 
spectrum of pathogens favors gram- positive bacteria, with 
S. aureus being the most common, followed by CoNS spe-
cies. Pseudomonas aeruginosa is the most common gram- 
negative pathogen, followed by gastrointestinal pathogens 
and less commonly by Acinetobacter, Stenotrophomonas, 
and other organisms. Candida species make up the fun-
gal causes in a minority of cases.36 Staphylococcus aureus 
and Pseudomonas are common causes of persistent blood-
stream infections, a finding consistent with their predilec-
tion for forming biofilms on prosthetic materials.4

Treatment
Treatment guidelines are lacking for VADIs but are likely 
to be based on standardized definitions of infections at 
different sites. Empiric therapy should be directed at the 
most common bacterial pathogens at the first suspicion of 
infection and should include an agent with activity against 
S.  aureus (including MRSA) and Pseudomonas aerugi-
nosa (Table 36.2). Before starting antimicrobials, cultures 
should be taken from all accessible sites of potential infec-
tion. Blood cultures should be drawn routinely because the 
duration and route of therapy will differ if bacteremia is 
present. Initial therapy should include intravenous agents 
unless the suspected infection is limited to the superficial 
driveline exit site and no systemic signs or symptoms are 
present. Empiric antifungal therapy is generally not war-
ranted, given the low prevalence of fungal infections, but 
should be considered with a delayed response to antibacte-
rial medications.

Table 36.2 •  Antibiotics for Treating the Most Common Causes of Infections Associated with Mechanical Circulatory 
Support Devices

Route of Administration

S. aureus active
MRSAa

MSSAb Pseudomonas Active Yeast Activec

Intravenous Vancomycin,a,b daptomycin,a,b 
linezolid,a,b ceftaroline,a,b 
oritavancin,a,b dalbavancin,a,b 
cefazolin,b nafcillin, oxacillinb

Piperacillin/ tazobactam, 
cefepime, ceftazidime, 
meropenem, imipenem, 
ceftolozane/ tazobactam, 
ceftazidime/ avibactam, 
ciprofloxacin, levofloxacin, 
aminoglycosides, aztreonam

Fluconazole, voriconazole, 
posaconazole, 
echinocandins, 
amphotericin B

Oral Linezolid,a,b, trimethoprim/ 
sulfamethoxazole,a,b, 
doxycycline,a,b, minocycline,a,b, 
clindamycina,b

ciprofloxacin, levofloxacin Fluconazole, voriconazole, 
posaconazole, itraconazole

a MRSA, methicillin- resistant Staphylococcus aureus
b MSSA, methicillin- susceptible Staphylococcus aureus
c Candida species susceptibilities to azoles can be predicted by species in many circumstances.
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Once an organism has been identified, therapy should 
be directed to maximize efficacy and minimize side effects. 
For methicillin- susceptible S. aureus, oxacillin- nafcillin or 
cefazolin should be administered intravenously. There are 
multiple oral options available for step- down therapy (Table 
36.2). Vancomycin has long been used to treat MRSA infec-
tions, but it may contribute to kidney injury, particularly 
if given in combination with piperacillin- tazobactam.37 
Alternatives to vancomycin for treating MRSA include 
daptomycin, linezolid, or ceftaroline. Treatment for gram- 
negative pathogens, including Pseudomonas aeruginosa, 
should be directed by susceptibility testing. Antibacterial 
resistance, particularly among gram- negative pathogens, 
will likely become an increasing burden that complicates 
therapy in patients with LVAD infections.

Treatment directed to identified fungal patho-
gens depends on the species and site of the infection. 
Susceptibility to fluconazole can often be predicted from the 
Candida species, with Candida albicans remaining highly 
susceptible, but Candida krusei and Candida glabrata are 
expected to be resistant. Fluconazole has high oral bioavail-
ability and can treat superficial infections at the driveline 
exit site. For deeper fungal infections, systemic antifungals 
in combination with surgical debridement will likely be 
necessary. Fungemia is particularly challenging because 
Candida species form biofilms on prosthetic material, often 
require treatment with the more toxic amphotericin B, as 
is traditionally administered for endocarditis. All invasive 
fungal infections require consultation with an infectious 
disease specialist.

Duration of Treatment

Treatment duration of the index infection depends on site, 
depth, presence or absence of bacteremia, and the recov-
ered or presumed infecting organism(s). Two weeks of 
therapy are appropriate for superficial infections with no 
evidence of deeper extension if initial therapy provides 
rapid improvement. Deeper infections should be treated 
for 4– 6 weeks, particularly if debridement or source con-
trol is not feasible. Bacteremia- associated LVAD infections 
should be treated for 6 weeks or more and suppressive 
therapy considered if the recovered organism is prone to 
deposition or biofilm formation on prosthetic material.

Chronic Suppression

The decision to employ chronic suppressive therapy after 
a defined treatment course is complicated and must con-
sider the site of infection, the infecting pathogen, the abil-
ity to obtain source control (surgical intervention), the 
availability of an oral antimicrobial, drug interactions and 
side effects, and the anticipated duration of device sup-
port. The efficacy of suppression is determined by the site 
of infection and the pathogen, with a higher rate of relapse 
observed among biofilm- forming organisms (S.  aureus, 

Pseudomonas).20 One study of 101 LVAD infections in 78 
patients implemented suppression most often with gram- 
positive organisms. Of 28 patients treated with suppres-
sive therapy, 8 (29%) relapsed, but of 45 who did receive 
suppressive therapy, only 5 (11%) relapsed.20 A  similar 
degree of relapse was seen in a smaller study in which 
5 of 16 patients relapsed (after an average of 175 days of 
treatment).38 Although further study is needed in this area, 
it seems likely that the efficacy of suppression will vary 
considerably by the infecting organism and the type of 
antimicrobial used.

Prevention
Perioperative Antibiotics

In 239 patients treated with continuous- flow LVADs, infec-
tion rates 90 days after implantation in those treated with 
a single drug did not differ from those treated with a multi- 
drug antimicrobial prophylaxis regimen based on ISHLT 
diagnostic criteria.39 The patients receiving a single drug 
received cefazolin, or vancomycin, and had an infection 
rate of 1.5% (3 of 199). The multi- drug group received van-
comycin, a gram- negative active agent, and fluconazole, 
with or without rifampin, and had an infection rate of 
5% (2 of 40).39 These findings suggest that a single- agent 
approach can limit excess exposure to antimicrobials with 
an efficacy equal to that of multi- drug regimens.39

Decisions regarding antimicrobial prophylaxis should 
also consider factors unique to each institution, such as 
antimicrobial resistance patterns in the identified infecting 
organisms.40- 42

Dressing Changes

Dressings should be changed using sterile supplies and 
technique. To minimize exposure and the potential for con-
tamination of the driveline exit site, the dressing should be 
changed only once a day and then only by a caregiver or 
by the patient if trained to do so. Educating caregivers on 
optimal dressing change techniques decreased the infec-
tion rate from 0.18 events per person- year to 0.07 events 
per person- year and, in our practice, is crucial to the suc-
cessful long- term maintenance of the device.18 The use of 
dressing change kits with specific directions and contain-
ing all of the necessary components, the use of antibiotic 
impregnated dressings, and securing the driveline with an 
anchoring device all decrease the rate of DLIs.18

Summary
As experience in managing patients with LVADs has 
evolved, the importance of infections in short-  and 
long- term outcomes has become increasingly appreci-
ated. Although our ability to successfully manage these 
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challenging clinical scenarios has improved greatly in 
recent years, the design of the currently available devices 
will likely continue to pose challenges until totally 
implantable devices are available.
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Cerebral Blood Flow and Stroke 
in Patients with Left Ventricular 
Assist Devices 

MICHAEL EUGENE KIYATKIN AND JOSHUA ZEBADIAH WILLEY

The Incidence of Device- Related 
Ischemic and Hemorrhagic Stroke

Widespread adoption of continuous- flow (CF) left 
ventricular assist devices (LVADs) is limited by 
neurological complications; specifically, by a 

higher incidence of stroke than that associated with opti-
mal medical management or cardiac transplantation.1,2,3,4,5 
Older pulsatile LVADs were associated with a 1- year inci-
dence of stroke of 20%– 30%.6,14– 18 The 2- year incidence 
in second- generation CF devices, such as the HeartMate II 
(Abbott; Pleasanton, CA) and HeartWare VAD (Medtronic; 
Framingham, MA) is between 10% and 30%, with a mean 
onset of 6– 9  months after implantation.7- 11,19- 27 Longer 
follow- up studies have revealed a remarkably high 5- year 
incidence of stroke of up to 50%.24,28 Importantly, stroke- 
related morbidity and mortality are high in these patients, 
especially after intracerebral hemorrhage.27,29– 31 In several 
case series, stroke is the leading cause of death in patients 
with CF- LVADs.12 Even the latest third- generation CF 
devices, such as the HeartMate 3 (Abbott), continue to 
have an unacceptably high 1- year incidence of stroke that 
ranges between 8% and 18%.32– 34

Interpreting the literature on stroke is challenging 
because of disparities in how strokes are categorized. For 
example, in a reanalysis of radiographic images from the 
HeartWare VAD clinical trials, a high proportion of pri-
mary intracerebral hemorrhage cases were re- adjudicated 
as secondary hemorrhagic conversion. In the INTERMACS 
(Interagency Registry for Mechanically Assisted Circulatory 
Support) reports, subdural hematoma, typically a traumatic 
non- stroke event, is included in the definition of stroke.12 
Moreover, the IMACS (International Society for Heart and 

Lung Transplantation Registry for Mechanically Assisted 
Circulatory Support) registry includes in its definition of 
“neurological dysfunction” seizure and headache, in addi-
tion to stroke.13

Causes of Device- Related   
Ischemic Stroke
Pump Thrombosis

One probable cause of stroke is a thromboembolism sec-
ondary to pump thrombosis (PT), a dreaded complication 
of second- generation LVADs.12,13 In one study, transcranial 
Doppler ultrasonography found about an 80% incidence 
of microemboli months after implantation.35 Another 
study in first- generation devices found that most strokes 
occurred in the left hemisphere and a minority in the ver-
tebrobasilar area.36 This finding was believed to reflect a 
more direct path of cardiogenic thromboemboli, especially 
after the LVAD outflow cannula was directed toward the 
brachiocephalic trunk. Coincidentally, this finding was 
consistent with reports of right- hemispheric dominance of 
cardiogenic emboli after cardiac surgery.37– 39 As a result of 
this risk, a combined antiplatelet and anticoagulation strat-
egy was implemented with great success.40

Surprisingly, PT is not necessarily associated with 
stroke. For example, LVAD power and elevated plasma 
lactate dehydrogenase concentrations have only weak 
associations with stroke.41 Also, despite an unexpected, 
well- documented increase in PT several years ago, the rate 
of stroke did not increase.42 Importantly, state- of- the- art, 
third- generation devices have better device- blood interfaces 
and lower shear forces with new rotor designs43 that have 
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made the rates of PT negligible, yet their rate of stroke is 
nearly equal to that of earlier generations.32– 34 One hypoth-
esis is that the emboli responsible for stroke are too small 
to cause PT.

Hypercoagulable State

Another likely contributor to ischemic stroke is the gener-
ally pro- thrombotic state of patients with LVADs. Studies 
of first- generation LVADs found ongoing activation of 
both pro- coagulant and fibrinolytic pathways, despite 
normal coagulation laboratory values.44– 46 Additionally, 
infections, which are common in patients with LVADs, 
are well- known to alter the clotting cascade in favor of 
thrombosis.47 Coincidently, infection is also a strong 
risk factor for ischemic stroke in these patients.48– 50 As 
discussed in the following, loss of blood flow pulsatil-
ity has been hypothesized to activate the coagulation 
cascade through endothelial dysfunction,51 as well as to 
promote thrombosis secondary to stagnant blood flow. 
Stagnant blood flow has been simulated in the carotid 
artery52 and may occur in the aortic root.53 However, 
thrombi are rarely detected by echocardiography in the 
aortic root, and setting the pump to allow the valve to 
open periodically rather than permanently closed does 
not appear to protect against ischemic stroke, including 
with the HeartWare VAD Lavare cycle or in the HeartMate 
3 or Jarvik devices, which have built- in variable speeds to 
force the valve to open periodically.21

In addition to intrinsic hypercoagulability, subthera-
peutic anticoagulation may also contribute to ischemic 
stroke.54 For example, gastrointestinal bleeding is associ-
ated with subsequent ischemic stroke, perhaps because of 
undue caution in resuming anticoagulation.55 However, 
patients may still have ischemic strokes, despite a thera-
peutic INR (international normalized ratio), and can be 
stroke- free, despite subtherapeutic anticoagulation. One 
explanation for this apparent discrepancy is that an opti-
mal anti- thrombotic regimen has not been well defined 
because it depends on several factors, including genetic 
polymorphisms of the individual patient.56 Nevertheless, 
a growing literature, including the recently completed 
PREVENT trial, continues to refine anticoagulation 
guidelines.57

Large- Artery Atherosclerosis and Surgical Factors

Although atherosclerosis is common in patients with 
LVADs, and especially in older patients with LVADs, the 
prevalence of large- artery atherosclerotic stroke (e.g., 
symptomatic carotid or intracranial arterial stenosis) in 
these patients is much lower than that in the undifferen-
tiated stroke patient. Similarly, small subcortical strokes 
(i.e., lacunes), which are primarily caused by hyperten-
sion, are rare in patients with LVADs.58 Although infec-
tion is certainly a risk factor for ischemic stroke, septic 
emboli are not routinely found.25 The relationship between 

the surgical positioning of the LVAD inflow cannula and 
thrombogenic ventricular trabeculae is also important.59

Causes of Device- Related 
Hemorrhagic Stroke
As in ischemic stroke, the cause of hemorrhagic stroke 
in LVAD patients is unclear and probably multifactorial. 
Supratherapeutic anticoagulation is always a possibility, 
given that the degree of coagulation and fibrinolysis are 
abnormal and difficult to estimate in these patients. For 
example, the rate of non- surgical bleeding in patients with 
LVADs is higher than that expected from anticoagulation 
alone.60 The artificial materials and high shear forces in 
the pump, particularly in those with impellers, contrib-
ute to the nearly universal development of acquired von 
Willebrand disease. Possibly reflecting this relationship is 
the fact that gastrointestinal bleeding is more common at 
higher pump speeds.61,62

However, coagulopathy alone is insufficient to cause 
hemorrhagic stroke because the blood- brain barrier has to 
be disrupted.58 Importantly, intracerebral hemorrhage in 
patients with LVADs often has a lobar distribution (Figure 
37.1), which is typically caused by friable arterioles from 
the deposition of amyloid protein, similar to that seen in 
Alzheimer’s disease (i.e., cerebral amyloid angiopathy).63 
To what degree continuous- flow pumps contribute to fri-
ability is unknown.

Other vascular pathologies thought to contribute to 
hemorrhagic stroke, particularly subarachnoid hemor-
rhage, include mycotic aneurysms and septic arteritis.64,65 
One interesting hypothesis from a study of gastrointesti-
nal bleeding with CF pumps is that hypoperfusion from 
reduced pulse pressure leads to regional hypoxia, vascular 
dilation, and subsequent angiodysplasias.60 However, simi-
lar pathological changes have not been detected by catheter 
cerebral angiography.25,66

Low Pulsatility Blood Flow as a Cause 
of Stroke
The non- physiological, low- pulsatility flow produced 
by most MCS devices may damage end- organs and may 
be a major cause of adverse events, such as gastrointesti-
nal bleeding and limited gains in exercise capacity.62,67– 71 
Historically, most studies exploring this phenomenon 
employed completely pulseless circulation achieved with 
cardioplegia and cardiopulmonary bypass.72– 76 Although 
informative, these studies are not completely applicable 
to LVADs because patients with LVADs often have some 
degree of pulsatility from recovered heart function and 
variable pump preload.77 However, how important this 
mild pulsatility is in causing stroke or, more generally, 
organ perfusion, is unknown.
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From an arterial, macrocirculatory perspective, an ultra-
sound examination of the carotid artery in patients with 
LVADs shows decreased peak systolic velocity, elevated end 
diastolic velocity, unchanged mean velocity, and decreased 
pulsatility index (Figure 37.2).78– 80 Moreover, compliance 
and distensibility progressively decrease as the duration 
of MCS increases,81 mimicking aging, atherosclerosis, and 
other cardiovascular diseases.82– 86 In samples of aortic tissue 
from patients with CF- LVADs who underwent transplanta-
tion, the elastic fibers in the arterial wall showed signs of 
degradation.87 Interestingly, these changes in arterial stiff-
ness persist, even after transplantation.88

Studies also suggest decreased regional and microcircu-
latory perfusion after starting CF circulation. For example, 

compared with otherwise pulsatile circulation with equal 
pressure, CF is associated with increased arteriolar resis-
tance and decreased tissue perfusion in renal,89 gastric,90 
myocardial,75 and cerebral vasculature.91 These differences 
are intriguing but must be interpreted with caution because 
much of this work was done in non- LVAD CF systems using 
indirect measures of microcirculation.

As mentioned earlier, a major, direct consequence of CF 
is endothelial dysfunction. Studies of several in vitro and 
animal models have established the importance of endothe-
lial mechanotransduction in normal vascular development, 
repair, and function.92– 94 Accordingly, biomarkers of sys-
temic endothelial disruption have been detected in subjects 
with non- pulsatile flow.95– 98 These cellular changes have 

Figure 37.1. (A) A non- contrast head CT image of a patient with a HeartMate II LVAD. No signs of infarct were present 1 
hour after the onset of right hemiparesis, gaze preference, and hemineglect. (B) Digital subtraction angiography performed 
2 hours after stroke onset revealed that the distal internal carotid artery was occluded at the origin of the middle cerebral 
artery (arrow). (C) Successful recanalization of the distal internal carotid artery after endovascular embolectomy (arrow). 
(D) A head CT image of the same patient 2 days later showed a parenchymal, lobar pattern hematoma (arrow) in the right 
temporal and parietal lobes with an associated mid- line shift consistent with hemorrhagic transformation. (E) A CT image 
of the head of a patient with a HeartWare LVAD and new- onset neurologic symptoms showed a primary parenchymal hema-
toma with probable cerebral amyloid angiopathy.
Adapted from Willey JZ et al, Cerebrovascular disease in the era of left ventricular assist devices with continuous flow: risk factors, 

diagnosis, and treatment, Journal of Heart and Lung Transplantation 2014;33:878– 887, Copyright (2014), with permission from Elsevier.
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been implicated in several CF- LVAD complications, includ-
ing gastrointestinal bleeding.67 Furthermore, morphological 
changes have been found in the endothelium of explanted 
aortic tissues,87 and one small case series describes retinal 
vascular dysfunction.99 Other markers of endothelial dys-
function, such as loss of flow- mediated vasodilation and 
decreased exercise tolerance despite normal cardiac output, 
have also been detected in patients with CF- LVADs.69– 71,100

Although the evidence supporting an association between 
tissue hypoperfusion and non- pulsatile flow is strong, other 
evidence supports an association between hyperperfu-
sion and the rapid restoration of cardiac output after LVAD 
implantation.101 Cerebral hyperperfusion syndrome is a 
well- recognized and potentially devastating neurological 
complication of carotid endarterectomy.102,103 A major con-
tributing condition is persistently impaired cerebrovascular 
autoregulation in chronic low- flow states. A  similar phe-
nomenon occurs in LVAD recipients, with larger increases in 
cardiac output associated with more neurological complica-
tions soon after surgery.104 Additionally, animal and human 
studies have suggested a model of tissue perfusion in which 
flow through capillary beds is dependent on diastolic time 
and pressure.105,106 Given that diastolic times are longer and 
diastolic pressures are higher in patients with LVADs (Figure 
37.2), these conditions may contribute to hyperperfusion 
and perhaps hemorrhagic stroke.

Primary Prevention of Stroke in   
Patients with Left Ventricular Devices
Preventing Pump Thrombosis

Several strategies have been explored to minimize the 
risk of PT, including anticoagulation and different pump 
designs, specifically more thrombogenic- resistant materi-
als and motor design, and computer- controlled artificial 
pulsatility that better mimics native cardiac function. 

Combined, these strategies have greatly reduced the need 
for pump exchange or emergent transplant, as docu-
mented in the PREVENT and MOMENTUM 3 trials, among 
others.32– 34,57

Managing Hypertension

Hypertension and the risk of stroke are consistently asso-
ciated with the HeartMate II and HeartWare devices.107,108 
Unfortunately, definitions of hypertension vary between 
studies. With respect to ischemic stroke, hypertension is 
thought to increase afterload on the myocardium and in 
the LVAD, in effect promoting stagnant blood flow and 
thrombus formation at both sites. The association between 
hypertension and intracerebral hemorrhage is well rec-
ognized in both undifferentiated stroke patients109 and 
in patients with LVADs, especially those with HeartWare 
VAD devices, in which a mean arterial pressure greater 
than 90 mmHg is one of the strongest predictors of hemor-
rhagic stroke.110 Understanding this relationship between 
high arterial pressure and stroke has stimulated improve-
ments in blood pressure management protocols that have 
reduced the incidence of intracerebral hemorrhage.111 
However, several questions remain about ideal antihyper-
tensive agents, optimal measures of blood pressure, and 
the exact pressures to be targeted.

Diagnosis, Treatment, and Secondary 
Prevention of Stroke in Patients   
with Left Ventricular Devices
Overall, in patients with CF- LVADs, stroke is difficult to 
diagnose, especially when the stroke is small or occurs in 
the brainstem, given the limitations of computed tomogra-
phy (CT) and the inability to use magnetic resonance imag-
ing in patients with LVADs.

Figure 37.2. A representative carotid artery duplex study of the left distal common carotid artery (CCA) (A) 2 months before 
and (B) 9 months after implantation of the HeartMate II LVAD. Peak systolic velocity, pulsatility, and the parvus tardus 
waveform are decreased, and end diastolic velocity is increased while on LVAD.
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As with the undifferentiated stroke patient, the primary 
tools for diagnosing stroke in patents with LVADs remain 
history, physical examination, and CT. In diagnosing isch-
emic stroke, vessel imaging is mandatory to identify can-
didates for thrombectomy, particularly within 6 hours of 
symptom onset and up to 24 hours for select patients. A CT 
angiogram can be performed rapidly with a low risk of acute 
kidney injury and has the added benefit of allowing preop-
erative planning for thrombectomy (Figures 37.1 and 37.3). 
Carotid and transcranial Doppler ultrasonography can help 
diagnose large- vessel pathology, but both have poor sensi-
tivity and specificity. Digital subtraction angiography can be 
considered in support of thrombectomy or on a case- by- case 
basis for diagnostic purposes. In diagnosing hemorrhagic 
stroke, CT is highly sensitive. The diagnostic yield of cath-
eter angiography is low, except for isolated subarachnoid 
hemorrhage.

The presence of an LVAD poses unique challenges for 
treating acute ischemic stroke. Clinical trials of systemic 
thrombolysis with recombinant tissue plasminogen activa-
tor (0.9 mg/ kg given within 3 hours of symptom onset) have 
specifically excluded patients with MCS, as well as those 

with an INR greater than 1.7.112 The risk of symptomatic 
intracerebral hemorrhage, among other hemorrhagic com-
plications, is likely to be extremely high because of concur-
rent anticoagulation and innate platelet dysfunction. The 
risk of intracerebral hemorrhage is even higher in patients 
with endocarditis and the large hemispheric infarcts113 that 
can occur in these patients.

Whether an LVAD pump thrombus, composed of mixed 
platelet and denatured protein components, would respond 
to thrombolysis is unclear.42 For these reasons, we take a 
cautious approach and do not include systemic thrombol-
ysis in our treatment algorithm. Instead, we use more tar-
geted endovascular treatment (Figure 37.3). The duration 
of endovascular intervention continues to expand and is 
now up to 24 hours after stroke onset, based on selected 
imaging criteria.114 We limit endovascular therapy to strokes 
involving less than one- third of a hemisphere because larger 
lesions are associated with a substantially increased risk of 
hemorrhage.115

Treating hemorrhagic stroke is likewise considerably 
different in patients with LVADs. First, primary intrace-
rebral hemorrhage must be distinguished from secondary 

Figure 37.3. Diagnosis and treatment algorithm for stroke in patients with left ventricular assist devices from the Columbia 
University Irving Medical Center.
Reprinted from Willey JZ et al., Cerebrovascular disease in the era of left ventricular assist devices with continuous flow: risk factors, 

diagnosis, and treatment, Journal of Heart and Lung Transplantation 2014;33:878– 887, Copyright (2014), with permission from Elsevier.
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hemorrhagic conversion because aggressive reversal of 
anticoagulation in the latter group may result in recurrent 
thrombosis.116 Second, we generally reverse anticoagula-
tion only when bleeding is active, when cerebral injury is 
marked, and we have deemed the risk to PT less than the 
risk of further neural extension.(Figure 37.3).

In keeping with the latest guidelines for managing 
intracerebral hemorrhage,117 we reverse heparinization by 
discontinuing all heparin and administering protamine. 
Likewise, we transfuse platelets if blood loss is greater than 
430 mL.117 As noted earlier, we generally perform serial CT 
scans and monitor lactate dehydrogenase concentrations to 
evaluate hematoma stability and the risk of PT, respectfully 
(Figure 37.4).58

Needed Research on Reducing   
Stroke in Patients with Left 
Ventricular Devices
Despite numerous advances in LVAD design and tremen-
dous improvement in patient outcomes, the incidence of 
ischemic and hemorrhagic stroke continues to be unac-
ceptably high. Key areas for research include continuing to 
improve both pump design and tailoring of anticoagulation 
for individual patients. Anticoagulation may be improved 

with better pharmacogenomics and advanced coagulation 
testing (e.g., thromboelastography). On the other hand, 
these developments may be offset by the increased use of 
new oral anticoagulants.

Another important area of research is clarifying the 
mechanisms of tissue perfusion with CF and other forms of 
MCS. A better understanding of the mechanisms may lead 
to improvements in microcirculatory management, such 
as the ability to gradually restore pulsatile flow to reduce 
reperfusion injury while ensuring adequate circulatory 
flow and physiological macro-  and microvascular shear 
forces. Improved understanding of these and other issues 
will become more pressing as the use of MCS inevitably 
expands, particularly for destination therapy.
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Introduction

The increasing use of left ventricular assist devices 
(LVADs) has given new options to patients with 
end- stage heart failure. They offer improved qual-

ity and quantity of life as destination therapy (DT) and 
bridge to transplantation (BTT).1,2 Despite the advances 
in successful treatment of left ventricular failure with 
continuous- flow (CF) devices, right ventricular fail-
ure (RVF) remains a major complication in 10%– 40% 
of LVAD recipients.3– 7 RVF has a significant impact on 
immediate perioperative mortality and morbidity and is 
associated with a decreased survival to and after cardiac 
transplantation.3,8 RVF can lead to coagulopathy, end- 
organ dysfunction, altered drug metabolism, worsening 
nutritional status, diuretic resistance, and poor quality 
of life. Severe RVF is defined by most clinical investi-
gators and the Interagency Registry for Mechanically 
Assisted Circulatory Support (INTERMACS) registry as a 
central venous pressure (CVP) >16 mmHg, plus the need 
for either (1)  prolonged post- implant inotropes, inhaled 
nitric oxide, or intravenous vasodilators >14  days, or 
(2)  the need for right ventricular assist device (RVAD) 
support9 (see Table 38.1). Studies support that early 
institution of planned biventricular support for patients 
at high risk for RVF undergoing LVAD implant have sig-
nificantly improved outcomes when compared to the 
delayed addition of mechanical support to the RV after 
isolated LVAD implant.4,6,10 The complex pathophysiology 
of the right ventricle, including RV myocardial dysfunc-
tion, alterations in geometry, and management of hemo-
dynamics, make identifying LVAD candidates at risk for 
RVF challenging (Figure 38.1.11 Multiple risk- assessment 
calculators have been developed utilizing patient demo-
graphics, pre- implant hemodynamics, imaging assess-
ments, and biochemical markers of organ damage, yet no 
single model has been found to dependably predict RVF 
when applied to a general cohort.5– 7,12– 14

Right Heart Physiology
The right ventricle (RV) is the most anteriorly situated car-
diac chamber, lying just behind the sternum. It consists of 
three anatomical components: (1) the inlet, bound by the 
annulus of the tricuspid valve, including the chordae ten-
dineae and papillary muscles; (2) the apical myocardium; 
and (3) the outflow region, consisting of the conus region 
that extends to the pulmonary valve.15

The right ventricular function is influenced by mul-
tiple factors, including systemic venous return, pulmo-
nary pressures (RV afterload), pericardial compliance, and 
native RV contractility. The contractility of the RV relies 
on the contribution of both its free wall and the shared 
interventricular septum to drive effective forward blood 
flow. Given that the RV is connected in series with the LV, 
it is obligated to pump on average the same effective stroke 
volume as the left ventricle, but is able to do this using 
only 20% of the LV energy expenditure for an equivalent 
stroke volume. This is accomplished by utilizing the for-
ward momentum of the venous blood flow while contract-
ing into a highly compliant, low- resistance pulmonary 
circulation.15,16

The right ventricular ejection fraction (RVEF) is 
inversely proportional to the pulmonary artery (PA) pres-
sure (PAP) or RV afterload.18 The systolic function of the RV 
is therefore highly sensitive to changes in the PAP (after-
load), with minor increases causing a large decrease in the 
effective RV stroke volume (SV) (Figure 38.2).16 In left- sided 
heart failure, the rising left- sided filling pressures trans-
late to increased pulmonary artery pressures. Over time, 
elevated PAP reduces the PA compliance and increases PA 
resistance through reactive pulmonary vasoconstriction and 
chronic vascular remodeling, the sum of which increases 
RV afterload and pressure.19 Elevated afterload can lead to 
RV remodeling, especially if on a chronic basis, changing 
the shape of the right ventricle, rendering its function less 
efficient (Figure 38.3).20

38
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Regulation of blood flow to the right ventricle dif-
fers significantly from that to the left ventricle. Unlike 
the LV with predominant diastolic coronary blood flow, 
the RV relies on blood perfusion during both systole and 
diastole with less effective pressure- flow autoregulation. 
During times of acute RV pressure- overload and elevated 
end- diastolic RV pressure, there is a reduced RV myo-
cardial tissue perfusion gradient and increased risk for 
development of sub- endocardial ischemia. This effect is 
magnified during settings of reduced systemic arterial 
pressure and decreased coronary perfusion.21 The risk 
of right ventricular ischemia is also heightened during 
chronic elevations in right ventricular afterload, due to 

microvascular growth failure and inability to match myo-
cyte hypertrophy.

Compared to the LV, the normal RV pressure- volume 
(PV) relationship lacks isovolumic contraction and relax-
ation in either systole or diastole. The RV operates at a 
higher steady- state volume with a lower peak systolic 
pressure. The normal trapezoidal shaped PV loop reflects 
the regular high- efficiency/ low- impedance state of the RV. 
When the RV experiences chronically elevated afterload 
pressures, the RV pressure- volume relation shifts from trap-
ezoidal to rectangular shaped (Figure 38.4.17 The rectan-
gular shape now has well- defined isovolumic contraction 
phases, mirroring the normal LV PV loop. Over time, the RV 

Table 38.1 •  INTERMACS Definition of Right Ventricular Failure

INTERMACS Definition of Right Ventricular Failure

Definition

Symptoms or findings of persistent right ventricular failure characterized by both of the following:

1) Documentation of elevated central venous pressure (CVP) by:
•  Direct measurement (e.g., right heart catheterization) with evidence of a central venous pressure (CVP) or right 

atrial pressure (RAP) >16
or

• Findings of significantly dilated inferior vena cava with absence of inspiratory variation by echocardiography,
or

• Clinical findings of elevated jugular venous distension at least half way up the neck in an upright patient.
2) Manifestations of elevated central venous pressure (CVP) characterized by:

• Clinical findings of peripheral edema (>2+ either new or unresolved),
or

•  Presence of ascites or palpable hepatomegaly on physical examination (unmistakable abdominal contour) or by 
diagnostic imaging,

or
• Laboratory evidence of worsening hepatic (total bilirubin >2.0 mg/ dl) or renal dysfunction (creatinine >2.0 mg/ dl).

Severity During VAD Implant Admission

Mild Patient meets both criteria for RVF plus:
1)  Post- implant inotropes inhaled nitric oxide or intravenous vasodilators not continued beyond postop day 7 

following VAD implant
AND
2) No inotropes continued beyond postop day 7 following VAD implant.

Moderate Patient meets both criteria for RVF plus:
1)  Post- implant inotropes inhaled nitric oxide or intravenous vasodilators continued beyond postop day 7 and up to 

postop day 14 following VAD implant.

Severe Patient meets both criteria for RVF plus:
1) Central venous pressure or right atrial pressure greater than 16 mmHg
AND
2)  Prolonged post- implant inotropes inhaled nitric oxide or intravenous vasodilators continued beyond postop day 

14 following VAD implant

Severe Acute 
RVF

Patient meets both criteria for RVF plus:
1) Central venous pressure or right atrial pressure greater than 16 mmHg
AND
2) Need for right ventricular assist device at any time following VAD implant
OR
3) Death during the VAD implants hospitalization with RVF as the primary cause.

Abbreviations: RVF = right ventricular failure; RV = right ventricle; CVP = central venous pressure; RVAD = right ventricular assist device; LVAD = left 
ventricular assist device.

Reprinted from Kirklin et al, Eighth annual INTERMACS report: Special focus on framing the impact of adverse events, Journal of Heart and Lung 
Transplantation 2017;36:1080– 1086. Copyright (2017), with permission from Elsevier.
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adaptation to elevated pressures will result in ventricular 
dilation, reduced contractility, and failure of cardiac output 
due to an inability to maintain adequate preload to support 
the LV stroke volume.15,16,17,19

Right ventricular (RV) pressure- volume (P- V) loops 
obtained by a conductance catheter. The diagram demon-
strates the use of P- V loops. The white solid lines pass tan-
gential to the end- systolic P- V points of a “family” of loops 
produced by varying the loading conditions. The slope 
of this line gives the RV end- systolic elastance. A steeper 
slope depicts higher end- syslolic elastance. Loop a depicts 
a normal RV P- V loop. Loop b represents a compensated, 
chronically hypertensive RV. Loop c is obtained from a 
decompensated hypertensive RV. Note the decrease in RV 
end- systolic elastance from the compensated RV depicted 
in loop b to the decompensated RV depicted by loop c.

While the RV functions under different hemody-
namic parameters compared to the LV, both ventricles 
are maintained in a closed circuit, mandating that their 

stroke volume (SV) be equal. Similar to the LV, the RV’s 
performance is a reflection of contractility, preload, and 
afterload, along with influences of heart rhythm, valvular 
function, and ventricular interdependence.22 The close 
anatomic association between the two chambers links 
their performances together. The RV is dependent on the 
LV for 20%– 40% of its contractile function, and the LV 
is reliant on the RV for adequate preload. Changes of one 
ventricle’s size, shape, and function can have a significant 
deleterious effect on the other’s performance.3,23,24

Influence of LVAD on Right 
Ventricular Function
The physiology of right ventricular function and fail-
ure after LVAD implantation is complex (Figure 38.5).25 
Theoretically, the LVAD should decompress the LV, 
reducing the LV end- diastolic pressure, lowering the 

Figure 38.1. Various mechanisms contributing to RV dysfunction.
Reprinted from Lahm T et al., Medical and surgical treatment of acute right ventricular failure, Journal of the American 
College of Cardiology 2010;56:1435– 1445, © 2010 Elsevier and JACC: Journal of the American College of Cardiology.
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pulmonary artery pressure and subsequent afterload on 
the RV, resulting in improving contractility.16 However, 
in clinical practice, sometimes the mechanics do not 
work as efficiently as anticipated and can lead to right 
ventricular failure. The activation of the LVAD increases 
venous return, potentially overwhelming an already dys-
functional RV, causing RV dilation and alterations in RV 
geometry. This leads to worsening of tricuspid annulus 
distortion and functional TR, leftward shift of the intra-
ventricular septum and loss of the septal contribution to 
the RV contraction, and loss of RV stroke volume. As the 
RV output continues to fall, the septum shifts leftward, 
reducing the LV preload and LVAD flows.26,27 The anchor-
ing of the LVAD at the apex may also alter the normal 
twisting contractile design of the heart rendering it less 
effective (Figure 38.6).28

Tachyarrhythmias also significantly contribute to RVF 
after LVAD. Atrial arrhythmias double the risk of RVF 
after LVAD and occur in more than 20% of LVAD patients. 
Similarly, ventricular tachycardia incidence increases 
after LVAD implantation, occurring in up to 50% of LVAD 
implants, and is associated with increased risk for RVF.29 
Ventricular fibrillation can rapidly cause a dramatic drop of 
over 20% in LVAD flow.23

Figure 38.2. Relationship of right ventricular (RV) and left 
ventricular (LV) stroke volumes to increases in afterload.
Reprinted with permission of the American Thoracic Society. 

Copyright © 2019 American Thoracic Society. MacNee, 

Pathophysiology of cor pulmonale in chronic obstructive pul-

monary disease. Part One, American Journal of Respiratory and 

Critical Care Medicine 1994;150(3):833– 852.

Figure 38.3. Structural and functional changes associated with RV failure.
Reprinted from Vonk- Noordegraaf A et al., Right heart adaptation to pulmonary arterial hypertension: physiology and pathobiology, 

Journal of the American College of Cardiology 2013;62:22– 33. © 2013 Elsevier and JACC: Journal of the American College of Cardiology.



Chapter 38. Right Heart Dysfunction 313

Predicting RV Failure
Right ventricular failure is a major cause of morbidity and 
mortality after LVAD implant. Treatment options for RVF 
are limited to chronic inotropic therapy or mechanical RV 
support.5,12,27 While the implications of RVF alone portend 
worse outcomes, the subsequent implantation of an RVAD 
bears additional risks, effectively doubling the likelihood 
of thrombosis, infection, and mechanical failure. While 
these risks are significant, elective upfront biventricular 

support correlates with improved long- term survival and 
survival to transplant compared to delayed RVAD implan-
tation, even of just a few days after LVAD placement.16,30,31 
Identifying those patients at high risk for RV failure could 
improve patient selection and facilitate strategies for early 
RVF management. Importantly, it also allows for more 
informed clinical decision- making for patients being con-
sidered for LVAD therapy. Patients implanted as bridge to 
transplant (BTT) who develop evidence of severe RV fail-
ure have the option for curative treatment measures with 
transplantation of a new heart. Given that right ventricular 
failure 6- month associated mortality reaches up to 30%, 
the risks for RVF have a greater impact for patients consid-
ering LVAD as destination therapy, who do not have any 
other option.12,23,32

At present, multiple predictors of post- LVAD RVF have 
been identified; however, available risk scores have been 
typically derived from single- center cohorts, have used vari-
able definitions of RVF, have identified inconsistent predic-
tors, and have demonstrated, at most, modest predictive 
value when validated in independent cohorts. Data from 
these studies recognize a multitude of covariates that influ-
ence the risk of RHF, but their individual weighted contri-
bution remains difficult to quantify (Table 38.2).5,6,12– 14,31,33,34

Patient demographics associated with higher risk 
include female gender, younger age, and “destination 
therapy” as indications for LVAD.35 Global markers of ill-
ness severity including end- organ dysfunction and the 
need for preoperative mechanical support, need for ven-
tilation, extracorporeal membrane oxygenation, or dialy-
sis are associated with the greatest incidence of severe 
RV failure.5,13,36 Biomarkers have also been found to aid in 

Pr
es

su
re

Volume

a

b
c

Figure  38.4. Right ventricular (RV) pressure- volume 
(PV) loops.
Reprinted with permission from Friedberg MK et al., Right versus 

left ventricular failure: differences, similarities, and interactions, 

Circulation 2014;129(9):1033– 1044, https:// www.ahajournals.

org/ journal/ circ © American Heart Association, Inc. All rights 

reserved.

Figure 38.5. Impact of LVAD therapy on RV function.
Reprinted with permission from Sparrow CT et al., Intersection of pulmonary hypertension and right ventricular dysfunction in patients 

on left ventricular assist device support, Circulation: Heart Failure 2018;11:e004255, https:// www.ahajournals.org/ journal/ circheartfail-

ure © American Heart Association, Inc. All rights reserved.
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risk stratification as a marker of clinical illness, including 
abnormal coagulopathy (elevated INR), elevated N- terminal 
pro b- type Natriuretic Peptide (NT- BNP), and persistent 
systemic inflammation (elevated WBC count or C- reactive 
protein).31,37,38 Hemodynamic assessment has a central role 
in understanding RV performance, and several prior stud-
ies have identified different hemodynamic metrics as risk 
factors for RVF after LVAD. Hemodynamic profiles of RVF 
include elevated CVP (>15 mm Hg), elevated central venous 
pressure/ pulmonary capillary wedge pressure (CVP/ PCWP) 
(> 0.63), narrow pulmonary artery pulse- pressure (PAPP < 

21 mm Hg), and reduced cardiac output indexed to body 
surface area (CI < 2.0– 2.2 liters/ min/ m2).10,35,38,39 A  cal-
culated right ventricular stroke work index (RVSWI) at a 
threshold < 300 mmHg ml m2 has previously been shown to 
be a critical value for RVAD implantation by Kormos et al.12

Echocardiographic profiles of RVF include a less- dilated 
left ventricle, severely reduced RV function, and severe 
tricuspid regurgitation. Patients with refractory heart fail-
ure and a non- dilated left ventricle may be experiencing a 
restrictive cardiomyopathy which frequently involves the 
right ventricle and presents with predominantly right- sided 

Increased ventricular
wall stress

Functioning on the
descending limb

of the
Starling curve

Increased
RV Preload

Decreased
RV Contractility

Increased
RV Afterload

Key Mechanisms
of Post-LVAD

RV Failure

Annular dilatation
leading

to Increased TR

Chronic elevation
in PVR leading to

pulmonary vascular
remodeling

Presence non-cardiac
causes of pulmonary

vascular disease

Diminished RV systolic
pressure generation

due to reduced
LV systolic pressure

Alteration in optimal
septal position

and/or
fiber geometry

Septal Ischemia,
stunning, or infarct

Figure 38.6. Mechanisms of RV failure after LVAD implantation.
Reprinted from Rich JD et al., Right ventricular failure in patients with left ventricular assist devices, Cardiology Clinics of North America 

2012;30:291– 302, Copyright (2012), with permission from Elsevier.
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heart failure syndrome. Neither of these is expected to 
improve with left- sided support alone.40,41 Quantitative 
echocardiographic evaluation of the RV- to- LV ratio, longi-
tudinal strain of the RV free wall, and RV fractional area 
change (RFAC) are all very promising tools, but there is too 
much variability in measures and too few published studies 
to reach a definitive conclusion at this time.42,43

Preoperative Medical Management   
of RV Failure before LVAD   
Implantation
Preoperative prevention, including selection of appro-
priate patients, ideal timing of implant, optimization of 
hemodynamics, and management of comorbid conditions 
are accepted as crucial foundation in preventing RVF in 
patients with preexisting right ventricular dysfunction 
(Figure 38.7). Although no studies to date have been per-
formed to assess the impact of preoperative management 
on RVF post- LVAD, certain hemodynamic goals have been 
set across centers as a standard of optimization. An opti-
mal preoperative CVP is undefined, though a value >15 has 
been correlated with RVF and generally warrants interven-
tion.12,44 Aggressive preoperative diuresis and the use of 
inotropes or vasodilators are effective measures to reduce 
the CVP and relieve RV distension before surgical implant 
of an LVAD. Preoperative management of elevated PVR 
is thought to be beneficial, but with conflicting support. 
Some studies suggest targeting a PA systolic pressure of 
<65 mmHg ideal before implant. 45

Medical Management after 
LVAD Implantation
Use of pulmonary artery catheters may be useful to allow 
for continuous assessment of the PAP and CVP, and facili-
tate careful titration of diuretics, pulmonary vasodila-
tors, and inotropic therapy after LVAD implantation. The 
Interagency Registry for Mechanically- Assisted Circulatory 
Support (INTER- MACS) defines RVF specifically after CF- 
LVAD implantation as an elevation in CVP to >16 mmHg 
with clinical manifestations of the disease (e.g., ≥2+ pitting 
edema, ascites/ hepatomegaly, or worsening renal/ hepatic 
dysfunction). Similar to preoperative optimization, a goal 
CVP <15  mmHg ensures reduction of RV workload and 
hepatic and renal congestion. Use of inotropic therapy, 
pulmonary vasodilators, diuretics, and ultrafiltration 
should all be considered for rising CVP >15.

Inotropic therapy such as milrinone and dobutamine 
support the RV and allow for pulmonary vasodilatation. 
Milrinone is a PDE- 3 inhibitor that is both an inotrope and 
vasodilator with a longer half- life (2.5 hours). Dobutamine 
is a β- 1 agonist with less vasodilatory effects, but a very 

short half- life (2 minutes).46 Inotropic therapy is used in the 
immediate postoperative time to support an overwhelmed 
RV, improve cardiac index, and support pump flow. 
Mortality has been shown to directly correlate with the 
duration of inotropic support, and thus the patient should 
be weaned off as soon as hemodynamics improve. Patients 
who tolerated early weaning of support have improved 6- 
month survival compared to those who did not.47

Pulmonary Vasodilators
Preoperative Group II pulmonary artery hypertension (PAH) 
is common among end- stage heart failure patients, result-
ing from endothelial dysfunction and vascular remodeling 
in the setting of chronically elevated left- sided filling pres-
sures.48 This preexisting PAH can be further exacerbated 
during the perioperative period by ischemia during car-
diopulmonary bypass (CPB), administration of intraop-
erative protamine, and blood transfusions. Additionally, 
perioperative hypercarbia and hypoxia during mechani-
cal ventilation are potent stimuli of pulmonary vascular 
constriction.49 Given the incredible sensitivity of the RV 
to even small increases in afterload, PAH is believed to be 
a significant contributor to postoperative RVF. Milrinone, 
a phosphodiesterase type 3 inhibitor frequently used after 
LVAD for both its positive inotropic effects and vasodila-
tory properties, has been shown to reduce mean pulmo-
nary artery pressure (mPAP) after LVAD.50 Based on several 
small studies suggesting safety and efficacy, pulmonary 
vasodilators are commonly used in the short- term manage-
ment of patients post- LVAD.

Inhaled nitric oxide (iNO) is considered a selective 
pulmonary vasodilator with no systemic effect on blood 
pressure and a very short half- life of only a few seconds. 
A  prospective, randomized, double- blinded, placebo- 
controlled multi- center study found that iNO reduced mPAP 
and increased LVAD flow when initiated before weaning 
from CPB and continued for 48 hours post- LVAD implanta-
tion or until patients were extubated.51,52 The study found 
trends toward reduced RVF rates in the group that received 
nitric oxide but did not show statistical significance.

Inhaled prostacyclin analogs (Epoprostenol, Iloprost) are 
endothelium- derived vasodilators and analogs of endoge-
nous prostacyclin.53 They provide a similar effect on hemo-
dynamics and oxygenation as nitric oxide, but have a longer 
half- life of 3– 6 minutes and some systemic exposure with 
potential for platelet inhibition and bleeding and vasodila-
tory effect of hypotension.54 Combination therapy of both 
inhaled nitric oxide and iloprost was retrospectively ana-
lyzed in seven patients with severe RV dysfunction post- 
LVAD.55 Patients were noted to have a significant decrease 
in PVR, mPAP, and PCWP, with increase in LVAD flows and 
RV tricuspid annular velocity, with combined therapy. It 
is important to note that this therapy also did produce a 
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318 Mechanical Circulatory Support

significant reduction in systemic vascular resistance. The 
authors suggest the additive effects of combined treatment 
of iNO + Iloprost led to improved RV function and avoided 
the need for RV mechanical support.

Sildenafil is an oral phosphodiesterase- 5 (PDE- 5) inhibi-
tor used as a selective vasodilator to lower pulmonary vas-
cular resistance (PVR) in persistent pulmonary hypertension 
post- LVAD. It has been shown to be effective for primary 
pulmonary hypertension. It has a relatively long half- life of 
4 hours, making its duration of action on pulmonary artery 
pressure an attractive option to facilitate the weaning of 
iNO and inotropic agents after LVAD implantation. 56

Surgical Management of RV Failure 
after LVAD
Based in INTERMACS definition of right ventricular failure 
after LVAD, mild to severe RVF can generally be managed 
medically. On the other hand, acute, severe RVF is defined 
as CVP >16 with need for RVAD (or death occurring during 
VAD implant admission).57 Severe acute RVF necessitat-
ing a temporary or durable right ventricular assist device 
occurs in 6%– 11% of LVAD implants.58 No publication to 
date defines the criteria for RVAD implantation; thus the 

characterization of patients with significant RVF requiring 
biventricular support continues to be center and physician 
specific. Common indications for RVAD placement include 
persistent elevation of right atrial pressure despite aggres-
sive diuretic and inotropic support, inability to wean ino-
trope or vasopressor support after CF- LVAD placement, 
and ongoing evidence of multi- organ failure, including car-
diorenal syndrome or hepatic congestion, despite optimal 
medical management.59,60

Patients with high risk for RVF despite hemodynamic 
optimization need to be considered for preemptive biven-
tricular support or total artificial heart (TAH). While one 
of the most significant risk factors for mortality in patients 
receiving an LVAD is the development of RVF requiring 
an RVAD (Figure 38.8), those patients with immediate 
biventricular assist device implantation have significant 
improvement in survival and ability to bridge to transplant 
compared to those with delayed implant (>24– 48 hours).27,61 
There are several temporary ventricular assist device solu-
tions that allow for a prolonged RV support in anticipation 
of RV recovery. The lack of a reliable device designed specif-
ically for RV support limits permanent treatment options for 
patients with biventricular failure or isolated RV support.

A number of options exist for RVAD support at the time 
of separation from CPB after an LVAD implant. Traditional 
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Figure 38.7. Pittsburgh decision tree for predicting RV failure.
Reprinted from Wang Y et al., Decision tree for adjuvant right ventricular support in patients receiving a left ventricular assist device, 
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practice has been to use a Dacron graft attached to the pul-
monary artery, passed through a subxiphoid space, where it 
attaches to the RVAD outflow limb of an extracorporeal cir-
cuit. The RVAD inflow cannula can be placed directly in the 
right atrium, tunneling through the subxiphoid space and 
connecting to the inflow limb of the same circuit. A num-
ber of extracorporeal centrifugal pumps are available for 

this purpose, with balancing of flows performed under TEE 
guidance. When the RVAD is explanted, the outflow graft is 
ligated, and the insertion site can be secondarily closed. The 
inflow cannula can be removed with pursestring closure of 
the right atrium. This technique is beneficial in allowing for 
early extubation, opportunity for pulmonary support using 
an oxygenator, and ambulation while on the device.
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In cases where RV recovery is felt to be unlikely within 
a week of RVAD support, durable LVADs have been used 
successfully when implanted for right ventricular support. 
In the largest multi- center reported analysis of biventricu-
lar support with durable continuous- flow rotary pumps, 
Shah et al. noted a high rate of suspected right- sided VAD 
thrombosis (37%), warranting further investigation into its 
etiology and implications.58 Durable biventricular assist 
device (BiVAD) support, when initiated in a concomitant 
fashion, was associated with reduced intensive care unit 
length of stay (ICU LOS), higher rates of hospital discharge, 
and trended toward improved 1- year survival compared 
with staged BiVADs. Previous studies have suggested that 
patients receiving a planned BiVAD had a significantly 
higher survival to hospital discharge than those receiving 
delayed BiVAD support.32,61

The most common temporary RVAD no longer requires 
direct cannulation of the pulmonary artery and right 
atrium with the chest open. There are presently two avail-
able percutaneous device options for RV mechanical 
support— the Impella RP (Abiomed, Danvers, MA) and 
the TandemLife Protek Duo (TPD, TandemLife, Pittsburgh, 
PA). Initial experience with both devices has been promis-
ing but limited.

The Impella RP is a minimally invasive, 22 Fr catheter- 
based percutaneous pump intended for use up to 14 days. 
Placement is under fluoroscopic guidance through the fem-
oral vein, with the catheter pump advanced antegrade until 
positioned across the tricuspid and pulmonary valves. The 
inflow is placed in the inferior vena cava and pumps blood 
through the outflow into the pulmonary artery (rate up to 
4.0 L/ min). 62 Results from the RECOVER RIGHT RP Impella 
Trial demonstrated the device provided on average 3 L of 
flow, with improvement in RA pressure, cardiac index, and 
the need for inotropic support.63 The main limitation of this 
device includes mobilization restrictions and risk for pump 
displacement related to the femoral insertion site.

The Tandem Protek Duo (TPD) is a centrifugal pump that 
can be placed via the internal jugular vein. The cannulas 
are either 29 Fr or 31 Fr with dual channels. The cannula 
has the advantage of full mobilization of the patient and 
can be removed at bedside in the event of RV recovery. The 
inflow channel is placed in the superior vena cava (SVC) 
and the right atrium, from where the blood is drained into 
the extracorporeal centrifugal pump, such as the CentriMag 
or TandemHeart (CardiacAssist, Inc). The blood is then 
pumped back into the outflow channel into the pulmonary 
artery (rate up to 4.0 L/ min).64

Given the high risk associated with RV failure requir-
ing RVAD implant, cardiac transplantation still represents 
the ideal treatment for management of these individuals. 
Based on the new heart allocation system that was adopted 
in the United States on October 18, 2018, patients with non- 
dischargeable RVADs will receive higher prioritization, 
with the potential for earlier transplantation in cases of fail-
ure to wean. Although there is limited literature to evaluate 

the criteria and success for RVAD weaning, overall the suc-
cess rate appears to be around 80%, suggesting that despite 
its increase in morbidity and mortality, it is a viable option 
for RVF management given its ever- increasing relevance.

Conclusion
Despite the dramatic expansion of short-  and long- term 
left ventricular failure mechanical support options over 
the past two decades, RVF remains the Achilles heel of 
LVAD therapy. The diagnosis, prevention, and long- term 
management of RVF remains a significant challenge in the 
patient with advanced heart failure, making this an imper-
ative opportunity for further thought and research.
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Introduction

Acute kidney injury (AKI) is frequently encoun-
tered in the advanced heart failure practice, 
occurring in greater than 50% of patients with 

decompensated heart failure and in over 70% patients 
admitted with cardiogenic shock.1 It also represents a 
common complication after cardiac surgery with an inci-
dence that varies between 30% and 90% depending on 
the type of procedure performed. The institution of car-
diopulmonary bypass (CPB) has been associated with AKI 
in up to 35% of patients,2– 4 while the incidence follow-
ing left ventricular assist device (LVAD) implantation has 
been reported between 7% and 56% in various series.5,6 
In one recent retrospective review of 170 patients, 70% 
developed AKI and 9.5% needed renal replacement ther-
apy (RRT) within 1 week after LVAD surgery.7

Even minimal elevations in serum creatinine correlate 
closely with an increased mortality rate in patients under-
going cardiothoracic surgery.8 When the renal injury is sig-
nificant enough to warrant renal replacement therapy, the 
odds of death increase eightfold.9 Patients with AKI after 
LVAD implantation appear to be particularly sensitive to 
increased 30-  and 180- day mortality rates, prolonged venti-
lator dependence, and longer hospital stays, confirming that 
AKI is a critical marker of poor outcomes in patients who 
undergo mechanical circulatory support (MCS) surgeries.10

Renal Dysfunction in Heart Failure
Cardiorenal syndrome is identified in over 60% of patients 
admitted with heart failure.11 Heart failure leads to renal 
hypoperfusion. In addition to this, renal arterial vaso-
constriction and activation of renin angiotensin system 

(RAAS) leads to further reduction of glomerular filtration. 
Another important factor that contributes to renal dysfunc-
tion is right heart failure. Right ventricular (RV) dysfunc-
tion leads to systemic venous congestion, which impairs 
renal blood flow and oxygenation (Figure 39.1).12

In addition to the preceding factors, iatrogenic exposure 
to intravenous contrast agents and antibiotics such as ami-
noglycosides pose a threat to kidney function. Although 
reno- protective in long term, RAAS blockers can decrease 
estimated glomerular filtration rate (eGFR) when used in 
times of hemodynamic instability.13,14

Reduced kidney function in heart failure patients has 
a reversible and irreversible component. The reversible 
component is due to the hemodynamic changes, and the 
irreversible component is due to the parenchymal damage 
accrued due to long- standing hypoperfusion, fibrosis, and 
systemic hypertension. Also, renal parenchymal disease 
progresses in these patients due to repeated AKI events, oxi-
dative stress, and inflammatory mediators. Identifying the 
duration of renal dysfunction is important in predicting the 
reversibility of renal dysfunction.

Prevention of Renal Dysfunction in   
the Perioperative Period
Preoperative Period

Hypervolemia during the preoperative period has been 
identified as an independent predictor for dialysis follow-
ing cardiac surgery.16 It is our general practice to diurese 
patients prior to LVAD implantation on the basis that a 
lower a lower central venous pressure (CVP) decreases 
the incidence of postoperative right ventricular failure. 
Although an excessive reliance on arbitrary numerical 
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values should be avoided in favor of observing the entire 
clinical picture, the International Society of Heart and 
Lung Transplantation (ISHLT) recommends maintaining 
CVPs between 4 and 14 mmHg and mean arterial pressures 
(MAPs) between 65 and 90 mmHg.17 The incidence of AKI 
increases when MAPs are below 55 to 60 mmHg.18

Avoidance of preoperative intravenous contrast agents 
and withdrawal of RAAS blockers in the immediate pre-
operative period is generally advised. RAAS blockers must 
be restarted once hemodynamics permit as they preserve 
kidney function in the long run.19 Based on a multivariate 
regression model, anemia with hemoglobin <10 g/ dl is an 
independent risk factor for AKI. Hence the management of 
anemia is important to improve outcomes.

Intraoperative Period

Judicious intraoperative volume resuscitation should be 
employed in order to maintain optimal filling pressures for 
renal perfusion. Other potentially modifiable intraopera-
tive risk factors for AKI include reducing the duration of 
cardiopulmonary bypass when feasible.20

Post- Implantation Renal 
Failure Management
Due to the compromised hemodynamics associated with 
advanced heart failure, it is common to see AKI following 
LVAD implantation, with an incidence ranging from 7% 
to 56%.5,6 The development of AKI in this setting poses a 
significant mortality risk.21– 23 Despite substantial improve-
ments in MCS technology over the past three decades, 
there is no strong evidence to support the notion that the 
use of continuous- flow assist devices has lowered the risk 
of AKI compared to pulsatile flow devices.24 Although the 
factors contributing to AKI after LVAD implantation are 
complex and have not been fully elucidated, the degree of 
renal dysfunction prior to the LVAD implantation appears 
to pose the greatest risk.5

Various pharmacological and non- pharmacological 
strategies have been proposed to lower the incidence of AKI 
after cardiac surgery. It seems reasonable that the benefits 
of these approaches may have relevance after LVAD/ MCS 
implantation.

Figure 39.1. Mechanisms of renal dysfunction in the setting of advanced heart failure.
Reprinted from Ronco C et al., Cardiorenal syndrome, Journal of the American College of Cardiology 2016;52:1527– 1539, Copyright 

(2016), with permission from Elsevier.
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Fenoldopam, a selective dopamine- 1 receptor ago-
nist, has renal vasodilatory properties.25 While there are 
smaller randomized controlled trials showing the efficacy 
of fenoldopam infusion as a reno- protective agent, larger 
randomized trials are needed to definitively establish this 
relationship.26,27 Although traditionally viewed as a renal 
protective agent, dopamine itself does not appear to have 
any reno- protective effect based on a comprehensive review 
of the Cochrane database.28 Hydration with 0.45% saline 
has been shown to decrease the incidence of AKI in high- 
risk patients after cardiac surgery.29 However, there is also 
concern that chloride- rich fluids in critically ill patients can 
contribute to increased rates of renal dysfunction and RRT.30 
Although there is some evidence favoring the use of bal-
anced solutions (Hartman solution, Plasma- Lyte) based on 
prospective studies, larger blinded randomized controlled 
trials in MCS patients are needed to confirm the superiority 
of the use of balanced solutions over chloride- rich fluids.31 
There is no evidence in favor of bicarbonate over normal 
saline in decreasing the incidence of AKI in preoperative 
period.32 Similarly, there is no role for the use of osmotic 
diuretics such as mannitol in reducing the incidence of 
postoperative AKI.33

Renal Dysfunction Due to Right Heart 
Failure after LVAD Placement
Incidence of right heart failure (RH failure)34 after LVAD 
implantation varies between 5% and 50%. After an LVAD 
is placed, the increase in cardiac output and venous return 
often overwhelms the function of an already compromised 
right ventricle. Reduction in the size of the left ventricle 
and left atrium causes the ventricular septum to bow into 
the left ventricle. This altered geometry further decreases 
the RV output. The resultant RV dysfunction leads to sys-
temic venous congestion, further reducing the renal perfu-
sion. Therefore, early diagnosis of RV dysfunction using 
right heart catheterization to optimize the LVAD settings 
to prevent RV septal bowing is an important step in pre-
vention of post- LVAD acute kidney injury. Patients with 
RV failure may need inotropes, RV mechanical support, 
or extra corporeal membrane oxygenation. Preoperative 
hemodynamic indices may be used to predict the need for 
biventricular support or immediate post- operative RV sup-
port (Table 39.1).35

Effect of Continuous- Flow Mechanical 
Circulation on Kidneys
Compounding the risks of cardiac surgical procedures in 
the advanced heart failure population are the unique hemo-
dynamic changes that occur with the current generation of 
continuous- flow devices. Compared to the pulsatile- flow 

devices that were used historically, continuous- flow left 
ventricular assist devices (CF- LVADs) typically gener-
ate a higher diastolic blood pressure (BP) within the kid-
ney, resulting in a marked reduction in renin levels, an 
excessive activation of the RAAS system, and the resul-
tant morbidities associated with these changes.36 Animal 
studies have demonstrated renal arterial smooth muscle 
thickening with interstitial leukocyte infiltration and peri- 
vascular inflammation after CF- LVAD implantation.37,38 
Despite early improvements in glomerular filtration rates 
(GFR) after surgery, renal function tends to be only margin-
ally improved from baseline at the end of 1 year, and most 
patients on MCS continue to have significant ongoing renal 
dysfunction.39

Renal Replacement Therapy 
in MCS Patients
Although the causes of AKI in the setting of LVAD sup-
port represent a unique combination of factors, the indi-
cations for initiating RRT mirror those of a conventional 
clinical scenario. Volume overload, medically refractory 
hyperkalemia, acidosis, oligo- anuria, and progressive 
uremia represent the common indications for RRT in this 
patient population. While there is no evidence to support 
the superiority of continuous over intermittent hemodi-
alysis (HD) if the patient can tolerate intermittent HD,40 
the reality of the postoperative hemodynamic conditions 
after LVAD surgery typically mandates that a continuous 
modality of RRT, such as continuous veno- venous hemo-
filtration (CVVH) or continuous veno- venous hemodialysis 
(CVVHD), be employed as first- line therapy. If a continu-
ous modality is in fact used, a standard dose of replace-
ment fluid (20– 30 ml/ kg/ hr) is generally recommended 
to address the clearance needs.41 It should be noted, how-
ever, that the data comparing these modalities have been 
extrapolated from studies involving non- heart- failure 
patients managed in intensive care units. There are cur-
rently no randomized studies comparing the differences 

Table 39.1 •  Preoperative Predictors of RV Support

1. Cardiac index ≤2.2 L/ min/ m2

2. RV stroke work index ≤0.25 mmHg · liter/ m2

3. Severe preoperative RV failure

4. Creatinine ≥1.9 mg/ dl

5. Prior cardiac surgery

6. Systolic blood pressure ≤96 mmHg

Reprinted from Fitzpatrick JR, 3rd et al, Risk score derived from pre- 
operative data analysis predicts the need for biventricular mechanical 
circulatory support, Journal of Heart and Lung Transplantation 
2008;27(12):1286– 1292, Copyright (2008), with permission from Elsevier.
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between intermittent and continuous dialysis strategies 
in a post- cardiac- surgical population, let alone in patients 
supported on ventricular assist devices.

Systolic and diastolic BP measurements with Korotkoff 
sounds or automated BP- cuffs are often unreliable in patients 
with continuous- flow devices due to narrow pulse pres-
sures (PP). Therefore, the current recommendations are to 
measure MAPs using Doppler ultrasonography and sphyg-
momanometer. The optimal goals for MAPs while on dialy-
sis are between 70 and 80 mmHg, taking great care to avoid 
MAPs above 90 mmHg due to the impairment in blood flow 
associated with elevation in afterload, in addition to the 
well- documented increase in risk of cerebrovascular acci-
dents with the current generation of devices in the setting 
of hypertension.34 Given the inability to obtain reliable BP 
readings from conventional methods, caution must be exer-
cised in the interpretation of Doppler- based measurements, 
which may have a greater propensity for inaccuracies. It is 
important to remember that Doppler opening pressures are 
closely correlated with arterial measurements of MAP only 
when the PPs are low. In patients with high PPs, Doppler 
opening pressures are closer to systolic pressures and there-
fore tend to overestimate MAPs. A newer device (Terumo 
Elemano BP monitor) that uses a double oscillometric, 
slow- deflation technique has been shown to improve corre-
lation with MAPs obtained by an arterial line.42 Until more 
data are available, however, Doppler ultrasonography will 
remain the standard of care for these patients.

Dialysis Modality: Hemodialysis   
versus Peritoneal Dialysis
After LVAD implantation, renal function frequently 
improves in response to improved renal perfusion. 
However, long- term renal failure can still occur despite the 
hemodynamic benefits of LVAD therapy.5 In a large study 
of over 3,600 LVAD patients, eGFR improved to only 6.7% 
above pre- implantation value after 1 year.39 This presents 
significant challenges to patients with a very low eGFR 
(<30 ml/ min) at the time of implantation. Compounding 
the challenges of post- implantation renal insufficiency are 
the previously mentioned changes in non- physiological 
blood flow patterns, as well as device- specific complica-
tions such as bloodstream infections and thromboembolic 
events, which can further elevate the risk of progression 
toward renal replacement.

Hemodialysis
In vast majority of cases, hemodialysis (HD) provides the 
modality of choice for LVAD patients due to the ease and 
familiarity with which it can be instituted in a timely fash-
ion. At the inception of HD therapy, ultrafiltration must be 

individualized to the patient and the circulatory support 
device. Aggressive ultrafiltration must be avoided to pre-
vent dramatic changes to flow parameters of the circula-
tory assist device. Given that LVAD flow is a function of 
both afterload and preload, aggressive ultrafiltration can 
severely impair LVAD flows and initiate suction events, 
which can lead to further hemodynamic compromise. 
Therefore, developing a strategy for addressing these chal-
lenges with a nephrology and dialysis team familiar with 
MCS devices can play a critical role in both the inpatient 
and outpatient settings. Current recommendations are to 
target MAPs between 70– 80 mm Hg and avoid MAPs above 
90 mmHg to maintain optimal afterload for the circulatory 
support device.34

Despite the hemodynamic stability of most of the 
chronic MCS patients, outpatient dialysis units might 
resist to accept patients with MCS devices. This is likely 
due to the lack of familiarity with the device alarms, ultra-
filtration requirements, BP management, and the need for 
a more careful monitoring. More importantly, the high 
prevalence of anemia, hypoalbuminemia, and venous 
catheters lower the quality metrics dictated by the Centers 
for Medicare and Medicaid Services (CMS), which might 
result in a lower financial compensation to the dialysis 
units. However, there is now growing experience with 
this clinical scenario.43 Training of the dialysis staff by the 
advance heart failure staff or dialyzing an LVAD patient in 
the hospital attached facility where the device expertise is 
immediately available are some of the ways to counteract 
issues related to the acceptance of these patients to outpa-
tient dialysis units.

Long- term vascular access can be a challenge in these 
patients. Although there are very little data on the use of 
arterio- venous fistulas and grafts in patients on MCS, there 
is a growing body of anecdotal evidence for this strategy.44,45 
HD access must be individualized to the needs of each 
patient with the understanding that catheters (both tun-
neled and non- tunneled) pose a high risk for bloodstream 
infections.46 Precautions must be taken during the place-
ment of dialysis catheters in order to minimize the risk of 
blood stream infections.38

Peritoneal Dialysis
Traditionally, peritoneal dialysis (PD) has been avoided in 
the context of LVAD support. This is largely a carryover 
from an earlier era when ventricular assist devices were 
larger and pulsatile, often requiring sub- diaphragmatic 
(and frequently intraperitoneal) implantation techniques. 
Due to concerns about bowel erosion, obstruction, and 
device infection,47 PD was generally not considered to be 
a viable option in the context of pulsatile devices. In con-
trast, the newest generation of CF- LVADs can be placed 
intra- pericardially, with care taken to avoid the peritoneal 
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cavity during driveline tunneling This configuration pres-
ents new opportunities for PD in selected patients.

The advantages of PD over HD include the potential 
for a sustained and slow ultrafiltration rate that results in 
a more stable hemodynamic profile,48 fewer bloodstream 
infections, and reduced hospitalization rates49 along with 
reduction in financial burden.50 PD is also believed to cause 
a slower decline in residual kidney function,51 which has 
been associated with a reduction in cardiovascular mortal-
ity.52,53 Therefore, PD should be considered as a first- line 
strategy for RRT for patients on MCS whenever feasible. 
Although this represents an evolution in clinical manage-
ment, there are already several case reports describing 
excellent results with this approach.54,55 Contraindications 
for PD in MCS patients are similar to that of a conven-
tional end stage renal disease (ESRD) patient. Conditions 
that preclude PD include lack of an intact peritoneum due 
to prior abdominal surgeries, large hernias that might get 
incarcerate due to the increased pressure, and peritoneal 
adhesions. Peritoneal dialysis can be a labor- intensive pro-
cess. Therefore, lack of dexterity in using the PD machine 
or lack of psycho- social support can result in unsuccessful 
PD treatments.

Conclusions
Despite the paucity of data with regard to the use of MCS 
devices in renal patients, various conclusions can be drawn 
based on the existing retrospective studies and case series. 
(a)Even minimal elevation in AKI in the postsurgical 
period is associated with increased mortality. (b) Currently 
there is no consensus on the lower limit of glomerular 
filtration rate below which an MCS device should not be 
considered. Caution must be exercised in implanting an 
MCS device in patients with advanced kidney failure or 
patients already on dialysis due to the preexisting risk 
for systemic bacteremia and other bloodstream infec-
tions. (c) MCS devices appear to improve short- term renal 
function. However, long- term prognosis and performance 
of RRT in MCS patients are still an area of poor under-
standing. Patients with MCS devices who go on to require 
dialysis can be considered for all the dialysis modalities, 
including in- center hemodialysis, home hemodialysis, and 
peritoneal dialysis. (e) Peritoneal dialysis must be consid-
ered whenever feasible due to advantages such as reduced 
hospitalizations, bloodstream infections, and costs, and 
the preservation of residual kidney function.
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Arrhythmia/ Ventricular Tachycardia 
Ablation 

SURAJ KAPA

Treatment of the patient presenting with ventricu-
lar tachycardia is often complicated by hemody-
namic instability, whether in the pre- , intra- , or 

post- therapeutic period. The reasons for this are several, 
including the acute change in rhythm which induces 
some element of atrio- ventricular and inter- ventricular 
dyssynchrony, in addition to the rate of ventricular acti-
vation which can result in inefficient diastolic filling and 
resultant insufficient systolic flow. Effects of such hypo-
tension can result in most immediately myocardial, cere-
bral, and renal ischemia, but can result in injury to nearly 
any organ. In addition, the inefficiency of blood flow 
during ventricular tachycardia can result in intracardiac 
thrombus.

Mechanical circulatory support (MCS) strategies may 
help improve antegrade flow during ventricular tachycar-
dia, thus limiting the extent of ischemia of systemic organs. 
In addition, partially offloading the ventricle in this fashion 
may limit the frequency of ventricular tachycardia that typi-
cally results from heart failure decompensation. A number 
of options can be considered in these challenging cases, 
including pharmacologic support to augment myocardial 
function, intra- aortic balloon pump support to offload 
ventricular contraction, use of percutaneous cardiac sup-
port systems such as TandemHeart® or Impella®, surgical 
left ventricular assist devices (LVADs), and extracorporeal 
membrane oxygenation (ECMO). Each of these approaches 
carries potential risks, benefits, and impacts on the thera-
peutic management of ventricular arrhythmias. A summary 
of the commonly used short- term MCS options is provided 
in Figure 40.1.

In this chapter, we will review the potential util-
ity of hemodynamic support in treatment of ventricular 
arrhythmias using both percutaneous catheter and sur-
gical approaches, as well as the benefits and limitations 
associated with specific therapies. We will also review the 

potential use of hemodynamic support in the pre-  and post- 
therapeutic phases and the utility during ablation, which is 
often used as an approach to disrupt arrhythmogenic tissue 
and thus prevent recurrent arrhythmia.

Pre-  and Post- Therapeutic Use 
of Hemodynamic Support
Often, there may be an indication for hemodynamic sup-
port in the pre-  and post- therapeutic stages. Prior to abla-
tion, it is often necessary to identify an optimal approach to 
hemodynamic support in order to either optimize patients 
prior to ablation, maintain them until other reversible fac-
tors can be corrected (e.g., coronary artery blockages), or 
temporize them until ablation can be performed.1 When 
deciding on the approach, the following factors should 
be considered:  persistence of the ventricular arrhythmia 
and whether other preventive approaches have been maxi-
mized (e.g., antiarrhythmic drugs, sedation, autonomic 
blockade using stellate ganglion or spinal block), the risks 
of the specific approach to support, the amount of time 
support needs to be provided, and the potential impact on 
any subsequent surgical approach.

Post- ablation hemodynamic support may be useful to 
allow the patient time to recover from the procedure or 
ventricular decompensation induced by preceding arrhyth-
mias. Oftent, incessant ventricular arrhythmias can result 
in volume overload, acute renal injury, and cardiac stun-
ning (especially after multiple defibrillations) that may take 
time to improve. During this time period, even if ventricu-
lar arrhythmias have been effectively suppressed, it may be 
necessary to provide hemodynamic support for some period 
until the acute organ injury has improved sufficiently. In 
general, hemodynamic support that has been instituted pre- 
ablation may be continued post- ablation for both practical 
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reasons and to eliminate potential need for reinstitution of 
therapy. Support instituted during the procedure, however, 
may or may not be continued post- procedure depending on 
multiple factors, including patient stability, perceived ongo-
ing needs, and evidence of cardiac stunning or end- organ 
injury (e.g., poor urine output) during the procedure.

Pre-  and post- ablation, use of pharmacologic support 
agents (e.g., milrinone, dobutamine) can often induce 
ventricular arrhythmias and thus may result in further 
decompensation and offset the efficacy of anti- arrhythmic 
approaches. However, in some cases, arrhythmias may 
result from acute heart failure decompensation, and offer-
ing such pharmacologic support in combination with 
aggressive anti- arrhythmic interventions may effectively 
treat the arrhythmia. Other mechanical and invasive 
approaches to offering circulatory support are summarized 
in Table 47.1. The choice of a specific therapy will gener-
ally be based on availability of the appropriate equipment 
and clinical support staff, which will be discussed in fur-
ther detail later.

Hemodynamic Support during 
Catheter Ablation
Catheter ablation has become a mainstay of therapy for the 
treatment of ventricular tachycardia. Both percutaneous 

endocardial and epicardial approaches have been estab-
lished for treatment. The approach to ventricular abla-
tion is generally dependent on the clinical situation and 
the specific need to maintain ventricular arrhythmia 
during ablation. Reviews of actual outcomes of hemo-
dynamic support on ventricular tachycardia ablation 
outcomes has been varied, though there may be utility 
under specific circumstances. We will first review spe-
cific arrhythmia syndromes to understand the rationale 
for considering hemodynamic support, and then review 
the reasoning underlying the use or avoidance of specific 
approaches, before discussing the current data on spe-
cific strategies.

Specific Clinical Situations

The decision to use hemodynamic support preemptively 
during a cardiac ablation is generally based on the per-
ceived need to map during ventricular tachycardia and 
the likelihood of cardiac decompensation during the pro-
cedure. If a patient is already being maintained on cir-
culatory support due to ventricular tachycardia storm or 
cardiac decompensation due to incessant arrhythmia, it 
will generally be continued during the ablation procedure. 
Otherwise, the decision to support may be made either 
before beginning the procedure (i.e., instituting support 
prior to performing cardiac mapping and ablation) or dur-
ing the procedure, depending on the patient course. The 

Figure 40.1. A summary of the various types of MCS used in conjunction with EP procedures.
From Spiro J, Doshi SN. Use of left ventricular support devices during acute coronary syndrome and percutaneous coronary intervention. 

Reprinted by permission from Springer Nature, Current Cardiology Reports. Use of left ventricular support devices during acute coronary 

syndrome and percutaneous coronary intervention, Spiro J et al., Copyright 2014.
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PAINESD risk score has been developed as a tool for guid-
ing these decisions (Figure 40.2).

Not all ventricular arrhythmia syndromes are equivalent 
in the need to map during ventricular tachycardia and the 
likelihood of hemodynamic collapse as a result of main-
taining ventricular tachycardia. The likelihood of cardiac 
collapse during catheter ablation may be predicted by how 
tolerant the patient is of the ventricular tachycardia prior to 
the procedure. If a patient exhibits immediate syncope or 
the tachycardia exhibits very high rates (often >200 beats per 
minute), the likelihood of the patient maintaining adequate 
cardiac output is low, particularly during use of anesthesia 
in the procedure. However, younger patients (particularly 
with arrhythmias due to diseases such as arrhythmogenic 
right ventricular cardiomyopathy) may be more hemody-
namically tolerant of their arrhythmia.

The operator also needs to consider the need to map 
during ventricular tachycardia (i.e., the need to maintain 
ventricular tachycardia for long durations during the abla-
tion procedure). Ventricular tachycardia due to structural 
heart disease (e.g., myocardial infarction) is often treated 
by specific targeting of the cardiac substrate as defined by 
preoperative imaging (e.g., magnetic resonance imaging) or 
intraoperative mapping (i.e., voltage mapping). Specific cri-
teria have been established for identifying cardiac regions 
that may contribute to arrhythmia. Thus, it is often not nec-
essary to map during ventricular tachycardia.

While substrate mapping may be sufficient for ablation 
in many cases of ventricular tachycardia due to structural 
heart disease, in some cases a circuit or a specific recur-
rent ventricular tachycardia may exist that could not be 
accounted for by extensive substrate ablation. In these 
cases, it may be optimal to offer hemodynamic support if 
the ventricular tachycardia is not well tolerated. In addition, 
it may be that ventricular tachycardia during mapping and 

ablation become incessant and thus limit hemodynamic tol-
erance throughout the procedure, even if a substrate- based 
approach is chosen.

One specific case in which a low threshold for institut-
ing hemodynamic support may be considered is ablation for 
premature ventricular contraction (PVC)- triggered ventricu-
lar fibrillation. In this particular situation, identifying the 
inciting PVC is critical to procedural success. During abla-
tion, it is not uncommon for PVCs to initially become more 
frequent, with repeated episodes of ventricular fibrillation 
resulting in hemodynamic collapse. In this clinical situa-
tion, use of circulatory support may be necessary. A typi-
cal flow pathway for the management of electrical storm 
is shown in Figure 40.3, highlighting the role for MCS in 
certain circumstances.

How to Select a Specific Method 
of Circulatory Support

The choice of a specific method of circulatory support 
should be based on the patient’s comorbidities, the degree 
of hemodynamic support needed (e.g., left versus biven-
tricular), and the planned approach for ablation (i.e., 
transseptal, retro- aortic, or epicardial). Table 40.1 again 
summarizes potential approaches to circulatory support. 
If a retro- aortic approach is sought, generally an Impella 
would not be optimal, and vice versa for transseptal and 
TandemHeart. However, there are reports of attaining a 
retro- aortic approach with the former, or an additional 
point of transseptal access with the latter. Other forms of 
access (ECMO, intra- aortic balloon pump, and implantable 
LVADs) should not limit the options to access the ventricle, 
though LVAD may limit options for epicardial access.

In addition to the preceding, the degree of left ventricu-
lar (LV) support and whether right ventricular (RV) support 
is also needed should be considered. The level of cardiac 

Figure  40.2. A  summary of the PAINESD (Pulmonary Disease, Age, Ischemic Cardiomyopathy, NYHA Class  III or IV, 
EF<25%, Storm [VT], Diabetes Mellitus) score for consideration of MCS in the setting of electrical storm.
Reprinted from Muser D, Santangeli P, Liang JJ. Management of ventricular tachycardia storm in patients with structural heart disease, 

World Journal of Cardiology 2017;9(6):521– 530. Copyright ©The Author(s) 2017. Published by Baishideng Publishing Group Inc. All 

rights reserved.
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output augmentation offered by intra- aortic balloon pump 
(in the range of 0.5 L/ min) is likely so minimal as to not 
offer much benefit during ventricular tachycardia ablation. 
However, the choice of other modalities (e.g., Impella cath-
eters that offer between 2.5 L/ min and 5 L/ min flow, ECMO, 
etc.) should be considered in the context of the degree of 
preceding cardiac impairment (e.g., patients with more 
severely diminished LV function and more rapid ventricu-
lar arrhythmias may require more support).

In addition, full cardiac support (i.e., LV plus RV) ver-
sus only LV support should be considered. In patients with 
significant RV dysfunction, LV support may not be suffi-
cient. In these cases, ECMO may prove to be the optimal 
approach, offering the potential for oxygenation as well 
as hemodynamic support. This can be achieved through 
peripheral or central cannulation strategies, with special 
consideration given to the potential for impaired forward 
flow in the ascending aorta to cause sludging and potential 
thrombus formation in the setting of peripheral cannula-
tion. (Figure 40.4)

Patient comorbidities may also influence the selection 
of an MCS strategy. For example, in the setting of severe 
peripheral arterial disease, the majority of percutaneous 
support options may be limited. Nevertheless, it should be 
recognized that axillary access may often permit catheter- 
based approaches, even in the setting of significant femo-
ral disease. The relevance of significant peripheral vascular 
disease lies in the large caliber of cannulae required for most 
hemodynamic support (short of intra- aortic balloon pump, 
which only requires a 7.5– 8 French access). In addition to 
this, the presence of a mechanical aortic valve may preclude 
use of devices such as Impella, which require deployment 
across the valve. During the cardiac ablation procedure, 
intracardiac echocardiography is often used to rule out 
intracardiac thrombus, particularly on cardiac devices such 
as pacemakers or defibrillators, which may preclude trans-
septal access for TandemHeart. Thus, careful consideration 
of comorbidities is critical to the choice of a specific device.

Current Data on Utility of Hemodynamic Support 
during Ablation

While several studies have been published on the utility of 
hemodynamic support during ablation, there is a paucity of 
prospective randomized data. The largest real- world study, 
by Turagam et al. (2017), suggested no effect of hemody-
namic support on clinical outcomes, although patients in 
whom hemodynamic support was needed tended to be 
more ill, with higher expected long- term mortality rates.2 
Table 40.2 summarizes studies to date on the utility of 
hemodynamic support during catheter ablation. In sum-
mary, based on largely retrospective data, there is no sig-
nificant difference in VT outcomes. However, these studies 
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Figure 40.3. A flow diagram for the management of patients 
with electrical storm, highlighting the role for MCS.
From Muser D, Santangeli P, Liang JJ. Management of ventricu-

lar tachycardia storm in patients with structural heart disease, 

World Journal of Cardiology 2017;9(6):521– 530. Copyright ©The 

Author(s) 2017. Published by Baishideng Publishing Group Inc. 

All rights reserved.
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Figure 40.4. VT ablation on percutaneous ECMO. Shown is an intracardiac echocardiography image of a patient on ECMO 
with only femoral venous and arterial cannula. Note that due to lack of a system to offload the ascending aorta, there is 
significant echogenicity during VT consistent with slow flow and sludging.

are limited by small sample sizes in which patients who 
were supported hemodynamically tended to be sicker. In 
general, there was more mapping done during VT, and VTs 
were more often terminated during ablation as opposed 
to being “prematurely” terminated due to hemodynamic 
compromise. Thus, it could be interpreted that while there 
does not appear to be clear benefit in terms of ablation out-
comes, hemodynamic support may still be needed to get 
certain patients through the procedure itself. Lazkani et al. 
(2017) offered evidence to support this point in demon-
strating improved outcomes for patients with preemptive 
use of Impella, as opposed to a bailout after hemodynamic 
compromise.11,12

Use of Hemodynamic Support 
during Surgical Ventricular 
Tachycardia Ablation
Surgical ventricular tachycardia ablation is not as com-
monly used as catheter ablation, but remains a mainstay of 
therapy in a variety of patients, including those in whom 
areas of the heart may be inaccessible (e.g., those with prior 

cardiac surgery needing epicardial access). One common 
hybrid strategy involves surgical ablation as a concomitant 
procedure during LVAD implantation in patients who also 
have frequent or incessant VT.13 While some cases of VT in 
heart failure may be due to the hemodynamic compromise, 
if substrate is present, LVAD may not eliminate future VT. 
Surgical ablation at the time of LVAD implantation may 
be facilitated by intraoperative voltage mapping, preopera-
tive voltage mapping, or preoperative magnetic resonance 
imaging. There are limited data on the benefit of simulta-
neous ablation at the time of LVAD implantation in those 
with known VT, though studies are ongoing.

Rationale for Choice of Specific Support
Table 40.1 again summarizes specific limitations, benefits, 
and contraindications for different types of hemodynamic 
support. The strategy for which (if any) MCS device to use 
will generally be based on the clinical situation and indi-
cation, as discussed previously. Ultimately, a systematic 
approach, based on the patient’s unique comorbidities and 
the support available in the hospital setting in which abla-
tion is being performed, needs to be utilized.
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Table 40.2 •  Clinical Studies on Utility of Hemodynamic Support during VT Ablation

Study Type of Study Device Studied Number of Patients Outcome

Miller, et al. JACC. 20113 Retrospective 22 Impella 2.5 vs. IABP vs 
no support

Mapped during VT longer but no 
difference in hard endpoints 
(mortality, low cerebral 
oxygenation, etc.)

Bunch, et al. Europace. 
20124

Retrospective 31 TandemHeart vs. no 
support

No difference in VT outcomes

Lu, et al. Int J Cardiol. 
20135

Retrospective 16 Impella 2.5 vs. peripheral 
cardiopulmonary 
bypass vs. surgical 
LVAD

No difference in VT outcomes

Miller, et al. Circ 
Arrhythm 
Electrophysiol. 20136

Prospective 20 Impella 2.5 50% procedural success, no 
comparative group

Reddy, et al. Circ 
Arrhythm 
Electrophysiol.7

Prospective multi- center 
registry

66 IABP, Impella 2.5, 
TandemHeart

No difference in outcomes

Aryana, et al. Heart 
Rhythm. 20148

Retrospective 68 Impella 2.5 vs. Impella 
CP vs. no support

No difference in outcomes

Aryana, et al. J 
Cardiovasc 
Electrophysiol. 20179

Retrospective (Medicare) 345 Percutaneous ventricular 
assist device (PVAD) 
vs. IABP

No difference in redo VT 
ablation but lower hospital 
stay, renal failure, mortality 
with PVAD

Kusa, et al. Circ 
Arrhythm 
Electrophysiol. 2017 10

Retrospective 194 PVAD vs. no support No difference in outcomes

Turagam, et al. 
JACC: Clinical EP. 
20172

Retrospective 105 PVAD vs. no support Worse long- term outcomes with 
support but no difference in 
VT

Conclusion
Mechanical circulatory support may play an important 
role in selected patients undergoing ablation for ventric-
ular tachycardia. While there is a paucity of data on the 
benefits of hemodynamic support to optimize procedural 
outcomes, the degree of hemodynamic compromise in 
many patients presenting for VT ablation will likely make 
the use of support devices unavoidable. In these cases, the 
choice of support will be based on comorbidities, the pro-
cedural approach, and other clinical and hospital variables. 
Surgical ablation at the time of LVAD implantation remains 
a poorly described area of interest for future thought and 
study. Ultimately, establishing a systematic approach 
between critical care providers, invasive electrophysiolo-
gists, and cardiac surgeons provides the ideal collaboration 
for managing these complex and challenging cases.
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Introduction

Aortic insufficiency (AI), a complication of plac-
ing left ventricular assist devices (LVAD), is an 
increasingly common impediment in the postop-

erative course of patients on LVAD support. For patients 
on continuous- flow devices, the overall incidence of AI 
ranges between 25% and 37%, and the incidence increases 
by 1% to 6% per month of continued support.1 Left ven-
tricular assist devices alter the aortic valve’s hemodynamic 
environment, decreasing left ventricular end diastolic 
pressure and increasing aortic pressure from blood return 
from the outflow graft. This results in an increased trans-
valvular gradient, the chance that an aortic valve will not 
open with every beat or even remain closed (depending on 
LVAD speed), and the subsequent decline in aortic valve 
pulsatility. Aortic insufficiency reduces end- organ perfu-
sion because a substantial fraction of the circulating blood 
leaving the outflow graft regurgitates into the left ventri-
cle through the incompetent valve and then back into the 
LVAD circuit instead of joining the systemic circulation. 
Because a portion of the LVAD output immediately returns 
to the device, forward cardiac output is limited by this 
circulatory loop (Figure 41.1). Aortic insufficiency slows 
clinical progress and may increase the risk of congestive 
heart failure (CHF) symptoms, arrhythmias, and repeat 
hospital readmissions.2

This chapter reviews the literature on aortic insuffi-
ciency in patients with LVADs, specifically focusing on 
mechanisms of AI. The indications for aortic valve proce-
dures in patients with LVAD at the time of implantation 
are discussed, as are the management strategies for treating 
postoperative de novo AI.

Mechanisms of Aortic Insufficiency 
after Device Placement
Several factors may influence the development of de novo 
postoperative AI in patients with LVADs. These factors 
include a closed aortic valve, persistently elevated aor-
tic root pressure, and dilation of the aortic root.3 Aortic 
insufficiency was originally noted with the pulsatile- flow 
(PF) devices, but it is more rapidly progressive and com-
mon in the continuous- flow (CF)- LVADs. In a study of AI 
in patients receiving a PF HeartMate XVE (HMI) LVAD 
(Thoratec, Pleasanton, CA) or a CF HeartMate II (HMII) 
device, AI developed earlier and more commonly in 
patients with the CF HMII device. An enlarged aortic root 
was also associated with CF- LVAD. Specifically, patients 
with AI had larger aortic root diameters, both at baseline 
and at follow- up, than those in patients without AI. In 
addition, AI occurred more often in patients in whom the 
aortic valve did not open during LVAD support.4

Several other studies mirror these findings. For instance, 
Imamura and colleagues concluded that patients with 
CF devices were more susceptible to AI and less likely to 
undergo LV reverse remodeling than were patients with PF 
devices. In this study, patients with CF or PF devices were 
background- matched and followed for 6 months. Patients 
with CF devices had lower pulse pressures, larger diameters 
of the aortic root, and more often experienced AI than did 
patients with PF devices. The authors suggest that aortic 
root dilation may be a consequence, rather than a cause, of 
AI and is the result of the altered fluid dynamics and shear 
forces seen in CF devices, particularly in patients with 
closed aortic valves.5 Another study found that the proxi-
mal thoracic aorta dimensions (aortic root and ascending 
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aorta diameter) increased modestly after HMII placement 
and were particularly pronounced in patients with preop-
erative aortic root dilation. The changes occurred predomi-
nantly in the first 6 months after implantation but became 
more stable at 12 months and at longer- term follow- up.6

Valve opening status is also associated with the develop-
ment of AI; it is well established that patients with closed 
aortic valves are more likely to experience AI. Several stud-
ies have found that AI progressed faster in patients with 
aortic valves that did not open regularly while on device 
support than it did in patients with aortic valves that 
opened on every beat. Cowger and colleagues hypothesize 
that this faster progression occurs through two mecha-
nisms. Patients without aortic valve opening on LVAD sup-
port are generally unable to generate the left ventricular 
systolic pressures required to open the aortic valve. The 
root of the aortic valve is thereby subjected to continuous 
high pressures, and large volumes of retrograde blood from 
the outflow cannula contact the valve surface. The diam-
eter of the outflow graft is smaller than that of the ascend-
ing aorta, and supraphysiologic velocities in the ascending 
aorta are required to maintain adequate flow. These veloci-
ties lead to high luminal pressure on the aortic valve and 
to the subsequent development of myxomatous granulation 
tissue on the root aspect of the coronary cusps. The leaf-
lets may then fuse, further reducing the capability for aor-
tic valve opening. Valve thickening also occurs in patients 
with little or intermittent opening of the aortic valve, with 

the associated leaflet pliability and increased degeneration. 
Valves that remain closed likely fuse and degenerate from 
disuse.7

Pathologic analyses support the preceding findings. 
Research suggests that the altered mechanical stimulation 
of aortic valves in patients with LVADs affects the valve’s 
cells, the matrix composition the cells produce, and ulti-
mately, the valve’s material properties. Several studies have 
shown that the abundance of proteins related to actin and 
myosin increases, especially smooth muscle alpha- actin, 
suggesting that the valves are stressed. One recent study 
found that aortic valves in patients with LVADs were stiffer 
and had more cell activation, immune and oxidative stress, 
and tumor growth factor beta (TGF- β)- related proteins. 
The authors conclude that aortic valves in these patients 
respond to altered hemodynamics with increases in signal-
ing pathways related to injury and valve cell activation, 
ultimately leading to valve stiffening, further contributing 
to AI.8 Histologic assessment of the aortic wall also suggests 
that elastic fibers are depleted, elastic fiber fragmentation 
is increased, and smooth muscle cells in the medial layer 
begin to degenerate.9

Several other factors associated with post- LVAD implan-
tation AI have been investigated. Older age at time of 
implantation and longer duration of support are established 
risk factors for AI. Other factors, such as hypertension, 
female sex, older age, and smaller body surface area, have 
also been proposed as risk factors.7,10 Still, the link between 
these factors and AI in CF- LVAD patients is uncertain, with 
some studies showing associations and others not. Most 
recent studies looking at longer- term LVAD outcomes do not 
suggest an association between higher mean arterial pres-
sures and an increased risk of developing AI. The results are 
similarly conflicting for sex and body surface area.11 Older 
age and its associated structural deficiency of the aortic 
tissue may make patients more susceptible to the unique 
circulatory pattern in the aortic root seen in patients with 
CF- LVADs.

Thus, the progression of AI after LVAD implantation is 
multifactorial and includes changes in aortic blood flow 
dynamics after LVAD support, changes in the aortic wall 
caused by sheer stress and high diastolic luminal pressures, 
and aortic valves that remain closed. Fluid dynamics, his-
tology, and aortic valve and aortic geometry are all critical 
factors in the development of AI. Aortic insufficiency com-
promises device flow, reduces device output, and can cause 
end- organ malperfusion.

Clinical Impact of Aortic Insufficiency 
after Device Removal
The clinical importance of post- LVAD AI is still being 
investigated. Most studies of AI in patients with CF- LVAD 

Figure 41.1. Mechanisms of aortic insufficiency in patients 
on continuous- flow, left- ventricular assist devices.
AI = aortic insufficiency; AV = aortic valve; CF- LVAD = continuous- 

flow, left- ventricular assist device; PG = pressure gradient.

Reprinted from Fang, J et  al., Dealing with unintended conse-

quences continuous- flow lvads and aortic insufficiency, JACC 

Cardiovascular Imaging 2016;9:652– 654, Copyright (2016), with 

permission from Elsevier.
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are short-  to medium- term, and many are in a bridge- to- 
transplantation cohort with short median durations of 
LVAD support, in many cases less than 1 year. One longer- 
term study of late outcomes in patients with an HMII 
device found that AI did not appear to affect long- term 
mortality. In this single- institution study, survival among 
recipients of CF- LVAD devices who experienced marked 
AI and those who did not differed at 1, 3, and 5 years after 
implantation.12 Several smaller studies with mid- term 
follow- up have had similar results. However, conflicting 
reports come from Japan, where the average LVAD support 
period before transplantation exceeds 2 years because of a 
severe donor shortage. In patients with a median support 
duration of 773 days, survival was significantly worse in 
patients who experienced de novo AI within 1 year after 
LVAD implantation than it was in similar patients without 
AI. Most patients with de novo AI who died after 2 years of 
LVAD support died of congestive heart failure.13

The degree of AI that develops postoperatively seems 
to correlate with certain symptoms. For instance, in one 
study, all LVAD patients with severe postoperative AI expe-
rienced clinical symptoms of heart failure and underwent 
re- operation for aortic valve interventions with subsequent 
complete resolution of AI and other symptoms.2 In another 
study, nearly 40% of patients with at least moderate AI 
experienced heart failure symptoms, all requiring inter-
ventions.14 At the very least, patients with AI after LVAD 
implantation may be subject to more frequent testing, 
monitoring, and imaging compared to those LVAD patients 
without AI because clinicians may feel compelled to fol-
low these patients more closely. This additional attention 
increases the burden to patients already coming to the clinic 
for cardiology follow- up appointments.

Although a link to shorter long- term mortality may not 
be clear, several studies suggest that higher readmission 
rates and more heart failure symptoms occur in patients 
with de novo AI after LVAD implantation, so it is important 
to study and address this pathology.

Indications and Surgical Techniques 
for Aortic Valve Procedures at Time 
of Device Implantation
The optimal method to manage AI after LVAD placement 
remains controversial. The options include no operative 
intervention and then postoperative medical management 
with diuretics and afterload reduction, suture repair of the 
valve, complete closure or central closure of the native 
valve, replacement with a biological valve, patch closure of 
the left ventricular outflow tract, and postoperative closure 
or replacement with a percutaneous device. Even in patients 
with mild AI, the concern is that AI will progress after LVAD 
placement. Thus, for patients with mild and greater degrees 
of AI at the time of LVAD placement, as determined from 

intraoperative transthoracic echocardiography, we perform 
an aortic valve procedure. Patients with large body surface 
area– indexed aortic roots and with mild or greater AI were at 
greatest risk for postoperative development of marked AI. In 
our opinion, these patients are the best candidates for aortic 
valve procedures.3 Furthermore, our practice has a high pro-
portion (almost 80%) of bridge- to- transplant patients among 
LVAD recipients. Long wait- list times and the associated pro-
longed device support have made us more aggressive about 
treating AI when placing LVADs. Patients with destination 
therapy LVADs will also typically be on prolonged support, 
further motivating us to be aggressive about addressing AI at 
the time of LVAD placement.

Aortic valve procedures are generally the only instance 
when we will cross- clamp and arrest the heart during LVAD 
placement because all other valve procedures, including 
mitral valve replacements, can be done on beating- heart 
bypass, if the left ventricle is vented or open through the 
apex. In general, we are able to perform the aortic valve pro-
cedures through the same longitudinal incision in the aorta 
that will be incorporated into the outflow graft anastomosis.

Central aortic valve closure (CAVC), otherwise known as 
Park’s stitch, is our technique of choice. This technique is a 
simple, efficient, and durable treatment for AI during LVAD 
placement, with follow- up that extends to 2  years after 
device implantation.3 The valve may be closed with a 4- 0 or 
5- 0 polypropylene monofilament suture to centrally coapt 
the three aortic leaflets together, at the level of the nodules 
of Arantius, with a small felt pledget in each cusp (Figure 
41.2).15 This technique eliminates central regurgitation while 
allowing valve opening through the lateral aspects of the 
leaflets; thus, it is not a true aortic valve closure, but rather a 
modified repair. In mid- term outcomes among patients with 
CF- LVADs who have undergone Park’s stitch, AI resolved, 
recurrent rates of AI were low, and mortality did not differ 
significantly from that in patients who did not have cross- 
clamp and aortic valve repair at the time of LVAD place-
ment. Specifically, these patients had a 57% decrease in the 
odds of marked, post- implant AI progression after adjusting 
for time and degree of preexisting AI. This decreased rate 
of postoperative AI may correlate with decreased hospital 
readmissions for heart failure symptoms, arrhythmias, or 
generalized monitoring and surveillance.16 In some cases, 
CAVC may result in persistent AI during weaning from CPB, 
which could result in hemodynamically important progres-
sion over time. For this reason, many surgeons advocate a 
running 4- 0 or 5- 0 Prolene suture to close the leaflets of the 
valve, either with or without a felt buttress.

Additional options in patients with AI include other 
methods of valve repair or valve replacement. For patients 
with AI from a prolapsed leaflet, one option is to suture the 
prolapsed leaflet to an adjacent leaflet, thereby creating a 
functionally bicuspid aortic valve. Valve replacement is yet 
another option for managing AI at the time of LVAD place-
ment, but this combination is associated with higher rates 
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of thrombus and subsequent embolism.17 Yet, certain valvu-
lar characteristics, such as heavily calcified leaflets, might 
preclude closure or repair techniques, necessitating aortic 
valve replacement (AVR). Mechanical valves are not indi-
cated in patients with LVADs because of the increased risk 
of thromboembolism. Blood stasis in and around the pros-
thetic valve results in thrombus formation with the subse-
quent potential for embolization. Blood stasis occurs more 
often in mechanical valves, but it can also occur in biologic 
valves because they may remain closed after implantation. 
Thus, our procedure of choice is a CAVC, followed by valve 
repair, but in the rare case in which the valve cannot be 
salvaged, we would place a bioprosthetic valve, keeping 
in mind that these valves are associated with a small but 
real risk of thrombosis and embolism. Additionally, valve 
replacement is time- consuming, and minimizing cross- 
clamp time is important in these patients.

Closing the left ventricular outflow tract is another 
option, but if the pump stops, there is no option to perform 
CPR. In this technique, a circular patch of either Dacron 
(C.R. Bard, Haverhill, PA) or bovine pericardium is sewn cir-
cumferentially to the perimeter of the aorta.18 Postoperative 
data analyzing various techniques of aortic valve interven-
tions at the time of LVAD placement shows that closing the 
aortic valve is associated with the highest risk of mortality.17 
We do not close the left ventricular outflow tract, but the 
technique may be useful in patients with existing mechani-
cal aortic valves requiring LVAD placement. The mechani-
cal aortic prosthesis would be removed at the time of LVAD 
placement, and the defect in the root would be managed 
with a patch (Figure 41.3).

Managing Postoperative de novo 
Aortic Insufficiency
Echocardiographic evidence of AI does not always indicate 
clinically important AI, and the clinical importance of AI 
in patients with CF- LVADs is not clear. Patients with post- 
LVAD AI require more frequent echocardiographic sur-
veillance and follow- up, but no studies have yet found an 
increase in mortality from AI progression. In our patients, 
the surgical reintervention rate was 3.2%, which is consis-
tent with the 2.5%– 3.5% range reported by other studies.16

Patients with clinically important de novo AI after LVAD 
implantation can undergo ramp studies to increase LVAD 
flow in an attempt to overcome AI. Echocardiographic 
ramp studies are used to assess ventricular loading condi-
tions, AI, and mitral regurgitation over a variety of speeds, 
and can be used to optimize the setting of the pump speed 
that provides the best ventricular unloading and cardiac 
output. However, these tests must be interpreted with cau-
tion, and the speed of the LVAD must be adjusted thought-
fully. A  recent study found that patients with CF- LVADs 
and AI have higher pulmonary capillary wedge pressures 
and lower cardiac indices. Speed increases required to nor-
malize these characteristics sometimes worsen AI, further 
reducing the unloading capacity of the LVAD. This reduc-
tion can translate to upstream effects, including higher 
wedge pressures, worsening pulmonary hypertension, and 
higher afterload for the right ventricle. If clinically impor-
tant AI cannot be reduced with LVAD optimization or if it 
increases the work of the right ventricle, then surgical or 
percutaneous interventions may be required.19

Figure 41.2. A central aortic valve closure (Park’s stitch). The valve may be closed with a 4- 0 or 5- 0 polypropylene mono-
filament suture to centrally coapt the three aortic leaflets together, at the level of the nodules of Arantius, with a small felt 
pledget in each cusp.
Reprinted from McKellar SH et  al, Durability of central aortic valve closure in patients with continuous flow left ventricular assist 

devices, Journal of Thoracic and Cardiovascular Surgery 2014;147:344– 348, Copyright (2014), with permission from Elsevier.
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Clinically important de novo AI developing after 
LVAD placement can be treated with CAVC, although re- 
operation is not insignificant in these patients, especially 
considering that they may again require chest re- entry for 
transplantation or device exchange. Many of these patients 
have already had multiple sternotomies, in which hostile 
chests and other comorbidities increase the risk for repeat 
surgery. Repeat sternotomy after LVAD implantation is a 
major intervention, with risks of right- ventricular damage 
or postoperative failure, hemorrhage, inadvertent damage 
to the outflow graft, and other surgical trauma. The obliga-
tory heparinization for cardiopulmonary bypass and cross- 
clamp time required to surgically repair an aortic valve may 
both lead to higher overall blood loss and longer recovery 
times than do other non- surgical options. Yet, in at least one 
single- institution retrospective study, patients with severe 
AI who underwent surgical correction had better long- term 
survival than did patients with uncorrected AI.20

Newer percutaneous options, including transcatheter 
valve closure and valve replacement, have emerged as 
potential alternatives to surgery. In one retrospective study, 
10 patients underwent transcatheter aortic valve closure 
with an Amplatzer Multi- Fenestrated “Cribiform” Septal 
Occluder device (St. Jude Medical, St. Paul, MD) to treat 
LVAD- associated severe de novo AI. Device size was cus-
tomized based on annulus size. The mortality rate was 
high, with only 3 patients surviving to hospital discharge.21 
Perhaps this finding is unsurprising, given other studies 

reporting that patients undergoing open surgical closure of 
the aortic valve have a higher risk of postoperative death 
that than of patients undergoing other aortic valve surgeries.

Transcatheter valve replacements are yet another 
option for CF- LVAD patients with de novo postoperative 
AI. The Edwards Sapien valve, the Medtronic CoreValve, 
and the Medtronic Melody valves have all been placed in 
patients with CF- LVAD and have successfully treated AI. 
Complications include device migration and perivalvular 
leakage. Mid- term follow- up revealed that survival was bet-
ter in patients undergoing transcatheter valve replacement 
than transcatheter valve closure. These studies and out-
comes data are from small and heterogenous samples, and 
more data and analysis are required before any conclusions 
may be reached about this novel approach.22– 24

Future Perspectives
Although much is known about AI and its effects on 
patients with LVADs, several areas of study require 
investigation. We still cannot predict which patients 
will experience AI after LVAD implantation or its sever-
ity. Additionally, several studies suggest that the optimal 
management strategy at the time of LVAD implantation is 
to perform a CAVC in patients with mild or greater AI at 
the time of implantation, particularly in patients in whom 
long- term LVAD support is expected. Finally, further 

Management of
Aortic Insufficiency

Pre CF-LVAD lmplantation:
Does the patient currently have AI?

Mild AI
Consider repair if DT or

HTX not expected
within 12 months

Greater than Mild AI
Repair or replace AV

Symptomatic AI
Increase speed

irrespective of AI
severity

No lmprovement
Perform hemodynamic

studies and consider
repairing, replacement,

or closing of AV.

lmprovement
Monitor

patient’s AI
status closely  for
HF development

Asymptomatic AI
Optimize speed to

maintain intermittent
AV opening and

monitor patient's AI
status

Post CF-LVAD lmplantation:
Optimize speed to eliminate more than

mild MR and position septum at
midline. If both achieved, reduce speed

to allow intermittent AV opening.

Figure 41.3. A treatment algorithm for managing aortic insufficiency before or after placement of a left- ventricular assist 
device.
Reprinted from Fukuhara S et al., Concomitant aortic valve repair with continuous- flow left ventricular assist devices: results and impli-

cations, Journal of Thoracic and Cardiovascular Surgery 2016;151:201– 209, 210.e1– 2, Copyright (2016), with permission from Elsevier.
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analysis of transcatheter management of post- LVAD AI is 
a potentially fruitful topic. If the outcomes of percutane-
ous procedures are as good as or superior to open repair, 
then these procedures have the potential to spare LVAD 
patients with de novo AI a re- operative sternotomy and its 
attendant morbidity.

Conclusion
We believe that mild and greater AI at the time of LVAD 
implantation is an indication for intervention. Longer 
device support times increase the risk of consequences of 
untreated AI, including heart failure symptoms, arrhyth-
mias, and repeat hospital admissions. Moreover, repeat 
sternotomies in these patients are undesirable. Our pro-
cedure of choice is central aortic valve closure at the time 
of LVAD placement. This procedure is elegantly designed, 
easy to reproduce, and quick to perform. The causes 
of de novo postoperative AI are multifactorial but are 
well described and include changes in aortic blood flow 
dynamics after LVAD support, changes in the aortic wall 
from sheer stress and high diastolic luminal pressures, and 
aortic valves that remain continuously closed.

Echocardiographically important AI does not always 
correlate with clinically meaningful AI. Any intervention, 
be it surgical, percutaneous, or adjusting LVAD speed, 
must be thoughtfully performed, and patients must be 
closely monitored after treatment. In the future, de novo 
AI may be treated with catheters, although current studies 
are small and at the case report level. We look forward to 
learning the impact of the newest continuous- flow devices, 
such as the HeartMate 3 (HM3), with its intermittent pulse 
generation, on the development of LVAD- associated AI. 
We hypothesize that patients with this type of device may 
be slightly less susceptible to de novo AI because the inter-
mittent pulse generated by the device is designed to open 
the aortic valve and re- establish a small but important 
degree of pulsatility for these patients.
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Introduction

Continuous- flow left ventricular assist devices 
(LVADs) offer therapy for patients with advanced 
heart failure to improve quality of life and sur-

vival, either as destination therapy (DT) or bridge to trans-
plantation (BTT).1,2 With improvements in pump- patient 
compatibility, 2- year survival of the most contemporary 
LVADs now rivals heart transplantation.3 Patients with 
an LVAD need to be optimized medically with guideline- 
directed medical therapy and by adjusting device set-
tings. Furthermore, the International Society of Heart and 
Lung Transplantation recommends that LVAD optimiza-
tion should be achieved by speed adjustment aimed at 
left ventricular unloading, while maintaining a midline 
intraventricular septum. Additionally, speeds should be 
adjusted to minimize mitral valve regurgitation (MR) to 
ensure intermittent aortic valve (AV) opening.4 The use 
of echocardiography and invasive hemodynamics are 
essential clinical tools to improve the hemodynamic pro-
file of a patient with an LVAD. This review will cover the 
following topics:  (1) LVAD flow- pressure relationship; 
(2) echocardiographic and invasive hemodynamic LVAD 
optimization; and (3) intracardiac pacing in LVADs.

Hemodynamics of LVADS
LVADs may be classified as either axial pumps such as 
the HeartMate II (Abbott, Abbott Park, IL) and Jarvik 2000 
(Jarvik Heart, New York, NY) or centrifugal pumps, which 
consist of the HVAD (Medtronic, Minneapolis, MN) and 
HeartMate 3 (Abbott, Abbott Park, IL). The best way to 
understand the relationship between the cardiovascu-
lar system and LVADs is by using pressure- volume loops 
(PVLs). Under normal physiologic conditions, the PVL is 

characterized by a trapezoidal shape with a rounded top. 
Following LVAD implantation, the continuous- flow LVAD 
loses both isovolumic contraction and relaxation, trans-
forming the PVL from a trapezoidal shape to a triangular 
shape5 (Figure 42.1). Increasing LVAD speed increases LV 
unloading by increasing the flow through the pump and 
progressively shifting the PVL to the left. Higher LVAD 
flows correlates with decreasing peak LV pressure genera-
tion and higher systemic arterial pressures, a phenomenal 
known as decoupling between LV and aortic pressures. 
Additionally, lowering ventricular end- diastolic pressure 
with increased unloading results in a shift in myocardial 
energetics to a state of minimized demand and maximized 
supply.6,7

An HQ curve is the relationships of blood flow 
(Q) through a LVAD and pressure differential (H) between 
the inflow and outflow cannulas (pump pressure; Figure 
42.2), and reflects the unique engineering characteristics 
of the pump and physiologic response to speed changes. 
As such, the HQ curve appearance in axial and centrifugal 
pump differs and should be taken into account while set-
ting the device’s speed. At a defined pump speed, pump 
flow decreases as the pressure gradient across the inflow 
and outflow cannula increases. The converse is true for a 
static pressure gradient, where pump flow increases as the 
pump speed increases. However, the underlying contrac-
tile reserve of the LV, which can vary drastically between 
patients, will have a meaningful impact on the pressure 
differential during systole and diastole, further impact-
ing the degree of flow changes in response pump speed 
changes. Centrifugal LVADs (HVAD and HeartMate 3) are 
sensitive to changes in pressure differential and can expe-
rience wide ranges of flows for a very small change in pres-
sure gradients (A in Figure 42.2).8,9 Applying this principle 
clinically, the flat HQ curve translates to little change in 
the pressure differential in response to low flows, which 
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can occur commonly in hypovolemia or even right heart 
failure. Static pressure differentials translate to less sus-
ceptibility to increased suction during low flow condi-
tions. Conversely, uncontrolled hypertension markedly 
increases the LV ventricular- aortic pressure gradient and 

may cause trough flows to nadir at 0 L/ min. Axial flow 
pumps (HeartMate II) have much steeper HQ curves where 
there is linear inverse relationship in flow with pump 
pressure differential (B in Figure 42.2). Narrow pressure 
differentials will produce less flow pulsatility (3– 7 L/ min 
for example) compared to centrifugal pump designs. The 
steep HQ curves in axial flow LVAD translate to greater 
pressure differential in the setting of low flows, which 
may trigger suction events within the LV cavity. Intrinsic 
myocardial contractility, distinct properties of pump engi-
neering demonstrated in HQ curves, along with dynamic 
changes in ventricular and aortic loading conditions, 
govern the complex pump- patient interactions seen in 
modern- day durable mechanical support.

LVAD Speed Optimization
A unique pump- patient interaction is present for all sub-
types of patients who receive durable mechanical circula-
tory support. This is due to the several contributing factors 
which ultimately affect LVAD performance. Device speed 
adjustment is a common means to achieve medical opti-
mization for patients with LVADs. It is important to con-
sider the other factors which contribute to optimization as 
governed by the pump- patient interaction, which include 
patient body size, gender, dynamic loading conditions, 
neurohormonal blockade, and presence of RV failure. As 
these factors may only be altered to a finite extent, informed 
device speed optimization becomes a critical aspect of rou-
tine LVAD management. Guidelines suggest that the clini-
cian select a speed where the LV is adequately unloaded, 
with a midline intraventricular septum, minimal MR, and 
intermittent AV opening.10 We will review modes of LVAD 
speed optimization through both echocardiographic and 
invasive hemodynamics.

Figure  42.1. Flow- dependent changes of the pressure 
volume loop with leftward shift representing greater LV 
unloading.
ESV= end- systolic volume; EDV= end- diastolic volume.

Reprinted from Narang N et  al., Hemodynamic pump- patient 

interactions and left ventricular assist device imaging, The 

Cardiology Clinics of North America 2018;36:561– 569, Copyright 

(2018), with permission from Elsevier.

rpm
rpm(A) (B)

Figure 42.2. Flow (Q) compared to pressure differentials (H) between inflow cannula and outflow graft at various pump 
speeds for (A) centrifugal pump and (B) axial flow pump.
Reprinted from Narang N et al., Hemodynamic pump- patient interactions and left ventricular assist device imaging, The Cardiology 

Clinics of North America 2018;36:561– 569, Copyright (2018), with permission from Elsevier.
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Two-  and Three- Dimensional 
Echocardiographic Optimization
Echocardiography is an essential tool in choosing an 
LVAD speed for stable patients, but can be also employed 
when device- related complications are suspected. Our 
group was the first to describe a formalized protocol for 
LVAD speed testing for the purpose of speed optimiza-
tion and diagnosing device thrombosis.4 Stepwise LVAD 
speed titration under echocardiographic guidance or 
ramp study may be performed once appropriate antico-
agulation is confirmed with INR (international normal-
ized ratio) >1.8 or partial thromboplastin time (PTT) >60 
seconds. Opening arterial pressure by Doppler should be 
>65 mmHg at baseline to proceed. The parasternal long- 
axis view is first acquired to assess left ventricular end- 
diastolic dimension (LVEDD), left ventricular end- systolic 
dimension (LVESD), frequency of AV opening (defined as 
number over 10 beats), degree or aortic insufficiency (AI), 
MR and heart rate. LVAD parameters including power, 
pulsatility index (PI), and flow are recorded at each stage. 
For the HeartMate II devices, the device speed is low-
ered to 8,000 rpm and 2,300 rpm for the HVAD devices. 
After 2 minutes of washout time, LVEDD, LVESD, degree 
of MR, AI, assessment of AV opening, Doppler blood 
pressure (BP) and heart rate, LVAD power, PI, and flow 
are all recorded during each stage. Stepwise increase in 
speed at intervals of 400 rpm for HeartMate II and 100 
rpm for HVAD are then made. For the HeartMate 3, the 
lower speed limit is set to 4,600 rpm and is increased in 
100- rpm increments up to 6,200 rpm.11 The protocol is 
complete once the upper limit speed is reached, LVEDD 
reaches <3.0  cm, or either suction events or ventricular 
ectopic beats occur. Development of premature ventricu-
lar contractions, which may indicate contact of the inflow 
cannula with the septum, should be noted and is consid-
ered an indication to no longer increase speed. The com-
prehensive ramp study will best inform the clinician to 
choose a device speed that will achieve the goals of device 
optimization as detailed by echocardiographic criteria.

HVAD and HeartMate II devices may be susceptible to 
pump thrombosis, and in unclear clinical scenarios, ramp 
testing can be utilized for device malfunction assessment. 
Patients with obstruction to flow had minimal change in 
their LVEDD size in response to speed change leading to an 
attenuated LVEDD slope when calculated by a linear equa-
tion (device speed on x- axis vs. LVEDD on y- axis).12 Data 
from our group showed an LVEDD slope of >– 0.16 was sug-
gestive of device thrombosis when performing echocardio-
graphic ramp testing. However, performing a ramp test in 
patients with HVADs was not associated with linear LVEDD 
reduction in response to speed changes, as seen with the 
HeartMate II pumps.13,14 Despite this, the clinician should 
suspect device thrombosis if other markers are present 

(elevated plasma lactate dehydrogenase and plasma free 
hemoglobin) and the pump is unable to decompress the LV 
cavity with significant increases in device speed. In regard 
to HeartMate 3 devices, the low rate of device thrombosis3 
associated with this device make the ramp test irrelevant for 
this indication.

Recently, our group investigated ventricular structural 
changes in a patient for whom invasive hemodynamic 
ramp (simultaneous right heart catheterization with echo-
cardiography) studies were conducted, during which 3D 
transesophageal echocardiogram (TTE) imaging process-
ing was performed, to better understand the influence of 
device speed changes and global LV and RV geometry.15 
End- diastolic and systolic volumes using 3D TTE were 
calculated at each stage during prespecified ramp pro-
tocol; 3D endocardial surface analysis was performed to 
assess for LV conicity and sphericity. Prior studies have 
detailed how adverse myocardial remodeling leads to a 
spherical LV due to chronic volume overload in patients 
with severe mitral regurgitation from MV prolapse, with 
postsurgical improvements represented by change to more 
normal, conical shape.16 To understand better the RV, 3D 
TTE RV shape analysis was performed. For the HeartMate 
II cohort, LV volumes decreased by 127 ± 78 mL (p <0.01), 
becoming more conical with increasing speeds. RV vol-
umes only increased significantly at highest speeds, with 
RV septal shape on average also becoming more convex 
(bulging into the LV) at the highest speed when compared 
to the lowest speed setting. LV volumes in the HVAD 
cohort similarly decreased when comparing the lowest 
and highest speeds (51 ± 38 mL, p <0.01); however, the 
changes in shape were more global than the longitudinal 
changes seen with HeartMate II. Schematics depicting 3D 
ventricular geometry in respect to pump type (HeartMate 
II and HVAD) are shown in Figure 42.3. In the Heartmate 
3, the LV volume changes were in between HeartMate II 
and HVAD, with global reduction in volumes (94 ± 19 mL, 
p <0.01) in a semi-  longitudinal fashion11 (Figure 42.4). 
There was a non- statistically significant increase in RV 
volumes in response to the increase in speed in the HVAD 
cohort. The differential changes in 3D TTE ventricular 
shape in HVAD and HeartMate II pumps may be attributed 
to device position. The HeartMate II device is located in 
the subdiaphragmatic space, resulting in inferior displace-
ment of the LV apex, whereas the intrathoracic placed 
HVAD resides within the LV apex and consequently has 
less apical deformation. These advanced imaging modali-
ties allow us to better understand speed optimization 
than conventional 2D methods. Three- dimensional TTE 
image processing is especially useful in better quantify-
ing a structural “cross point,” where the LV is adequately 
unloaded and made more conical without the compro-
mise of increasing RV volume and convexity or bulging 
into the LV cavity.
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Invasive Hemodynamic Optimization
Medical optimization of the patient with an LVAD is now 
able to go beyond echocardiography alone with the com-
bination of invasive hemodynamics to better improve a 
patient’s hemodynamic profile. Our original study of non- 
invasive ramp testing was followed with a second analysis 

of LVAD speed adjustment combined with invasive hemo-
dynamics obtained during a right heart catheterization 
(RHC).17

The protocol was similar to echocardiographic testing 
alone, except the entire study takes place in a cardiac cath-
eterization laboratory. After securement of a Swan- Ganz 
catheter in the internal jugular vein, baseline central venous 
pressure (CVP) pressure, pulmonary artery pressure (PAP), 
pulmonary capillary wedge pressure (PCWP), Fick cardiac 
output (CO), and index (CI) are measured. The same steps 
for speed up- titration are made as previously described, 
with 2- minute washout periods following speed changes, 
and the same pump parameters and echocardiographic vari-
ables collected as previously described. At the conclusion 
of the assessment, the clinician chooses the speed which 
best achieves hemodynamic optimization, defined as a 
PCWP <18 mmHg and CVP <12 mmHg, with the secondary 
goals of intermittent AV opening and minimal MR.

In ambulatory outpatients with both HVAD and 
HeartMate II LVADs, baseline hemodynamics surprisingly 
revealed that only 43% of LVAD patients had a CVP and 
PCWP within the specified normal range.17 Following 
hemodynamic ramp tests, 56% of patients achieved nor-
malization of both CVP and PCWP. The hemodynamic pro-
files of the overall cohort represented by CVP and PCWP are 
best characterized in Figure 42.5. The dashed line in base-
line panel in Figure 42.5 equates to a CVP to PCWP ratio 
of 0.63, with ratios greater than this cut point suggestive of 
right heart failure.18 No significant differences in baseline 

(B)

(A)
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rpm
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Figure 42.3. Three- dimensional (3D) endocardial surfaces of the LV (orange) and RV (red) were obtained at the lowest (gray 
outline) and rpm for both the axial flow pump (A) and centrifugal flow pump (B).
Reprinted from Addetia K et al., 3D morphological changes in LV and RV during LVAD ramp studies, JACC Cardiovascular Imaging 

2018;11:159– 169, Copyright (2018), with permission from Elsevier.

rpm

rpm

Figure  42.4. Three- dimensional endocardial surfaces of 
the left (LV) and right (RV) ventricles obtained at the lowest 
(gray outline) and highest rpm.
Reprinted from Uriel N et  al., Echocardiographic changes in 

patients implanted with a fully magnetically levitated left ven-

tricular assist device (HeartMate 3), Journal of Cardiac Failure 

2019;25:36– 43, Copyright (2019), with permission from Elsevier.
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hemodynamics were found between pump type; reduction 
in PCWP was determined to be speed and flow dependent, 
and not affected by pump type.

A similar hemodynamic ramp protocol was tested by our 
group in a contemporary HeartMate 3 cohort.19 Consistent 
with our prior findings, speed optimization was able to nor-
malize CVP and PCWP in 50% of patients with abnormal 
hemodynamics at baseline.

The benefits of combined echocardiographic and hemo-
dynamic speed optimization are inherent in LVAD patients 
given the high prevalence of abnormal hemodynamics 
encountered at baseline, often going unnoticed and chal-
lenging to clinically assess by exam alone. Outcomes data 
regarding this practice have been unknown until recently. 
Observational data consisting of 88 patients (both HeartMate 
II and HVAD) showed a significantly higher hospital 
admission- free survival rate in the optimized group, defined 
by speed changes post- ramp, compared to the non- optimized 
group at one- year post- ramp (HR 0.47, 95% CI 0.28– 0.71, 

P = 0.005, Figure 42.6A).20 Half the cohort had at baseline 
optimized hemodynamics which improved to a rate of 61% 
post- ramp study (CVP <12 mmHg, PCWP <18 mmHg, and 
CI > 2.2 L/  min/ m2). A  significant proportion of patients 
were not able to achieve hemodynamic optimization due to 
persistently elevated CVP despite speed changes, implying 
some degree of late RV failure. In addition to the associa-
tion of reduced heart failure (HF)- related admissions with 
optimized hemodynamics through ramp studies, a further 
positive downstream effect may occur in the reduction of 
pump- related hemocompatibility- related adverse events 
(HRAEs). HRAEs are defined as non- surgical bleeding and 
thrombosis through the interaction between the artificial 
pump interface and blood, collectively increasing the risk 
of pump- related morbidity and mortality.21 Events are tiered 
in order of severity, with non- surgical gastrointestinal bleed-
ing episodes classified as mild events (Tier I), in contrast to 
disabling stroke, which is considered a severe event and 
classified as a Tier IIIb event.22 Data from our LVAD ramp 

Figure 42.5. Plot of individual patients’ CVP versus PCWP at baseline, highest LVAD speed and final measurement; five 
zones are described, including normal, left heart failure (LHF), fluid overload, right heart failure (RHF), and hypovolemia 
(Hypo).
Reprinted from Uriel N et al., Hemodynamic ramp tests in patients with left ventricular assist devices, JACC Heart Failure 2016;4:208– 

217, Copyright (2016), with permission from Elsevier.
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registry revealed a significantly higher rate of survival from 
HRAEs at 1- year following ramp study in optimized patients 
compared to non- optimized patients (Figure 42.6B).23 Non- 
optimized hemodynamics were an independent risk factor 
for HRAEs after multivariate modeling, with the most com-
mon reason for inability to achieve optimization being per-
sistently high CVP. RV failure, which usually accompanies 
an elevated CVP in the setting of normal PCWP, may result in 
reduced LVAD filling, lower LVAD flows, and greater degree 
of pump stasis and subsequent increased risk for inflow can-
nula thrombus formation and systemic thrombosis. Right 
ventricular failure is associated with hepatic congestion, 
progressive coagulopathy, and lower arterial pulsatility, 
which may contribute to adverse alterations in angiogenesis 
and subsequently increased risk for bleeding episodes.24,25 
The cause of HRAEs may be multifactorial, though a con-
tribution from non- optimized hemodynamics is likely. This 
strengthens the evidence to consider hemodynamic optimi-
zation studies as a quality measure in LVAD management to 
reduce post- implant complications.

The benefit of ramp studies in observational analy-
ses was applied to a multicenter, prospective randomized 
pilot study (RAMP- IT- UP) recently published.26 Forty- four 
patients with HVADs were included and randomized 1 to 
3 months post- implant to either hemodynamic ramp or stan-
dard care alone. At 6 months post- randomization, patients 
in the hemodynamic ramp arm had double the number of 
LVAD speed changes, and twofold greater changes in heart 

failure medications. Though not powered for clinical end-
points, a trend toward lower HF- related- admissions and 
HRAEs was observed (Figure 42.7). This study demon-
strated the feasibility in utilizing the hemodynamic ramp 
study at sites which had not incorporated the practice in the 
past, along with a road map for future large, randomized tri-
als to better study the clinical effects of hemodynamic ramp 
studies as part of routine LVAD care.

Intracardiac Pacing and LVADs
End- stage HF patients who progress to needing LVAD ther-
apy often have preexisting pacemakers equipped for cardiac 
resynchronization therapy (CRT). Continuous flow physi-
ology from LVAD therapy significantly alters isovolumetric 
relaxation and contraction and thus may affect the role of 
resynchronization therapy in this patient population. The 
concomitant use of both LVAD and CRT devices is growing 
with the amount of durable MCS implants, though the evi-
dence supporting biventricular pacing post- LVAD implant 
is limited. Observational data from our cohort of patients 
who underwent hemodynamic ramp testing showed no 
difference in echocardiographic or hemodynamic charac-
teristics at baseline or at final set speeds between patients 
with active CRT pacing and those without.27 This was fur-
ther suggested in a small, cross- sectional study where base-
line hemodynamics were compared in LVAD patients with 

p
p
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Figure 42.6. (A) Readmission- free survival rates between optimized and non- optimized groups following hemodynamic 
ramp studies during 1- year observational period.
Reprinted with permission from Imamura T et al., Optimal hemodynamics during left ventricular assist device support are associated 

with reduced readmission rates, Circulation: Heart Failure 2019;12(2):e005094, https:// www.ahajournals.org/ journal/ circheartfailure © 

American Heart Association, Inc. All rights reserved.

(B) Hemocompatibility- related adverse events- free survival rate stratified by optimization of hemodynamics post ramp test.
Reproduced from Imamura T et al., Optimal haemodynamics during left ventricular assist device support are associated with reduced 

haemocompatibility, European Journal of Heart Failure 2019;21(2):655– 662. https:// onlinelibrary.wiley.com/ journal/ 18790844 Copyright 

© 1999– 2019 John Wiley & Sons, Inc. All rights reserved.
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both CRT and RV pacing modes with a 3- minute washout 
period in between hemodynamic measurement— CRT was 
not shown to have any acute hemodynamic benefit com-
pared to RV pacing.28 Furthermore, preliminary prospective 
data have suggested improved quality of life and exercise 
capacity by 6- minute walk test and daily step count in RV 
pacing alone compared to CRT.29 Our practice given the 
presumed functional benefit is to turn off the LV lead in 
patients with a preexisting CRT device who undergo LVAD 
implantation. This is a clearly a developing area of investi-
gation, with more prospective studies needed.

Conclusion
The success of durable LVAD support for patients is heav-
ily based on maximizing the “pump- patient” interaction to 
adequately unload the LV while minimizing device- related 
adverse events. The combination of both imaging and inva-
sive hemodynamics allows the clinician to apply the best 
device settings tailored to the individual patient’s needs. 
Utilizing these methods has demonstrated the impor-
tance in device troubleshooting and medical optimization. 
Further studies, however, are needed to better validate 
these techniques on a large scale and to determine how 
they fit in the daily management of patients with LVADs.
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Introduction

In the United States, 6.5 million adults are living with 
heart failure, which remains an important cause of 
morbidity and mortality.1 With an aging population 

and improving cardiovascular therapies, the number of 
patients with heart failure is expected to exceed 8 million 
by 2030.1 Each year, about 1 million people are hospital-
ized for heart failure, which also has the highest readmis-
sion rate of any disease.1,2 Despite advances in monitoring 
and treatment, the number of hospitalizations for heart 
failure has remained steady for years.1 Most importantly, 
hospitalization for heart failure predicts increased mor-
bidity and mortality.3,4 The annual financial burden of 
heart failure in the United States is also substantial: cur-
rently $30 billion, it is expected to rise to nearly $70 
billion by 2030.1 Improved monitoring and reducing 
hospitalizations for heart failure are therefore major chal-
lenges for the healthcare system.

Despite the aforementioned burden of hospitalizations 
for heart failure, guideline- directed medical and device 
therapies have markedly improved survival. Yet, approxi-
mately 10% of patients progress to advanced heart failure 
that is refractory to traditional management strategies.5 
Advanced heart failure is characterized by progressive 
symptoms, recurrent hospitalizations, an inability to tol-
erate medical therapy, and a poor prognosis. For appro-
priately selected patients, durable mechanical circulatory 
support (MCS) devices provide incredible improvements 
in survival and quality of life.6,7 Despite the known bene-
fits, however, the appropriate timing of MCS implantation 
remains uncertain. Additionally, even with improved car-
diac output and left ventricular (LV) unloading from MCS, 
heart failure complications can persist after implantation 
because of suboptimal pump speed and incomplete LV 
unloading, right ventricular (RV) failure, arrhythmias, or 

valvular disease. Hospitalizations also remain a consider-
able burden after implementing MCS, occurring at a rate of 
1.5– 2.5 per patient- year of support.8,9 Heart failure is a lead-
ing cause of hospitalizations after MCS therapy, which has 
increased interest in applying successful strategies for man-
aging ambulatory heart failure to patients on MCS.9

Limitations of Traditional Heart 
Failure Monitoring
Long- term monitoring of patients with heart failure to iden-
tify impending decompensations has traditionally focused 
on non- invasive markers of volume overload. Patients 
are instructed to monitor symptoms, record their weight 
daily, regularly check for edema, and remain in close con-
tact with their care team so that medical therapy can be 
promptly modified when volume overload becomes appar-
ent. Selected patients are also given freedom to self- titrate 
diuretics to maintain appropriate fluid volume. Although 
these strategies have some value in getting patients invested 
in self- management, their impact on reducing hospitaliza-
tions is marginal, given challenges with patient adherence 
and the poor sensitivity of surrogate markers for worsen-
ing heart failure. In particular, adherence to daily weight 
monitoring can be as low as 14%.10,11 Symptom monitoring 
presents an even bigger challenge, with adherence rates of 
only 9%.10 Even when symptoms are regularly monitored, 
traditional strategies lack sensitivity to detect an impend-
ing heart failure exacerbation. For example, the sensitivity 
of daily weight monitoring to detect a heart failure decom-
pensation is at best about 20%.11,12 Even physical exam 
findings, such as edema, elevated jugular venous pressure, 
third heart sounds, and pulmonary rales, have sensitivities 
of less than 50% for determining a patient’s hemodynamic 
status.13
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Telemonitoring strategies that involve regular com-
munication of non- invasive markers, such as weight, 
symptoms, and blood pressure, have been used enthusias-
tically to improve outcomes. Although telemonitoring can 
improve some adherence challenges, large, randomized 
controlled trials employing these strategies have not found 
reductions in hospitalizations. In the National Institutes 
of Health– sponsored Telemonitoring to Improve Heart 
Failure Outcomes (TELE- HF) trial, 1,653 patients recently 
hospitalized for heart failure were randomly assigned to 
either automated telephone- based monitoring to collect 
daily symptom and weight information or to usual care of 
depending on patients to initiate physician communica-
tion.14 After 180 days, neither hospitalization rates for heart 
failure nor death rates from any cause differed between 
groups. Even with a longer median follow- up of greater 
than 2 years in the Telemedical Interventional Monitoring 
in Heart Failure (TIM- HF) trial, physician- led, remote daily 
monitoring of blood pressure, weight, electrocardiographic 
data, and medical telephone support did not reduce all- 
cause mortality or hospitalizations for heart failure.15 The 
Better Effectiveness After Transition– Heart Failure (BEAT- 
HF) trial was a more recent and aggressive study of tele-
monitoring in 1,437 patients hospitalized for heart failure.16 
The intervention group received health coaching by tele-
phone and telemonitoring, including daily electronic col-
lection of blood pressure, heart rate, symptoms, and weight. 
Neither readmission nor mortality rates were reduced after 
180 days.

Given the limitations to patient self- monitoring and 
telemonitoring, interest has increased in using existing car-
diac implantable devices for remote monitoring. Indwelling 
implantable cardioverter defibrillators can monitor factors 
such as intrathoracic impedance, heart rate, arrhythmias, 
and patient activity. The sensitivity of these factors to detect 
a heart failure exacerbation is better than that of changes 
in daily weight.12 However, intrathoracic impedance has a 
high false- positive rate, and randomized trials using these 
device- based diagnostics have not improved clinical out-
comes.17 Moreover, in the Diagnostic Outcome Trial in Heart 
Failure (DOT- HF), intrathoracic impedance actually signifi-
cantly increased hospitalizations for heart failure and out-
patient visits.18

Remote 
Hemodynamic Monitoring
The failure of the aforementioned traditional remote moni-
toring methods may reflect problems with suboptimal data 
rather than the failure of the concept of remote manage-
ment. Markers such as weight gain, edema, impedance 
changes, and new symptoms occur late in the evolution of 
heart failure decompensation, which may account for their 
limited impact in reducing hospitalizations. Conversely, 

increases in cardiac filling pressures can precede hospital-
ization by weeks.19 Long- term monitoring of cardiac pres-
sures by implantable remote hemodynamic sensors can 
prevent or delay hospitalizations for heart failure.21 Of the 
several approaches to chronic implantable hemodynamic 
monitoring that have been evaluated, the first approved 
device was the CardioMEMS HF System.22

Preceding the CardioMEMS was an RV sensor that con-
tinuously monitored pulmonary artery diastolic pressure, 
heart rate, body temperature, and patient activity. The 
Chronicle Offers Management to Patients with Advanced 
Signs and Symptoms of Heart Failure (COMPASS- HF) trial 
evaluated this sensor and provided important lessons that 
informed the evaluation of CardioMEMS. In COMPASS- 
HF, 274 patients with New Your Heart Association (NYHA) 
Class  III and ambulatory class  IV status were randomly 
assigned to usual care or to usual care guided by informa-
tion from the RV monitoring system.20 Monitoring reduced 
the combination of heart failure hospitalizations and emer-
gency or urgent care visits requiring intravenous therapy 
by 21% (0.67 and 0.85 per 6 patient- months, respectively, 
P = 0.33). However, a retrospective analysis found a 36% 
reduction (P = 0.03) in the risk of first hospitalization for 
heart failure. The benefit was greatest in patients in NYHA 
Class  III, and patients in NYHA Class  IV in the treatment 
group actually had more events.

Several other discoveries shaped investigations of the 
CardioMEMS device. The primary hemodynamic variable 
correlating with heart failure events was pulmonary artery 
diastolic pressure, which generally rose gradually with pro-
gression of the disease.19 However, without prespecified 
pressure targets, clinicians often allowed pulmonary pres-
sures to remain high, and pressure- guided therapy was only 
effective if treatment was modified in response to high pres-
sures (even in the absence of symptoms).20

Monitoring Pulmonary Artery Pressure 
with the CardioMEMS System
The CardioMEMS HF system is a wireless, implantable, 
pulmonary artery pressure (PAP) monitoring system. It 
consists of a PAP sensor, an external electronic measur-
ing system, and a secure website where clinicians moni-
tor hemodynamic information (Figure 43.1). The sensor is 
implanted into a branch of the pulmonary artery during 
right- heart catheterization and does not require any leads 
or batteries because it is concurrently powered and inter-
rogated through the external electronic measuring system.

The CardioMEMS Heart Sensor Allows Monitoring of 
Pressure to Improve Outcomes (CHAMPION) trial evaluated 
remote PAP- guided heart failure management in patients 
with NYHA class  III heart failure.21 In CHAMPION, the 
CardioMEMS HF System was implanted in all 550 patients. 
Patients were then randomly assigned to a treatment group 
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for whom daily PAP measurements were available or to 
a control group without PAP measurements. In contrast 
to the COMPASS- HF trial, patients in CHAMPION were 
managed to achieve protocol- specific pressure goals:  a 
systolic PAP between 15 and 35  mmHg, a diastolic PAP 
between 8 and 20 mmHg, and a mean PAP between 10 and 
25 mmHg. Patients not achieving these pressures received 
new or intensified diuretic or nitrate therapy or were edu-
cated about salt and fluid restrictions until their pressures 
returned to the specified range. The primary endpoint was 
the rate of hospitalizations for heart failure, and second-
ary endpoints included changes in PAP, measured as area 
under the curve of PAP relative to baseline, days alive out-
side the hospital, and quality of life. At a mean follow- up 
of 17 months, the risk of hospitalization was 37% lower in 
the treatment group (158 versus 254 hospitalizations). All 
prespecified secondary endpoints significantly improved in 
the treatment group. None of the PAP sensors failed, and 

device- related or system- related complications occurred 
in only 8 patients. The US Food and Drug Administration 
approved the CardioMEMS HF system on May 28, 2014, for 
patients in NYHA Class III hospitalized for heart failure at 
least once in the previous 12 months.22

Subgroup analysis of the CHAMPION trial indicated 
that PAP- guided heart failure therapy is effective in heart 
failure with preserved ejection fraction (HFpEF)23 and is 
effective at reducing hospitalizations in patients with sec-
ondary pulmonary hypertension (PH),24 chronic obstructive 
Cpulmonary disease,25 and chronic kidney disease. After 
the CHAMPION trial was completed, mean PAP informa-
tion became available for patients initially placed in the 
control group. Once this information became available to 
clinicians, hospitalizations among patients in the former 
control group were 48% lower than those observed dur-
ing the trial. (0.36 vs. 0.68, HR 0.52, 95% CI 0.40– 0.69, p 
<0.0001).26 A  detailed account of the medication changes 

(A)

(C)

(B)

Figure 43.1. The major components of the CardioMEMS HF System. (A) The MEMS- based pulmonary artery pressure sen-
sor (Abbott, Sylmar, California). (B) The home electronics system that simultaneously powers and interrogates the sensor, 
relaying pressure data to (C) be displayed on a secure website for clinician review.
Reproduced with permission of Abbott, © 2019. All rights reserved.
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in CHAMPION suggests that more targeted and aggressive 
medical therapy guided by direct hemodynamic measures 
produced more favorable results. Both the treatment and 
control groups had similar baseline medical therapy, but 
after 6  months, the doses of diuretics, vasodilators, and 
neurohormonal antagonists were significantly higher in the 
treatment group, and renal function was preserved.27

De- identified data from the first 2,000 consecutive 
patients with CardioMEMS implants after FDA approval 
and at least 6  months of follow- up have also been com-
pared with historic CHAMPION trial data.28 In real- world 
clinical practice, baseline PAPs were higher than those in 
CHAMPION. Also, the reduction in PAP over time during 
initial commercial utilization was greater than that in the 
CHAMPION Trial. Importantly, patient and clinician adher-
ence were excellent with the CardioMEMS system, with a 
median of 1.27 days between transmissions after 6 months.

In the first 3 years after FDA approval, more than 5,500 
CardioMEMS were implanted in the United States.29 
Despite this real- world cohort of less- selected, higher- 
risk patients, the safety profile was similar to that in the 
CHAMPION Trial. The ongoing CardioMEMS post- approval 
study (ClinicalTrials.gov Identifier: NCT02279888) will pro-
vide more information on the benefits and safety of PAP 
monitoring.

Mechanical Circulatory Support
For patients with refractory advanced heart failure, 
MCS can markedly improve survival and quality of life.7 

One- year survival after left ventricular assist device (LVAD) 
implantation now exceeds 80%.30

Despite marked improvements in survival and a clear 
benefit over medical management of advanced heart failure, 
several adverse events persist and limit more widespread 
and earlier use. Uncertainty also remains about identifying 
appropriate candidates and the timing of LVAD implanta-
tion. Volume management and recurrent heart failure can 
occur despite LVAD support. Additionally, how to opti-
mize LVAD speed and medical therapy continue to be 
challenging.

Because the CardioMEMS is implanted outside the 
heart, LVAD implantation does not interfere with PAP read-
ings. Hemodynamic monitoring with CardioMEMS may 
therefore provide better information to guide the timing of 
LVADs implantation and to improve post- implantation care.

Proper timing and patient optimization before LVAD 
implantation are currently of intense interest. Identifying 
patients based on symptoms alone and the limitations of 
the NYHA classification system in categorizing advanced 
heart failure led the INTEragency Registry for Mechanically 
Assisted Circulatory Support (INTERMACS) to develop 
a nomenclature for stratifying patients with advanced HF 
more precisely. The seven INTERMACS profiles (Table 43.1) 
categorize patients across a range from NYHA functional 
class IIIb (profile 7) to those in refractory cardiogenic shock 
(profile 1).31 Not surprisingly, survival is worse in patients in 
cardiogenic shock at the time of LVAD implant than it is in 
the “less sick” inotrope- dependent patients.30 Accordingly, 
the percentage of LVAD implants in stable, inotrope- 
dependent patients (INTERMACS Profile 3)  has steadily 

Table 43.1 •  The Seven Clinical Profiles and Arrhythmia Modifiers of Patients with New York Heart Association Class IV 
Disease, from the Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS)

Profile Description Details

1 Critical cardiogenic shock: “Crashing and 
burning”

Life- threatening hypotension, despite rapidly escalating inotropic 
support, with critical organ hypoperfusion

2 Progressive decline: “Sliding on inotropes” Declining function, despite intravenous inotrope support

3 Stable but inotrope- dependent: “Dependent 
stability”

Stable on continuous intravenous inotrope support

4 Resting symptoms: “Frequent flyer” Patient experiences daily symptoms of congestion at rest or with 
activities of daily living

5 Exertion intolerant: “Housebound” Patient experiences daily symptoms of congestion at rest or with 
activities of daily living

6 Exertion limited: “Walking wounded” Patient has fatigue after the first few minutes of any meaningful 
activity

7 Advanced NYHA Class 3: “NYHA IIIb” Patients living comfortably with meaningful activity limited to mild 
physical exertion

NHYA = New York Heart Association.

Reprinted from Stevenson LW et al., INTERMACS profiles of advanced heart failure: the current picture, Journal of Heart and Lung Transplantation 
2009;28:535– 541, Copyright (2009), with permission from Elsevier.
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increased since 2008.30 However, the proportion of patients 
in cardiogenic shock receiving LVADs (INTERMACS Profile 
1) has remained between 14% and 16%.30 Several variables 
likely contribute to delaying LVAD implantation, including 
late recognition of advanced heart failure and delayed refer-
ral to a tertiary center.

CardioMEMS monitoring may provide important insights 
into patient selection and the timing of LVAD implanta-
tion. During the primary study period of CHAMPION, 27 
patients (5%) met the indications for LVAD implantation.32 
Among the 27, 15 were in the treatment arm and 12 in the 
control arm. The clinical profiles of patients receiving an 
LVAD were similar between treatment and control groups at 
the time of CardioMEMS implant. Interestingly, the LVAD 
cohort had significantly higher creatinine concentrations, 
higher PAPs, and lower systemic pressures, but no differ-
ence in cardiac output when compared to the rest of the 
CHAMPION cohort.

From the time of CardioMEMS implant to LVAD 
implant, renal function tended to worsen in the control 
group but changed little in the treatment group. Patients in 
the treatment group also tended to have more heart failure 
medication changes than did patients in the control group. 
Notably, in the patients that went on to LVAD implanta-
tion, medication changes did not improve PAP in either 
group. LVAD implantation tended to be earlier in the treat-
ment group. Importantly, in both groups, the most common 
INTERMACS Profile was 3. Only two patients in each group 
were INTERMACS Profile 2, and neither group had patients 
with INTERMACS Profile 1. More patients were bridged to 
transplant in the treatment group than in the control group 
(7 vs. 1; P = 0.04). The treatment group also spent signifi-
cantly less time on LVAD support before transplantation.

Because severe pulmonary hypertension is a contrain-
dication to heart transplantation, ambulatory PAP monitor-
ing in patients with LVADs may allow better management 
and earlier improvements and thus more effective bridg-
ing to transplant. Although this analysis is limited by the 
small sample and post hoc nature, the findings indicate 
that CardioMEMS monitoring may offer additional insights 
in selecting patients for LVAD implantation. In particular, 
knowing that PAP responds poorly to changes in medica-
tion may help identify advanced heart failure earlier. With 
earlier LVAD implantation, ventricular unloading, and the 
ability to more aggressively titrate medical therapy based 
on PAP monitoring, progression to fixed pulmonary hyper-
tension may also be slowed, improving success in bridging 
patients to transplantation.

Once an LVAD is implanted, hemodynamic data from 
CardioMEMS monitoring may help manage the device.33 
The continued risk of recurrent hospitalizations for heart 
failure after LVAD implantation is small but real, and 
remote PAP monitoring may reduce the number of such 

hospitalizations. In the CHAMPION study, patients who 
went on to receive an LVAD had mean (SD) decreases in PA 
systolic pressure (– 16.5 [12.4] mm Hg), PA diastolic pressure 
(– 9.4 [7.8] mm Hg), and PA mean pressure (– 11.6 [9.1] mm 
Hg) after LVAD. Pulmonary artery pressures also decreased 
in the control group, but the decreases were smaller and 
not statistically significant. Knowing the hemodynamic 
information allowed physicians to make more medication 
changes in the treatment group, which reduced PAPs and 
improved ventricular unloading.

Ambulatory PAP monitoring in these patients offers sev-
eral other theoretical advantages beyond reducing PAP and 
hospitalizations for heart failure. Monitoring may allow 
patient- specific pump speeds to be modified more precisely. 
Asymptomatic rises in PAP detected by routine monitoring 
could more quickly identify potential LVAD- related compli-
cations, such as device thrombosis. For example, increases 
in PAP that correlate with increases in lactate dehydroge-
nase concentrations could lead to timelierintensification of 
anticoagulation or pump exchange, helping to decrease the 
risk of stroke or other catastrophic consequences of pump 
thrombosis. In patients with secondary pulmonary hyper-
tension that prohibits cardiac transplantation, ambulatory 
PAP monitoring could facilitate more aggressive treatment 
and decrease the need for repeated right heart catheteriza-
tions (and the resulting interruptions of anticoagulation).

In addition to PAP monitoring, the CardioMEMS sys-
tem monitors heart rate, which may detect tachyarrhyth-
mias that can compromise LVAD function (Figure 43.2). An 
ongoing observational study, the Investigation to Optimize 
Hemodynamic Management of Left Ventricular Assist 
Devices Using the CardioMEMS (Intellect2), will help char-
acterize hemodynamic- guided management of patients 
with an LVAD (ClinicalTrials.gov Identifier: NCT03247829). 
Intellect2 plans to enroll up to 100 patients with LVADs and 
CardioMEMS implanted as standard- of- care. Patients will 
be followed for 6 months. The objectives are to characterize 
PAP measurements in these patients under different clini-
cal and physiologic conditions; to characterize the effects of 
PAP on functional status, quality of life, and hospital read-
missions; to evaluate target ranges for PAP; and to assess 
the impact of medication and pump speed changes on PAP.

In the future, “smart” remote monitoring and mechani-
cal circulatory support technologies that can work together 
to optimize pump settings and patient symptoms offer some 
exciting promises. Integrating hemodynamic data from PAP 
monitoring could allow an LVAD to adjust settings to match 
a patient’s need, in the same way that a pacemaker does.33 
Although the current understanding of how to synthesize 
and integrate various data to improve pump performance 
is limited, improved understanding could provide the next 
incremental improvement in MCS outcomes and may shape 
the future of the field.
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Mechanical Circulatory Support  
as a Bridge to Recovery 

THOMAS C. HANFF, JOYCE WALD, AND J. EDUARDO RAME

Introduction

Left ventricular assist devices (LVADs) have become 
an essential component in the care of patients 
with severe heart failure resistant to medical ther-

apy. In 2001, the Randomized Evaluation of Mechanical 
Assistance for the Treatment of Congestive Heart Failure 
trial was published,1 in which a 20% absolute survival 
benefit was reported for LVAD therapy compared to medi-
cal therapy for patients with end- stage systolic heart 
failure. Following this, as patients began to live with 
mechanical support over longer durations, it became 
increasingly apparent that persistent left ventricular (LV) 
unloading led to a myriad of beneficial changes in the 
underlying myocardium that impacted the physiology of 
the syndrome of heart failure.

With the evolution from first- generation pulsatile 
LVADs to second-  and third- generation continuous- flow 
LVADs, the nature of left ventricular unloading also shifted. 
Although the first- generation pulsatile pumps studied 
in REMATCH and used predominately in the 1990s and 
2000s had improved survival and quality of life compared 
to medical therapies, overall survival was still only 24% 
at 2 years.1,2 Device durability was a significant issue, with 
frequent complications, hospitalizations, and need for 
device exchange, which limited their use to a small minor-
ity of patients for relatively short periods of time.3 These 
first- generation pulsatile pumps were replaced by second-  
and third- generation axial and centrifugal continuous- flow 
pumps, yielding greater durability, more compact size, and 
improved duration of survival free from disabling stroke 
or device failure. The improvements in patient- device 
compatibility allowed for even greater duration of LVAD 
therapy in the current era, with hemodynamic effects of 
continuous unloading that are distinct from those of pul-
satile unloading.4

As LVADs became more durable and better tolerated, 
patient selection for implantation and implantation strat-
egies also evolved. Historically, LVADs were primarily 
used for finite periods to bridge patients to heart transplant 
(BTT).5 However, the extreme shortage of donor organs 
worldwide limits transplant as a solution for the majority 
of an estimated 300,000 patients in need of advanced heart 
failure therapies.6 Instead, many patients are now implanted 
with LVAD as a destination therapy (DT) following trials 
where a second- generation LVAD used as DT was shown to 
improve survival and quality- of- life among patients ineligi-
ble for transplant.4 The BTT and DT strategies make up the 
vast majority of LVAD implantations,7 yet there is a growing 
focus on a third strategy termed bridge to recovery (BTR), 
wherein the LVAD is used to support the process of reverse 
remodeling and myocardial recovery, with the ultimate goal 
of LVAD explantation.

The need for this strategy is clear:  patients implanted 
as DT or as BTT with prolonged wait times suffer a high 
rate of LVAD- associated complications ranging from gas-
trointestinal bleeding to hemolysis, infection, right ven-
tricular failure, pump thrombosis, or stroke.8 Near- complete 
mechanical unloading with an LVAD has been associated 
with significant improvements in myocyte structure and 
function,9– 11 and there are patients that have demonstrated 
sufficient recovery to allow for explantation of the device 
with normal or near- normal cardiac function for more than 
a decade after separation from support.12 Despite these 
encouraging findings, the proportion of patients that achieve 
this outcome has been small— in most trials, only approxi-
mately 5% of all LVAD recipients undergo LVAD explanta-
tion for recovery.13– 15 Basic questions remain about optimal 
patient selection for a BTR strategy, the process of predict-
ing durable LV recovery, and how underlying responses 
to mechanical unloading at the subcellular, cellular, and 
organ level can be translated into functional myocardial 
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improvement. In this review, we address the most recent 
initiative to protocolize the strategy for LV recovery with 
LVAD and summarize recent developments in our under-
standing of the pathophysiologic basis for reverse remodel-
ing and cardiac recovery. Ultimately, our aim is to enhance 
the current understanding of the “responder” versus “non- 
responder” phenotype as it pertains to myocardial recovery 
with continuous- flow LVAD support.16

The ReSTAGE- HF Protocol
In all clinical trials with continuous- flow LVADs and in 
the INTERMACS registry, a very low percentage of LVADs 
(<5%) have been explanted for myocardial recovery.7 
However, different institutions and providers vary in their 
assessment of LV recovery post- LVAD, their protocols for 
staged weaning from LVAD support, and their application 
of maximal pharmacologic strategies intended to augment 
reverse remodeling.15 As a consequence, whether a more 
aggressive pharmacologic approach post- LVAD would lead 
to a greater percentage of successfully explanted patients is 
unknown. During the era of pulsatile LVADs, preliminary 
data suggested that a strict protocol for oral heart failure 
therapies and regular assessment of LV recovery could lead 
to an increase in the percentage of successfully explanted 
patients. The landmark Harefield Protocol, published in 
2006,17 aimed to augment myocardial recovery among 
patients with chronic non- ischemic cardiomyopathy via 
two phases of maximal pharmacologic support concurrent 
with LVAD therapy (Table 44.1): in phase 1, Lisinopril 40 
mg daily, carvedilol 50 mg twice daily, spironolactone 25 
mg daily, and losartan 100 mg daily were given early post-
operatively after weaning from inotropic therapy. In phase 
2, which began after echocardiographic demonstration of a 
stable reduction in LV size, clenbuterol (a beta2- adrenergic 
receptor agonist known to induce physiologic hypertrophy 
in skeletal and cardiac muscle) was given while carvedilol 
was substituted with a selective beta1- blocker (bisoprolol). 
This was followed by repeated LVAD “on pump/ off pump” 
turndown studies aimed to carefully phenotype myocar-
dial recovery sufficient to explant the LVAD with a high 

probability of durable survival free of heart failure. Initial 
results were promising: 11 out of 15 patients were success-
fully explanted and free of heart failure for at least 2 years, 
with stable post- explant indices of left ventricular size 
and function.17 However, this degree of success with the 
Harefield protocol was in a highly select group of patients 
within one center that had yet to be replicated in a larger, 
multi- center sample of patients in the era of continuous- 
flow devices.

The ongoing Remission from STAGE D Heart Failure 
(ReSTAGE- HF) prospective study aims to address the impact 
of maximal mechanical and pharmacologic unloading on 
reverse remodeling in the modern era with continuous- flow 
LVADs. The presence of an LVAD allows for a more aggres-
sive titration of oral heart failure therapies to higher doses 
than are tolerated before pump implantation; hypotension 
and renal dysfunction from oral therapies are less potent 
on an LVAD platform. Moreover, current LVADs are more 
afterload dependent than were pulsatile- flow devices,3 so 
afterload and blood pressure control from heart failure med-
ications may lead to more synergistic unloading in second-  
and third- generation LVADs compared to first- generation. 
However, maximal oral heart failure medication doses are 
not universally achieved in routine clinical practice,15,18 and 
many patients evaluated as destination therapy or bridge to 
transplant are not regularly monitored for evidence of under-
lying recovery. The hypothesis of the ReSTAGE- HF study is 
that adherence to a protocol to optimize LVAD speed, maxi-
mize high dose oral heart failure therapies early post- LVAD, 
and perform scheduled echocardiographic assessments of 
underlying left ventricular function will increase the pro-
portion of patients successfully and durably explanted from 
LVAD after 18 months to greater than 10%. Table 44.2 lists 
details of the oral heart failure medication target doses, 
pump speed optimization, and recovery assessment used in 
ReSTAGE- HF. A  critical secondary aim of the study is to 
codify predictors of recovery that can extend the general-
izability of this platform to routine clinical practice while 
adding insight into underlying cellular and biochemical 
mechanisms of reverse remodeling.

Patient Selection for Bridge 
to Recovery
The inclusion and exclusion criteria of the ReSTAGE- HF 
study were designed to increase the pre- test probabil-
ity of successful LVAD explantation within the boundar-
ies of our current understanding of recovery (Table 44.2). 
However, predicting which patients are likely to recover 
to a degree that would permit durable explantation has 
been a challenge.19 In general, patients with non- ischemic 
cardiomyopathy are more successfully weaned to recov-
ery than ischemic patients.20 As such, only patients with 
non- ischemic cardiomyopathy confirmed by coronary 

Table 44.1 •  The Harefield Protocol

Phase Pharmaceutical Agent

Phase 1 Lisinopril 40 mg QD

Carvedilol 50 mg BID

Spirinolactone 25 mg QD

Losartan 100 mg QD

Phase 2 Clenbuterol

Carvedilol transitioned to bisoprolol
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angiography were included in ReSTAGE- HF. Although 
LVAD implantation occurs primarily in patients with a 
phenotype of dilated cardiomyopathy, overlapping restric-
tive or hypertrophic obstructive phenotypes are thought to 
have a lower likelihood of recovery21 and were excluded 
from the study. Given the advantages of younger age and 
shorter duration of heart failure as predictors of successful 
recovery,22– 24 patients were included only between age 18 
and 59 years at time of implant and with a history of heart 

failure for less than 5 years. Outside of this study, several 
etiologies of non- ischemic cardiomyopathy are thought to 
have a higher potential for successful recovery with oral 
heart failure therapies alone or in combination with LVAD. 
These include cardiomyopathy secondary to alcohol use, 
tachyarrhythmias, catecholamine exposure, endocrine 
disturbances, certain drug or toxin exposures, and certain 
types of myocarditis.25– 27 However, the incidences of these 
individual etiologies are low in comparison to a phenotype 
of idiopathic or hereditary dilated cardiomyopathy,28 so the 
inclusion of a majority of patients with these phenotypes 
extends the generalizability of the ReSTAGE- HF study.

A number of protocols have been developed to assess 
functional myocardial recovery under rest and stress condi-
tions, which is expected to more accurately predict dura-
ble remission from heart failure than rest- testing alone. 
Maybaum et al. performed dobutamine stress echocardiog-
raphy and hemodynamic monitoring in patients under 
conditions of partial pulsatile- flow LVAD support. Under 
this protocol, only a small number of patients who main-
tained low filling pressures and LVEF >40% with dobuta-
mine challenge were considered for LVAD explantation.29 
Birks et al. analyzed hemodynamic and echocardiographic 
parameters in patients with a HeartMate II continuous- flow 
LVAD turned down to an rpm level of 6,000 (the point at 
which there was no net flow through the LVAD) and con-
sidered LVAD explantation only if (1)  LV end- diastolic 
dimension (LVEDD) remained less than 60 mm, the LV end- 
systolic dimension (LVESD) remained less than 50  mm, 
and LV ejection fraction (LVEF) remained greater than 45%; 
(2) pulmonary capillary wedge pressure remained less than 
12 mmHg; (3) cardiac index remained above 2.8 L/ min/ m2; 
and (4)  VO2 max remained above 16 mL/ kg/ min (Figure 
44.1).30 Based on these parameters, 12 of 20 patients were 
successfully explanted, 83% of whom remained free from 
heart failure recurrence at both 1-  and 3- year follow- up. 
Based on these promising results, the Birks criteria were 
adapted for the ongoing ReSTAGE- HF study with slight 
modifications (Table 44.2). The most important difference 
in the ReSTAGE- HF study involved the use of selection 
criteria derived from retrospective analyses of bridge- to- 
recovery experiences which identified that younger patients 
with a shorter duration of heart failure would be more likely 
to recover.23,24

ReSTAGE- HF OUTCOMES
In total, 40 patients with stage D heart failure were enrolled 
in the ReSTAGE- HF study from six North American cen-
ters. All patients had non- ischemic cardiomyopathy and 
required HeartMate II LVAD as part of a BTT or DT strategy. 
Patients in the study were younger (34.9 ± 10.5 years) than 
the median national age of LVAD implantation. Of the 40 
enrolled, 3 died at 14, 63, and 148 days, and 1 was unable to 

Table 44.2 •  RESTAGE- HF Protocol

Inclusion Criteria

• Age 18– 59

• NICM

• Heart failure duration <5 years

• LVEF ≤25% and cardiomegaly at time of implantation

• <4 weeks since time of HeartMate II implantation

Exclusion Criteria

• Active acute myocarditis confirmed by histology

•  Restrictive or hypertrophic obstructive cardiomyopathy or 
sarcoidosis

• Mechanical aortic or mitral valve or aortic valve closure

Post- Implant and Post- Explant Pharmacological Therapy

• Lisinopril 40 mg daily

• Carvedilol 25 mg three times daily

• Spirinolactone 25 mg daily

•Digoxin 125 micrograms daily

• Losartan 150 mg daily

Pump Speed Optimization Criteria (in increments of 200 rpm)

• LVEDD <6 cm or smaller (if possible)

• Mitral regurgitation <2 (if possible)

Explant Criteria (measured at 6000 rpm pump speed)

• LVEDD <60 mm, LVESD <50 mm, LVEF >45%

• LVEDP or PCWP ≤15 mm Hg

• Resting cardiac index (CI) >2,4L/ min/ m2

• ±mVO2 >16 ml/ kg/ min

Left ventricular function after LVAD implantation was assessed by 
echocardiography during LVAD turn- down at 6 weeks and 4, 6, 9, and 
12– 18 months post- implant. Cardiopulmonary stress testing and right 
heart catheterization were performed after echocardiography recovery 
criteria were met.
Abbreviations: NICM = non- ischemic cardiomyopathy; LVEF = left 
ventricle ejection fraction; LVEDD = left ventricular end- diastolic 
dimension; LVESD = left ventricular end- systolic dimension; 
LVEDP = left ventricular end- diastolic pressure; PCWP = pulmonary 
capillary wedge pressure; mVO2 = maximal oxygen consumption on 
cardiopulmonary stress testing.
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be evaluated. Of the remaining 36 patients, 13 (36%) to date 
have been explanted, 2 (6%) were transplanted, 20 (56%) 
remain on support, and 1 died on support after 763 days 
with the device. Among the 13 explanted patients, the 
duration of LVAD support was 344 ± 182 days, LVEF prior 
to explantation was 55 ± 4% at 6,000 rpm for 15 minutes, 
LVEDD was 46 ± 6 mm, and LVESD was 34 ± 3.2 mm.31 
These preliminary results are promising and demonstrate 
higher rates of LV recovery leading to LVAD explantation 
compared to historical averages and the reproducibility 
of this protocol across multiple centers. Nevertheless, the 
final proportion of patients who are able to be explanted 
for recovery is not yet finalized, and durability of LVAD 
explantation has yet to be published.

Biologic Basis for Reverse 
Remodeling over Recovery
Pathologic remodeling refers to a series of cascading mal-
adaptive changes in the myocardium that follow an initial 
ischemic or non- ischemic cardiac injury, leading to further 
declines in cardiac function and the development of the 

heart failure syndrome.32 These changes occur at the tissue, 
cellular, and subcellular levels and have several conver-
gent features independent of the nature of the precipitating 
myocardial insult. Two fundamental mechanisms drive 
the process of pathologic remodeling.33 First, regardless 
of initial cause, decreased cardiac output, hypotension, 
and organ malperfusion lead to a number of compensatory 
neurohormonal responses with downstream toxicity to 
the myocardium. The best understood of these neurohor-
monal responses— upregulation of β- adrenergic and renin- 
angiotensin- aldosterone (RAAS) signaling and suppression 
of natriuretic peptides— are thought to preserve cardiac 
output and organ perfusion in the short term at the cost of 
progressive deterioration of cardiac structure and function 
in the longer term.34– 37 Second, within the myocardium 
itself, continued mechanical strain from increased wall 
stress and increased oxygen supply/ demand mismatch 
leads directly to progressive myocyte damage and patho-
logic remodeling.33 Together, neurohormonal signaling 
and local cardiac mechanical stress result in stereotypic 
myocardial sequelae that constitute remodeling: myocyte 
hypertrophy and elongation, increased myocardial mass, 
chamber dilation, derangements of energy utilization and 
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Figure 44.1. Time course of left ventricular end diastolic diameter (EDD), end systolic diameter (ESD), fractional shortening 
(FS), and ejection fraction (EF) among recovery patients following implantation of a continuous- flow LVAD.
Reprinted with permission from Birks EJ et al., Reversal of severe heart failure with a continuous- flow left ventricular assist device and 
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excitation- contraction coupling, fibrosis of the extracellu-
lar matrix, and numerous underlying changes in myocyte 
biochemistry, gene expression, and organelle function.38

Reverse remodeling refers to the partial or complete 
regression of pathologic features of a failing heart that 
occur spontaneously or in response to heart failure thera-
pies. Studies of LVAD- supported hearts subject to mechani-
cal unloading over a sustained period of time have shown 
improvements in cellular hypertrophy, chamber size 
and geometry, properties of the extracellular matrix, β- 
adrenergic signaling, calcium homeostasis, and myocyte 
metabolism as well as profound effects on the expression 
of genes and gene products and the kinetics of intra-  and 
extra- cellular signaling pathways (Figures 44.2 and 44.3).32 
Over time, the unloaded heart also begins to demonstrate a 
leftward shift of the LV end- diastolic pressure- volume rela-
tionship, a hemodynamic property of the myocardium that 
is load- independent and represents the combined effects 
on diastolic filling of fiber architecture and chamber geom-
etry. The degree of reverse remodeling seen appears to be 

a dose- response relationship dependent on the degree of 
unloading provided by the device. In fact, a higher rate of 
reverse remodeling had been seen in pulsatile LVADs com-
pared to continuous- flow devices, most likely explained by 
the greater degree of LV unloading seen with the pulsatile 
devices.23,38

The LVAD itself has proven to be a very useful human 
tissue- based experimental model to study the changes of 
reverse remodeling, with tissue samples from the failing 
heart collected at the time of implantation that can be com-
pared directly to samples from recovered hearts at time of 
explantation or from perpetually remodeled hearts at the 
time of transplantation.32 What has become increasingly 
clear from these studies is that, in spite of the recovery of 
a number of cardiac features at the organ level, significant 
underlying cardiac pathology remains: for the vast majority 
of genes implicated in the heart failure phenotype, very few 
have demonstrated any significant change in expression. 
Consequently, a many of the disordered subcellular and 
tissue components fail to normalize with LVAD therapy. 

Figure 44.2. Regression of fibrosis after LVAD implantation as demonstrated by collagen staining.
Reprinted from Bruckner BA et al., Regression of fibrosis and hypertrophy in failing myocardium following mechanical circulatory sup-

port, Journal of Heart and Lung Transplantation 2001;20:457– 464, Copyright (2001), with permission from Elsevier.
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Margulies et al. evaluated 3,088 gene transcripts associated 
with end- stage cardiomyopathy, of which only 238 dem-
onstrated even a partial response to LVAD therapy.14 Many 
genes related to the extracellular matrix, cardiac metabolism, 
and sarcomeric or cytoskeletal protein families are unre-
sponsive to LVAD therapy in humans or to the withdrawal 
of cardiac injury in murine models.39 There also appear to 
be a new subset of genes that are expressed uniquely in 
the reverse- remodeled state and not in the normal or fail-
ing heart, the clinical implications of which are unclear at 
this time.14,38 At an ultrastructural level, there is evidence 
that misfolding of the t- tubule system (specialized invagi-
nations of the sarcolemma within the myocyte) into sheet- 
like plates interrupts crucial coupling of calcium channels 
with the Ryanidine receptor upon which effective calcium 

release and myofilament contraction depend (Figure 44.4). 
Critically, this perturbation of the t- tubule system is highly 
associated with a long duration of heart failure and predicts 
a significantly blunted response to mechanical unloading— 
potentially explaining a large portion of irrecoverable heart 
failure.40,41 At the tissue level, several pathologic features of 
reverse remodeling remain fixed with mechanical unload-
ing but respond to concurrent pharmacologic therapy. Initial 
reports differed as to whether total collagen content in the 
extracellular matrix increased or actually decreased to more 
normal levels following LVAD therapy, until it was shown 
that the effect stratified by use or non- use of angiotensin- 
converting enzyme (ACE) inhibitors— only those patients 
taking an ACE inhibitor after LVAD had normalization of 
extracellular collagen content.18

The heterogeneous and incomplete response of subcel-
lular components, myocyte metabolism, and gene products 
to mechanical unloading correlate with two important prin-
ciples in bridge to recovery: (1) patients with clinical simi-
larities at the current level of phenotyping can have a varied 
clinical responses to mechanical unloading; and (2)  even 
patients demonstrating macroscopic features of myocardial 
recovery have persistent derangements of underlying myo-
cyte function that render them more susceptible to relaps-
ing heart failure following LVAD explantation. Historically, 
there has been a high incidence of relapsing heart failure 
after removal of the LVAD.42 Thus, a key outcome from 
the ReSTAGE- HF study is a more detailed phenotyping of 
clinical markers for durable recovery that can be measured 
before LVAD implantation or while maximally unloaded 
with LVAD support.

Explantation
After myocardial recovery occurs, a variety of techniques for 
explantation have been developed. In the era of pulsatile- 
flow LVADs, explantation required a median sternotomy 
and laparotomy, associated with extensive dissection of 
adhesions and an increased risk for morbidity and mortal-
ity. However, in the continuous- flow era, a number of min-
imally invasive techniques have been developed for the 
removal of both left43 and right44 ventricular assist devices 
which appear to be safe with a low complication rate. Of 
the continuous- flow devices that have been explanted for 
recovery, the Heartmate II (HMII) is the device with the 
largest experience to date. Current HMII removal strat-
egies center on four distinct approaches:  (1) left subcos-
tal approach with complete removal of the inlet cannula 
and closure with a polytetrafluorethylene felt plug, which 
requires brief cardiopulmonary bypass and de- airing due 
to the risk of arterial gas embolism from the open ventricle; 
(2)  left subcostal approach wherein the enclosed inflow 
graft material is exposed, cut, and oversewn external to 
the ventricular apex but the implanted HMII inlet cannula 
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Figure 44.3. Reversal of myocyte hypertrophy after LVAD 
implantation.
Reprinted from Bruckner BA et  al., Regression of fibrosis and 

hypertrophy in failing myocardium following mechanical cir-

culatory support, Journal of Heart and Lung Transplantation 

2001;20:457– 464, Copyright (2001), with permission from 

Elsevier.
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Figure 44.4. Left ventricular remodeling with mechanical unloading:  considerations at the organ, cellular (tissue), and 
ultrastructural level. Myocardial reverse remodeling in human heart failure after left ventricular assist device (LVAD) has 
been demonstrated with reductions in left ventricular end- diastolic and end- systolic dimension and improved mechanics, 
resulting in increased slope of the end- systolic pressure volume relation (heavy line) and increased ventricular ejection 
and stroke volume. At the cellular level, a regression in cardiomyocyte hypertrophy with a reduction cardiomyocyte cross- 
sectional area after a period of mechanical unloading with both pulsatile and continuous- flow devices has been confirmed 
by several studies. Electron microscopy of the cardiomyocyte ultrastructure has revealed sheet- like remodeling of the T- 
tubule membrane system (in blue) in patients with end- stage heart failure, resulting in a disruption of the coupling or dyad 
distance between the ryanodine receptor type 2 (RyR2, green) of the sarcoplasmic reticulum (also in green) and the L- type 
calcium channel (purple) of the T- tubular membrane, critical in maintaining calcium- induced calcium release and syn-
chronous excitation- contraction coupling. Patients who have end- stage heart failure with this ultrastructural signature of 
detubulation into a T- sheet membrane system did not demonstrate myocardial reverse remodeling with a program of LVAD- 
induced mechanical unloading, raising the possibility that disruption of this membrane system to this degree precludes 
recovery of ventricular function with mechanical assist device support.
Reprinted with permission from Rame JE et  al., Subcellular remodeling of the T- tubule membrane system:  the limits of myocardial 

recovery revealed? Circulation 2017;135(17):1646– 1650, https:// www.ahajournals.org/ journal/ circ © American Heart Association, Inc. 

All rights reserved.
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(coated in non- thrombogenic sintered titanium) is retained 
(thus mitigating the risk of air embolism and need for car-
diopulmonary bypass); (3) subxyphoid approach wherein 
the outflow graft is encircled and ligated after it leaves the 
pump, leaving the pump and inflow apparatus intact with 
separate transection of the driveline; and (4) simple transec-
tion of the driveline site while leaving behind the entirety 
of the intracorporeal portion of the pump.45 Baldwin et al. 
compared these four techniques in 27 patients undergo-
ing LVAD explantation for recovery and found no differ-
ence among rates of reoperation, stroke, overall survival, 
or postoperative length of stay, highlighting the tolerance 
of the human body to retained LVAD material after a period 
of device support.45

Future Directions
The experience with myocardial recovery and remission 
from heart failure has been encouraging in select patients, 
yet the overall percentage of patients who achieve recov-
ery and go on to device explantation remains low. Limiting 
this strategy is our ability to (1) predict durable recovery 
and (2) optimize conditions to maximize the recovery of 
function during LVAD support. Results from the ongoing 
ReSTAGE- HF trial will shed needed light on the incidence 
of myocardial recovery when maximal ventricular unload-
ing is combined with optimal oral heart failure therapies in 
a protocolized fashion. Beyond that, we have increasingly 
seen that myocardial recovery is incomplete at a tissue, 
cellular, and subcellular level even when gross structural 
changes appear to have normalized, and this contributes 
to the risk of relapsing heart failure in the short or long 
term after LVAD removal. Some of these factors are likely 
to be more salient at predicting durable recovery; as they 
are identified, they should be used both to optimize patient 
selection for explantation and to develop therapeutic inter-
ventions to improve the rates of successful recovery with 
LVAD therapy.
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Cardiac and Physical Rehabilitation 
ERIK H. VAN ITERSON AND THOMAS P. OLSON

Introduction

Mechanical circulatory support (MCS) with a 
right, left, or biventricular assist device (VAD) is 
a cutting- edge therapy providing clear benefits 

for patients in advanced heart failure (HF).1– 3 Interest in 
postoperative therapies aimed at aiding recipients with 
recovery and optimizing response has emerged as a piv-
otal area for research.1,2,4– 8 Secondary prevention includ-
ing cardiac and physical rehabilitation featuring exercise 
training (ET) therapy is an important component of post- 
implant care resulting in improved prognosis.9– 16

Modern evidence proves that ET therapy delivered by 
the cardiac rehabilitation team results in improvements in 
quality of life, exercise capacity, and prognosis for patients 
not yet in advanced chronic HF.17– 21 These associations are 
immediately impactful to VAD recipients since the num-
ber of US centers performing implantations for bridge to 
transplant or destination therapy continues to grow.1,2 
Heightened awareness that ET therapy, even in cases of 
chronic HF, stimulates integrative whole body adapta-
tions is also important since non- cardio- centric impair-
ments are increasingly recognized as barriers to recovery in 
patients demonstrating limited responsiveness to MCS.22– 28 
Secondary prevention strategies individualized for VAD 
recipients must consider ET therapy as a key element of the 
short-  and long- term postoperative c00are plan.

We present in this chapter (1)  a contemporary review 
on the role that cardiac and physical rehabilitation plays 
in HF and MCS; (2) discussion focused on the importance 
of understanding exercise physiology as the basis for ET 
in VAD recipients; (3)  evidence- based recommendations 
for deploying safe and individualized ET therapy in the 
immediate-  to long- term postoperative window; and lastly 
(4) identification of key research areas focused on MCS and 
secondary prevention needed to advance the mechanis-
tic understanding of benefits linked to ET, to gain univer-
sal support for cardiac and physical rehabilitation, and to 

improve patient enrollment and adherence to cardiac and 
physical rehabilitation.

Overview of Cardiac and Physical 
Rehabilitation
The primary goal of cardiac and physical rehabilitation 
programs designed for advanced HF and MCS implant cen-
ters is to take an active role in offering patients the chance 
to improve postoperative prognosis through secondary 
prevention and shared medical decision making.15,17,18,29 
Contemporary research based on the proven HF blueprint 
for delivering cardiac and physical rehabilitation dem-
onstrates that in-  and out- patient ET therapy is a funda-
mental component of secondary prevention, translating to 
enhanced recovery, response, quality of life, and prognosis 
for VAD recipients.3,9,10,13,16,30,31

Structure

Patients receive the most benefit from ET therapy when 
prescribed following a standard operating procedure. This 
calls for individualized “Phase”- specific program compo-
nents structured throughout in-  and outpatient settings 
(Box 45.1). Deploying this type of individualized treat-
ment plan is critical for patient success. This is because 
patients are supervised and progress is monitored from 
program entry to completion; and over the course of ther-
apy, preemptive care plan and prescription adjustments 
can be made where necessary. Through additional instruc-
tion and education on topics relating to preventive cardi-
ology and secondary prevention beginning as inpatients, 
patients are able to eventually equip themselves with the 
necessary skill set to self- manage their ET program on an 
indefinite basis.

In following a periodized and progressive model (Box 
45.1), basic ET therapy should begin during the inpatient 
stay (i.e., Phase I).31– 36 Shortly following hospital discharge, 
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outpatient assessments should include more advanced 
benchmark clinical and physiological evaluations upon 
entry into Phase II cardiac and physical rehabilitation. 
Assessments should include, at the minimum, exercise stress 
testing, or preferably, advanced cardiopulmonary exercise 
testing. Formal assessment of progress towards goals and 
appropriateness of the initial prescription should occur as a 
mid- phase review, and again for a final time at Phase II pro-
gram graduation.13,17,18,29 Thereafter, self- managed ET should 
continue indefinitely (i.e., Phase III) with annual follow- 
up visits including reassessment of Phase II entry clinical 
tests.9,10,13,14 Long- term adherence to prescribed ET therapy 
should yield gradual improvements in hallmark signs and 
symptoms of HF. Importantly, patients burdened with less 
severe dyspnea and fatigue and an increased peak exercise 
oxygen uptake (V̇O2peak) compared with counterparts dem-
onstrate better prognosis.9,10,16,17,30,31

Safety and Efficacy

During the acute postoperative period, VAD recipients 
are at increased risk of procedure- related adverse events. 
This can include infections, bleeding, and/ or stroke. 
Nevertheless, these and other risks seldom prevent patients 
from safely engaging in physically demanding tasks.3,9– 

12,16,24,30,31,35,37 This has been shown to include cardiopulmo-
nary exercise testing as early as 2 weeks after implantation. 
Various formulations of ET therapy have been encouraged 
and reported to be safe in implementing as early as 5– 
14 days post- implantation.3,9– 12,16,24,30,31,35,37

Most patients should be able to safely participate in basic 
ET relating to activities of daily living and general mobiliza-
tion tasks as inpatients (Box 45.1).3,16,30,31,35 Still, because not 
all patients can begin ET therapy using the same recovery 
time frame, cardiac rehabilitation professionals should be 
aware of standard contraindications to exercise and should 
closely monitor patients before, during, and after exercise 
(Box 45.2). Prior to hospital discharge, a standard require-
ment is that patients should be expected to independently 
walk and climb stairs as a basic demonstration of functional 
independence.

The role of inpatient ET therapy is invaluable for physi-
cally preparing patients to continue cardiac and physical 
rehabilitation as outpatients. It can be assumed for patients 
who receive a VAD at a Centers for Medicare & Medicaid 
Services (CMS)- approved US center that they are also eli-
gible for, and have access (with co- pay) to Phase II car-
diac rehabilitation.14 With the support and presence of the 
advanced HF network in place, the overall growth and 
promise of immediate and long- term, safe, and available 
outpatient cardiac and physical rehabilitation services are 
encouraging.14

Enhancing our understanding of how ET therapy and 
secondary prevention tools, such as individualized exercise 

Box 45.1 • Overview of the Main Phases of Cardiac 
and Physical Rehabilitation Featuring Exercise 
Training (ET) Therapy

 • Phase I: Initiated within the inpatient setting

▪ Intensely supervised and guided individualized 
daily basic physical activity- based programming 
within the first 10– 14 days post- implant 
(spanning ICU and main hospital setting)

▪ Respiratory care also provided as needed (e.g., 
deep and/ or resistive breathing exercises via 
blow- bottle device)

▪ Focused ET aimed at improving patient range- of- 
motion (ROM), in- bed positioning, ambulation, 
activities of daily living (ADLs), balance, etc.

▪ Pre- discharge, patients should be able to 
ambulate and climb stairs independently.

• Phase II: Post- discharge and early to intermediate 
outpatient setting

▪ Generally initiated within the first 4– 6 weeks 
post- surgery

• Must be hemodynamically stable

• Exercise participation is contraindicated 
when LVAD flow rate <4 L/ min 
accompanied by symptoms.

• Depending on the patient, components of 
advanced ET may be integrated within the 
inpatient program.

▪ Pre- program entry exercise tolerance should 
be evaluated via cardiopulmonary exercise 
testing (CPET), stress test, 6- minute walk test 
(6MWT), etc.

▪ Supervised and guided individualized ET 
programs are designed to last 36 sessions, 
approximately occurring 3 times/ week spanning 
a 3- month duration (may take upwards of 6– 
12 months for certain patients).

• Upper body exercises should be avoided until 
full sternal healing occurs.

• Risk for symptomatic hypotension/ 
hypovolemia should be closely monitored.

▪ Sessions are expected to be dynamic and 
include both aerobic and resistance training 
(where appropriate). Progress made in training 
intensities should be evaluated mid- program.

▪ Improvements in signs and symptoms such as 
dyspnea, mobility/ balance, and exercise tolerance 
are expected to follow this program.

• Should be assessed via post- program CPET, 
stress test, etc., whichever was conducted 
at program entry for accurate pre- post 
comparison.

• Phase III (often combined with Phase IV): Long- 
term outpatient or (home- based) maintenance 
program. Continuation involving less intense or no 
supervision of ET.
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prescription and cardiopulmonary exercise testing,3,13,29,38 
can be used to guide patient recovery is a priority. Acquiring 
additional information on these topics will aid in optimiz-
ing delivery of ET therapy for VAD recipients. An improved 
understanding of the underlying mechanism(s) of benefit 
linking ET to MCS is also critical for helping to inform and 
shape other components of the clinical decision- making 
tree while properly assessing prognosis.

Exercise Physiology
Overview

Individualized ET therapy programmed for patients depen-
dent on MCS should follow the principles of exercise phys-
iology, linking goals to unique exercise prescriptions.39– 55 
Individualized ET prescriptions must consider in addi-
tion to patient medical history and pathophysiology, the 
principles of (1) specificity, (2) overload and progression, 

and (3) temporality and periodicity. By properly applying 
these constructs, patients who demonstrate close adher-
ence to their prescription can expect the full benefits of ET 
therapy.3,17,18,29,56

Impact of Mechanical Circulatory Support 
on Exercise Physiology

Artificial hemodynamic support complicates what is 
known about classical physiological laws, principles, and 
redundant pathways.57– 61 In the hybrid model of native 
and artificial hemodynamics whereby technology is pro-
grammed to regularly control irregular hemodynamics, the 
validity and applicability of assumptions associated with 
fully intact physiology and, for example, the Frank- Starling 
law of the heart, principles governing Fick’s Laws, auto-
nomic nervous system control, and so on, are still uncer-
tain. Assumptions allowing for discussion of what limits 
exercise in otherwise healthy individuals have not been 
comprehensively studied in patients dependent on MCS.

The Fick Principle and general formulation of V̇O2 (Q̇ 
× [arterial O2 content (CaO2)— mixed venous O2 content 
(CvO2)]) occurs inclusively as a result of innumerable multi- 
system and interdependent shifts in O2 flow and extraction. 
Permanent loss of convective O2 delivery of any size is detri-
mental to nearly all aspects of smooth, skeletal, and cardiac 
muscle function. The inability to properly perform oxida-
tive phosphorylation (HPO4

- 2 + NADH + 2 H+ + ADP– 3 + ½ O2 
→ NAD+ + 2 H2O + ATP– 4) accompanying delivered O2 also 
has massive debilitating effects on muscle and whole- body 
physiological function.

Together, the complex pathophysiology of redun-
dant and compensatory mechanisms linked to HF (with 
or without MCS) makes it challenging to decipher what 
unique feature(s) of the HF syndrome limits exercise as 
it relates with O2 “flow” compared with “extraction” (see 
reviews21,62,63). In testing such a question, proper use of the 
Fick Principle and Fick’s First and Second Laws implies that 
measurements that cannot be made can instead be logically 
assumed. Two such assumptions that must be maintained 
when using the Fick Principle include (1) preload hemody-
namics that are unaltered by exercise and pathophysiology, 
and (2) an invariable Ca- vO2.

Impaired preload is a known potential risk factor of 
exercise in VAD recipients. Inadequate venous return 
precipitates “suckdown” (i.e., ventricular collapse and 
impaired pump filling) and diminished Q̇ (of any origin). 
When present, this unquestionably affects both V̇O2 and Ca- 
vO2, although the degree to which each factor is impacted 
is unknown. Calculating Q̇, V̇O2, and Ca- vO2 using the 
Fick Principle is invalid where there is variably impaired 
preload.

Pre- implant skeletal muscle pathophysiology is also 
a known burden of advanced HF.61,64– 68 This affects oxida-
tive phosphorylation and what can be inferred about the 

Box 45.2 • Highlighted Contraindications 
to Engaging in Exercise Training (ET) (or Needing 
to Stop) in Patients with a Ventricular Assist 
Device (VAD)

• Symptoms accompanied by physiological signs:

▪ Sense of fainting, dizziness, severe dyspnea, 
sudden fatigue, angina, nausea, pain, 
paleness, cold- sweating, syncope, orthostatic 
intolerance, etc.

▪ Rapid drop in VAD flow rate 1 L/ min persisting 
<4 L/ min.

• Preload impairment

• Suckdown

• Irregular VAD speed and noise/ alarms

• Hypotension (orthostasis)

• Rapid and persistent drop in blood 
pressure

• Hypovolemia (dehydration)

• ecreased central venous pressure

• High afterload

• Hypertension

• Rapid and persistent increase in blood 
pressure

▪ Arrhythmias (atrial and/ or ventricular; may be 
dependent on device)

• Tachycardia

• ECG shifts (ST segment elevation >1 mm)

▪ Ataxia

▪ Rapid oxygen desaturation (<90%) that persists

▪ Rate mediated excessive ventilation

▪ Thrombus (bleeding).
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contribution of Ca- vO2 to V̇O2peak and exercise capacity. 
Whether and/ or in what manner Ca- vO2 function is able to 
adapt following MCS implantation has not been fully clari-
fied. If in fact the benefits of post- implant participation in 
ET are related to stimulating skeletal muscle adaptations 
and at least partially restoring oxidative metabolic capacity, 
such a cause- effect finding would provide unequivocal sup-
port for ET as a Level I recommendation and requirement 
for VAD recipients.

In patients for whom pump settings are optimized to 
achieve a given Q ̇ per oxidative metabolic demand, the 
ability of patients to meet predicted norms for exercise 
capacity is still unpredictable.3,27,28,57,58,60,61,69,70 Examples 
are described in separate case studies from Jaski and 

colleagues57,58 re- illustrated herein (Figure 45.1) to now 
include assumed Ca- vO2 dynamics based on original 
data published. The critical addition of Ca- vO2 responses 
depicting rest- to- peak exercise differences reaffirms that 
there are physiological implications if, along with the rise 
in Q̇, peripheral O2 extraction and utilization mechanisms 
fail to meet oxidative metabolic demand.22– 24 Although 
cases in Figure 45.1 do not implicate impaired Ca- vO2 
responsiveness to exercise, it is remarkable how much 
“extraction” is able to make up for inadequate “flow” in 
meeting oxidative metabolic demand. Indeed, like an effect 
that a loss of Q̇ can have on the ability to perform oxidative 
phosphorylation, incompetent Ca- vO2 expansion, coupled 
with low hemodynamic reserve following a sudden rise in 

(A)

(C) (D)

(B)

Figure  45.1. Fick determinants of exercise performance in patients with advanced heart failure (HF) implanted with 
mechanical circulatory support (MCS). Original work reported as separate case studies of Jaski and colleagues57,58 in patients 
with HF and left ventricular assist device (LVAD) therapy did not report arteriovenous oxygen content gradients (Ca- vO2) 
responses. In using the Fick Principle and native cardiac output (Q̇) and pulmonary oxygen uptake (V̇O2) responses from 
Jaski and colleagues,57,58 we report herein Ca- vO2 as both absolute (per 100 kg body weight) and percent change (rest to 
peak exercise) responses for respective patient cases. Cases 1 and 2 in our figure correspond with patient numbers 1 and 2, 
respectively, in Jaski et al.,57 whereas Case 3 corresponds with patient number 4 in Branch et al.58
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oxidative metabolic demand, clearly limits exercise capac-
ity (e.g., Cases 2 and 3;57,58 Figure 45.1).

Preliminary research has demonstrated that, despite no 
differences in peak exercise Q̇ as a result of modifying VAD 
pump speed,27 exercise performed at high pump speeds 
precipitates larger peak V̇O2 than that which occurs at low 
pump speeds.28 These stand- alone findings suggest that 
exercise performed at high pump speeds increases V̇O2 by 
providing greater Ca- vO2 (i.e., a global increase in periph-
eral O2 extraction and utilization).27,28 By contrast, others 
more recently report that there is a favorable impact of set-
ting a high pump speed on exercise capacity and all com-
ponents (including Q̇) essential to calculating V̇O2 using the 
traditional Fick Principle.61 Regrettably, though, the impact 
of high pump speed also unintentionally led to markedly 
compromised O2 transport via impaired lung diffusion and 
unacceptable risk associated with this transient approach to 
“optimizing” exercise capacity.61 The paradoxical associa-
tions reported are key findings for this field, as they provide 
a physiological snapshot as to where future research needs 
to be focused.

Whether adaptive O2 flow rate is equally or more impor-
tant than absolute O2 flow volume in impacting exercise 
capacity and prognosis in VAD recipients is an incom-
pletely understood question. Further clarifying this ques-
tion, followed by testing and finding answers, is a process 
having great clinical implications for the underappreciated 
role that whole- body ET plays in secondary prevention fol-
lowing MCS implantation.3,9,13,16,22– 24 Strong support for ET 
therapy recommended as part of secondary prevention in 
patients with non- end- stage chronic HF is highly based on 
knowledge of the impact that linked central and peripheral 
pathophysiology has on prognosis.71– 76

Exercise Training Programming
The speed and size of adaptations developed over the 
course of structured ET therapy is heterogeneous between 
and within humans. First, it can be expected that any 
physical adaptation experienced shortly after beginning 
ET is heavily influenced by neural mechanisms.47,48,52– 

54,77– 79 Subsequent aerobic and/ or strength improvements 
observed during a transient period of ET (<12 weeks) can 
begin to appreciably decline in as little as 1– 3 weeks of 
detraining,51,54 and adaptations can be completely lost 
within 4  months of detraining.55 Therefore, unless ET 
continues (e.g., >12 weeks) while maintaining training- 
intensity levels, it cannot be expected that onset and main-
tenance of physiological adaptations specific to skeletal 
muscle strength, endurance, and hypertrophy occur.39– 55 
This means that participation in ET programs must meet 
unique length requirements as the basis for allowing physi-
ological adaptation.

In contrast to the aforementioned proven scientific logic, 
most studies examining VAD recipients have consistently 
reported ET interventions lasting up to 10 weeks.9,10,12,16 This 
is a period falling well within an adaptation window consis-
tent with a high neural influence.47,48,50,52– 54,77– 79 Longer- term 
and individualized ET program recommendations for VAD 
recipients have yet to be rigorously tested or well- defined.

To date, a single prospective long- term (i.e., >3 months 
spanning Phases II– III) cardiac and physical rehabilitation 
study has been conducted in VAD recipients (Table 45.1). 
Kugler et al.13 initially observed that patients experienced 
gains in whole- body physical function as early as 6 months 
into ET. However, marked improvements in V̇O2peak did not 
occur until the end of the intervention 18  months later. 
Thus, even without considering nuances of the ET pre-
scription (e.g., FITT:  frequency, intensity, time, and type), 
rehabilitation must be of durations appropriate for stimu-
lating lasting integrative physiological adaptations. For the 
prognostic benefits of cardiac and physical rehabilitation 
to extend long- term, it is important for aerobic and resis-
tance training to be repeated, progressive, and periodically 
dynamic.

Aerobic Exercise Training

Aerobic exercise capacity is important in signaling the 
overall health of patients with HF across the severity spec-
tra.3,38,80 Knowledge of the key mechanisms along the oxi-
dative metabolic pathway leading to exercise intolerance is 
still growing.62,73,76,81– 85 What is understood thus far is that 
in patients where aerobic exercise capacity improves with 
ET therapy, this change cannot be exclusively explained by 
recovered central hemodynamics.3,9,13,16,22– 24

Despite the complexity of oxidative metabolism for 
which a detailed discussion is beyond the scope of this 
chapter, it is known that a high V̇O2peak reliably indicates a 
favorable prognosis.3,24,38,80,86 Regular participation in aero-
bic ET (≥3 days/ week; ≥150 minutes/ week) has been shown 
repeatedly to improve pre-  to post- rehab V̇O2peak, symp-
toms, and overall prognosis in patients with HF.3,9,10,13,16– 18,86 
Therefore, VAD recipients must participate in ET therapy 
to engage aerobic (oxidative, O2- dependent) metabolic path-
ways through continuous or interval training (Table 45.2).

Individuals should begin ET therapy as inpatients begin-
ning with basic mobility, balance, and ambulatory activi-
ties (Box 45.1.).31– 35 These introductory exercises are safe 
and should gradually evolve to include more challenging 
ET using aerobic exercise machines (both as in-  and out-
patients), eventually leading to similar types of continu-
ous or interval ET during indefinite outpatient/ home- based 
therapy.9,10,12,13,17,29,87 Although not yet validated for postop-
erative use in VAD recipients, objective assessments such 
as the Functional Independence Measure,33 Timed- Up- and- 
Go,88 6- minute walk test (6MWT),89 and others90– 94 can be 
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Table 45.1 •  Key Outpatient Studies of Physical Rehabilitation and Exercise Training in Patients with Heart Failure 
Following Ventricular Assist Device Implantation

Authors
(year)

Study Design
(VAD sample N)

Program
Length

Main Exercise
Training Components

Physiological
Impact

Marko et al.
2015

Retrospective
(N = 41)
•  cf (axial or centrifugal)- 

LVAD, designation NA
•  Duration support at 

program entry, 48 ± 
38 days

32 ± 6 days
•  Supervised
•  Sessions per week NA

Aerobic:
•  Bicycle (interval)
•  Work to recovery ratio (sec) 

~ 20:60
•  Work RPE = 13
•  Time training NA
•  Walking (cont.)
•  90 min. with Δ grades

Resistance:
•  Upper and lower body training
•  2 sets (12 reps)
•  RPE = 13
•  Time training NA

Pre: V̇O2peak

11.3 ± 4.1 mL/ kg/ min
Post: V̇O2peak

14.5 ± 5.2 mL/ kg/ min
Yes (P <0.01)

Karapolat et al.
2013

Retrospective
(N = 11)
•  cf (axial) or 

pulsatile- LVAD BTT
•  Duration support at 

program entry, 2.8 ± 
2.1 months

2 months
•  Supervised
•  3 x/ week

Aerobic:
•  Treadmill (cont.)
•  V̇O2peak = 60%– 70%
•  RPE = 12– 14
•  30 min.

Resistance:
•  Upper and lower body training
•  0.5– 1.0 lb weights
•  Time training NA

Pre: V̇O2peak

14.7 ± 3.6 mL/ kg/ min
Post: V̇O2peak

15.1 ± 3.4 mL/ kg/ min
Yes (P <0.05)

Kugler et al.
2012

Prospective 
non- randomized

(N = 34, INT)
(N = 36, CTL)
•  cf (axial or centrifugal)-   

LVAD BTT
•  Duration support at 

program entry, 6 weeks

18 months
•  Home
•  Smart- card guided  

w/ phone calls
•  3– 4 x/ week

Aerobic:
•  Bicycle (cont.)
•  10% <AT
•  HRpeak <80%– 90%
•  20 min.

INT
Pre: V̇O2peak

~61% pred.
Post: V̇O2peak

~69% pred.
Yes (P = 0.01; and vs. 

CTL, P = 0.05)

Hayes et al.
2012

Prospective RCT
(N = 7, INT)
(N = 7, CTL)
•  cf (centrifugal)-   

LVAD BTT
•  Duration support at 

program entry, 32 days

2 months
•  Supervised
•  3 x/ week

Aerobic:
•  Treadmill (cont.)
•  6MWT = 60%
•  15 min.
•  Bicycle (cont.)
•  V̇O2reserve = 50%
•  15 min.

Resistance:
•  Upper and lower body training
•  2 sets (10 reps) each exercise

INT
Pre: V̇O2peak

10.5 ± 2.3 mL/ kg/ min
Post: V̇O2peak

14.8 ± 4.9 mL/ kg/ min
Yes (P <0.05; No vs. 

CTL, P = 0.43)

Laoutaris et al.
2011

Prospective RCT
(N = 10, INT)
(N = 5, CTL)
•  LVAD or BiVAD (both cf- 

axial and pulsatile) BTT
•  Duration support at 

program entry, 6.6 ± 
4.4 months

10 weeks
•  Exercise, home
•  3– 5 x/ week
•  IMT, supervised
•  2- 3 x/ week

Aerobic:
•  Walk daily
•  30– 45 min.
•  Treadmill or bicycle (cont.)
•  RPE = 12– 14
•  45 min.

IMT:
•  60% of sustained inspiratory 

muscle strength

INT
Pre: V̇O2peak

16.8 ± 3.7 mL/ kg/ min
Post: V̇O2peak

19.3 ± 4.5 mL/ kg/ min
Yes (P <0.01; No vs. 

CTL, P = 0.10)

Abbreviations: cf = continuous flow; LVAD = left ventricular assist device; BiVAD = biventricular assist device; BTT = bridge to transplant; 
RCT = randomized clinical trial; NA = information not available; RPE = rating of perceived exertion (Borg scale, 6– 20); cont. = continuous exercise; 
interval = high intensity interval training; Δ = change; V̇O2peak = peak exercise oxygen uptake; V̇O2reserve = peak exercise oxygen uptake reserve; 
Pre = testing that occurred prior to entry into physical rehabilitation; Post = testing that occurred at the conclusion of physical rehabilitation; 
INT = intervention group participating in physical rehabilitation; CTL = control group receiving usual care; HRpeak = peak exercise heart rate; 
IMT = inspiratory muscle training.



Table 45.2 •  Key Components and Recommendations for Each Form of Exercise Training (ET) Included in Cardiac 
Rehabilitation for Postoperative Ventricular Assist Device Heart Failure Patients

Training Type Physiological Variables Main Program Features Physiological Benefits

Continuous aerobic training 
(≥3 x/ weekly)

•  Treadmill
•  Cycle ergometer
•  Elliptical (no handle use)

As tolerated, maintaining 
an active lifestyle 
is recommended on 
non- ET days.

•  Leisure walks
•  Household chores

•  V̇O2peak (abs./ %pred.)
•  V̇E/ V̇CO2 slope
•  V̇O2 at AT
•  peak SBP
•  peak HR (abs./ %pred.)

•  Initial (Phase I– II): low intensity
•  30%– 50% V̇O2peak

•  20%– 40% HRR
•  35%– 50% peak HR
•  RPE <12
•  TT, 10– 15 min.
•  Progression (Phase II– III): moderate 

intensity
•  50%– 70% V̇O2peak

•  40%– 70% HRR
•  50%– 70% peak HR
•  RPE = 12– 14
•  TT, 15– 30 min.

With a comprehensive ET 
program including both 
aerobic and resistance 
components the following 
integrative physiological 
improvements in exercise 
tolerance and functional 
ability can be expected:

•  V̇O2peak (abs./ %pred.)
•  CPET duration
•  Peak watts
•  V̇E/ V̇CO2 slope
•  V̇O2 at AT
•  Peak SBP
•  Peak HR (abs./ %pred.)
•  6 MWT
•  Balance
•  Mobility
•  Activities of daily living
•  Decrease fall risk

Interval (high/ low) aerobic 
training (HIIT)

(≥3 x/ weekly)
•  Treadmill
•  Cycle ergometer
•  Elliptical (no handle use)

As tolerated, maintaining 
an active lifestyle 
is recommended on 
non- ET days.

•  Leisure walks
•  Household chores

•  V̇O2peak (abs./ %pred.)
•  V̇E/ V̇CO2 slope
•  V̇O2 at AT
•  Peak SBP
•  Peak HR (abs./ %pred.)

•  Initial (Phase II): low intensity, low to 
high work ratio >5:1

•  High interval
•  30%– 50% V̇O2peak

•  20%– 40% HRR
•  35%– 50% peak HR
•  RPE = 12– 14
•  10– 20 sec.
•  Low interval
•  <25% V̇O2peak

•  <20% HRR
•  <30% peak HR
•  RPE <12
•  50– 70 sec.
•  TT, 5– 10 min.
•  Progression (Phase II– III): moderate 

intensity, low to high work ratio >3:1
•  High interval
•  50%– 70% V̇O2peak

•  40%– 70% HRR
•  50%– 70% peak HR
•  RPE = 12- 14
•  30– 60 sec.
•  Low interval
•  30%– 50% V̇O2peak

•  20%– 40% HRR
•  35%– 50% peak HR
•  RPE <12
•  100– 200 sec.
•  TT, 15– 30 min.

Resistance (strength) 
training (≥2 x/ weekly, 
non- consecutive days)

•  Body weight
•  Free weights
•  Weight machines

As tolerated, maintaining 
an active lifestyle 
is recommended on 
non- ET days.

•  Leisure walks
•  Household chores

•  Lower body strength
•  Press
•  Extensor/ flexor
•  Balance
•  Upper body strength
•  Chest
•  Shoulders
•  Back
•  Arms

•  Initial (Phase I– II): low intensity 
circuit

•  <40%, 5 or 10 RM
•  RPE <12
•  Repetitions, 5– 10
•  Sets, 2
•  TT, 10– 15 min and/ or 1– 3 circuits
•  Progression (Phase II– III): moderate 

intensity
•  40%– 70%, 5RM
•  50%– 80%, 10RM
•  RPE, 12– 14
•  Repetitions, 10– 15
•  Sets, 2
•  TT, 15– 30 min and/ or 1– 2 circuits.

Abbreviations: RPE = rating of perceived exertion (Borg scale, 6– 20); HIIT = high intensity interval training; V̇O2peak = peak exercise oxygen uptake; 
AT = anaerobic threshold; HR = heart rate; HRR = heart rate reserve (=HRrest + [HRpeak –  HRrest] ∙ X%); V̇E/ V̇CO2 slope = ventilatory equivalent for carbon 
dioxide output slope; TT = total time spent training not including time spent for warm- up and cool- down periods; SBP = systolic blood pressure; 
CPET = cardiopulmonary exercise testing; 6MWT = 6- minute walk test; abs. = absolute; %pred. = percent of predicted; 5 or 10RM = maximal amount of 
times a weight can be lifted five or ten times, respectively.
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used to evaluate patient “readiness” for more demanding 
aerobic exercises (Box 45.3).

Modest- to- moderate ET at any stage of basic functional, 
mobility, or machine- based aerobic training can be pre-
scribed using individual perception of effort (e.g., ~12 to 14 
on the BorgRating of Perceived Exertion [RPE] scale95– 97).10,31 
The RPE scale is validated for use in patients with cardio-
vascular disease (including HF) for grading physiological 
responses to exercise intensity across training modalities 
commonly used in cardiac rehabilitation centers and home- 
based programs (Table 45.2).10,13,17,31,98 Because the RPE scale 
requires no advanced technical equipment, the measure-
ment scale is standardized across users, and is readily avail-
able, this tool can be applied in any cardiac and physical 
rehabilitation setting. However, for the RPE scale to be effec-
tive in guiding ET intensity, patients must be properly edu-
cated on the use of this tool before training.

As physical conditioning continues to improve, and as 
patients become more comfortable with exercise, ET intensity 
can be based on direct physiological measurements (Table 
45.2). Because inpatient cardiopulmonary exercise testing 
is considered safe for most VAD recipients,3,11,16,24,30,31,37 the 
percentage of HR (peak or reserve [HRR]), anaerobic thresh-
old (AT), or percentage of V̇O2peak may provide objective 
thresholds of actual physical capabilities relative to program 

entry levels (Table 45.2).13,17,31,56,86 When used with the RPE 
scale over the course of ET, fluid adjustments to continuous 
or interval intensity zones can provide patients with greater 
training stimuli while maintaining the same perception of 
exertion as demonstrated at program entry.17,29,31,56

Although physiological variables used to establish ET 
intensities are considered the reference standard across the 
spectra of patients with cardiac disease,29,56,86 the validity of 
such indices is not established for VAD recipients. As part 
of safety considerations and when deciding on appropriate-
ness of ET therapy, it should be recognized that for both 
relative and absolute measurements of V̇O2peak, HRR, and 
so on, for some patients these responses may be affected 
by routine medications.99– 101 These ET and pharmacologi-
cal interactions may not adequately reflect exertion when 
solely based on physiological training zones. Thus, when 
applying scientific research concepts to real- world cardiac 
and physical rehabilitation, experienced practitioners must 
be involved at all levels with program conception, over-
sight, and evaluation to optimize safety and specificity of 
the ET care plan.

Strength Training

Strength training complements mainstay aerobic exer-
cise and is an important part of postoperative care (Table 
45.2).9,17,29,31 Cachexia occurring independently or together 
with sarcopenia is known to contribute to HF syndrome 
progression and worsened prognosis.2,22,102,103 For patients 
with MCS, this pathophysiology is particularly evident as 
poor locomotor muscle strength and frailty (deficit index 
based on scoring of physical, psychological, and disease 
categories) before or after implantation are significant risk 
factors for hospitalizations and death.24,25 The importance 
of skeletal muscle health and function (i.e., O2- independent 
Type II fibers) specifically in VAD recipients is evident in 
several studies in which both aerobic and resistance exer-
cise benefited patients in the absence of added risk for 
adverse events.9,12,16

Strength training programs for patients dependent on 
MCS have not been compared on efficacy. However, in gen-
eral, a program that incorporates both upper and lower body 
training is recommended (Table 45.2).3,17,18,29 As in basic 
physical activity and more demanding aerobic ET programs, 
the intensity of strength training may be guided using the 
RPE scale. Modest- to- moderate training intensity may also 
be objectively guided by determining the maximum weight 
a patient is able to lift 5 or 10 times, and thereby setting 
training intensities at submaximal percentages of either 
strength test (Table 45.2). Such an approach is effective for 
making progress toward specific ET goals because unique 
training weights are determined for each component of an 
individualized program. Progression of the program can 
also be carefully monitored using this objective data. Over 
the course of a strength training program, patients will be 

Box 45.3 • Tools to Evaluate Physical “Readiness” 
for Progression from Activity- Based Exercise 
Training (ET) to Structured Aerobic and 
Resistance ET

• 6- minute walk test (6MWT) (e.g., poor prognosis, 
<300 m)

• Daily walking ability (time or distance)

• Timed- Up- and- Go (TUG) test (from a sitting 
position, time taken to walk 3 m, turn around and 
sit back down; predictor of falls when test time 
>16 sec)

• Functional Independence Measure (FIM) (scale 
consisting of 18 items spanning function and 
cognitive/ psychological abilities)

• Unipedal stance test (UST) (fall risk increases when 
time for UST <30 sec)

• Berg balance scale (scored on 14 items involving 
physical ability; 0 = inability and not safe to 4 = able 
and safe)

• Tinetti test (scored on balance and gait function; 
score <26 is high fall risk)

• Activities- Specific Balance Confidence (ABC) 
Scale (scoring based on confidence a patient has in 
performing activities without losing balance; scores 
<50 indicate low functional level, whereas >80 
indicates high function)
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able to lift greater absolute loads while maintaining the 
same RPE response.3,9,12,16,17

Reports of adverse events caused by participating in 
strength training are rare in VAD recipients.3,9,12,16,17 This 
does not mean there are no precautions that should be con-
sidered when instituting this type of exercise. All patients, 
whether experienced with strength training or not, should 
be initially familiarized with the training environment and 
educated on the concepts of strength training and how 
regular participation can improve mobility, functional abil-
ity, strength, and endurance. Specific discussions about 
the types of exercises that will be included in the program, 
accompanied by proper instruction and demonstration on 
how to perform movements, are critical for patient safety 
and program efficacy. For example, patients should be 
advised on avoiding the Valsalva maneuver during weight 
lifting, given the potential for hemodynamic and blood 
pressure complications.

Patients should be expected to make progress and clearly 
understand what to expect from a long- term strength- training 
program so they can eventually safely and comfortably train 
with less oversight from exercise physiologists (Table 45.2). 
Over the course of a patient’s program, performance metrics 
should be closely documented and monitored to allow for 
proper timing of progression and periodization of training 
intensities and, hence, development of adaptations.17,29,56 As 
patients near the end of the Phase II program, individuals 
should be provided with a prescribed transition plan with 
instructions on how to maintain a strength- training program 
at home or recreation center.

Looking to the Future
The proportion of VAD recipients who participate in inpa-
tient cardiac and physical rehabilitation among all who are 
eligible has been reported to exceed 50%, although exact 
numbers vary.32– 35 This suggests there are a considerable 
number of patients who are initially engaged and aware 
of the benefits associated with this aspect of secondary 
prevention.

As for outpatient cardiac and physical rehabilitation 
models currently available to recent VAD recipients, over-
all patient rate of enrollment and completion suggests 
under- utilization of the service.14 Participation in Phase II 
cardiac and physical rehabilitation (<1 year post- implant) 
is more likely to be less than 1 out of every 3 who are eli-
gible.14 Equally concerning is that out of CMS- approved 
VAD implantation centers, it is estimated that 96% of 
centers possess the infrastructure capable of offering and 
deploying Phase II cardiac and physical rehabilitation 
to patients.14 Exact reasons for the discrepancy between 
Phase II cardiac and physical rehabilitation patient eli-
gibility, participation/ completion, and service availabil-
ity remain unclear; but responsibility for suboptimal 

utilization of this service is that of both patients and 
caregivers.

The real- world implementation of cardiac and physi-
cal rehabilitation for VAD recipients must continually 
improve. Stronger awareness and targeted education about 
the benefits of cardiac and physical rehabilitation follow-
ing VAD implantation can be expected to encourage patient 
enrollment, adherence, and completion. By also providing 
the same effort toward educating clinicians, this can also 
positively impact referral rate, thereby trickling down to 
increasing cardiac and physical rehabilitation program ini-
tiation and completion.

Pre- Habilitation
The majority of individuals recommended for VAD ther-
apy are severely deconditioned. This has not been shown 
to be determined by any single factor.9,11– 13,16,22– 25,32,34 Thus, 
a patient’s pre- implant physical condition should be recog-
nized as a central consideration when deciding the appro-
priateness and how to approach structuring postoperative 
cardiac and physical rehabilitation.

An early benchmark goal following surgery is for patients 
to be competent in their ability to readily and safely execute 
an independent lifestyle (e.g., ambulation, activities of daily 
living, etc.). Therefore, reasonable collective actions should 
be taken prior to implantation with the goal of better equip-
ping patients for the rigors of postoperative recovery. Just 
as there is the strong recommendation that extreme obesity 
(i.e., BMI ≥40 kg/ m2) be resolved via intentional weight loss 
prior to confirmation of eligibility for surgery, those who 
are identified as profoundly deconditioned (e.g., cachexic, 
BMI <20  kg/ m2, V̇O2peak <10 mL/ kg/ min, etc.) on a trajec-
tory for implantation could be expected to benefit from pre- 
operative ET (pre- habilitation).2,17,25,104– 106

Predicting the appropriate timing for pre- habilitation is 
challenging for numerous logistic reasons, all of which are 
not well- defined. The real- world patient benefit and efficacy 
of this proposed preemptive model has also yet to be rigor-
ously tested. Testing such questions in the real world is an 
important next step that must be made in order to identify 
to what extent pre- habilitation ET translates to improved 
recovery and prognosis.

Assessing the Response to 
Exercise Training
Upon graduating from Phase II cardiac and physical 
rehabilitation, patients with non-  end- stage chronic HF 
demonstrate improvements in V̇O2peak, symptom severity, 
quality of life, and prognosis.17– 21,38,107 By contrast, for VAD 
recipients there is no agreement as to what physiological 
response(s) occurring as a result of comparable therapy 
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are directly indicative of benefit gained. For example, it 
is has been questioned as to whether there is a measur-
able benefit related to changes in V̇O2peak occurring pre-  to 
post- VAD implantation.108 Others have gone so far as to 
suggest that measuring the V̇O2 response bordering the 
AT should be used as the foundation for ET intensity and 
prescription.24,60,109 The incomplete understanding of the 
value and utility of specific physiological metrics demon-
strated by VAD recipients is impactful to patient care since 
composite clinical decision making is, in part, based on 
specific cardiopulmonary exercise test results and/ or other 
exercise outcomes (e.g., peak Q̇, V̇O2peak, submaximal V̇O2, 
6MWT, etc.).2,36,105,106,110,111

Conclusions
Patients in advanced HF dependent on MCS benefit from 
cardiac and physical rehabilitation featuring aerobic and 
resistance ET. Participation in this secondary prevention 
strategy is safe, can eventually be self- managed, and has 
the potential to be sustainable long- term. Major next steps 
for this field are (1) improving gross utilization of outpa-
tient cardiac and physical rehabilitation, (2) advancing the 
mechanistic understanding of how ET benefits VAD recipi-
ents, and (3)  universal acceptance and implementation 
of postoperative (and preoperative) cardiac and physical 
rehabilitation featuring ET therapy as a hallmark of sec-
ondary prevention.
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The VAD Coordinator Roles and 
Responsibilities in Caring for Patients 
with Ventricular Assist Devices

BRITTANY BUTZLER AND KRISTEN KIEHL

Introduction

The VAD coordinator is the link between the techni-
cal aspects of the ventricular assist device (VAD) 
and the medical management of the patient and 

is thus a fundamental part of any mechanical circulatory 
support (MCS) program. The responsibilities of the VAD 
coordinator can be many and varied, as well as strictly 
defined or more open- ended. Coordinators may have spe-
cific backgrounds as registered nurses, advanced- practice 
prescribers, biomedical engineers, or perfusionists, but 
all are generalists who coordinate a myriad of technical, 
clinical, and health systems details that make a VAD pro-
gram possible. Here, we describe both the breadth and 
depth of this position and detail the many ways in which 
coordinators contribute to caring for patients with VADs 
(Table 46.1).

Primary Roles and Responsibilities 
of the Coordinator
Patient Screening and Evaluation

Screening patients for potential VAD implantation is criti-
cal in determining candidacy. As such, the coordinator 
usually evaluates patients for treatment indications and 
contraindications, such as New  York Heart Association 
class, readmissions for heart failure, reliance on inotropic 
medications, cardiac function, and exercise capacity.1

Once patients have been accepted for advanced thera-
pies, they are evaluated as candidates for VAD placement. 
Candidacy criteria vary among programs but can greatly 
affect patient outcomes. As the primary liaison with the 

patient, the VAD coordinator is crucial to organizing and 
completing a thorough multidisciplinary evaluation (Figure 
46.1). An evaluation for VAD therapy can include the 
following:

 • Reviewing each device being considered for the 
patient, informing the patient about the expectations of 
the evaluation process, probable surgical procedures, 
and the risk of post- implant complications, including 
national and center- specific survival benefits2 and 
obtaining informed consent.

 • Coordinating appointments for financial, dietary, 
pharmacy, palliative care, social work, and psycho-
logical or psychosocial assessments, as well as by heart 
failure cardiologists and cardiothoracic surgeons.

 • Assuring that various laboratory tests and clinical 
procedures are completed, such as right-  or left- heart 
catheterizations, echocardiographic exams, carotid 
and lower extremity ultrasound exams, computed- 
tomography scans, and so on.

After the evaluation is complete, a selection committee 
determines candidacy, and the implant is scheduled.

Device Implantation

The implantation process starts with the coordinator 
participating in or overseeing the assembly of the device 
according to the manufacturer’s guidelines3– 5 and conduct-
ing a wet test to ensure proper function before delivering 
it to the surgical field. The coordinator acts as the clinical 
representative for the device when a company representa-
tive is not in the operating room and so must be thoroughly 
familiar with the device and implanting procedure.
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The coordinator works with the surgeon and anesthe-
siologist to transition the patient from cardiopulmonary 
bypass (CPB) to VAD support. When the surgeon has de- 
aired the VAD, the coordinator begins VAD therapy and 
communicates any setting or waveform abnormalities to the 
surgeon and anesthesiologist to ensure the seamless discon-
tinuation of CPB.

Once the patient is stabilized, the coordinator accompa-
nies the patient to the ICU and provides the accepting nurse 
with a thorough report of the implantation procedure and a 
synopsis of the VAD settings. The coordinator also verifies 
that all needed VAD equipment is available to the ICU, that 
the backup equipment is correctly programmed, and that all 
alarm thresholds and settings are appropriate.

Postoperative Management

Coordinators may take part in daily rounds of patients with 
VADs and in interrogating the device. The coordinator 
facilitates communication about the patient to other mem-
bers of the team and keeps the attending service apprised 
of all discharge preparations and the patient’s VAD educa-
tion progress.

After implantation, the coordinator accompanies 
patients needing emergent or planned procedures or surgi-
cal interventions, such as gastrointestinal endoscopy, right 
heart catheterization, transesophageal echocardiography, 
amputations, and craniotomies. The coordinator monitors 
the VAD so the anesthesia team and proceduralist can focus 
on the medical management of the sedated patient.

Patient Education

The cornerstone of the coordinator’s tasks is patient edu-
cation, which includes ensuring that the patient is com-
fortable managing the VAD at discharge.6 Patients and 
family members need to be familiar with topics such as the 
theory and operation of the VAD, how to manage periph-
eral equipment, how to respond to emergencies (including 
how to change to the backup controller and manage power 
outages), understanding and responding to VAD alarms, 
anticoagulation issues, managing mean arterial pressure 
variables, and how to dress the driveline (Figure 46.2).

Outpatient Management

As part of the discharge process and outpatient manage-
ment, the VAD coordinator may notify the patient’s local 

Table 46.1 •  Resources for Improving or Expanding a VAD 
Program

International Society for Heart and Lung Transplantation 
(ISHLT): www.ishlt.org; www.jhltonline.org

International Consortium of Circulatory Assist Clinicians 
(ICCAC): www.mylvad.com/ iccac

HeartWare (Medtronic): www.heartware.com

HeartMate (Abbott): www.heartmate.com

Joint Commission on Accreditation of Healthcare Organizations 
(JCHO):

https:// www.jointcommission.org/ certification/ ventricular_ 
assist_ device.aspx

European Society for Artificial Organs (ESAO): www.esao.org
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Figure 46.1. Caring for a patient with a VAD requires a complex, multidisciplinary approach involving many specialists, 
areas of expertise, and resources.
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emergency medical services about the patient’s needs. 
Community responders should be trained in how to pro-
vide safe and effective care to VAD patients in VAD- related 
medical emergencies. This training may include how to 
manage a VAD in case of emergencies, including potential 
ischemic or hemorrhagic stroke; syncopal episodes, related 
to either volume management or bleeding complications; 
or any situation that may require acute cardiac life support. 
The local electric company should also be notified when 
a VAD recipient has been discharged, in case emergency 
power outages are prolonged.

Once a patient is discharged into the community, the 
VAD coordinator is often the most important factor in meet-
ing the long- term goals of therapy. Keeping patients out 
of the hospital may be just as difficult as managing their 
transition to home. Depending on each program’s post- 
implantation follow- up guidelines, patients may be seen 
weekly until they are stable.

The VAD coordinator may be responsible for medication 
reconciliation to ensure that the patient is medically man-
aged according to therapeutic guidelines. A pharmacist is 

sometimes included in these follow- up clinic visits to help 
the patient understand and manage home medications with 
techniques ranging from refilling pill boxes to medication 
reminder applications on a smart phone.

Controlling mean arterial pressure is an essential part 
of managing patients with VADs to prevent complications, 
such as hemorrhagic stroke, particularly for centrifugal 
devices. Afterload reduction is also important in optimiz-
ing VAD flow.7

The coordinator is often responsible for overseeing 
typical laboratory tests required at clinic visits, such as a 
comprehensive metabolic panel to monitor end- organ func-
tion and electrolytes, a complete blood count, and lactate 
dehydrogenase (LDH)/ haptoglobin concentrations to detect 
hemolysis. Markers for hemolysis can include a sudden 
rise in LDH, a decrease in haptoglobin from the patient’s 
baseline, and a plasma free hemoglobin concentration 
greater than 40 mg/ dL. In axial flow devices, shear stress 
from propeller blades on red blood cells may cause higher 
baseline LDH concentrations and undetectable haptoglobin 
concentrations.8,9 Anticoagulation may also be managed 

Figure 46.2. An outline of an educational program for patients with VADs before hospital discharge.
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by the VAD coordinator alone or with the pharmacy in an 
anticoagulation clinic.10 Typically, patients receive both 
Coumadin and aspirin to meet specific INR (international 
normalized ratio) goals that are often device- specific.

At each follow- up clinic visit, the coordinator may also 
help interrogate the VAD to monitor its function and to 
interview patients, who are typically asked to document 
VAD performance at home. Speed, flow, power, pulsatil-
ity index, and waveform analysis are compared to prior 
interrogations to determine the functional integrity of the 
VAD. Technical problems should always be assessed to 
determine their effects on the patient’s condition. If fur-
ther analysis is warranted, log files or waveforms may be 
sent to device- specific clinical representatives for techni-
cal interrogation.

At each clinic visit, the coordinator may examine the 
driveline for signs of infection, as well as teach patients 
how and when to change sterile driveline dressings. These 
tasks can be program- specific; for example, policies regard-
ing showering may depend on exit site healing, which may 
affect driveline site integrity.

Throughout each phase of the clinic visit, patients need 
to be educated on a range of topics, including a review 
of equipment function and maintenance, general guide-
lines for managing heart failure, and lifestyle modifica-
tions. Annual or semiannual competencies may need to be 
tested with a written exam or hands- on practice. Another 
important follow- up requirement is an annual equipment 
safety check.

The VAD coordinator may be responsible for ensur-
ing that patients have round- the- clock coverage for all 
VAD- related issues. For example, the coordinator may be 
on call to cover an emergent VAD interrogation or equip-
ment repair or exchange in the event of malfunction or 
unusual alarms. At times, the coordinator must help first 
responders triage non- responsive patients by phone. The 
coordinator may also assist with the arrival of the patient 
at the emergency department and to coordinate hospital 
admission.11,12

A critical skill for the coordinator is knowing how 
to troubleshoot VADs, often in emergencies where the 
patient’s health is at stake (Figure 46.3).13– 18 Deviations in 
performance from baseline can help diagnose a potential 
or underlying adverse event. Familiarity with VAD per-
formance differentials is useful for diagnosing sudden 
changes in patient status, especially in outpatients, where 
clinical data are not available or are limited (Table 46.2).

Discontinuing Device Support

Life for patients after VAD explantation can extend from 
transplant to recovery to comfort measures at the end of 
life. The VAD coordinator may be expected to attend the 
transplant or explant operation, at which VAD support will 
be discontinued. The coordinator may also be responsible 

for withdrawing VAD support at the end of life, once com-
fort measures or hospice care has begun.

Other Roles and Responsibilities
In addition to the primary responsibilities described in the 
preceding, coordinators often have other unique responsi-
bilities or responsibilities that complement those of others 
in the hospital.

The coordinator may order and manage equipment, 
including dispensing, tracking, and maintaining the inven-
tory for the MCS program and for ensuring correct charging 
and coding of VAD equipment in compliance with hospital 
policy. It may be up to the coordinator to visually inspect 
equipment for defects or abnormalities before use and to 
document the serial numbers of equipment associated with 
each patient, to be used in the event of a recall or malfunc-
tion and for research studies.

The coordinator may also be responsible for alerting 
the manufacturer of defective equipment and determining 
whether the equipment is covered under warranty or if the 
patient must be charged. In the event of a manufacturer recall, 
the VAD coordinator will identify the patients affected and 
inform patients if their equipment is included in the recall. 
The coordinator may then manage any needed equipment 
exchange and provide any new education needed by the 
patient or caregiver. Equipment that needs to be returned to 
the vendor is often collected by the VAD coordinator.

Finally, the coordinator may be responsible for deciding 
who is trained to work directly with VADs and who needs 
to be aware of the function, strengths, and weaknesses of 

Figure 46.3. A patient managed with a Heartmate II VAD. 
The circle marks an internal driveline fracture that led to a 
driveline fault alarm from a suspected short to shield.

 

 



386 Mechanical Circulatory Support

VADs. Completing a preceptorship before taking care of a 
patient with a VAD independently may be required. Topics 
can include:

 • The history, theory, and operation of the VAD
 • Peripheral equipment management, such as battery 

exchange and how to change to the backup controller 
in an emergency

 • Post- implant management, including MAP control, 
anticoagulation, possible adverse events, and care of a 
driveline exit site

 • Advanced cardiac life support and other emergency 
procedures.

These topics should be reviewed annually.
Other responsibilities may include organizing and main-

taining compliance with regulatory bodies, such as the 
Joint Commission or DNV GL, the INTERMACS registry, 
research, and performance improvement or quality assur-
ance project planning.

Conclusion
Regardless of their educational background, VAD coordi-
nators are clinicians and educators who support patients 
on MCS and their families, as well as clinical and tech-
nical staff. The success of VAD therapy depends heavily 
on the communication between the patient and the coor-
dinator. Providing continuing education and the ability to 
troubleshoot VADs are the foundation for the position of 
VAD coordinator— a position that is variable, challenging, 
all encompassing, and rewarding.
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