
"Hearts will never be practical 
until they can be made unbreakable."  

The Wizard of Oz 
to the Tin Woodsman
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  starts working within days of    
conception 
  works ceaselessly 

  beats 100k/day, 40m/year 

  3 billion in average lifespan 
  supplies distribution network of 

97,000 km of vessels

and most of the time you don’t notice it’s there

the heart

CO ⬆ 5-6 times 
HR 40 ➔ 200 bpm 

SV 50 ➔ 220 ml/beat 
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The Heart can Fail
Congenital Acquired

non-compaction coronary artery disease

cardiomyopathy (genetic) hypertension

metabolic anomalies infective myocarditis

dysrhythmias dysrhythmias

substance abuse
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Good LV Bad LV

dilated cardiomyopathy
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of meeting the work load that is imposed upon it,18 owing 
to increased oxygen demand, reduced contractility, or 
altered passive elastic properties of the myocardium. For 
this reason, myocardial hypertrophy might be considered 
a condition at the boundary between the normal and the 
progressively failing heart. Preventing or reducing myo-
cardial remodeling is an independent therapeutic goal, 
and might serve to prevent or postpone the development 
of symptomatic heart failure.

LV remodeling after acute myocardial infarction results 
from morphological and functional changes in the left 
ventricle in response to the abrupt loss of cardiomyocytes 
and, as such, differs from the more-slowly progressing 
remodeling caused by other types of chronic heart disease. 
The healing of necrotic tissue after myocardial infarction 
entails a cascade of events that involve interactions among 
inflammatory cells, endothelial cells, fibroblasts, and 
myofibroblasts. Necrotic cell debris is removed by phago-
cytosis, granulation tissue forms and eventually matures 
into a fibrotic scar that is devoid of inflammatory cells 
but rich in extracellular matrix and fibroblast-like cells.19 
Myofibroblast activation and proliferation as well as myo-
cardial apoptosis are also present in remote myo cardium 
and are thought to mediate reduced contractility and 
myocardial slippage after myocardial infarction, and thus 
favor the eccentric remodeling pattern commonly seen in 
chronic ischemic heart disease.20 Reduced contractility and 
increased regional wall stress further stimulate dilatation 
and hypertrophy, and impair prognosis and survival.21

Concentric remodeling is strongly associated with hyper-
tension and aortic stenosis and is, therefore, commonly 
considered an adaptive response to increased cardiac 
afterload. The addition of myocyte sarcomeres in parallel 
increases the thickness of the LV wall more than it increases 
the volume of the LV cavity; as a result, the LV M/V ratio 
increases during concentric remodeling (Figure 4).17 
Conversely, disorders that cause reduced contractility or 
volume overload (increased preload), such as valvular 
insufficiencies and shunting, are commonly associated with 
eccentric remodeling, and are anatomically characterized 
by the addition of sarcomeres in series.17 Remodeling can 
lead to a proportional or disproportional increase in LV 
mass and volume, and involves not only changes in cardio-
myocyte function and architecture, but also affects other 
cardiac cells and the extracellular matrix.

Assessment of cardiac remodeling
The entire process of scar formation and the accom-
panying architectural alterations that the left ventricle 
undergoes as part of the remodeling process after myo-
cardial infarction can be monitored clinically by echo-
cardiography or MRI. These imaging methods have aided 
the implementation of biologic therapies (for example, 
stem-cell regeneration therapy) and pharmacologic thera-
peutic strategies devised to limit infarct size and curtail 
myocardial remodeling.21–23 The functional equivalent of 
LV remodeling is most commonly expressed as the LV 
ejection fraction, which has been used as a surrogate end 
point for reverse remodeling in biventricular pacing24,25 
and in drug trials.26–28 More recently, myocardial strain, an 

index of myocardial deformation that describes the rela-
tive shortening of the myocardium in circumferential or 
longitudinal directions, has emerged as a more-sensitive 
marker of early-stage myocardial systolic dysfunction 
than the LV ejection fraction.29 Diastolic dysfunction is 
associated with LV hypertrophy and dilatation compared 
to individuals with heart failure and normal ejection frac-
tion.30 Interestingly, in the Olmsted county population, 
diastolic function was lower in patients with concomitant 
systolic dysfunction compared with patients with heart 
failure and preserved ejection fraction.30

Figure 2 | The patterns of cardiac remodeling, as defined by evaluation of LV mass 
and end-diastolic volume. Abbreviations: LV, left ventricular; M/V, mass to volume.
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Figure 3 | Wall stress increases the tension in the 
myocardium and thus reduces myocardial blood flow and 
counteracts myocardial shortening. According to the law  
of Laplace, wall stress correlates with cavity pressure or 
radius, and correlates inversely with wall thickness.
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Cardiac remodeling at the population level 
—risk factors, screening, and outcomes
Ola Gjesdal, David A. Bluemke and Joao A. Lima

Abstract | The prevalence of heart failure is increasing in the western world. Current efforts aim to identify 
heart failure at its earliest and preclinical stages in order to begin treatment and prevent deterioration before 
the symptoms escalate. Cardiac remodeling is the process of structural and functional changes in the left 
ventricle in response to internal or external cardiovascular damage or influence by pathogenic risk factors, 
and is a precursor of clinical heart failure. Cardiac remodeling is classified as isolated cardiac hypertrophy 
or as hypertrophy in combination with left ventricular dilatation, and has been used as a surrogate end point 
in clinical trials. In this article, we review population-based studies of cardiac remodeling, providing insights 
into the associations between remodeling and risk factors such as age, sex, ethnicity, body stature and 
composition, and disease. We also highlight the importance of screening for subclinical heart failure  
and describe the strategies used to do so.

Gjesdal, O. et al. Nat. Rev. Cardiol. 8, 673–685 (2011); published online 25 October 2011; doi:10.1038/nrcardio.2011.154

Introduction
Normal cardiac physiology represents an equilibrium 
state in which the structure and function of the human 
heart and circulatory system have evolved in response to 
the metabolic demands associated with their main task, 
which is the effective supply of blood under diverse and 
often rapidly changing conditions throughout the human 
life span. This cardiac equilibrium is constantly challenged 
by internal and external stressors that can be caused by 
altered cardiac gene expression, or by molecular, cel-
lular, and interstitial changes of the heart.1 As a result, 
compensatory mechanisms are activated that reduce the 
adverse effects of such stressors and, if possible, restore 
cardiac equilibrium. This balance between cardiac stres-
sors and compensatory mechanisms defines the struc-
ture, shape, and function of the heart and is referred to as 
cardiac remodeling.1

As heart disease progresses into heart failure, the heart 
remodels and cardiac function deteriorates before symp-
toms become clinically evident. Thus, whereas cardiac 
remodeling refers to the structural properties of the heart 
and to subclinical functional impairment, heart failure 
denotes the clinical syndrome. Cardiac remodel ing 
encompasses many of the same changes that are associ-
ated with progressive symptomatic heart failure. An 
increase in left ventricular (LV) mass is the most impor-
tant finding of cardiac remodeling, and the prevalence 
of cardiac remodeling varies depending on the criteria 
used for the definition of cardiac hypertrophy. Cardiac 
hypertrophy is a major predictor of cardiovascular events 
and heart failure (Figure 1),2 and is, therefore, considered 
a therapeutic target in heart failure of all etiologies.1

Population-based studies are not only designed to 
identify potential stressors and risk factors for disease 
in healthy individuals, but also to reveal predictors 
of adverse events in patients with established disease. 
The epidemiological approach to the investigation of 
cardio vascular disease was introduced in 1948 with the 
Framingham Heart study, in which a representative 
sample of the general population in Framingham (MA, 
USA) was studied longitudinally to gain insight into inci-
dence, prognosis, predisposing factors, and pathogenesis 
of cardiovascular disease.3 Numerous population studies 
have since demonstrated consistently strong associations 
between certain risk factors and cardiac remodeling as well 
as clinical outcomes, including systolic and diastolic heart 
failure. Plausible biological explanations for the causal role 
of these associations were established as early as 1965.4 
Cardiac remodeling is, therefore, used as a surro gate end 
point for heart failure in clinical drug trials and has been 
evaluated in most large prospective population- based 
studies that involved cardiac imaging. In this Review, we 
provide an overview of cardiac remodeling as described 
by cardiac imaging techniques in population-based 
studies, and focus on risk factors, screening strategi es, and 
outcome measures.

Defining cardiac remodeling
Population studies that evaluate cardiac remodeling are 
primarily based on measures of LV mass, LV volumes, 
and their interrelationship. The AHA has developed a 
classifica tion system for cardiac remodeling on the basis 
of M-mode echocardiographic measurements of LV mass 
and end-diastolic volume. When LV mass is adjusted for 
body-surface area (BSA), cardiac remodeling is defined as 
an LV mass >115 g/m2 in men and >95 g/m2 in women,5 
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Risk factors for cardiac remodeling
Cardiac remodeling is multifactorial in its origin, 
depending on a composite of clinical and biochemical 
risk factors.

Patient sex
Data from several studies indicate that, after adjustment 
for anthropometric parameters (such as blood pressure 
and other covariates), LV mass is higher in men than in 
women.31–33 In the Multi-Ethnic Study of Atherosclerosis 
(MESA), both LV mass and LV volumes were higher in 
men than in women,7 but the ability to predict cardio-
vascular events on the basis of cardiac size and structure 
was not dependent on sex.34 MRI data from participants 
of the Framingham study also confirm that sex differ-
ences remained substantial even after adjustment for 
height or BSA,35 and in the Cardiovascular Health Study, 
differences in LV mass between sexes were greater than 
the differences between healthy individuals and patients 
with heart failure.31

Age
In MESA, 5,004 healthy individuals were evaluated with 
cardiac MRI in a prospective cross-sectional analysis to 
assess the association between cardiac remodeling and 
age.36,37 LV mass and volumes decreased with advanc-
ing age, but LV volumes declined more steeply than LV 
mass, thus resulting in an age-related increase in the  
LV M/V ratio (Figure 5). The age-related reduction in LV 
mass was greater in men than in women, but not when 
LV mass was adjusted for BSA. The inverse relationship 
between LV mass and age is in accordance with autopsy 

findings in hearts of 67 individuals who had died from 
noncardiovascular causes,38 but is in apparent contradic-
tion with data from echocardiographic cross-sectional 
studies in which LV mass increased with age.32,39–41 In 
the Cardiovascular Health Study, LV mass decreased 
with age in healthy individuals, but increased in partici-
pants with LV remodeling.42 This finding indicates that 
differences among population characteristics may influ-
ence the results, as well as methodological differences 
in the assessments of LV mass and volumes between  
echo cardiography and MRI.

In the Helsinki aging study, the prevalence of hyper-
trophy was higher in elderly (age 75–86 years) than in 
younger participants (age 55–71 years), independent 
of the criteria used for the definition of hypertrophy.43 
Ganau and coworkers studied 420 individuals (age 
16–85 years) with normal blood pressure (120/80 mmHg) 
and found no age-associated change in the absolute LV 
mass or the LV mass normalized to BMI.44 The LV end-
diastolic diameter, however, tended to decrease, thus 
increasing the RWT and the posterior-wall-thickness 
index of the left ventricle.

Lieb et al. reported that aging was associated with 
increasing LV mass in a serial echocardiographic evalua-
tion of Framingham participants over a 16-year period.45 
After adjustment for cardiovascular risk factors, a ten-
dency towards a decrease in LV mass was observed in 
men, but LV mass increased in women. Cheng and col-
leagues, who studied the same population, observed that 
LV wall thickness increased and LV diameters declined 
with age, even after adjustment for other known risk 
factors of cardiac remodeling. The age-related decrease 
in LV diameter was steeper in women than in men.46

The apparent discrepancies in these studies with 
regard to the development of LV mass with age might be 
explained by the fact that different methods were used for 
assessment of LV mass, but variation in disease prevalence 
in study populations may also have had a role.

Inherited factors
In the nuclear family cohort of the Framingham study, 
familial patterns of LV geometry were observed in sub-
sequent generations, but not in spouses.47 The greatest 
inheritable risk was found for concentric remodeling, 
whereas a parental history of systolic heart failure was 
associated with eccentric LV geometry in the offspring. 
Similarly, in the Strong Heart Study, heritability was found 
to independently predict both LV mass and volume.48

Results from studies comparing the effect of ethnicity 
on cardiac remodeling consistently showed that African 
Americans have a higher LV mass than white individuals 
after adjustment for risk factors.32,33,41 Furthermore, find-
ings from MESA demonstrated that people of Hispanic 
origin are more likely to have concentric and eccentric 
hypertrophy than white individuals, even after adjustment 
for cardiovascular risk and social factors.6 The ethnic 
differences in LV mass, however, parallel the reported  
cardiovascular risk,7 and ethnicity-specific cut-offs for 
the classification of remodeling are presently not advo-
cated. In the Framingham study, an association was found 

Figure 4 | Concentric and eccentric hypertrophy can be distinguished by the 
orientation in which individual sarcomeres are added. Addition of sarcomeres in 
parallel leads to concentric hypertrophy, whereas their addition in series results  
in eccentric hypertrophy.
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hypertrophic (restrictive) cardiomyopathy
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hydraulic consequences, up stream

delivery problems, downstream
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Heart Failure 
“a staggering clinical and 

public health problem” 

Veronique Roger, 2013
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IIn the United States, cases of heart 
failure now exceed 5.8 million 
Each year > 670,000 new cases are 
diagnosed. 

Survival estimates are 
50% and 10% at 5 and 10 years, respectively 

Circ Res. 2013;113:646-659
Circulation. 2012;127:743-748  

 

> 2 5  m i l l i o n  p e o p l e  l i v i n g  w i t h  h e a r t  f a i l u r e  w o r l d w i d e
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Advanced (Stage D) Heart Failure
Goals of Therapy

• control symptoms 

• improve Quality of Life

• reduce hospital admissions

• define end of life goals

Options

• heart transplant

• IV drugs via pump

• mechanical support

• palliative care

• deactivate implanted devices
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abandoned procedures (aimed 
at reducing dimension & wall 
stress)

• dynamic cardiomyoplasty
• passive cardiomyoplasty
• partial ventriculectomy

effective support

• resynchronisation 
therapy (pacing)

• revascularisation
• ‘restoration’
• remove aneurysms
• repair leaky valves

effective support

• ventricular assist 
devices

replacement

• transplantation
• total artificial heart

surgical therapies for heart failure

Delmo Walter and Hetzer 2013



Cape Town, 1967

Christiaan Barnard
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Cardiac Transplantation
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Adult and Pediatric Heart Transplants  
Kaplan-Meier Survival 

(Transplants: January 1982 – June 2013)
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Adult and Pediatric Heart Transplants  
Number of Transplants by Year and Location
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• Bridge to transplant (majority of pts) 

• Bridge to recovery  

• Bridge to bridge  

• Destination therapy

Mechanical Support
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tobacco garbling knife

1931

John & Mary
Gibbon

(Boston)

pump

oxygenator

reservoir/filter

20 years work

1952
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a little history…1950’s

Paul Winchell
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Henry Heimlich
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Early one morning, I watched a sad George Robinson 
lose a patient during open-heart surgery and an idea 
struck me that sent me running to Heimlich. 

“Hank”, I began excitedly, “I just watched poor George 
lose his patient and I got to wondering if an artificial 
heart with its own power source were available, could it 
keep a patient alive during a crucial period?” 

Paul Winchell
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“Odd as it may seem, the 
heart wasn't that different 
from building a dummy; 
the valves and chambers 

were not unlike the moving 
and eyes and closing mouth 

of a puppet.”

1956

Paul Winchell and the Artificial Heart 
JULY1ST,2005 NICHOLASGENES(HTTP://WWW.MEDGADGET.COM/AUTHOR/NICHOLAS) 
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THORACIC 
SURGERY 

Assisted Circulation-The Concept of 
The Implanted Bypass Heart 

Southern Thoracic Surgical Association 
VOLUME I NUMBER 3 MAY 1965 

:in Experimental Study 

N. Zuhdi, M.D., C. Ritchie, R.S., 
.J. Carey, M.D., and A. Greer, M.D. 

ssisted circulation for short periods of time has been accomplished 
by venoarterial pumping (Fig. lA),  right or left ventricular A partial bypass (Figs. 1 B, C), synchronized ventricular assistance 

(counterpulsation) (Fig. 1 D) and external cardiac massage for circula- 
tory support, venovenous oxygenation (Fig. 1 E ) ,  arteriovenous oxygena- 
tion (Fig. 1 F) and extracorporeal dialysis for metabolic support, and 
partial heart-lung bypass for circulatory and metabolic support (Fig. 
lG) [9]. These different forms of assisted circulation are used for certain 
acute episodes of cardiac failure. Proper perspective on each will be 
achieved as experience accumulates. 

T h e  permanently implanted heart is intended to assist circulation 
and maintain life for indefinite periods of time. Such an implanted 
device could either replace an extirpated heart or bypass the heart left 

From Mercy Heart & Research Institute, Oklahoma City, Okla. 
Supported by John Kirkpatrick Foundation and Greer, Carey & Zuhdi, Inc., Oklahoma City, 

Presented at the VIII International Congress on Diseases of the Chest, Mexico City, Oct. 
Okla. 

11-15, 1964. 
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Implanted Bypass Heart 

EXPERIMENTAL CIRCUITRY A N D  PROTOTYPE 

CRITERIA FOR TOTAL BYPASS IMPLANTABLE HEART 

1. Inert 
2. Deters clot formation 
3. Does not destroy blood elements 
4. Capable of reproducible performance over long periods of time, 

20 years, for instance 
5. Size is such that it could be placed within one of the pleural 

cavities 
6. Source of energy is small, portable, preferably implantable, 

reliable, and lasting (atomic capsule, blood or urine) 

IMPLANTED PUMPING SECTION 
The  following prototype was used as a preliminary effort in this 

field. The  prototype is 3 inches in length by 2.5 inches in diameter and 
was originally designed for implantation inside the pleural cavity of a 
dog, using an external power supply. It has two independent but mirror- 
image components. Each has a capacity which varies from 0 ml. to 
3,600 ml. per minute against peak pressures of 200 mm. H g  with a pulse 
of 72 per minute and 3/8-inch connecting tubes with Starr-Edwards* or 
Koreskit valves incorporated. T h e  activating hydraulic mechanism 
regulates the pumping action of a Silastic diaphragm which forms the 
base of a mirror-polished Plexiglas-domed chamber (Fig. 2). 

FIG. 2.  Photogrnph of the portion of the bypass heort to be implanted. 

*Iksignetl and manufactured b y  Edwards Laboratories, Santa .4na, Calil. 
tDesignet1 and manuPacturetl b y  Medical Monitors, Inc., Seattle, Wash. 
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Implanted Bypass Heart 
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FZG. 1 .  Diflerent forms of assisted circulation used in acute episodes of cardiac 
failure. ( A )  Venoarterinl assisted circulation. ( B )  Right ventricular bypass. (C) Left 
ventricular bypass. (D) Synchronized ven tricu Ear assist an ce (co unterpulsat ion). 
( E )  Venovenous oxygenation. ( F )  Arteriovenozrs oxygenation. (G) Extracorporeal 
heart-lung machine. 
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Implanted Bypass Hear t  

tempts of Kolff and associates [15], Akutsu and associates [2], Houston 
[12], Rainer and associates [25], McCabe [22], Saxton [28], Kusserow 
[16], Kantrowitz [14], Nos6 and associates [23], Ritchie [26], Liotta and 
associates [21], Hastings and associates [lo], De Bakey [7], and others, 
have shown the multiplicity of disciplines, the iintnensity of physiologi- 
cal factors, and the nutnber of mechanical problems involved. Of 
course, it is to Willem J. Kolff that the credit should go as the pioneer- 
ing father of these studies. It is also to Willein J. Kolff that we owe 
our introduction to this subject. 

Kolff, with various associates, has devoted considerable time to iin- 
planted hearts and achieved his successes through the use of, among 
others, electromotor- or air-driven pendulum-type [4, 131 (Fig. 5 ) ,  
roller-type [l]  (Fig. 6), and sac-type [3] (Fig. 7) artificial hearts. T h e  
Silastic-sac type of artificial heart of Kolff replaced the natural heart in 
calves from 40 to 50 hours. T h e  longest survival time of a calf with such 
an artificial heart was 29 hours and 50 minutes, a remarkable achieve- 
ment. 

An artificial heart designed and made by Houston (Fig. 8) was 
used by.Rainer et al. [25] with survival of 8 hours and 58 minutes. 
Kusserow used a diaphragm pump. Pumping action is attained by the 
to-and-fro oscillation of the pump diaphragm which is brought about 
by the action of a cam-yoke and worm gear mechanism [17, 181 (Fig. 9). 

Nose et al.  [24] (Fig. 10) developed a “booster left ventricle,” 
which consists of a collapsible bulb, ellipsoidal in shape, in a rigid case. 
A woven arterial donor graft at each end connects the inner bulb with 

F I G .  5. 
hetrrt [IJ]. 

Pcntlitlirrti type of nrtifirinl FIG. 6. Roller t ype  of artificial 
h e m t  [ I  1. 
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Pneumatic Mechanism
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Cleveland Clinic History Movies
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a donor heart became available 
and replaced the Liotta heart 

after just 64hrs

Haskell Karp died 
34 hrs after the transplant
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1970

2007
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he hoped that what the doctors learned might 
help save the lives of others someday. 

1982

Jarvik DeVries

Barney
Clark
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Barney Clark lived for 112 very difficult days
236 Jarvik 7 pumps inserted over the next decade
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The New York Times dubbed artificial-heart research:-

 ‘a kind of “Dracula” that was sucking money 
away from more worthwhile programs’. 

late 1980s
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SynCardia TAH

• 1250 implanted
• 350 patient-years of support
• longest pre-transplant is 1374 days
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the intensive care unit to check on him. The hospi-
tal cafeteria was transformed into a virtual press
club, with hospital spokespeople providing twice-
daily briefings. Clark’s private struggle quickly be-
came a public spectacle.

Although he opened his eyes and moved his
limbs three hours after the operation, his subse-
quent course was rocky. On day 3, he underwent
thoracic exploratory surgery because of subcutane-
ous emphysema. On day 6, he had generalized sei-
zures that left him in a postictal coma. On day 13,
his prosthetic mitral valve malfunctioned, and he
had to go back to the operating room to have the left
ventricle replaced. Many complications followed,
including respiratory failure requiring a tracheosto-
my, renal failure, rampant fevers, aspiration pneu-
monia, pseudomembranous colitis, and sepsis. On
day 92, DeVries spoke with Clark in a videotaped in-
terview. “It’s been hard, hasn’t it, Barney?” DeVries
said. “Yes, it’s been hard,” Clark replied. “But the
heart itself is pumping right along.” It continued to

pump until he finally succumbed to multiorgan fail-
ure on day 112.

Clark’s Jarvik-7 became medicine’s Sputnik; nev-
er before had a medical innovation sparked such
furious debate, even a kind of national reckoning.
Though some doctors viewed the experiment as suc-
cessful, most people were deeply disturbed by what
they had witnessed. For some, the human heart had
special spiritual and emotional meanings that made
it impossible to replace with a man-made device.
Una Loy, Clark’s wife, voiced this belief when she
asked, “Will he still be able to love me?” Others were
troubled by the fact that Clark had never left the hos-
pital. He had survived for almost four months, they
said. But had he really lived?

After Clark died, there was a period of public
disenchantment with artificial organs. The 

 

New York
Times

 

 dubbed artificial-heart research a kind of
“Dracula” that was sucking money away from more
worthwhile programs. By the latter part of the dec-
ade, artificial hearts were being used almost exclu-

 

Figure. The Jarvik-7 Artificial Heart (Left) and the AbioCor Artificial Heart (Right).
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“Space and the inside of your 
body have a lot in common;

they both present harsh and 
inaccessible environments”

Matthieu Dollon, Head of Business Development in Astrium



Carmat Heart:
planned lifespan 5 years 

biologic valves 
bio-coated surfaces 
demand feedback
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biocompatible, and auto regulated

Lancet (2015) 386:1556-1563



If your satellite stops working during the final penalty of 
the football world cup it’s disappointing. 

But if a heart stops beating for five seconds, it’s fatal.

Carmat's first transplant patient, a 76-year-old man, died in March last year, 2.5m 
post op

A second patient died on May 2, 9m post op. due to a technical problem with the 
controls of the motor.

A third patient, who was fitted with the device on April 8, is undertaking 
physiotherapy.
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total artificial hearts are heavy
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Landscape
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Ventricular Assist
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biVAD

JANUARY 2014

1. Can I do external CPR? 
 No. 
2. If not, is there a “hand pump” or external device to use? 
	 Yes,	find	the	blue	or	red	hand	bulbs.
3.	 If	the	device	slows	down	(low	flow	state),	what	alarms	will	go	off?	
	 Low	flow	alarms:	Loss	of	fill	alarm	will	occur
4. How can I speed up the rate of the device? 
	 Give	volume	of	IV	fluids.	
5. Do I need to heparinize the patient if it slows down? 
	 Only	if	it	stops.	Patient	will	be	anti	coagulated	on	Coumadin.		 	
	 Only	heparinize	if	the	pump	stops.
6.	 Can	the	patient	be	defibrillated	while	connected	to	the	device?	
 Yes. Nothing	needs	to	be	disconnected.	Patient	should	be	placed		
	 on	battery	power	BEFORE	defibrillation.
7.	 If	the	patient	can	be	defibrillated,	is	there	anything	I	have	to	
	 disconnect	before	defibrillating? 
 No. If	the	defibrillation	is	unsuccessful,	disconnect	pump	and			
	 continue	to	defibrillate.
8. Does the patient have a pulse with this device? 
 Yes.
9.	 What	are	acceptable	vital	sign	parameters? 
	 Normal	blood	pressure	parameters.
10. Can this patient be externally paced? 
	 Usually	in	BiVAD	configuration,	if	yes	the	ECG	not	important	to	treat.		
 Because	both	sides	of	the	heart	are	supported,	there	is	little	need		
	 to	pace	regardless	of	the	rhythm	seen	on	ECG.

Thoratec PVAD™ w/TLC II Driver

IVAD is implanted inside the abd cavity 
and is attached to the same TLC II 
driver on the outside.
Adapted from Sweet, L. and Wolfe, Jr., A. Mechanical Circulatory 
Devices in Transport in ASTNA: Patient Transport Principles and 
Practice, 4th ed., Mosby, 2010 in press.

l	 These	patients	have	biventricular	support	
through	2	pumps:	right	and	left.	

l	 EKG	will	NOT	correlate	with	the	patient’s	pulse.	

l	 Patient	may	be	in	any	arrhythmia,	but	because	
they	have	biventricular	support	—	DO	NOT	
TREAT	arrhythmias.	Only	RVAD	or	LVAD	
patients	should	be	treated	for	arrhythmias.	

l	 Bring	all	extra	batteries	&	electrical	adaptor	
along	during	transport.	This	system	is	electrically	
driven.	

l	 The	pumps	are	driven	by	a	compressor	called	
the	TLC	II	driver.	The	pneumatic	hoses	and	
cables	plug	into	the	top	of	the	TLC	II	driver.	

l	 If	the	Driver	loses	power,	malfunctions,	or	stops,	
use	the	hand	pump(s).	(hand	pump	instructions	
on	back	of	this	page)	

l	 Continue	hand	pumping	and	then,	as	soon	as	
possible,	replace	the	TLC	II	Driver	with	the	
backup	Driver.	

l	 Backup	Driver	accompanies	the	patient	at	all	times.	(Driver	replacement	
instructions	on	back	of	this	page)	

l WARNING:	If	the	pump	has	stopped	and	blood	is	stagnant	in	the	device	for	more	
than	a	few	minutes	(depending	on	the	coagulation	status	of	the	patient),	there	
is	a	risk	of	stroke	or	thromboembolism.	BEFORE	the	device	is	restarted	or	hand	
pumping	is	initiated,	contact	the	implanting	center	for	anticoagulation	direction.

AC Power adapter – 
plug into yellow port 
on driver

Battery Charger

Batteries loaded into 
battery slots on TLC-II 
Driver

TCL-II Driver

Thoratec PVAD
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PVAD/IVAD
Type of Device: pulsatile

IVAD is implanted inside the abd cavity and is 
attached to the same TLC II driver on the outside.

Questions:

CPR:	NO1. 
Hand	pump:	yes	called	hand	bulbs2.	
low	flow	alarms:	Loss	of	Fill	alarm3. 
speed	up	device:	fluids4. 
heparin:	only	if	it	stops.		Patient	has	to	be	on	5. 
Coumadin
defib:	yes6. 
disconnect	for	defib:	no7. 
pulse:	yes8. 
Vital	signs:		Normal	BP	parameters9. 
externally	pace:	Usually	in	Bi	VAD	configuration	10. 
if	yes	the	ECG	not	important	to	treat

What is an LVAD?
Left Ventricular Assist Devices are pumps surgically attached to patients’ hearts to pump blood for the ventricle.  There are 
three basic parts to all VAD systems.  The pump, a computer with lamps and alarms, and a power source.   

Why	do	patients	get	VADs?
Patient who have been treated for heart failure but in spite of optimal care continue to suffer from life limiting heart failure.  
Patients may be on the heart transplant list but the transplant team is worried the patient may die before a suitable donor 
is found, bridge to transplant.  Pts who are not candidates for transplant but suffer from end stage heart failure may also 
be implanted as destination therapy.

How do VADs work?
Most vads implanted nationally create continuous flow.  Blood comes from patients own ventricle into the pump then a 
turbine like spinning fan pushes the blood out into the aorta then the body.  A cable connects the pump inside with the 
computer/controller and batteries outside the body.  The pump needs a constant power supply.

Do’s
1.	Page	the	On	Call	Perfusionist.	Call	the	Tower	OR	at	3316	
to	ask	for	the	beeper	number.

2.	Give	whatever	medications	you	want.	(no	medication	
contraindication)

3.	Defibrillate	if	indicated
4.	Hand	pump	only	if	the	devise	has	stopped	pumping,	left	
faster	than	right.

Don’ts
1.	NO	CHEST	COMPRESSIONS.
2.	NO	MRI.
3.	Don’t	panic	if	the	ECG	is	at	one	rate.	The	LVAD	rate	is	at	
another,	and	the	RVAD	rate	is	a	third.

biVAD

JANUARY 2014

Thoratec IVAD
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The Berlin Heart in Children
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Elliott Livingstone   1 year on the Berlin Heart

Image courtesy of Terri Pengilley, The Independent
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Berlin Heart EXCOR complications
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Pump Design Differences: Impeller

Axial = “PUSHES Fluid”

Centrifugal = “THROWS Fluid”



Pump Design Similarities
• Rotary Blood Pump Components: 

– Inlet and Outlet 
– Single Rotating Element (Impeller) 
– Housing 
– Bearing 
– Magnetic Motor Windings

Outflow
Impeller

Motor Stator

Housing

Bearing
Inflow

For HW Internal Use Only
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HeartMateII

@ProfMJElliott martin.elliott@gosh.nhs.uk 



Micromed DeBakey HVAD (Reliant Heart)
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Examples of thrombus formation in axial flow LVADs
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the proportion of patients in level 1 at implant over the
course of the study is documented in Table 8. The inferior
survival when DTwas undertaken in the face of cardiogenic
shock is apparent in Figure 9.
Severe right ventricular failure. Right ventricular failure
sufficient to require support with a biventricular assist de-
vice at the time of implant was the strongest predictor of
mortality in the constant phase (see again Table 7). The
need for biventricular support resulted in a marked

reduction in survival for both pulsatile and continuous
flow LVADs (Figure 10). The likelihood of right VAD
(RVAD) implant at the time of DT was 5.5% for pulsatile
LVADS but fell to 2.1% with continuous flow technology.
Among the 48 RVAD implants, 31 (65%) occurred at the
time of LVAD implant, 2 (4%) later the same day, 9
(19%) between 0 and 7 days, and 6 (12%) more than 7
days after LVAD (Figure 11). RVAD explant occurred in
9 (19%) of 48 patients receiving an RVAD. The duration
of RVAD support ranged from 2 to 37 days (mean, 18).
The likelihood of needing biventricular support was

* Includes RVADs implanted at time of LVAD 
and subsequent RVAD implantations
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Event:  Device Event 

(Device Exchange or Death due to device malfunction)

Primary LVAD* Destination  Therapy

Months         % Freedom from Device Event
Post implant CFP PFP

6 99% 96%
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Pulsatile Flow Pumps

N=127, device events=25

Continuous Flow Pumps

N=1160, device events = 33

CFP: Hazard

PFP: Hazard

FIGURE 6. Actuarial freedom from device exchange or death secondary

to device malfunction or device complication, stratified by device type. The

lower curves represent the hazard function for this event for each device

type. The dashed lines enclose the 70% confidence limits. CFP, Continu-

ous flow pump; PFP, pulsatile flow pump; LVAD, left ventricular assist de-

vice; RVAD, right ventricular assist device. *See notation in Figure 4.

TABLE 4. Adverse event rates (events/100 patient-months) in the first 12 months for destination therapy patients

Adverse event

Pulsatile (n ¼ 127) Continuous (n ¼ 1160) Hazard

P valueEvents Rate Events Rate Ratio

Device malfunction 38 3.69 100 1.15 3.21 <.0001

Bleeding 150 14.56 1040 11.94 1.22 .008

Cardiac/vascular

Right heart failure 14 1.36 151 1.73 0.78 .75

Myocardial infarction 0 0.00 3 0.03 — —

Cardiac arrhythmia 55 5.34 339 3.89 1.37 .009

Pericardial drainage 10 0.97 54 0.62 1.57 .06

Hypertension* 27 2.62 73 0.84 3.13 <.0001

Arterial non-CNS thrombosis 5 0.49 17 0.20 2.49 .01

Venous thrombotic event 11 1.07 56 0.64 1.66 .03

Hemolysis 0 0.00 55 0.63 — —

Infection 236 22.91 705 8.09 2.83 <.0001

Neurologic dysfunction 30 2.91 162 1.86 1.57 .006

Renal dysfunction 30 2.91 141 1.62 1.80 <.0001

Hepatic dysfunction 7 0.68 50 0.57 1.18 .24

Respiratory failure 41 3.98 230 2.64 1.51 .004

Wound dehiscence 10 0.97 19 0.22 4.45 <.0001

Psychiatric episode 21 2.04 78 0.90 2.28 <.0001

Total burden 685 66.50 3273 37.56 1.77 <.0001

Hazard ratio, The rate for pulsatile pump divided by the rate for continuous flow pump. CNS, Central nervous system. *With current reporting, identification of hypertension with
continuous flow pumps is unreliable.
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Event:  Death (censored at Transplant and Explant due to Recovery)

n=1287, deaths=314
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FIGURE 7. Actuarial survival among 1287 patients receiving destination

therapy left ventricular assist device (LVAD) support. Patients are censored

at the time of transplant or explant due to recovery. The lower curve repre-

sents the hazard function. The dashed lines enclose the 70% confidence

limits. *See notation in Figure 4.
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received a continuous flow pump (approved for bridge-to-
transplant therapy in 2008) under the reimbursable ap-
proved indication of bridge to transplant.9 In reality, the
transplant status of this group of patients was ambiguous,
and MCS therapy was often applied as a strategy of
‘‘bridge to candidacy.’’9 Predictably, VADs implanted as
DT represented less than 10% of devices entered into IN-
TERMACS between 2006 and 2009.10 The marked in-
crease in pumps implanted as DT in 2010 and 2011
(more than 30% of total implants)8 coincided with the ap-
proval of the HeartMate II continuous flow pump for DT
in January of 2010.

This rapid evolution toward continuous flow technology
is poignantly reflected in the INTERMACS registry

during the most recent era (see again Figure 2). Greater
than 95% of devices entered into INTERMACS in 2010
and 2011 were continuous flow pumps, and all DT devices
were continuous flow devices.9 The general enthusiasm
for continuous flow devices in DT strategies was also sup-
ported by the multi-institutional study of Park and
colleagues.11

Reasons for Transplant Ineligibility
Despite the intended strategy of DT as a ‘‘permanent’’

therapy for advanced heart failure, the clinical reality is
that few therapies are exclusively ‘‘either/or’’ for the
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FIGURE 13. Percent of patients with some and extreme problems with

self care before and at intervals after destination therapy with a continuous

flow (CF) left ventricular assist device (LVAD). EQ-5D, Standardized in-

strument designed as a measure of health outcome and applicable to

a wide range of health conditions and treatments. See Materials and

Methods for further discussion of EQ-5D.
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FIGURE 14. Percent of patients with some or extreme problems with

usual activities before and at intervals after destination therapy with a con-

tinuous flow pump. The depiction and abbreviations are as in Figure 13.CF,

Continuous flow; LVAD, left ventricular assist device.
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FIGURE 15. EQ-5D visual analog scale (VAS) (see Materials and

Methods for definition) before and at intervals after destination therapy

with a continuous flow pump. SE, Standard error; CF, continuous flow;

LVAD, left ventricular assist device. The other abbreviations are as in

Figure 13.

FIGURE 16. Survival after cardiac transplantation, stratified by era. NA,

Not applicable. (From Stehlik J, Edwards LB, Kucheryavaya AY, Benden

C, Christie JD, Dobbels F, et al. The Registry of the International Society

for Heart and Lung Transplantation: Twenty-eighth Adult Heart Transplant

Report—2011. J Heart Lung Transplant. 2011;30:1078-94. Reproduced

with permission of the International Society for Heart and Lung Transplan-

tation Registry.)
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patients receiving long-term MCS devices. Their report,
‘‘The Artificial Heart: Prototypes, Policies, and Patients,’’
supported development of a registry to followMCS patients
for the remainder of their lives; ‘‘.maintaining a Registry
of recipients should be considered a routine aspect of this
care. The committee recommends that NHLBI support
long-term studies.’’6

After more than a decade of MCS as bridge-to-transplant
therapy, the REMATCH (Randomized Evaluation of Me-
chanical Assistance for the Treatment of Congestive Heart
Failure) trial (conducted between 1998 and 2001),7 paved
the way for FDA approval of the HeartMate XVE for DT
in the United States, followed by the CMS decision for
Medicare coverage of DT in 2003. The prospect of wide-
spread application of MCS as long-term therapy for patients
with advanced heart failure provided the stimulus for the
NHLBI to develop a platform for long-term follow-up of
patients supported by MCS therapies. The resultant NHLBI

contract laid the foundation for INTERMACS, as an exten-
sion of the earlier recommendations from the Institute of
Medicine.

During the first 2 years of the INTERMACS experi-
ence, the landscape of approved device therapy was dom-
inated by pulsatile technology, inasmuch as continuous
flow pumps were largely still under investigation in clin-
ical trials.8 With the general recognition that the Heart-
Mate XVE device was prone to device malfunction with
the frequent need for reoperation within 12 to 18 months
(see again Figure 6), few such pumps were being im-
planted for DT. With escalating enthusiasm for continu-
ous flow technology in Europe and the United States,
many patients poorly suited for cardiac transplantation

LVAD Destination Therapy, n=1287
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FIGURE 11. Bar chart indicating the timing of RVAD implant. LVAD,

Left ventricular assist device; RVAD, right ventricular assist device.
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FIGURE 12. Actuarial survival among destination therapy patients, strat-

ified by device type. Patients are censored at the time of transplant or ex-

plant due to recovery. LVAD, Left ventricular assist device. *See notation

in Figure 4.

TABLE 9. Preimplant baseline characteristics: INTERMACS:

Primary implants—Implant dates: June 23, 2006–December 31,

2011, destination therapy

Preimplant characteristics

PFP

(N ¼ 127)

CFP

(N ¼ 1160)

P

value

Age (y) 54.70 63.56 <.0001

Albumin (g/dL) 3.19 3.38 .02

Total bilirubin (mg/dL) 1.59 1.37 .09

BMI (kg/m2) 32.40 28.14 <.0001

BNP (pg/mL) 1286.82 1255.79 .84

BSA (m2) 2.27 2.04 <.0001

BUN (mg/dL) 38.83 33.91 .01

Cholesterol (mg/dL) 117.93 126.80 .15

Cardiac index (L $ min"1 $ m"2) 2.09 2.15 .64

Creatinine (mg/dL) 1.81 1.54 .02

CRP (mg/L) 23.47 14.43 .39

Diastolic blood pressure (mm Hg) 61.46 62.89 .18

Hemoglobin (mg/dL) 11.20 11.33 .48

Heart rate 9185 84.91 <.0001

INR (international units) 1.38 1.33 .27

LVEDD 6.81 6.74 .58

Platelet (K/mL) 199.29 187.06 .09

Before albumin (mg/dL) 15.30 18.85 .0024

Protein C (%) 77.17 84.70 .59

Protein S (%) 70.29 77.47 .54

Pulmonary diastolic pressure (mm Hg) 29.35 24.61 <.0001

Pulmonary systolic pressure (mm Hg) 54.49 50.10 .01

Pulmonary wedge pressure (mm Hg) 26.75 23.21 .0035

PVR (Wood units) 3.08 2.75 .31

RA pressure (mm Hg) 15.75 11.35 <.0001

SGOT/AST (m/L) 122.94 54.23 .06

SGPT/ALT (m/L) 133.19 52.42 .01

Sodium (mmol/L) 134.23 134.99 .13

Systolic blood pressure (mm Hg) 99.40 104.90 .0004

WBC (K/mL) 9.86 8.39 .0008

INTERMACS, Interagency Registry for Mechanical Assisted Circulatory Support;
PFP, pulsatile flow pump; CFP, continuous flow pump; BMI, body mass index;
BNP, brain natriuretic peptide; BSA, body surface area; BUN, blood urea nitrogen;
CRP, C-reactive protein; INR, international normalized ratio; LVEDD, left ventricular
end-diastolic dimension; PVR, pulmonary vascular resistance; RA, right atrial; SGOT/
AST, serum glutamic oxaloacetic transaminase/aspartate aminotransferase; SGPT/
ALT, serum glutamic pyruvate transaminase/alanine aminotransferase; WBC, white
blood cell count.
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Tissue Engineered Peristaltic Muscle Pump
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Cost of Ventricular Assist Devices

by Leslie W. Miller, Maya Guglin, and Joseph Rogers

Circulation 
Volume 127(6):743-748 

February 12, 2013
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Left ventricular assist devices (LVAD) therapy: expenses and gains.

Leslie W. Miller et al. Circulation. 2013;127:743-748

Copyright © American Heart Association, Inc. All rights reserved.



Left ventricular assist devices (LVAD) early costs are comparable with other life-saving therapies. 

Leslie W. Miller et al. Circulation. 2013;127:743-748

Copyright © American Heart Association, Inc. All rights reserved.



30% of the west’s healthcare 
spend is in the last year of life

@ProfMJElliott martin.elliott@gosh.nhs.uk 

‘Modern medicine has prolonged not only our lives but also our period of  dying’

Tannsjo 2005



NICE

@ProfMJElliott martin.elliott@gosh.nhs.uk 

Patient selections should be careful and limited to those ‘who are 
likely to derive sustained benefit in terms of survival and quality of 
life’.  

NICE also notes that the ‘technology for this procedure has evolved 
significantly in recent years and continues to do so’.  



Key Issues
• the scale of the problem

• access

• cost:benefit

• legal and ethical

• the role of faith
@ProfMJElliott martin.elliott@gosh.nhs.uk 



distributive justice
 access to expensive treatment

TAH cost ≈ £100-200,000 TAH care ≈ £100-200,000

cash is limited

who should get the TAH?
medical ‘worth’

social worth
wealth
lottery
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distributive justice

treat the heart or treat cancer?
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“Medical ethics, once 
a private ethic 

governing the intimate transactions 
between patient and physician, has 

become, by virtue of such devices as TAH, 
a public ethic”. 

Albert R Jonsen, 1973
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ethics

Page 2 

Y 
which is its principal sponsor, wisely 
anticipated the "social" issues which 
such an extraordinary medical in- 
novation might occasion. In an ap- 
parently unprecedented and, hope- 
fully, pioneer move, a Panel com- 
posed predominantly of non-medical 
participants was convened to at- 
tempt to forecast these implications. 
They were requested to perform a 
technology assessment and to pro- 
duce what might be called a "human 
impact statement." 

The Panel consisted of three phy- 
sicians-a cardiologist, an internist 
and a psychiatrist-two economists, 
two lawyers, a sociologist, a priest- 
ethicist and a political scientist. The 
chairman was Harold Green, Pro- 
fessor of Law at The George Wash- 
ington University National Law Cen- 
ter, widely respected for his contribu- 
tion to technology assessment, par- 
ticularly regarding nuclear energy. 
The group met eight times, for two 
days. It listened to ample explana- 
tions by the developers of TIAH 
and by other experts in heart re- 
search, biomedical engineering and 
atomic energy. The individual mem- 
bers were assigned specific research 
tasks. The Panel submitted its re- 
port, The Totally Implantable Arti- 
ficial Heart: Economic, Ethical, 
Legal, Medical, Psychiatric and So- 
cial Implications, to the director of 
the National Heart and Lung Insti- 
tute in June, 1973. Presumably, it 
will soon be published. 

The extensive discussion, research 
and consultations which went into 
this Report issued in a conclusion 
which, given our initial astonish- 

Hastings Center Report 
623 Warburton Avenue 
Hastings-on-Hudson, N.Y. 10706 
Susan L. Peck, Editor 
Martha H. Bush, Assistant Editor 
Hastings Center Report is sent 
bl-monthly to Associate Members 
of the Institute. Membership is 
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dues ($7 for students) entitle 
them to the Report, an annual 
Bibliography, the thrice-yearly 
Hastings Center Studies, and oc- 
casional Special Supplements. 

Contents copyright ? 1973 by the Institute 
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ment at the prospect of the TIAH, 
is somewhat surprising. The Report 
states, "When the Panel embarked 
on this study in August, 1972, we 
initially regarded the potential ad- 
vent of the totally implantable arti- 
ficial heart as an earth-shaking 
event. In our early meetings, we 
frequently discussed the need for 
extraordinary kinds of governmental 
action to cope with what we sensed 
was an extraordinary medical and 
technological development. As we 
progressed in our deliberations, we 
increasingly came to ask the ques- 
tions: 'Is the totally implantable 
artificial heart really a unique de- 
velopment? If so, in what respects 
is it unique?' In time, perhaps mid- 
way in the Panel's life, we slowly 
and perhaps somewhat reluctantly, 
came to the conclusion that in most 
respects the totally implantable ar- 
tificial heart was not unique, but 
was, rather, similar in its potential 
impact to other major medical in- 
novations." 

TIAH shares the values and the 
problems of technological, scientific 
medicine. Since these have been 
widely discussed the Panel merely 
alludes to them. However, TIAH 
does have several unique features. 
First, it involves replacement by 
machine of an organ which our cul- 
ture and, with variations, most other 
cultures, considers the central organ 
of life, with profound philosophic, 
symbolic, religious and literary as- 
sociations. The Panel wondered 
whether this might "not only place 
technology deep in man's bosom, 
but place man more deeply in the 
bosom of technology." Secondly, 
TIAH, which will continue pumping 
after a person is otherwise dead, 
forces an acceleration of the effort, 
already underway, to redefine death 
and requires renewed reflection 
about suicide and euthanasia. Fi- 
nally, TIAH is unique in being de- 
veloped primarily through a com- 
mitment of public funds in a goal 
directed program. This calls for 
consideration of the implications of 
government's role in organizing and 
directing this high-technology bio- 
medical enterprise. 

However, amid the similarities 
and differences, one significant eth- 

Y 

The totally implantable 
artificial heart will 

continue pumping 
after a person is 
otherwise dead 

ical issue emerged which may be 
the major moral problem of modern 
medicine. As the Panel members 
discussed economic, psychiatric, 
legal and sociological impact, it 
gradually become quite clear that at 
the heart of this technology assess- 
ment lay the ethical problem of dis- 
tributive justice. This problem ap- 
peared in two forms, the first more 
familiar than the second. 

The more familiar form was the 
problem of access to a relatively 
scarce resource and selection of re- 
cipients. This question has already 
become a commonplace in techno- 
logical medicine, most dramatically 
in connection with renal dialysis. 
TIAH is an expensive device. The 
total costs for medical care, hos- 
pitalization, the device itself and the 
energy source will be in the order of 
$15,000 to $25,000, and probably 
somewhat more for the nuclear- 
powered heart. Thus, the Panel was 
faced with the question about who 
should get the TIAH and under 
what circumstances. Given substan- 
tial present and future commitment 
of public funds to its development, 
TIAH should be broadly available. 
Its availability should not be based 
upon ability to pay. The Panel be- 
lieves that the financing of clinical 
implantation of TIAH should not be 
considered in isolation from the 
much broader question of the financ- 
ing of medical care in general. The 
existence of an expensive yet widely 
beneficial device like TIAH urges 
even more exigently, serious public 
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by ALBERT R. JONSEN 

ontemporary Americans are ac- 
customed to seeing science fiction 
become scientific fact. But even such 
scientific sophisticates are surprised, 
and sometimes shocked, by the men- 
tion of a totally implantable artifi- 

rhe cial heart. I was among the sur- 
1 e hP prised when, last July, 1972, I was 

invited to serve on a Panel, con- 
vened by the National Heart and 

Y l T Lung Institute, to assess the "eco- 
.a"L nomic, ethical, legal, medical, psy- 

chiatric and social implications of a 
totally implantable artificial heart." 
I soon discovered not only that such 
a device seems technically feasible, Uab e but also that it is a striking ex- 
ample of one of the most difficult 
ethical problems of modern medi- 

" &1 cine. 
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Heart 

Assessing the impact of 
a dramatic development 

in bio-engineering 

The totally implantable artifi- 
cial heart (TIAH) is a blood pump 
constructed of synthetic materials, 
driven by a motor and a power 
source, all of which are totally and 
permanently implanted within the 
body in place of the natural heart. 
Such a device is now being devel- 
oped at the National Heart and 
Lung Institute and, through NIH 
contracts, in various research cen- 
ters and corporations. The first 
phase of its development, the de- 
sign, engineering and testing of com- 
ponents, is substantially complete 
and preparations are being made 
for extensive animal experimenta- 
tion. Three alternative power sys- 
tems are being contemplated: an 
electric motor powered by a bio- 
logical fuel cell, an electric motor 

Albert R. Jonlsen is Adjunct Asso- 
ciate Professor of Bioethics, School of 
Medicine, University of California, 
San Francisco. 

powered by rechargeable batteries, 
or a nuclear engine powered by 53 
grams of Plutonium 238. The pump 
must be made of materials which 
are compatible with blood and are 
sufficiently durable to meet work 
demands. The power system must 
be responsive to physiological needs 
of the body. 

Candidates for this artificial heart 
would be persons whose own dis- 
eased heart is incapable of cardiac 
output sufficient to sustain life. The 
diseased natural heart would be 
totally removed and replaced by 
the artificial pump, controls and 
power source. It has been estimated 
that between 17,000 to 50,000 pa- 
tients annually might benefit from 
such a device. Cardiac disease, for 
which this device is therapeutic, is 
the prime cause of death in the 
United States at the present time. 

While many technical problems 
remain to be solved, particularly 
the perfection of a synthetic mate- 
rial which does not harm blood, it 
is quite possible that the totally 
artificial heart will be ready for 
clinical use within ten years. Na- 
tional Heart and Lung Institute, 
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I have a dreamI have a nightmare



Rancho Los Amigos Hospital, California, 1953
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Article 2 of the Human Rights Act (1998) states: 

Everyone’s right to life shall be protected by law. 

No one shall be deprived of his life intentionally save in 
the execution of a sentence of a court following his 
conviction of a crime for which this penalty is provided 
by law.
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The right to life is a moral principle based 
on the belief that a human being has the 
right to live and, in particular, should not be 
killed by another human being.
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ethical principles guiding implantation
• “best interests”

• relief of suffering

• preservation or restoration of function

• extent and quality of life

• “goals of medicine”

• prevention, cure and care of illness

• “futile interventions”

• no expectation of therapeutic benefit

• no cognitive awareness of benefit 
@ProfMJElliott martin.elliott@gosh.nhs.uk 



You can turn it on, but when 
should you turn it off?

????????????????????????????????????????????????????

CONTEMPLATINGTOTAL ARTIFICIAL HEART
INACTIVATION IN CASES OF FUTILITY

????????????????????????????????????????????????????

KATRINA A. BRAMSTEDT

Monash University, East Bentleigh,Victoria, Australia and Loma Linda University,
Loma Linda, CA, USA

Though currently an experimental technology, there is the potential for implantation of
100,000 total artificial replacement hearts each year in the United States once regulatory
approvals are obtained. Although these devices are intended to lengthen life and improve its
quality, clinical scenarios can emerge in which the device is no longer serving these goals
and termination of life support, including inactivation of the implant, must be contem-
plated. Although the literature is replete with guidance on the withdrawal of non-implan-
table therapies, such as dialysis and artificial ventilation, there has been minimal
discussion involving the deactivation of implanted therapies. Here, guidance is offered
regarding the withdrawal of total artificial heart therapy.

With approximately 4,100 patients on the United Network for Organ
Sharing (UNOS) heart transplant waiting list and a yearly supply of
approximately 2,200 donor hearts, approximately 25% of waiting
patients die (United Network for Organ Sharing, 2000). Although var-
ious educational strategies have been used in an effort to enlarge this
donor pool, success has been very limited and the number of hearts
donated each year continues to remain relatively constant. Attempting
to fill the gap between clinical need and organ availability, scientists
have developed mechanical bridging devices (Figure 1) that can often
maintain or improve a patient’s cardiac status while they await a heart

Received 29 July 2001; accepted 21April 2002.
I thank Rachel Bramstedt for creation and use of the two illustrations.
Address correspondence to Katrina A. Bramstedt, The Cleveland Clinic, Department of

Bioethics/NA10, 9500 Euclid Ave., Cleveland, OH 44195. E-mail: Bioethics@go.com
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Under current law, a healthcare professional’s legal 
duty is to care for a patient and to take reasonable 

steps to prolong their life.



it is generally accepted (both legally and morally) that adult 
patients with decision-making capacity can make informed 
choices to have life-sustaining therapies terminated 
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A person with capacity may decide either 
contemporaneously or by a valid and applicable 
advance decision that they have reached a stage 
where they no longer wish treatment to continue. 

If a person lacks capacity, this decision must be 
taken in their best interests and in a way that 
reflects their wishes (if these are known).
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what if your advance directive 
demands that you be kept ‘alive’, 

come what may?
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futility
care that is medically futile is that which is unlikely to produce 

‘significant benefit’ for the patient

quantitative futility:  a treatment is capable of producing desired result, but 
probably not in the case in hand

qualitative futility:  a treatment is likely to produce  a result, but “is lacking in 
purpose”
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“it is difficult to exclude TAH therapy as a form of  
aggressive care that could be ethically withdrawn.  

When beneficence cannot be facilitated, families and 
physicians must consider termination of  this life 
support therapy.” 

Bramstedt 2003
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this technology is not going to 
go away

more heart failure, more patients

wide public debate & 
engagement
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Thank You
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“Trump can try again for the Republican nomination 
after 4 years  

waiting for an artificial soul”

Professor Tom Karl
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less heart death, but more dementia?

what will be 
our new ending?
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