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Foreword

This case study is one of 17 studies comprising Background Paper #2 for OTA’S
assessment, The Implications of Cost-Effectiveness Analysis of Medical Technology.
That assessment analyzes the feasibility, implications, and value of using cost-effec-
tiveness and cost-benefit analysis (CEA/CBA) in health care decisionmaking. The ma-
jor, policy-oriented report of the assessment was published in August 1980. In addition
to Background Paper #2, there are four other background papers being published in
conjunction with the assessment: 1) a document which addresses methodological
issues and reviews the CEA/CBA literature, published in September 1980; 2) a case
study of the efficacy and cost-effectiveness of psychotherapy, published in October
1980; 3) a case study of four common diagnostic X-ray procedures, published in April
1982; and 4) a review of international experience in managing medical technology,
published in October 1980. Another related report was published in September 1979: A
Review of Selected Federal Vaccine and Immunization Policies.

The case studies in Background Paper #2: Case Sudies of Medical Technologies
are being published individually. They were commissioned by OTA both to provide
information on the specific technologies and to gain lessons that could be applied to
the broader policy aspects of the use of CEA/CBA. Several of the studies were specifi-
cally requested by the Senate Committee on Finance.

Drafts of each case study were reviewed by OTA staff; by members of the ad-
visory panel to the overall assessment, chaired by Dr. John Hogness; by members of
the Health Program Advisory Committee, chaired by Dr. Frederick Robbins; and by
numerous other experts in clinical medicine, health policy, Government, and econom-
ics. We are grateful for their assistance. However, responsibility for the case studies re-
mains with the authors.

JOHN H. GIBBONS
Director
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Preface

This case stud,is one of 17 that comprise
Background Paper #2 to the OTA project on the
Implications of Cost-Effectiveness Anlalysis of
Medical Technology * The overall project was
requested b, the Senate Committee on Labor
and Human Resources. In all, 19 case studies of
technological applications were commissioned
as part of that project. Three of the 19 were spe-
cifically requested b, the Senate Committee on
Finance: psychotherapy, which was issued sepa-
rately as background Paper #3; diagnostic X-
ray, issued as Background Paper #5; and respira-
tory therapies. The other 16 case studies were
selected by OTA staff.

In order to select those 16 case studies, OTA,
in consultation with the advisor-y panel to the
overall project, developed a set of selection
criteria. Those criteria were designed to ensure
that as a group the case studies would provide:

« examples of types of technologies by func-
tion (preventive, diagnostic, therapeutic,
and rehabilitative );

+ examples of types of technologies by physi-
cal nature (drugs, devices, and procedures);

+ examples of technologies i n different stages
of development and diffusion (new, emerg-
ing, and established);

« examples from different areas of medicine
(such as general medical practice, pedi-
atrics, radiology, and surgery);

+ examples addressing medical problems that
are important because of their high fre-
guency or significant impacts (such as
cost) ;

+ examples of technologies with associatecl
high costs either because of high volume
(for low-cost technologies) or high individ-
ual costs ;

+ examples that could provide informative
material relating to the broader policy and
methtodological issues of cost-effectiveness
or cost-benefit analysis (CEA/CBA); and

“Ottice of Technology Assessment, US. Congress, The mplica
tions of Cost Frtectiooness Analuas of Medical Techinologw GPO
stoack NoL 052-003-00705-7 (Washington, D.CULS, Government
Printing Ottice, August 19801

< examples with sufficient evaluable litera -
ture.

On the basis of these criteria and recommen-
dations by panel members and other experts,
OTA staff selected the other case studies. These
16 plus the respiratory therapy case study re-
guested by the Finance Committee make up the
17 studies in this background paper.

All case studies were commissioned by OTA
and performed under contract by experts in aca-
demia. The,are authored studies. OTA sub-
jected each case study to an extensive review
process. Initial drafts of cases were reviewed by
OTA staff and by members of the advisor,
panel to the project. Comments were provided
to uthors, along with OTA’S suggestions for-
revisions. Subsequent drafts were sent b, OTA
to numerous experts for review nd comment.
Each case was seen b at least 20, ad some by
40 or more, outside reviewers. These reviewers
were from relevant Government agencies, pro-
fessional societies, consumer and public interest
groups, medical practice, and academic med-
icine. Academicians such as economists and de-
cision analysts also reviewed the cases. In all,
over 400 separate individuals or organizations
reviewed one or more case studies. Although all
these reviewers cannot be acknowledged indi-
vidually, OTA is very grateful for- their com -
ments and advice. In addition, the authors of
the case studies themselves often sent drafts to
reviewers and incorporated their comments.

These case studies are authored works
commissioned by OTA. The authors are re-
sponsible for the conclusions of their spe-
cific case study. These cases are not state-
ments of official OTA position. OTA does
not make recommendations or endorse par-
ticular technologies. During the various
stages of the review and revision process,
therefore, OTA encouraged the authors to
present balanced information and to recog-
nize divergent points of view. In two cases,
OTA decided that in order to more fullv
present divergent views on particular techn-
ologies a commentary should be added to
the case study. Thus, following the case



studies on gastrointestinal endoscopy and
on the Keyes technique for periodontal dis-
ease, commentaries from experts in the ap-
propriate health care specialty have been
included, followed by responses from the
authors.

The case studies were selected and designed to
fulfill two functions. The first, and primary,
purpose was to provide OTA with specific in-
formation that could be used in formulating
general conclusions regarding the feasibility and
implications of applying CEA/CBA in health
care. By examining the 19 cases as a group and
looking for common problems or strengths in
the techniques of CEA/CBA, OTA was able to
better analyze the potential contribution that
these techniques might make to the management
of medical technologies and health care costs
and quality. The second function of the cases
was to provide useful information on the spe-
cific technologies covered. However, this was
not the major intent of the cases, and they
should not be regarded as complete and defini-
tive studies of the individual technologies. In
many instances, the case studies do represent ex-
cellent reviews of the literature pertaining to the
specific technologies and as such can stand on
their own as a useful contribution to the field. In
general, though, the design and the funding
levels of these case studies were such that they
should be read primarily in the context of the
overall OTA project on CEA/CBA in health
care.

Some of the case studies are formal CEAs or
CBAs; most are not. Some are primarily con-
cerned with analysis of costs; others are more
concerned with analysis of efficac,or effec-
tiveness. Some, such as the study on end-stage
renal disease, examine the role that formal
analysis of costs and benefits can play in policy
formulation, Others, such as the one on breast
cancer surgery, illustrate how influences other
than costs can determine the patterns of use of a
technology. In other words, each looks at eval-
uation of the costs and the benefits of medical
technologies from a slightl different perspec-

S

tive. The reader is encouraged to read this study
in the context of the overall assessment’s objec-
tives in order to gain a feelin,for the potential
role that CEA/ CBA can or cannot play in health
care and to better understand the difficulties and
complexities involved in applying CEA/CBA to
specific medical technologies.

The 17 case studies comprisin,Background
Paper #2 (short titles) and their authors are:

Atrtificial Heart: Deborah P. Lubeck and John P.
Bunker

Automated Multichannel Chemistry Analyzers:
Milton C. Weinstein and Laurie A. Pearlman

Bone Marrow Transplants: Stuart O. Schweitz-
er and C. C. Scalzi

Breast Cancer Surgery: Karen Schachter and
Duncan Neuhauser

Cardiac Radionuclide Imaging: William B,
Stason and Eric Fortess

Cervical Cancer Screening: Bryan R. Luce

Cimetidine and Peptic Ulcer Disease: Harvey V.
Fineberg and Laurie A. Pearlman

Colon Cancer Screening: David M. Eddy

CT Scanning: Judith L. Wagner

Elective Hysterectomy: Carol Korenbrot, Ann
B. Flood, Michael Higgins, Noralou Roos,
and John P. Bunker

End-Stage Renal Disease: Richard A. Rettig

Gastrointestinal Endoscopy: Jonathan A. Show-
stack and Steven A, Schroeder

Neonatal Intensive Care: Peter Budetti, Peggy
McManus, Nancy Barrand, and Lu Ann
Heinen

Nurse Practitioners: Lauren LeRoy and Sharon
Solkowitz

Orthopedic Joint Prosthetic Implants: Judith D.
Bentkover and Philip G. Drew

Periodontal Disease Interventions: Richard M,
Scheffler and Sheldon Rovin

Selected Respiratory Therapies: Richard M.
Scheffler and Morgan Delaney

These studies will be available for sale by the
Superintendent of Documents, U.S. Govern-
ment Printing Office, Washington, D.C. 20402.
Call OTA’s Publishing Office (224-8996) for
availability and ordering information.
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Case Study #9:
The Artificial Heart:

Cost, Risks, and Benefits

Deborah P. Lubeck, Ph. D.
and
John P. Bunker, M.D.

Division of Health Services Research
Stanford University
Stanford, Cal if.

INTRODUCTION

Current medical technology is often the result
of a convergence of clinical research and practice
with modern engineering. Advances in electron-
ics, synthetic materials, pharmaceutical devel-
opment, instrumentation, and computation re-
sult in important applications in diagnosis,
therapy, and rehabilitation. The artificial heart
program is an example of this convergence.

Cardiovascular diseases are still the leading
cause of death in the United States. According to
the National Center for Health Statistics, heart
attacks and strokes—the most lethal and well-
known manifestations of cardiovascular disease
—claim over 700,000 victims each year. In an ef-
fort to prevent some of the deaths, the National
Heart Advisory Council in 1963 recommended a
long-range program of research to develop a
permanently implantable artificial heart that
could be used to replace a failing natural heart.

At the time, there was considerable optimism
that the successful development of a permanent-
ly implantable artificial heart would provide a
means of treating serious cardiac disease by
iwo, well before biomedical advances were ex-
pected to produce appropriate preventive treat-
ment (42). The success of cardiac pacemakers,
hemodialysis, and prosthetic joint replacement
underscored that optimism.

Today, after 15 years and over $180 million in
Federal expenditures, * however, a total implant-
able artificial heart is still a distant goal. This
case study, discusses the potential societal bene-
fits, costs, and risks of continued investment in
this medical innovation. Many of our estimates
and forecasts are hampered by the fact that very
little research is directed toward the nature of
technical change in medicine and the supply side
of medical technology. We hope this case study
points to some useful areas of further research
on the relationship of public policy to the
development of new medical technologies. At a
minimum, an assessment of the artificial heart
program provides an opportunity to address
policy questions concerning the distribution of
research funds for treating heart disease, the
equitable distribution of medical technology,
and the potential costs to society before this life-
saving technology is available for therapeutic
use.

® These Federal expenditures include $134 million in National
Heart, Lung, and Blood Institute (NHLBI) contracts, approximate-
ly $30 million in NHLBI grants, and $17 million in Department of
Energy (DOE) funding.
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HISTORY OF THE ARTIFICIAL HEART

The artificial heart program was created at the
National Heart Institute with special congres-
sional approval in 1963. Its ultimate goal is to
develop a totally implantable mechanical heart
—including an implantable power source—
which can be used to replace a failing natural
heart. Since 1964, the program has had a succes-
sion of organizational names: Artificial
Heart/Myocardial Infarction Program, Medical
Devices Application Branch (1970), Division of
Technological Applications (1972), and Cardio-
vascular Devices Branch (1973) of the National
Heart and Lung Institute. The program is cur-
rently administered by the Devices and Technol-
ogy Branch (1974), of the Division of Heart and
Vascular Diseases, of the National Heart, Lung,
and Blood Institute (NHLBI).

The effort to construct heart prostheses fol-
lowed naturally from the successful design of
heart-lung pumps that could be used during
open-heart surgery to assume (for short periods
only) the functions of both the heart and lung.
Many medical and technical advances suggested
the feasibility of heart replacement: the implan-
tation of artificial heart valves, the development
and widespread use of cardiac pacemakers, in-
creasingly successful blood dialysis as a
mechanical replacement for kidney function,
and the achievement of kidney transplants in
humans and heart transplants in animals. The
success of the aforementioned surgical tech-
niques demonstrated the possibility of prosthetic
replacement, while the immunological rejection
and shortage of donors associated with the
transplants helped demonstrate the need for a
mechanical heart. Other notable technological
achievements included the revolution in mini-
aturized engineering stimulated by the space
program, advances in energy technologies (e.g.,
the plutonium heat engine), and the develop-
ment of synthetic materials (e.g., teflon and
lycra) with outstanding engineering specifica-
tions for wear and flexibility (45).

These developments helped set the stage for
the construction of prototype hearts by a
number of investigators—Adrian Kantrowitz,
Michael DeBakey, and Willem Kolff. Much of

the earliest work on the artificial heart was car-
ried out, without Federal sponsorship, in aca-
demic and research centers.

The search for the large capital outlay neces-
sary to finance the initial R&D for the artificial
heart was given impetus by nature of the med-
ical and engineering problems that were encoun-
tered: finding hemocompatible materials able to
withstand continual wear and flexion, finding a
power supply, and developing sophisticated
miniaturized control systems. The magnitude of
these problems discouraged independent
development and created a demand for Govern-
ment involvement.

The artificial heart program was launched in a
period of both economic growth and great faith
in the powers of science and technology. Heart
researchers, such as Michael DeBakey of Baylor
University, were enthusiastic about developing
an artificial heart and were optimistic that a suc-
cessful device might take as few as 3 years but no
more than 10 years to achieve. By early 1965,
there was a 5-year plan for achieving the arti-
ficial heart: roughly 1 year to assess the “state of
the art,” 1 year to design, test, and develop the
system, 2 years to develop heart prototypes, and
1 year to test the model and determine standards
for mass production (40).

It was widely believed that the approach to
the space race (i.e., systems analysis) could be
used as a model for organizing technological
projects like the artificial heart. A similar ap-
proach, including a built-in rivalry among scien-
tists, was therefore adopted by the National
Heart Institute. Several researchers worked on
parallel development of the separate subsystems
of the heart—energy systems, control systems,
blood interface materials—that were to be re-
integrated into a working device at a later time
(33). The decision was also made, based on the
success of the space program, to use targeted
contracts to private firms to develop parts and
materials for the device, rather than the more
common research grant procedure (35). This tar-
geted approach, reflecting the specificity of engi-
neering, was based on the assumption that the
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basic scientific knowledge necessary to develop
a device was available.

In the artificial heart program’s early years,
rapid growth in resources—from $500,000 in
1964 to $8 million in 1967—nurtured anticipa-
tion of early clinical results. Technical dif-
ficulties were greater than anticipated, however,
and the basic knowledge necessary to design and
produce the needed components was not avail-
able. There was no solution to two major techni-
cal problems: developing hemocompatible bio-
materials and a power source. Researchers today
are still attempting to perfect an inner surface
material for the artificial heart that will not
cause adverse chemical reactions when in con-
stant contact with blood, yet is sufficiently
durable to flex more than once a second over a
decade without cracking or chipping (41,69). A
compact, long-lived, and reliable power source
has still not been developed; permanently im-
planted nuclear energy sources, popular in the
1960’s, have been given a diminished priority,
and greater emphasis is now placed on electrical
engines that require a continuous energy supply
or recharging.

In 1974, in response to these problems, the ar-
tificial heart program was moved into NHLBI’s
Division of Heart and Vascular Diseases. There
it developed a more narrow focus, with an em-
phasis on the development of circulatory-assist
devices that would augment the left ventricle of
the heart by pumping blood from the left ventri-

cle to the aorta. In 1975, authorization was
given to begin clinical trials of a left-ventricular-
assist device (LVAD) to be used temporarily in
patients unable to resume cardiac function at the
completion of open-heart surgery. Clinical trials
for a 2-year implantable LVAD are expected to
begin in an estimated 3 to 5 years. Targeted ef-
forts beyond that include the development of a
5-year implantable LVAD and electrically ener-
gized engines. Researchers see the longer term
implantable LVAD as a significant step, possibly
a decade away. *

Parallel work on totally implantable artificial
hearts is still continuing. Willem Kolff, at the
University of Utah, has a number of calves in
which his prototype heart has been successfully
implanted. Nevertheless, the power source for a
totally implantable artificial heart remains a
continuing source of concern. Kolff’s calves are
on air-driven pumps, tethered to the wall; other
prototypes require that an external battery-pack
power an implanted motor. Estimates as to
when a totally implantable artificial heart
system capable of long-term support will be
achieved are uncertain. The most common
forecast is “many years away. ” Since the
achievement of a totally implantable artificial
heart depends on significant advances in basic
knowledge and in bioengineering, it remains
today a distant goal.

*LVAD research and clinical trials are discussed at greater
length in a separate section of this case study.

POOL OF POTENTIAL RECIPIENTS IN THE UNITED STATES

Sources of Candidates

The authors of this case study assume that in
order to be a candidate for heart replacement, a
person must be in the hospital, with death immi-
nent or highly probable, and must survive for 1
hour after the “replacement” decision is made
(i.e., the amount of time needed to set up the
operating room and get the patient on cardiopul-
monary bypass).

The following three groups are sources of
potential candidates:

1, survivors of recent myocardial infarction
(heart attack) and/or cardiac arrest with
worsening course,

2. persons with worsening chronic severe
heart disease, and

3. persons having open-heart surgery whose
heart after surgery is unable to reassume
the hemodynamic load from the cardiopul-
monary bypass pump.

in order to be candidates, persons in the first
group would have to survive their attack or car-
diac arrest through the following phases: home/
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work (attack and replacement decision times),
transportation to hospital, treatment in the
emergency room, and initial stabilization in the
coronary care unit. Candidates in the first and
second groups would be primarily patients with
ischemic heart disease (IHD), but would also in-
clude some patients with rheumatic heart disease
(RHD).

The second group would include, in addition,
persons with severe cardiomyopathy (heart
muscle disease) which has rendered the heart in-
capable of supporting the body’s needs at any
level of exertion above absolute rest, and per-
sons with severe electrical instability of the heart
which has been refractory to treatment with
medication. These individuals, we assume,
would have to survive at least 1 hour of hospi-
talization in order to be candidates.

The third group would consist of persons
whose heart is unable to reassume the body’s
hemodynamic load after the heart has been me-
chanically bypassed during open-heart surgery.
Such surgery includes operations for coronary
artery bypass, cardiac valve replacement, and
cardiac muscle resection in hearts with severe
mechanical or electrical dysfunction.

Our estimates of the number of potential re-
cipients of an artificial heart are presented
below. These estimates are based on information
available from the Ad Hoc Task Force on Car-
diac Replacement in 1969 (1) and recent litera-
ture regarding the following:

+ the percentage of persons experiencing
myocardial infarction or cardiac arrest who
die:

—at home or work,

—during transportation by mobile cor-
onary units,

—in emergency rooms, or

—during stabilization in coronary care
units;

- the distribution of “mobile coronary units”
(i.e., urban v. rural);

- the total number and distribution of cardiac
deaths per year; and

- the prevalence of severe, irreversible, po-
tentially lethal noncardiac diseases in can-

didates (we assume no change from the
1969 task force estimate of 262/1,000).

We differ from the 1969 task force as follows:

- We do not consider that a patient’s prior
knowledge of cardiac disease alters the pat-
tern of patient delays in seeking medical as-
sistance, nor that it alters the candidacy
status once a patient has been hospitalized.

- We do not concur with the task force’s cate-
gory of “unexpected” deaths, neither with
the numerical estimates of such deaths nor
with the significance attributed to them. We
believe that cardiac deaths can be consid-
ered “instantaneous” (occurring in less than
1 to 2 minutes) or “sudden” (occurring in
less than 1 hour). The 1969 estimate of 42
percent (98/233) “unexpected” deaths seems
unreasonably high for “instantaneous”
deaths.

Further, the 1969 report does not appear
to exclude all persons who die within 1 hour
after onset of symptoms. As noted earlier,
at least 1 hour after the replacement deci-
sion is made will be required to prepare the
operating room and the patient for heart
replacement. We consider that if the patient
survives for 1 hour or more in a hospital
(avoids “sudden death™), he or she becomes
a potential recipient, as reflected in our
estimates below.

Finally, we assume that there will be no “elec-
tive” replacements, i.e., there will be no implan-
tation in patents who are stable under medical
management, regardless of the severity of such
patients’ disease. This consideration might
change over time if the artificial heart proved
highly successful.

Estimates of Potential Candidates in
the United States, 1979

Group 1: Survivors of Recent Myocardial
Infarction and/or Cardiac Arrest

Three separate sets of figures from the medical
literature (23,44,61) are employed in our anal-
ysis of the number of potential candidates
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among persons suffering acute myocardial in-
farction and/or cardiac arrest. Therefore, we
present three separate estimates below and then
use these to arrive at a pooled estimate.

Estimate A

1. Myocardial infarctions/year. . ............ 700,000
less those who survive uneventfully (50% ). —350,000
less those who die before hospitalization

(25%) . .o -175,000
less those die “suddenly” in hospital (s%). . . 35,000
Subtotal . . ........................140,000
2. Cardiac arrests/year. ..................... 300,000
less those who die “at home”. ... .......... -80,000
less those who die before hospitalization. . . . -80,000
less those who die in hospital. .. ........... -80,000
less survivors (no mechanical damage
toheart). ........ ... ... .. —60,000
Subtotal . ............. 0
Total estimate A. . ................... 140,000
Estimate B

Seventy-five percent of all cardiac deaths
are said to occur within 2 hours of symptom
onset. Thus, 25 percent of deaths occur after 2
hours; one-sixth of these deaths occur “with-
out warning. ”

Cardiac deaths/year...................... 684,000

less 75% who die within 2 hours. . ...... .. —513,000

171,000

less 1/6 who die “without warning”. . ... ... —28,500

Total estimate B. . ..................... 142,500
Estimate C

Fifty percent of all cardiac deaths are said to
be “immediate” (time undefined). Of the rest,
so percent die before hospitalization, and
one-sixth die in the hospital “suddenly. ”

Cardiac deaths/year...................... 684,000
less 50% whose deaths are “immediate”. . . -342,000
342,000

less 5070 who die before hospitalization. ._...171,000
171,000

less 1/6 who die in hospital “suddenly”. . ._ . -28,500
Totalestimate C...................... 142,500

Pooled Estimate

Thus, in group 1 we estimate 140,000 to
142,500 candidates for artificial hearts. The
round figure of 140,000 will be used hereafter. *

Group 2: Persons With Worsening Chronic
Severe Heart Disease

Patients with severe cardiomyopathy and pa-
tients with severe electrical instability of the
heart are also prone to die instantaneously or
“suddenly.” The percentage of those persons
who survive 2 or more hours in the hospital, yet
have a worsening course, is estimated from
figures at Stanford University Medical Center,
which serves as a referral center for medical and
surgical treatment of patients in both categories.
We estimate 11,000 such patients per year.

Group 3: Persons Who Are Unable to Come Off
the Cardiopulmonary Bypass Pump Following
Open-Heart Surgery

Patients undergoing open-heart surgery occa-
sionally survive the surgery but are “unable to
come off the pump, “ i.e., the patient’s heart will
not reassume the hemodynamic load when a
transfer is attempted from the artificial cardio-
pulmonary bypass machinery.

Approximately 100,000 coronary bypass
operations are performed yearly, as well as
other open-heart surgery. Of the patients
undergoing these procedures, we estimate that
no more than 1,000 patients a year would be
“unable to come off the pump. ”

All Groups

By combining the estimates presented above,
we estimate the total number of potential can-
didates for artificial hearts to be 140,000 +

*The figures used in the three estimates presented for this group
of potential candidates are compatible with data recently collected
in the area of Miami, Fla., which as of 1979 had not yet been pub-
lished in manuscript form.
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11,000 + 1,000 ° 152,000. Applying the 262/
1,000 estimated prevalence of severe, irreversi-
ble noncardiac disease (1) that would exclude
potential candidates from consideration, we
have 0.262 x 152,000 = 39,824, the latter being
the number of candidates who would be ex-
cluded. Their exclusion leaves 152,000 — 39,824
= 112,176, or approximately 112,000 can-
didates of all ages.

Maximum Age Considerations

According to the National Center for Health
Statistics (NCHS), the following percentages of
all cardiac deaths occur at the ages listed:

<BO YEANS. . o ot 75%
<TS Years. . . .. ...t DTS
STO YEAIS. . oottt e e e 42
<B5 YEAIS. |, it 30

From the application of cardiac deaths to the
112,000 candidates of all ages, we derive the
following numbers of candidates:

<BOYeArS. . oo 84,000
STEYEAS. . ottt ey e 64,400
< 70 years. . 47,000
<65 years. 33,600

Thus, our estimate is that there would be
33,600 artificial heart candidates each year
under the age of 65. Our estimate is not much
different from the 1969 Ad Hoc Task Force on

ECONOMIC ASPECTS

The economic costs of diagnosis, implanta-
tion, and postoperative care for artificial heart
recipients are not easily predictable from present
artificial heart prototypes, because there have
been only a few human implantations and none
of a totally implantable device. To provide a
range of estimates, therefore, in the discussion
that follows, we review the current cost infor-
mation for three related medical technologies:
1) cardiac pacemakers, 2) coronary artery
bypass graft (CABG) surgery, and 3) cardiac
transplants. Data on projected device costs for
the artificial heart were obtained from letters
and interviews with manufacturers, as well as
NHLBI reports. Three estimates of the major

Cardiac Replacement’s estimate, based on dif-
ferent assumptions and calculations, that there
would be 32,168 candidates each year under the
age of 65(I).

Patient Access to Implant Hospitals
and Patient Refusal

We estimate above that 33,600 persons would
be candidates for artificial heart implantation
each year if all had access to hospitals capable of
implanting an artificial heart and if all agreed to
the replacement.

If the device is initially highly successful
and/or if the patient selection criteria are relaxed
overtime, as they have been for patients suffer-
ing from end-stage renal disease (ESRD), this
figure might increase substantially. To allow for
this possibility, we submit an “upper bound” of
twice this estimate, or approximately 66,000
candidates.

Conversely, if large and intractable technical
or other problems are encountered and/or if
many potential candidates choose not to accept
treatment with this device, the number of can-
didates might be substantially lower. According-
ly, we suggest a “lower bound” estimate of
16,000 candidates.

items of expense associated with artificial heart
implantation and use are presented in table 1 on
page 11. Following that are a discussion of per-
sonnel and facilities and a discussion of funding
for R&D.

Artificial Cardiac Pacemaker

The implantable cardiac pacemaker is a com-
plex device that, like the artificial heart, joins
physicians with engineers and manufacturers.
The first totally implanted pacemakers were
reported in Sweden in 1959 and in the United
States in 1960 (17,37,78). Clearly, the pace-
maker is a clinical success. It has been dramati-
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cally lifesaving and has enormously improved
the quality of life for patients with heart block
and other abnormalities of conduction. For pur-
poses of this analysis, however, we are con-
cerned with the costs, reliability, and longevity
records of pacemakers. (For additional informa-
tion, see app. A.)

From the outset, manufacturers of cardiac
pacemakers predicted that energy stored in the
battery would provide 5 years of pulse-genera-
tion function. This 5-year figure was based on
battery capacity and calculated discharge rates;
it did not include an allowance for the replace-
ment of the pulse generator alone. Although
some investigators expressed reservations about
heightened expectations (78), there was a con-
sensus that a 5-year pacemaker was at hand
(17,37). That projection proved overly optimis-
tic. Early battery failure necessitated pacemaker
replacement in 60 percent of pacemaker recipi-
ents within 3 or 4 years. Even as late as a decade
after the therapy became accepted, many pulse
generators required replacement at 18 months.
In addition, wire fractures, high thresholds,
other component failures (e. g., self-discharge
within the battery, inward leakage of body
fluids), and infection required reoperation in
about 30 percent of pacemaker recipients within
3 years (55,56). The predicted longevity was not
achieved until 1975, with the availability of new
battery technology (lithium).

The unanticipated complications of systems
failures and recalls for recipients of cardiac
pacemakers meant greater than estimated con-
tinuing care costs. Although the expectation had
been for 3 to 5 years of fault-free system per-
formance, the average system longevity during
the first 3 years of pacing was only about 6
months. Some patients had in excess of 15 oper-
ations in 3 to 5 years.

A 1976 study (74) analyzed the financial rec-
ords of patients with more than 4 years (an aver-
age of 73 months) of cardiac pacing to establish
basic cost figures. A cost estimate of $7,500 in-
cludes an average of $3,500 for the initial im-
plantation and $4,000 for continuing pacemaker
maintenance costs. Modern followup methods,
apart from complications requiring hospitaliza-

Bh-282 0 - 82 - 2

tion and operative repair, are also costly. Elec-
tronic monitoring, directly or indirectly by
telephone, represents the best available means of
followup. Electronic monitoring by telephone
promises to reduce the number of emergency ad-
missions, but the procedure is costly. Third-
party payers, Blue Cross and medicare, now pay
$30 per telephone call; most patients are
monitored twice monthly, some as often as
weekly. Thus, the monitoring cost can approx-
imate $1,560 per year.

Coronary Artery Bypass Grafts

The costs of CABGs have become an issue as
the number of procedures has grown—from
20,000 in 1971, to 50,000 in 1974 (75), to an
estimated 70,000 in 1977 (11), to 100,000 in 1978
(47). Figures from several studies analyzing
surgical costs of CABG patients (24,32,47,59,75)
were updated with assumptions about patient
care for artificial heart recipients to arrive at the
figures given in column A of table 1.

A study by Befeler (11) presents the range of
costs for 20 CABG patients. Hospital charges for
a 17-day average stay ranged from $6,525 to
$22,142, for an average of $10,103. This figure
includes charges for EKG analysis, cardiac
catheterization, blood flow rate measurements,
and other hospital fees that would be incurred
by artificial heart recipients. The professional
fees incurred by CABG patients provide the
most recent comparable cost information for
professional fees that might be incurred by ar-
tificial heart recipients. The surgeon’s fee for
CABG currently ranges from $2,000 to $2,400,
averaging $2,200; the anesthesiologist’s fee
averages $974; and the cardiologist’s fee aver-
ages $652. This brings the average professional
fees for CABG to $3,826. When these fees are
added to the hospital costs of CABG surgery,
the total charges are $13,929. Allowing for infla-
tion and national variation, we estimate an aver-
age cost of $15,000 for CABG surgery.

Heart Transplants

Recent successes in cardiac transplantation at
Stanford University Medical Center provide a
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third cost comparison. Between 1969 and June
1979, Stanford completed 179 cardiac trans-
plants, with 71 survivors (62). The survival rate
of patients who receive heart transplants now
rivals that of patients who receive kidney trans-
plants from unrelated donors. About 70 percent
survive to 1 year, and 50 percent survive afters
years. The heart transplant patient selection
criteria at Stanford are very stringent. Selection
is based on factors that include the absence of in-
fection, a psychological evaluation, and eco-
nomic criteria. Patients must show they can pro-
vide transportation to and from Stanford during
postoperative monitoring and must document
that the patient’s family can provide financial
support during this period. Many of the recipi-
ents are young. Of 13 patients between 12 and
21 years old, 7 are still alive, with a 64-percent
survival rate to 4 years.

In February 1980, the former National Center
for Health Care Technology (NCHCT) recom-
mended that the Health Care Financing Admin-
istration (HCFA) reimburse cardiac transplanta-
tion at Stanford under medicaid. Previously, a
substantial portion of the costs was underwrit-
ten by the National Institutes of Health (NIH). A
full recommendation on medicaid reimburse-
ment for heart transplants is being prepared that
will include suggestions for cost containment in-
centives, “distributive justice” issues for patients
unable to afford the transportation to and from
Stanford, and a consideration of whether it is
necessary to regionalize (limit to four or five
centers) heart transplants. ’

Average costs for cardiac transplantation at
Stanford in 1977 are listed below (62):

Transportation and lodging. ... ... ... ... .$ 5,600
Evaluationcost. . .................... ) 3,500
Hospital costs. . ............ ... .. ... ... 62,000
Professional fees. . . ..................... 30,000

Total. . ... e $101,100

These figures for cardiac transplantation do
not include fees for the heart donors, which
would not be encountered in artificial heart
surgery. The largest contributing factor to the
total cost of cardiac transplantation is the length

‘ The Blue Sheet, Feb. 20, 1980.

of hospital stay, which averages 65 patient days.
The average daily costs are between $400 and
$500 (not corrected for inflation). The first 30
days after surgery are spent by cardiac trans-
plant patients in intensive care at the highest
service intensity and costs. Much of artificial
heart implantation would be emergency surgery,
according to our earlier patient selection pool,
and charges for transportation and lodging
would not be incurred. We have deducted these
charges and reduced the hospital charges for car-
diac transplantation by one-half (to account for
the shorter hospital stay and fewer laboratory
tests required by artificial heart patients) to ar-
rive at the figures given in column C of table 1.

The annual cost of followup care for heart
transplant patients at Stanford, after the first
year, is approximately $8,800 (62,71). Inpatient
followup care (medical surveillance, chest
X-rays, lab tests, and EKGs) costs about $7,300,
and outpatient followup care about $1,500. The
higher continuing care costs for the first year
and for those eight patients at Stanford who
have had second heart transplants are not in-
cluded in the maintenance figure. (Tables sum-
marizing the inpatient and outpatient costs at
Stanford are provided in app. B.)

Device Costs

Estimates of the cost of the artificial heart
itself vary, depending on the energy supply. The
following four energy supply systems are dis-
cussed in the report of the 1973 Artificial Heart
Assessment Panel (51): 1) electrically powered,
internal heat energy storage, 2) long-term inter-
nal secondary battery, 3) external secondary
battery, and 4) nuclear power.

Two of these energy systems are used on
LVADS that are undergoing testing and research
today. One is an electrical-energy converter
powered by an electrochemical battery. The
other is a thermal-energy converter powered by
an electrical or radioisotope-charged battery.
Recent estimates of the future cost of these
LVADs from NHLBI contractors provide the
best proxies for what the potential cost of the ar-
tificial heart may be when, and if, it is mass pro-
duced. According to representatives from Ther-
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moElectron and Aerojet-General, an electro-
mechanical LVAD designed for 2 years of
reliable use, at a production level of 5,000 per
year, will cost an estimated $10,000. A 5-year
device may cost $13,000 or $14,000. In addition,
the batteries for such a device will cost several
hundred dollars a year. An LVAD driven by a
thermal engine will cost an estimated $14,000,
with no additional costs expected for a 5-year
reliable form.

Willem Kolff, at the University of Utah, esti-
mates that the first totally implantable artificial
hearts will be air-driven and will cost around
$14,000. However, many technical problems re-
main to be resolved (e.g., the development of
reliable biomaterials), and costly solutions
would increase these figures.

There is little potential for declining costs with
mass production of the devices because of the
high level of reliability demanded for the devices
and the expensive marketing structure. Theo-
dore Cooper, former director of NHLBI, con-
firmed this point in a 1979 interview (22), stating
that he does not expect artificial hearts to be pro-
duced on a competitive basis; therefore, satura-
tion and declining costs for the device are not
apt to be realized.

Summary of Costs

Table 1 contains three estimates of the major
items of expense incurred in the diagnosis, im-
plantation, and recovery of patients undergoing
artificial heart implantation. These items have
been discussed in the preceding sections.

Our lower bound cost estimate (A in table 1)
is based on the CABG proxy, a low estimate for
the device of $10,000, and a low estimate for
continuing care of $1,500 based on the experi-
ence of cardiac pacemakers. * We do not expect
the technological and continuing surveillance
needs of artificial heart recipients to be less than
emergency medical treatment and monitoring

o There is a considerable difference of opinion about continuing
cost estimates. One reviewer felt that both the cardiac transplant
and pacemaker continuing costs were too high. Another reviewer
felt that there would be numerous mechanical problems, so that
even cardiac transplant estimates were too Zow. In table 1 we have
presented a range of estimates, with $8,000 as the upper bound.

Table 1.—Three Estimates of Major Items of
Expense Associated With Artificial Heart
Implantation and Use

A B c
Cardiac
CABG  Calculated transplant
Item of expense proxy’ fees proxy’
Implantation
Hospital care. . . . . .. $10,103 $10,822 $31,000
Professional fees . . . 3,826 5,300 30,000
Device costs’....... 10,000 12,000 14,000
Total ............ $23,929 $28,122 $75,000
Continuing costs’
Medical care . . ... .. $1,500 $2,000 $8,800
Batteries. . . ... ... .. 300 300 -
Total yearly . . . . .. $1, 800 $2,300 $8,800

"“CABG proxy for costs of hospital care and professional fees; cardiac pacemak-
er proxy for costs of continuing medical care.

‘Cardiac transplant proxy for costs of hospital care (adjusted), professional
fees, and continuing medical care.

cBased on estimates for electromechanical LVAD.

d Al costs subsequent to implantation.

SOURCE: Estimates are derived from information provided in the text.

costs of cardiac pacemakers. In addition to in-
curring these continuing medical costs, recipi-
ents will have to replace batteries yearly for the
2-year reliable LVADs that are being devel-
oped. ** These batteries will cost about $300 to
$500 annually.***

Our second cost estimate (B in table 1) is
based on our own calculations using current
hospital costs, professional fees, and a middle
estimate of $12,000 for the device. Consultations
with cardiac surgeons suggest that the nonemer-
gency patient will need to be hospitalized for 5
to 7 days prior to artificial heart implantation.
Immediately after surgery, the patient will be
placed in an intensive care unit for extensive
monitoring and treatment for an anticipated
period of 7 days. Normal progression of the re-
covery processes would be expected to require a
hospital stay of about 21 days. Combining these
length-of-stay figures with current hospital
costs, we calculate that the recipient of an artifi-
cial heart would incur total hospital costs of
$10,822. That total includes $6,300 for 28 days
of care (7 days preoperatively, 21 days postoper-
atively) at $225 per day* and $4,522 for 7 days

o_f intensile care at $646 per day.**

**See section on LVAD research below for a description.

***Estimate from Thermoelectron.

*Cost figures from the American Hospital Association.

**The amount reimbursed by the Health Care Financing Admin-
istration (HCFA) for intensive care.
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We have added the professional fees stated for
CABG patients ($3,826) and applied them to the
surgical demands of artificial heart implanta-
tion. * The amount increases, because of the an-
ticipated need for an associate surgeon (fee of
$500) and two anesthesiologists, to $5,300.**
When we add these fees to the hospital costs, we
arrive at estimated charges of $16,122, wvell
within the range of coronary bypass surgery.
(Many of our interviewees compared implanta-
tion costs to present bypass costs. ) Following
hospitalization and discharge, the artificial heart
recipient would presumably spend a reasonably
prolonged period of recovery. We anticipate
that during this recovery period the patient will
require frequent visits to the physician at the
hospital where the surgery was performed. For
this reason, we expect the first year’s costs to be
similar to those for cardiac transplant patients,
but we have chosen a lower continuing cost
figure of $2,000.

Our upper bound estimate (C in table 1)
employs the cardiac transplant figures described
earlier. The only addition is the device figure of
$14,000 for an air-driven heart, which would
not require batteries.

It must be noted that for all three estimates we
assume no surgical complications such as throm-
bosis, hemorrhage, and circulatory insufficien-
cy. Such complications would require a longer
hospital stay and could easily double the hos-
pital costs.

e In an experimental procedure, professional fees are not ordi-
narily charged. However, once the artificial heart is deemed to be
therapeutic, these fees will be incurred.

e *See discussion of personnel and facilities in the next section of
this case study.

In summary, the hospital and implantation
costs to the recipient of an artificial heart may
approach the present fees associated with car-
diac transplants and will certainly be higher than
the present costs of CABG surgery. Table 2 lists
varying total societal costs for the range of
biologic or mechanical heart implants discussed
in the previous section of this case study and
also shows the impact on present facilities and
personnel. Even the best estimates project an ex-
pense that an individual recipient would not be
able to afford completely and that private in-
surance schemes would be expected to reimburse
only partially (as with dialysis and heart trans-
plants). To meet these expenses, which could
easily reach $3 billion annually, the Government
will have to consider new concepts in insurance
or social security coverage.

Personnel and Facilities

An important consideration in planning for
the clinical application of the artificial heart is
the adequacy of present medical facilities and
surgical teams. The agonizing selection of pa-
tients associated with the early days of hemodi-
alysis points up the problem that a shortage of
facilities and skilled personnel may create if
preparations for the artificial heart are inade-
quate.

John Watson, Chief of the Devices and Tech-
nology Branch of NHLBI, believes that existing
open-heart facilities should be adequate for ar-
tificial heart surgery and postoperative recovery
(77). The growth in emergency cardiac facilities
and personnel during the last decade and the
plans for mobile care units and coronary facil-
ities throughout the United States should pro-

Table 2.—Effect of Numbers of Implants on Available Societal Resources

Total costs per year (in millions)

Implants per surgeon per
year with number of

Implants per facility
per year with number of

Replacements with implantation costs of: available surgeons: available facilities:

per year $24,000 $28,000 $75,000 800 1,000 1,200 600 800 1,000
16,000 . ........... $ 384.00 $ 448.00 $1,200.00 20.0 16.0 13.3 26.7 20.0 16.0
33600............ 806.40 940.80 2,520.00 42.0 33.6 28.0 56.0 42.0 33.6
47,000, . ........ .. 1,128.00 1,316.00 3,525.00 58.8 47.0 39.2 78.3 58.8 47.0
66,000 ............ 1,584.00 1,848.00 4,950.00 82.5 66.0 55.0 110.0 82.5 66.0

SOURCE: Estimates are derived from information provided in the text.
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vide a facilities base suitable for the transporta-
tion of candidates for artificial heart surgery. As
noted below, however, artificial heart implanta-
tions may severely strain existing personnel
resources.

Interviews with cardiac surgeons indicate that
the services of the current open-heart procedure
team plus an associate surgeon and an artificial
device engineer will be required for artificial
heart implantation. The estimated personnel re-
quirements in the operating room are listed
below:

Hours
Chiefsurgeon. .. ................... .45
AsSOCIiate SUFgEON. . . ..o oot it it et et e 2-3
Anesthesiologists (2). .. .......... ... o 7-8
Heart-lung machine operators (2). . ... 7-8
Residents (3). . . ...... ... .. ........
NUurses (3). . . oo oo

Technicians (2). .. ....... .. i
Artificial device engineer

These personnel requirements are extensive
when superimposed on present needs for skilled
surgeons and nurses for heart-lung work, heart
transplants, arterial grafts, and pacemaker im-
plantations. Artificial heart surgery, like heart
transplantation, is likely to disrupt any
hospital’s schedule. In addition, the surgery is
only a small part of the patient care process,
which requires the time and resources of nurses,
lab technicians, physicians, and engineers.

It is difficult to estimate the present number of
cardiac surgeons, because currently available
medical specialty statistics do not differentiate
between cardiac and noncardiac thoracic sur-
geons. In 1976, there were 2,020 thoracic sur-
geons (3). Approximately 39 percent (780) are
estimated to be active cardiovascular surgeons.
The supply of cardiac surgeons has been increas-
ing at about 15 percent per year (59), so shortly
almost half of certified thoracic surgeons will be
active in cardiac surgery. Using these figures, we
have assumed that as few as 800 and probably
closer to 1,000 surgeons will be available to per-
form artificial heart surgery in the coming
decade.

In 1976, an estimated 600 hospitals were
engaged in open-heart surgery, an increase from
432 hospitals in 1972. Under the assumption that

no new facilities would be required for artificial
heart implantation, if one postulates a total of
33,600 implants a year* and 800 hospitals have
cardiac facilities, each hospital would average 42
implants per year. These centers will also have
subsidiary concerns, among them the blood re-
guirements necessary to prime the heart-lung
machine for surgical bypass and emergency care
of hemorrhage, pump oxygenators, and an in-
ventory of artificial hearts available for im-
mediate use. With a product whose demand
could vary from 16,000 to 66,000 per year and
whose reliability, longevity, and maintenance
record still remain undocumented, accurate esti-
mates of the major resource requirements are
still not feasible.

R&D Funding

The NHLBI-directed program for the devel-
opment and assessment of circulatory-assist and
cardiac replacement devices is partially funded
through contracts (see app. C). This family of
contracts provides funds for researching blood
pumps, power sources, energy transmission and
storage, instrumentation, and biomaterials.
There is no single major recipient of contract
funds. As shown in table 3, the targeted contract
program of the Devices and Technology Branch
grew rapidly from $500,000 in fiscal year 1964 to
$8 million by fiscal year 1976. Since then, the
program has remained relatively stable at an
average of $10 million a year. Figure 1 compares
relative funding levels for NIH, NHLBI, and the
artificial heart program for fiscal years 1964
through 1975.

NHLBI has also supported basic research for
the artificial heart development program
through extramural grant programs. The extent
of these funds is difficult to delineate in the
overall Institute grant figures. The respon-
sibilities of the Devices and Technology Branch
were broadened to include grants in 1975. Ac-
tivities funded through regular and project
grants include intra-aortic balloons, biomate-
rials, and prosthetic heart valves (see app. C).
The branch also has unrelated grant activities on

*The manner of arriving at this estimate was discussed in the
previous part of this case study.
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Table 3.—NHLBI Devices and Technology Branch Contract Funding, Fiscal Years 1964-79

Programs
Energy Bioinstru- Special Physiological

Fiscal year Materials systems Blood pumps mentation programs Oxygenators testing Total
1964 ... ... $ 209,085 $ 93856 $ 278183 $ 0 $ 0 s 0 $ 0 $ 581,124
1965 . ... .. 0 0 0 0 261,756 0 0 261,756
1966 . ... .. 843,242 728,500 316,555 0 1,680,857 0 335,777 3,904,931
1967 . ... .. 1,735,469 2,909,378 1,377,433 0 898,406 467,747 1,165,876 8,554,309
1968 ... ... 2,130,569 1,365,749 1,533,379 617,456 149,818 590,440 1,454,113 7,841,524
1969 ... ... 1,062,462 2,902,329 1,345,945 479,833 239,012 495,766 1,862,252 8,387,599
1970 ... ... 1,089,083 2,660,840 1,476,869 312,657 9,000 338,460 3,388,334 9,275,243
1971 ... .. 1,115,375 3,165,036 1,793,847 146,023 446,757 676,786 1,873,712 9,217,536
1972...... 905,044 3,897,469 2,386,193 251,386 62,548 381,161 2,700,718 10,584,514
1973 ... .. 1,877,930 2,822,000 1,971,222 183,513 42,500 43,848 2,996,743 9,937,756
1974 ... ... 557,214 3,471,258 2,466,405 560,030 44,978 0 851,655 7,961,540
1975 . ... .. 440,069 3,480)204 3,448,612 1,707,659 0 0 56,196 9,132,740
1976 . ... .. 3,274,000 3,182,000 3,082,000 1,492,000 908,000 0 0 11,938,000
1977 ... .. 3,259,000 3,883,000 3,098,000 2,040,000 921,000 0 0 13,201,000
1978 . ... .. 2,373,000 4,034,000 2,899,000 2,235,000 577,000 0 0 12,118,000
1979%. . .. .. 1,700,000 3,700,000 3,300,000 1,800,000 500,000 0 0 11,000,000

Total. . . . $22,571,542 $42,295,619 $30,773,643 $11,835,557 $6,741,632 $2,994,208 $16,685,376 $133,897,577

‘Estimated.
SOURCE: National Heart, Lung, and Blood Institute, Devices and Technology Branch, Bethesda, Md., 1979

Figure |.—Comparative Program Growth: NIH, NHLBI, and the Artificial Heart Program,
Fiscal Years 1964-75
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diagnostic instruments and therapeutic devices.
John Watson, of NHLBI, has estimated total
grant spending since 1964 at $30 million. For
fiscal years 1977 through 1979, the grants
specifically related to the development of the ar-
tificial heart were $10 million. Approximately
$3.5 million in grants were funded in fiscal year
1978.

The $164 million spent to date on the NHLBI
artificial heart program ($134 million in con-
tracts, $30 million in grants) represents the bulk
of the total cost of developing an artificial heart,
but several research institutes and technology
firms have held Department of Energy (DOE)
contracts (totaling $17 million) to develop a
nuclear engine for an LVAD or totally implant-
able artificial heart. Contractors include the Uni-
versity of Utah, Westinghouse, Andros, Arco,
and Aerojet-General. We have estimates from
only one contractor on the size of these funds,
though we have contacted other recipients for
information. That firm has spent almost $7
million to date on thermal energy development.
The financial history of the artificial heart pro-
gram at DOE is summarized in table 4.

In 1968, the Atomic Energy Commission
(AEC), now DOE, initiated a program at Los
Alamos Scientific Labs for the development of
plutonium-238 (Pu-238) fuel for the artificial
heart. In 1971, contracts were awarded to sev-
eral university research centers (University of
Utah, Cleveland Clinic, University of Washing-
ton) to begin biomechanical and biomaterials
studies. According to Donald Cole of DOE’s Of-
fice of Health and Environmental Research (20),
DOE funding has recently ended.

It is by no means clear, however, that interest
in nuclear energy as a power source for the ar-
tificial heart has ended. In early 1979, NIH
solicited proposals for research into a clinical
thermal energy system, and in November 1979,
3-year contracts for $900,000 and $795,000,
respectively, were awarded to Aerojet-General
and the University of Washington. The thermal
engine to be designed can be driven by one of
two energy sources: thermal (e.g., lithium salts)
or nuclear (e. g., Pu-238). Of these two sources,
Pu-238 is acknowledged to be clinically the more
attractive, because lithium salts must be re-
heated at intervals not exceeding 4to 8 hours.

Table 4.—Financial History of the Artificial Heart Program at the Department of Energy

Period of
Contractor performance Title Cumulative costs
Westinghouse Electric Co. . . . . . . 4/19/71 - 6/30/78 Nuclear-powered artificial heart $10,005,103
Hittman Associates . . .. ........ 374 - 375 Development of a radioisotope heat source 16,000
subsystem for heart devices
Universities Center. . . . ......... 8/1/73 - 7/131/74 Artificial heart controls support 19,033
University of Washington . . . . . . . 6/15/71 - 9/14/78 A program to evaluate the mechanical properties and 457,883
biocompatibility of materials for the ERDA
artificial heart
TRW, InC. . ... ... i 4/19/71 - 6/30/75  Radioisotope heat source for an artificial heart 527,499
Cleveland Clinic . . .. ........... 2/15/72 - 12/31/77  Artificial heart supporting services 257,499
Cornell University. . . . .......... 974 - 9/30/78 Biological effects of implanted nuclear energy 371,666
sources for artificial heart devices
Sinai Hospital . .. .............. 9/1/75 - 8/31/76 ERDA artificial heart program review 9,874
University of Utah. . . ... ........ 6/15/71 - 6/30/79  Biomedical engineering support 1,719,880
University of Utah. . . ... ........ 6/15/71 - 9/14/77  Materials testing and requirements for the ERDA 357,208
nuclear-powered artificial heart
Westinghouse Electric Co. . . . . . . 5/1/72 - 4/30/73 An investigation of high-performance thermal 132,421
insulation systems
Los Alamos Scientific Laboratory. 7/1/72 - 9/30/77 Fuels and source development 2,083,000
Mound Laboratory . .. .......... 711172 - 6/30/73 Fuels and source development 59,000
Pacific-Northwest Laboratory. . . . 7/1/72 - 6/30/74 Recipient radiation exposure 163,000
Pacific-Northwest Laboratory. . . . 7/1/72 - 9/30/77 Population radiation exposure 145,000
Pacific-Northwest Laboratory. . . . 7/1/73 - 10/1/76 Pu-238 from Am-241 315,000

SOURCE Information provided by the Department of Energy, Washington, DC.
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In addition to Federal contracts and grants,
some private funding helps to support artificial
heart research. For example, the Cleveland
Clinic has an NHLBI contract to develop a pump
suitable for an implantable LVAD. Supplement-
ing this contract, Parker-Hannifin Corp. pro-
vides a philanthropic gift that covers approx-
imately 10 percent of the clinic’s heart device re-
search. TRW Corp. produces at its own expense
components that are contributed to the clinic.
Goodyear Corp. contributes expertise and
manufactures the diaphragm for the pumps. It
also contributes one full-time employee who
works on the clinic’s heart device program. This
support is part of Goodyear’s Aid to Medical Re-
search Program. The Cleveland Clinic is also
testing Medtronics’ LVADs with that firm’s
equipment, service, and expertise. Testing and
clinical trials of these devices are separate from
NHLBI funding.

Federal allocations for the artificial heart pro-
gram have averaged $10 million since 1964, and

the present annual figure is approximately $15
million in contracts and grants. The growth in
allocations has not kept up with requests or in-
flation. Some researchers, such as Yuki Nosé of
the Cleveland Clinic, have estimated that a
clinically useful, totally implantable LVAD may
be ready in 1983, and that a totally implantable
artificial heart may possibly be available in
1986. Other contractors say these estimates are
optimistic, given present funding, and some
claim that a totally implantable artificial heart
may not be ready until the year 2000. It could
happen, then, that federally funded research will
be required for another 10 years. If annual
allocations are held at the present level for 10
years, this means an additional $150 million in

Federal R&D funds—and $300 million is a po-
tential figure if research continues until the end
of the century.

PARALLEL COSTS OF HEMODIALYSIS

Hemodialysis and kidney transplantation
emerged as life-extending therapies for victims
of ESRD in the early 1960’s. Here we examine
the experience of hemodialysis financing and
distribution in order to draw lessons that have
potential for application to the artificial heart.

Systematic funding efforts by NIH on behalf
of the kidney program began in 1965 (64). At
that time, the artificial kidney-chronic uremia
program of the National Institute of Arthritis,
Metabolism, and Digestive Diseases (NIAMDD)
was founded with a contract research program
to build a better artificial kidney. The artificial
kidney program was mandated by the House
and Senate Appropriations Committees with the
1966 budget, 1 year after the artificial heart pro-
gram was founded in the National Heart Insti-
tute. Though the artificial kidney was advanced
well beyond the artificial heart at the time,
advocates of the artificial heart (such as Michael
DeBakey) appear to have been more powerful.

Human kidney transplantation, which follow-
ing occasional attempts in the 1940’s had begun
in earnest in the 1950’s, developed in parallel
with the artificial kidney. The availability of
hemodialysis helped the kidney transplantation
program by making available pools of potential
transplant recipients. NIH funding was available
for transplantation research, because the re-
searchers who worked on the immunological
problem were well known as basic researchers
(64). Information concerning the total sums
spent on development of artificial kidney tech-
nology or kidney transplantation is not readily
available.

In 1960, cost estimates for hemodialysis were
made by Belding Scribner and his colleagues at
the University of Washington in Seattle (63,64).
Minus equipment, the cost per patient for once-
weekly dialysis was estimated to be $5,533 an-
nually. The later recognition that dialysis three
times weekly would be better medically greatly
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increased per patient costs (63). In 1963, at a
joint finance meeting of the American Medical
Association and the National Kidney Disease
Foundation, costs were estimated to be about
$20,000 per patient per year. The moral ques-
tions involved in the availability of dialysis were
brought up at the same meeting. There was con-
cern that 25 to 50 percent of those who needed
dialysis were not able to obtain it (43).

In 1964, the Federal Government recognized
its potential fiscal role in treatment of ESRD,
and the Senate Appropriations Committee said
that the Public Health Service (PHS) had the
authority to provide demonstration and training
funds for artificial kidney programs (but not for
patient care) (63). Scribner and his colleagues in
Seattle, through community fundraising and
private philanthropy, had developed a com-
munity treatment center in 1962. The first PHS
demonstration and training grant had been
given to that center in 1963 (63), to be phased
out in 3 years. Also in 1964, NBC television was
preparing a documentary that was aired in 1965
contrasting the millions the Government was
willing to spend on the space program to the
small amount spent for dying individual in need
of dialysis. A total of $3.4 million was allotted
for support of 14 community dialysis centers. In
1968 and 1969, PHS took action to gradually
stop funding these centers.

In 1967, despite these efforts, the Gottschalk
committee (an advisory group convened by the
Bureau of the Budget) recommended Federal
financing of patient care for ESRD through an
amendment to the medicare component of the
Social Security Act. One month prior to the
1972 election, Congress passed the Social Securi-

ty Amendments including section 2991 which
extended medicare coverage to the treatment of
ESRD. Section 2991 was allotted less than 30
minutes of discussion on the Senate floor and
given only a few minutes of deliberation in the
joint House-Senate Conference Committee.
President Nixon signed it into law on October
30, 1972 (63). Senator Vance Hartke, who spon-
sored section 2991, stated that estimated annual
costs at the end of 4 years would be $250 mil-
lion, with a first year cost of $75 million (63). *

Ronald M. Klar, in the Office of the Assistant
Secretary of Health at the Department of
Health, Education, and Welfare (HEW), imme-
diately saw problems with this estimate.
Through information obtained from nephrolo-
gists, Klar made new projections of the costs of
the ESRD program based on a new cohort of pa-
tients entering the program each year. Each
cohort would include about 10,000 patients,
2,000 of whom would be transplanted; there
would be about a 20-percent annual mortality
rate; and the average annual cost of dialysis
would be $16,000. Thus, according to HEW in
1972, the cost in 5 years would be an estimated
$592.1 million for 40,000 patients. By the time
the program stabilized in 10 years, the cost
would be $1 billion annually (64). Table 5 sum-
marizes the 1972 HEW and 1974 Social Security
Administration (SSA) estimates of the annual
costs for the ESRD program (64).

The House Ways and Means Committee, in
1975, estimated there would be 50,000 to 60,000
patients by 1984 at a cost of $1 billion, and

*The Senate amendment included a 6-month waiting period for
patients before benefits should begin, which the House Ways and
Means Committee was able to change to 3 months.

Table 5.—Estimated Annual Costs for the ESRD Program (dollars in millions)

Total patient

SSA estimates of
medicare expenditures HEW estimates of total

Fiscal year population (1974) national costs (1972)
1974 ... 9,980 $135 $157.7
1975 ... ... 18,754 176 281.5
1976 ... ... 26,746 223 3945
1977 ..o 34,036 278 497.8
1978 ... 40,685 - 592.1

SOURCE: R.A Rettig and T. C. Webster, “Implementation of the End-Stage Renal Disease Program: A Mixed Pattern of Sub-
sidizing and Regulating the Delivery of Medical Services, ” 1977 (64),

94-283 0-82-4
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50,000 to 70,000 patients by 1990 at a cost of
$1.7 billion (64). According to Barnes (9), the
National Dialysis Registry estimates an annual
mortality rate of only 10.8 percent for patients
on dialysis during the first 4 years of care. Since
the highest mortality rate occurs in the first year,
this estimate is in marked contrast to the esti-
mate of a 20-percent annual mortality rate of the
Office of the Actuary of the SSA noted above.

A number of problems have occurred with
regard to cost estimates for the ESRD program.
Both Barnes (9) and Rettig (64) address them
thoroughly. We summarize the most important
points below.

- There has been persistent underestimation
of total costs.

- The early hope of increased success with
cadaveric transplantation has not been
realized.

- The increased problem of poor quality of
life for patients and the small proportion
rehabilitated was not anticipated. *

+ Cost-reducing innovations in therapy
through R&D have not occurred.

- Prospects for disease prevention seem
remote.

- The least expensive mode of treatment,
home dialysis, is not being used as exten-

‘Quality of life parameters are discussed below in another part
of this case study.

sively as expected. Some of this problem is
the result of taking marginal patients such
as the elderly and diabetics, as well as the
result of economic disincentives for home
dialysis by patients and physician pro-
viders.

The artificial heart program has received more
Federal research money than the hemodialysis
program did at equivalent stages of develop-
ment. Early meetings of the American Society
for Artificial Internal Organs saw development
of an artificial heart as much more complex than
that of an artificial kidney, because a perma-
nent, complete artificial heart must constantly
perform the full and precise function of the
human heart, whereas a kidney can function
part time and at a comparatively low capacity.

Anderton, et al. (4) have concluded that there
is no positive economic benefit for the treatment
of renal failure. In paying for such treatment,
society is tacitly agreeing to pay for the intan-
gible” benefits of avoidance of pain, discom-
fort, grief, and premature loss of human life. For
the artificial heart program, the dialysis experi-
ence indicates that the allocation of scarce medi-
cal resources for the saving or prolonging of
lives deserves thoughtful deliberation.

=n economics, “intangibles” are those costs and benefits that
cannot be quantified or miced.

ESTIMATES OF THE POTENTIAL SUCCESS OF

THE ARTIFICIAL HEART

LVAD Research and Clinical Trials

Since its inception, the artificial heart pro-
gram has advocated simultaneous research on
both permanent heart replacement and tempo-
rary LVADSs. Because of the obstacles encoun-
tered in developing a totally implantable artifi-
cial heart, however, the development of the
LVAD now takes priority. NHLBI funding since
1974 has been largely concentrated on the devel-
opment of LVAD control systems, pump design,
biomaterials, and beginning in 1975, clinical
trials.

The goals of the LVAD program center at
present on developing a long-term (2- to 5-year)
implantable LVAD capable of taking over the
pumping function of the weakened left ventricle
of the heart and enabling its eventual recovery.
The development of a long-term assist device
will draw heavily on current experience with the
temporary (2-week) LVAD. Many models of the
temporary LVAD currently exist; these have
been funded largely through NHLBI,*but partly

‘See Report of Cardiology Advisory Committee, Journal of

Artificial Internal Organs (JAIO), November 1977, for summary
of NHLBI devices.
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through independent corporate investment (e.g.,
by Medtronics and Arco Medical Products).
Because of the recent emphasis on developing a
long-term implantable LVAD, explicit funding
of total artificial heart development has been
much less extensive; in 1978, NHLBI had only
four total artificial heart contracts, totaling $1
million.

In 1974, NHLBI convened a workshop to con-
sider the desirability and feasibility of conduct-
ing LVAD clinical trials. Ruth Hegyeli and
Michael Machesko, 1974 workshop partici-
pants, reviewed in vitro and animal data on the
Thermoelectron LVAD (TECO models VII and
X) used by John Norman of the Texas Heart In-
stitute and William Bernhard of Boston Chil-
dren’s Hospital (34). They concluded that clini-
cal trials would be in order once biomaterials
suitable for short-term use were developed, ade-
guate provisions were made to protect patient/
subject rights, and criteria were established for
patient selection.

After meeting these criteria, Norman and
Bernhard received funding from NHLBI for
clinical trials of the short-term (2-week) LVAD.
Both the Texas Heart Institute and Boston
Children’s Hospital trials used the same patient
selection protocol, which sets forth a number of
conditions to be met by potential LVAD recipi-
ents. Only patients unable to resume cardiac
function at the conclusion of cardiac pulmonary
bypass were included. A total of 38 implants (23
Texas, 15 Boston) were performed in this pro-
gram (58). Three patients were alive at this
writing (May 1980), 25, 24, and 18 months after
surgery; one patient survived 7 months. Of the
last 14 implants, 8 were successfully supported
for more than 40 hours (77). *

In addition to the NHLBI clinical trial contract
program, several other clinical trials of different
LVAD models have taken place.** William
Pierce, of Pennsylvania State University, has
used a smooth-surfaced, polyurethane-coated
pump in approximately nine patients and re-

*A summary of the clinical trial program is currently being de-
veloped by NHLBI.

**For example, see articles in the 1978 issue of JAIO devoted ex-
clusively to LVADS.

ported the first long-term survivor (57). Limited
clinical use of other LVADs in at least 11 pa-
tients has been reported, with 2 long-term sur-
vivors (57). The extent of use of commercially
developed pumps (e.g., Arco, Arothane) in
therapeutic settings is unknown, because data
from these implants are not formally reported.

Those who have conducted LVAD clinical
trials believe they have obtained much valuable
information that will contribute to the successful
development and use of future long-term de-
vices. Such information includes confirmation
of the hypothesis that temporarily taking over
the left ventricle pumping function can, in some
patients, lead to partial recovery of the de-
pressed ventricle and the observation that right
heart function is not always necessary during
LVAD implantation (52).

Major problems in device design and function
still exist, however. A primary challenge is the
development of biomaterials that do not encour-
age thrombogenesis (formation of blood clots)
and do not decompose over long-term use. An-
other challenge is the development of a portable,
reliable energy source. Current prototypes using
electric batteries have both mechanical and
operational liabilities; Pu-238-powered fuel cells
provide a compact energy source but pose severe
problems due to health risks from radiation.***

NHLBI has given top priority to further re-
search in the areas of biomaterials and energy
sources (16). A special biomaterials task force
issued recommendations in 1977 calling for the
exploration of the comparative viability of
rough and smooth surfaces, the development of
operational and quantitative definitions of
blood compatibility, theories that correlate
blood compatibility with physiochemical char-
acteristics of biomaterials, and adequate test and
evaluation methods. There has been progress in
these areas, and advances will increase as
NHLBI grants for basic research in biomaterials
expand. Because of the magnitude of the tech-
nical problems that must be solved in order to
develop a long-term (2-year) LVAD, estimates
for commencement of clinical trials of the long-

***The problems of a nuclear-powered heart are discussed
below in a separate section of this case study.
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term LVAD range from 3 to 6 years. Industry
representatives (Thermoelectron and Aerojet
General) note that even the 6-year estimate may
be overly optimistic if the level of Federal fund-
ing does not increase.

Another factor complicating long-term device
development is the diversity of existing LVAD
programs and the difficulty of coordinating
research or clinical trial results. Although data
from NHLBI-sponsored LVAD programs have
been difficult to compile, the existence of
privately funded programs makes comprehen-
sive data collection and coordinated research ef-
forts even more difficult.

The experience of clinical trials of short-term
LVADs appears to be of only limited use in pro-
jecting the potential success of permanent de-
vices, in part because the research protocols re-
stricted potential recipients to very ill patients
who are likely to die regardless of the form of
treatment. Because the devices are implanted
temporarily, only short-term mechanical per-
formance and negative side effects can be ob-
served; medium- and long-term device perform-
ance and side effects cannot be evaluated. Since
most patients die on the operating table from
other causes, even potential complications due
to the short-term device cannot usually be iden-
tified.

Instrument Reliability

Instrument reliability is of utmost importance
in the effort to achieve a clinically successful
totally implantable artificial heart. With the pa-
tient’s natural heart removed, sudden instru-
ment failure would lead to the patient’s death
within minutes unless corrected. Reliability is
different from durability. The durability of the
individual components of a device can be bench
tested and predicted with some confidence (e.g.,
materials that will flex with every stroke of the
heart pump can be tested for the enormous num-
ber of such flexions to which the materials will
be subjected over the anticipated instrument
life). The reliability of the assembled com-
ponents under the conditions of use cannot be
predicted from bench tests alone, and testing has
not yet been done in animals. Testing, when

begun, will have to extend for at least as long a
period of time as the required life of the device
and, perhaps, twice as long. * Thus, if the target
is for a 5-year device, it will be necessary to wait
for 5 to 10 years before reliability can be estab-
lished. ” Further, since the concept of reliability
is a statistical one, large numbers of trials may
need to be carried out.

Experience with other medical devices offers
some basis for expectation and for concern. The
cardiac pacemaker, an enormously less complex
instrument, has presented a series of serious dif-
ficulties which, after nearly 20 years of clinical
use, have only now been resolved with reason-
able success. These include lead breaks, battery
failure, runaway pacemakers, electromagnetic
interference, and errors in manufacture as well
as errors and complications in clinical applica-
tion. ** The cardiac pacemaker is a simple,
primarily electrical device with a low energy re-
qguirement. The artificial heart is a complex elec-
tromechanical device which has high energy and
mechanical requirements. Although pacemaker
failure is a serious complication, the patient
often survives long enough for replacement.
Failure of the artificial heart, however, would in
almost all imaginable circumstances lead rapidly
to death.

Our consultants express confidence that an
appropriate energy source (e.g., battery) with 5
to 7 years predictable life is currently feasible.
No such assurances have been offered for the
mechanical components or for the artificial heart
system as a whole. Opinions have been offered
that a system life as short as 60 days or as long as
a year may be encountered. Contributing to the
uncertainty is the existence of a number of iden-
tifiable problems that have yet to be resolved.

e Accelerated aging at increased temperatures can be used to
shorten the period of testing of implantable electronic devices but
would not be appropriate under the hemodynamic conditions of
the artificial heart. A method to shorten the test period for the arti-
ficial heart is urgently needed but cannot be counted on.

**In discussing this section, Kolff and others have pointed out
that a device of even as little as 1-year reliability would be wel-
comed by many patients and physicians.

***See app. A by Dr. Thomas Preston for a summary of the in-
troduction of the pacemaker and difficulties encountered; see also
testimony of Sidney M. Wolfe and Anita Johnson on medical
device legislation before the House Subcommittee on Health, July
28, 1975 and Oct. 23, 1973.
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Such problems include permeability to moisture
(undesirable) and to gases (desirable), and the
need for volume and pressure compensation
behind the moving pistons in a mechanically

QUALITY OF LIFE

The stated goal of every transplantation pro-
gram is to return patients to active, productive
lives. The experience of heart transplants,
kidney transplants and. dialysis suggests that,
while for many patients the quality of life is con-
sidered good, the replacement of a vital organ
often produces unforeseen complications in
other parts of the body. It is impossible to
predict the spectrum of adverse outcomes that
will be encountered with the artificial heart.
Nevertheless, it may be possible to draw in-
ferences concerning the chances for partial or
total rehabilitation after implantation of an ar-
tificial heart by examining related experience
with these other major surgical and medical in-
terventions. Therefore, we examine that ex-
perience below. We also discuss the problems
that might be associated with a nuclear-powered
device.

Hemodialysis and Kidney Transplants

In general, short-term complications were ex-
pected very early in the use of dialysis. These in-
cluded hemolysis, bleeding from heparinization,
calcium disturbances, and electrolyte disturb-
ances, It was only after a few years that renal
bone disease, neuropathies, and hepatitis were
seen (9). Some progress has been made with
these problems, but accelerated atherosclerosis,
dialysis ascites, and dialysis dementia (an acute
deterioration of cerebral function) remain. In the
United States, 55 percent of dialysis patients and
34 percent of staff are carriers of hepatitis virus
B. Of those infected, 70 percent of patients and
15 percent of staff develop an anicteric hepatitis
(9). Depression and rapid mood swings are re-
curring or chronic problems and may be related
in part to electrolyte changes and other physio-
logic changes and in part to the psychic stress
of ESRD. Barnes (9) quotes studies indicating

activated pump. It can be assumed that prob-
lems that cannot be identified at present will also
present themselves.

that as many as 11 to 18 percent of deaths on
dialysis may result from progressive dialysis en-
cephalopathy. This may be caused by excessive
aluminum in the central nervous system, which
can result from aluminum hydroxide used to
bind phosphates in the intestine or even from
aluminum in the water supply.

Family-related problems occur frequently.
Sometimes there is a reversal of dependency
relations between spouses. Patients must restrict
their diet and fluid intake. Females are frequent-
ly anovulatory and develop amenorrhea. Many
males are impotent (59 percent at Mt. Zion
Hospital). Women, especially, have self-image
problems due to surgical scars from parathyroid-
ectomies, splenectomies, sometimes nephrec-
tomies, and transplant surgery (64). Levy
reported on a study of 15 children in six families
in which psychological assessment revealed that
all 15 were clinically depressed and showed
decreased academic achievement and some
psychomotor disorders (43). He also reported
that children whose parents were dialysed in
centers rather than at home did better and were
able to see the parent as more normal.

Serious dependence-independence conflicts
are reported by several authors (4,2543). Pa-
tients who had been very independent initially
were forced to depend on other people and ma-
chines. Those who had always been dependent
tended to regress and become extremely passive,
refusing to participate in their care, attempt to
work, etc. Levy reports that staff, who are also
under constant strain of working with very ill,
irritable, depressed patients, often use the power
differential to meet their own emotional needs
and may contribute to forcing people to be even
more dependent (43). It is a rare patient and
family who are knowledgeable enough to over-
come this.
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A study on suicide by Abram, Moore, and
Westerfield (1971) is reported in Levy (43). That
study indicates that the rate of suicide by direct
action is similar among patients with ESRD to
the rate among persons with other chronic dis-
eases—seven times greater than the rate for the
general population. If one includes “indirect”
suicide (e. g., that caused by ignoring dietary
limits, fluid overload, etc.), the rate is con-
siderably greater.

Finally, cadaver transplants present another
problem. Patients often anticipate holiday week-
ends with joy, since the highway death toll
presents them with a chance for a better life.
Then they feel guilty for wishing for another
person’s death. For the patients who do not ob-
tain a Kidney, there is a “Christmas eve, no
Christmas morning” syndrome of disappoint-
ment and depression. Kidney transplantation is
still high-risk surgery. It also requires immuno-
suppression, with many complications, for the
rest of the person’s life. Physicians, themselves,
when suffering from ESRD almost never opt for
kidney transplants (43), and one physician has
described the agonies associated with treatment
(15).

Rettig reports that one of the major disap-
pointments and cost contributing factors of the
ESRD program is that quality of life has re-
mained poor (64). At this time, there are few
solutions to this. As older and sicker patients
(e.g., diabetics) are put on dialysis, this problem
is apt to worsen. Yet, in most centers, potential
and current patients are not routinely given an
option of not starting or of terminating treat-
ment.

Heart Transplants

There are a number of problems that all car-
diac transplant patients must deal with after
surgery. After discharge from the hospital, each
patient must make frequent clinic visits, stay on
a special diet, maintain a good weight, and get
regular but moderate exercise. Most important,
patients must accustom themselves to a life-long
dose of immunosuppressant drugs to prevent re-
jection of the transplant. Artificial heart recip-
ients would not encounter all of these problems,

but their quality of life maybe severely impaired
by sequelae (aftereffects) of surgery, many of
which may be unforeseen.

The family of the cardiac transplant patient
must also make adjustments. It is sometimes dif-
ficult for patients and their families to adjust to
the new roles in which they find themselves. The
sick role of the patient is no longer appropriate
or desirable after transplantation, but some pa-
tients find it difficult to give up. Other potential
problems include insecurities regarding self-
image, guilt feelings over the burden placed on
family or society, and severe depression trig-
gered by their new status as a heart transplant
patient. Of those patients who survive more
than a year, 90 percent have been rehabilitated.
For some, this implies a return to previous
employment; for others, it means an active life
as students, homemakers, or retirees (19).

It has been possible to rehabilitate the majori-
ty of Stanford’s surviving cardiac transplant pa-
tients, in part because of the stringent patient
selection criteria which Stanford applies, and in
part because Stanford works intensively with a
small number of patients. * Medical criteria in-
clude the presence of end-stage heart disease,
absence of systemic disease, and minimal sec-
ondary organ damage. The psychosocial criteria
include a stable work history, a history of good
medical compliance, a supportive family, and a
reasonable expectation that additional life will
be gained by transplantation. Patients undergo
extensive evaluation for psychological problems
that would preclude good rehabilitation. The
fact that recipients are very carefully selected
and are attended closely by Stanford staff
before, during, and after surgery appears crucial
for the success of the Stanford program.

Problems of a Nuclear= Powered Heart

As mentioned earlier, Federal funding for re-
search on a nuclear device has been ended—but
many researchers still believe that it is preferable
to other potential sources of power and continue

*Rehabilitation following heart transplantation is defined as

“restoration of physical and psychosocial capacity to a level at
which the patient has the options to return to employment or to an
activity of choice” (73).
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to cite it as an alternative. One drawback to the
pneumatic systems that are currently being used
in clinical assist devices and experimental re-
placement devices is that the patient or experi-
mental animal is literally tethered to a source of
compressed air. The associated noise and lack of
mobility would surely have profound psycho-
logical effects on the patient were such a device
to be used over a prolonged period. An addi-
tional major drawback is the risk of infection
along the track of the tubing passing through the
patient’s chest wall.

The risk of infection is also a serious
drawback to electrically powered systems that
depend on percutaneous electrical leads, but is
avoided by chemical batteries that can be re-
charged transcutaneously. Reliability, bulk, and
other physical limitations are other problems
with electrical and battery systems that remain
to be satisfactorily resolved.

The most advanced nuclear system depends
on the principle of heat generation by radioac-
tive decay. The heat powers a miniature gas/
vapor engine, which in turn drives a blood
pump. Of several isotopes that might have been
selected, the isotope Pu-238 with a half-life of 87
years has been used most extensively. The de-
sign requires the system to respond to physio-
logical demands; the waste heat of the energy
source must be dissipated from and by the body,
and the radiation exposure must be “tolerable. ”

The normal heart produces some 1.5 to 4
watts of mechanical pumping power. (These
power levels are over 10,000 times higher than
those required for cardiac pacemaking. ) Given a
system of 10-percent efficiency, approximately
50 watts of energy must be produced, and 45
watts of waste heat must be continuously rejected
to minimize a resultant rise of body tempera-
ture.* The proposal for the use of radioisotopes
in such devices arose when the concept of “max-
imal permissible dose” was prevalent. This
theory, postulating that there was a dose of
radiation below which there was no detectable
adverse biological effect, is now discredited (49).

*Current thermal engines use 25 watts of heat and have efficien-
cies of 13 percent or more (30).

Pu-238 was chosen as a power source on the
basis of its short half-life, relatively low radia-
tion, containment technology, and costs. It is an
alpha-particle emitter that also has a spon-
taneous fission half-life of 4.9 X 10°years,
which is a source of neutron and gamma radia-
tion. Its decay scheme is complex and results in
the buildup of plutonium-236 (Pu-236), which in
turn decays to emit energetic gamma. All this
makes shielding the most serious problem;
shielding requirements need to be determined ex-
perimentally.

A Pu-238 heat source and shielded capsule
sufficient to produce 52 watts, as reported by
NHLBI in 1972, was found to produce 2.7 rads
per hour measured at the capsule surface and 0.6
millirem per hour measured 1 meter from the
surface. Simple calculations indicate that the pa-
tient would be exposed to 23,652 rads in 1 year.
The radiation dose for a spouse sharing the same
bed for 8 hours per night 1 meter distant would
be 1.752 rads in 1 year. To indicate the mag-
nitude of these exposures, it should be noted that
natural background radiation is about 100 milli-
rem per year—the doubling dose of genetic
mutation is estimated to fall in the range of 70 to
200 rem, and exposure of the U.S. population to
5 additional rem per 30 years could cause 3,000
to 15,000 cancer deaths annually (depending on
the assumptions made in the calculation).

Discussion

From the information presented above, it can
be seen that in the case of kidney and cardiac
transplant patients, there exist definite barriers
to posttransplant rehabilitation. Although the
greatest medical problem for these patients—the
host immune response to the implanted organ—
would not occur in artificial heart recipients
because the implanted organ would be complete-
ly artificial, the psychosocial barriers to post-
transplant rehabilitation are numerous. While
many dialysis and cardiac transplant patients
have been able to return to work and lead active
lives, many more have had substantial difficulty
in doing so. If recipients of the artificial heart
fare no better than recipients of heart or kidney
transplants, then the claims regarding their
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potential for health and economic productivity
will ring false.

It also should be noted that the artificial heart
will generate its own set of problems for pa-
tients. Psychological stress may characterize
recipients who have difficulty coping with their
total reliance on an implanted machine for life.
The inconvenience and anxiety related to re-
charging batteries, the potential for sudden
mechanical or electrical failure leading to death,
or risks of radiation would clearly reduce the
qguality of life. The costs of implantation and
continuing medical care could cause financial
problems that would make adjustment harder
and induce guilt in recipients over depleting

SOCIAL BENEFITS

The development of emergency and tempo-
rary devices (such as the intra-aortic balloon
pump) en route to the artificial heart is a
technological benefit of the artificial heart pro-
gram. Similarly, the successful fabrication of
biomaterials may help in the development of
other artificial organs, making the research ex-
penses incurred in the development of the artifi-
cial heart less overwhelming. In the following
discussion, an effort is made to describe and esti-
mate the social benefits that may result from a
successful implantation program. The focus is
on two of the most publicized potential benefits:
1) the potential gain in years of life that may
result among recipients of the device, and 2) the
potential for artificial heart recipients to return
to an active productive life.

Extension of Life

In the foregoing discussion of economic
aspects of the artificial heart program, it was
noted that there has already been a substantial
investment in R&D and that the costs of clinical
application can be expected to be enormous.
What will be the return on this investment? The
1969 Ad Hoc Task Force on Cardiac Replace-
ment (1), while providing an estimate of the
number of prospective recipients which still ap-
pears today to be a realistic one, made no effort

family resources. How well patients deal with
these problems will be determined by individual
attitudes—and these will be shaped to some ex-
tent by how the rest of society receives the in-
novation, as well as by general concerns over
our growing dependence on technology. Because
so many factors affect the patient’s ability to
recover from implantation, adequate counseling
and psychiatric services should be a part of pre-
implantation and postimplantation procedures.
To the greatest extent possible, the decision
regarding implantation should actively involve
the patient so as to ensure the highest quality of
life possible.

to predict the success of replacement or how
long a recipient might expect to live. However,
the members of the 1973 Artificial Heart Assess-
ment Panel (51) did make such an effort. This
panel assumed at the outset that the artificial
heart would be perfect—i.e., that the instrument
would not fail, that there would be no deaths
associated with its surgical implantation, and
that all deaths from heart failure would be
prevented for the subsequent 10 years. These un-
likely assumptions led to equally unlikely cal-
culations that the lo-year mortality of recipients
would be substantially less than that of members
of the general population of equal age. Thus, in
the 10-year period following artificial heart im-
plantation in a cohort of 1,000 60-year-olds, the
panel estimated that there would be 135 deaths
—from cancer, stroke, and other conditions to
which we all are subject, but not from heart dis-
ease. The 10-year mortality for 1,000 60-year-
olds in the general population, as reflected in the
U.S. Vital Statistics at that time, was 330, more
than twice that predicted for artificial heart re-
cipients.

Though it appears that the estimates by the
1973 panel were unduly optimistic, there is no
way of knowing exactly how large an increase in
life expectancy among artificial heart recipients
can be reasonably anticipated. If a device of high
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reliability can be achieved, if the operation turns
out to be technically no more difficult than a
heart transplant, and if major complications
such as hemorrhage and thromboembolic phe-
nomena are infrequent, it is possible that the life
expectancy of a recipient might be similar to that
of other patients who have undergone successful
heart surgery of equal magnitude (e.g., CABG
patients). If, on the other hand, instrument
reliability is as large a problem as some fear, and
if there are frequent and serious clinical com-
plications, the life expectancy of a recipient
might more nearly approximate that of other pa-
tients undergoing major medical and surgical in-
terventions (e.g., recipients of heart transplants,
patients with implanted pacemakers, patients
suffering from ESRD on hemodialysis, or recipi-
ents of kidney transplants). The recipient of an
artificial heart would not be subject to many of
the unique difficulties encountered by these
other groups, but it is not unreasonable to an-
ticipate that they may encounter difficulties of
equal magnitude.

With full appreciation of the uncertainties in-
volved, we make “best case” and’ worst case”
assumptions that are described below. From
these assumptions and from relevant life tables,
we calculate the potential impact of an artificial
heart on the life expectancy of a randomly
selected member of the general population of a
given age, and its impact on the life expectancy
of a member of the general public of a given age
who is destined to suffer death from ischemic
heart disease (IHD) sometime in the future.

We have limited the analysis to potential re-
cipients between the ages of 25 and 64. For our
“best case,” we have assumed that approximate-
ly one-sixth of patients dying of IHD will be can-
didates for artificial heart replacement (see table
6). * We also assume (see table 7) that 15 percent
of recipients between the ages of 25 and 34 will
die at the time of surgery or in the following year
(to these recipients we assign no added years of
life); we assume that an additional 30 percent
will die between the ages of 35 and 44, 30 per-
cent more will die between the ages of 45 and 54,
and the remaining 25 percent will die between

*See discussion above on the pool of potential recipients.

=BT - KD - b

Table 6.—Fraction of Those With IHD in Each Age
Interval That Gets the Device—Best and Worst Case

Best case Worst case

Age Fraction Age Fraction
0-4.......... 0 0-4 .., 0
514 . ........ 0 514 . ........ 0
1524 ... ... .. 0 1524 ... ... .. 0
25-34 ... ... 1/6 25-34 ... ... 112
3544 ... ... 1/6 3544 ... ... 1/12
45-54 ..., 1/6 4554 ... ... .. 1/12
55-64 . ....... 1/6 55-64 . ....... 1/12
65-74 ... ... .. 0 65-74 .. ... ... 0
75-84 ... ... .. 0 75-84 ... ... .. 0
85 or more . . .. 0 85 or more . . .. 0

SOURCE Calculations by A, Whittemore with the assistance of G Kelly, 1980

the ages of 55 and 64. We make parallel assump-
tions for recipients aged 35 to 44, 45 to 54, and
55 to 64 (see table 7).

For our “worst case, ” we assume that only
one-twelfth of patients dying of IHD will be-
come candidates for replacement (see table 6).
We also assume higher initial mortality and a
higher failure rate (see table 8). Other observers
or investigators may choose to revise our calcu-
lations using different sets of assumptions.

Calculations:

Using the age-specific death rates due to all
causes (see table 9) and to IHD (see table 10), we
first estimated the “net” distribution of time to
occurrence of IHD. This is the distribution in
the hypothetical absence of all other causes of
death. We also estimated the net distribution of
time to death from other causes, in the absence
of death due to IHD. These computations were
done as described in Chiang (18).

To describe the impact of an artificial heart
device, we assumed that a fraction 7\, of those
who develop IHD in their i"age interval gets
the device (see table 6). We also supposed that a
proportion r,of those getting the device in inter-
val j dies due to complications associated with
the device in a subsequent interval i, i >=j. The
proportions r,are shown in table 7 (best case)
and 8 (worst case).

We then computed a new net distribution of
death due to IHD, assuming that the device was
available. Note that in this case an individual
can die in the i"age interval from IHD in two
ways: Either the person developed IHD and fails
to receive the device, or the person dies as a re-
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Table 7.—Proportion of Those Obtaining the Device That Dies
Due to Device Failure at Subsequent Ages—Best Case

Age at which device was obtained

Age at which device failed 0-4 5-14 15-24  25-34 35-44 45-54  55-64
0-4 . .. 0 0 0 0 0 0 0
5-14. . .. 0 0 0 0 0 0 0
1524 ..o 0 0 0 0 0 0 0
2534 . 0 0 0 0.15 0 0 0
3544, ... 0 0 0 0.3 0.2 0 0
4554, . ... 0 0 0 0.3 0.35 0.25 0
55-64. . . ... 0 0 0 0.25 0.35 04 0.3
65-74. . . ... 0 0 0 0 0.1 0.3 0.45
7584 ... 0 0 0 0 0 0.05 0.25
850 or more. . ... .......... 0 0 0 0 0 0 0

SOURCE: Estimates by D. Lubeck and J. P. Bunker 1980.

Table 8.—Proportion of Those Obtaining the Device That Dies
Due to Device Failure at Subsequent Ages—Worst Case

Age at which device was obtained

Age at which device failed 0-4 5-14 15-24 25-34  35-44  45-54  55-64

0-4. ... ... . . [0} 0 0 0 0 0 0

5-14. . . . [0} 0 0 0 0 0 0

15-24. .. ... 0 0 0 0 0 0 0

2534, 0 0 0.3 0 0

3544, .. : 0 0 0.6 0.4 0 0

45-54. ... 0 0 0 0.1 0.6 0.5 0

B5-64. .. ... 0 0 0 0 0 0.5 0.6

65-74. . . ... 0 0 0 0 0 0 0.4

75-84. .. ... .. ... 0 0 0 0 0 0 0

8sormore............... 0 0 0 0 0 0 0

SOURCE: Estimates by D.Lubeck and J. P. Bunker, 1980.

Table 9.—Age-Specific Death Rates Table 10.—Age-Specific Death Rates

Due to All Causes, 1977 Due to IHD,1977
Age Death rate Age Death rate
0-4 . 0.000688 04 o e 0
B-14 L 0.000346 S ld 0
1524 . 0.001171 1524 .0 0.000004
25-34 L 0.001362 2534 . 0.000042
35-44 . 0.002475 3544 L 0.000384
4554 . 0.006207 4554 . 0.001683
55-64 . ... 0.01434 55-64 . . .. 0.004665
65-74 . . 0.030556 65-74 . . 0.011164
T5-84 .. 0.071819 T5-84 . 0.028895
8s5ormore............ . 0.147259 850rmore........... . 0.064201
SOURCE: Montirly Vita/StafisficsReport —(Hyattsville,Md.: National Center for SOURCE: Montnly Vita/ Satistics Report(Hyattsville,Md.: National Canter for

Health Statistics). Health Statistics)
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suit of complications associated with a device
received in a previous interval j<=i. The prob-
ability of the first event is f(1-;), where f,is the
net probability of the occurrence of IHD in in-
terval i. The probability of the second event is:
L fomr
jesi

Thus, the new net probability f',of death due

to IHD in interval i is:

£ f, (1—m)

i + Xz f, i rii
<=l

This new net distribution, together with the
net distribution for time to death due to other
causes, yielded a single distribution for time to
death, as described by Chiang (18), in the event
that the device is available. By comparing this
distribution with current death rates, we calcu-
lated the increase in life expectancy due to the
device that might be enjoyed by a randomly
chosen individual in the U.S. population. The
gains in life expectancy for individuals who ulti-
mately develop IHD were also calculated. These
gains are shown in tables 11 and 12.

From table 11, we see that under our “best
case” assumptions, a randomly chosen 25-year-
old gains 0.0966 of a year (or approximately 35
days) in life expectancy from the availability of
an artificial heart; under our ‘“worst case”
assumptions, the gain is reduced to 0.0218 of a
year (or about a week). The gain in life expec-
tancy will accrue only to those 25-year-olds

Table 11 .—Increase in Life Expectancy in Years for
Randomil Selected individuals of Specified Ages
Who May or May Not Develop IHD-

Table 12.—Increase in Life Expectancy in Years for
individuals of Specified Ages Who Will Ultimately
Develop IHD-Best and Worst Case

Best case Worst case

Increase Increase

in life in life
Age expectancy Age expectancy
04.......... 0.6025 04.......... 0.1343
514 . ........ 0.6029 514 . ........ 0.1344
15-24 ... ... .. 0.6033 15-24 ... ... .. 0.1345
25-34 ... ... .. 0.6049 25-34 ... ..., 0.1348
35-44 ... ... .. 0.59085 35-44 ... ... 0.1285
45-54 . .. ... .. 0.4925 4554 . ... ... 0.0925
55-64 . ....... 0.1935 55-64 . ....... 0.007
65-74a . . ... ... - 0.4925 65-74a . . ... ... - 0.1342
75-84a . . ... .. -0.1430 7584 . . ... ... 0.0
85 or more . . . . 0.0 85 or more . . . . 0.0

Best and Worst Case
Best case Worst case

Increase Increase

in life in life
Age expectancy Age expectancy
04.......... 0.096 04.......... 0.0214
514 ......... 0.0963 514 ......... 0.02146
15-24 . ... .. .. 0.0966 1524 . ..., .. 0.0215
2534 ... .. ... 0.0966 2534 ... ... .. 0.0218
35-44 ... ... .. 0.0963 35-44 ... ... .. 0.02096
4554 . . ... ... 0.0804 45-54 ... ... .. 0.0151
55-64 . ....... 0.0306 5564 . .. ... .. 0.0011
65-74a ., . . . .. - 0.0602 65-74a . . ... ... -0.019
75-84a . . ... .. - 0.0137 75-84 . ... ... 0.0
85 or more. . . . 0.0 85 or more. . . . 0.0

aNegative values in PErsons over age 65 reflect the impact on this age group of
patients who have received the artificial heart prior to age 65 and who bear the
added risk of death due to complications or disease.

SOURCE: Calculations by A. Whlttemore with the assistance of G. Kelly, 1960.

I (legatl \V/¢] Ualues m persons over age 65 reflect the impact on this age group of

patients who have received the artificial heart prior to age 65 and who bear the
added risk of death due to complications or disease.

SOURCE: Calculations by A. Whittemore with the assistance of G. Kelly, 1980.

destined to develop IHD. As shown in table 12,
the calculated increase in life expectancy for
these individuals, 0.6049 year (best case) and
0.1348 year (worst case), is considerably greater
than that for randomly selected 25-year-olds.

Comparable calculations are presented in
tables 11 and 12 for individuals in 10-year age
groups up to the age of 84. It should be noted
that at older ages the gain in life expectancy
becomes smaller, because older individuals have
a much shorter period of time in which to be-
come candidates. It also should be noted that
there is a decrease in average life expectancy
among persons over age 65. This results from
the inclusion in this age group over time of indi-
viduals who received an artificial heart prior to
reaching age 65 (individuals age 65 and over are
themselves ineligible for the device). Such per-
sons have a lower than average life expectancy
because of the risk of future complications asso-
ciated with the artificial heart, so their inclusion
in this age group decreases the overall average.

In order to arrive at the average population
increase, the increase in life expectancy for a
randomly selected individual in each age group
is multiplied by the fraction of the population in
that age group and summed. Under the “best
case” conditions, the average increase is 0.0697
year (25 days). Under the “worst case” condi-
tions, the average increase is 0.0106 year (4
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days). For those individuals destined to develop
IHD, the average increase for the “best case” is
0.4478 year (163 days). The average increase for
the “worst case” is 0.0926 year (34 days).

Return to Work

In order to estimate the possible effect of ar-
tificial heart surgery on return to work, we
reviewed the experience of patients undergoing
hemodialysis and CABG surgery. The findings
from the studies cited below indicate that each
intervention has considerable impact on the oc-
cupational situation of patients, especially in the
case of older individuals. The findings also cast
some doubt on the early predictions that the
artificial heart will be economically beneficial to
society by returning large numbers of individ-
uals from their sickbeds to gainful activity.

Hemodialysis Patients

Though several authors discuss the return-to-
work issue for dialysis patients, all say that the
data are not very good (9,25,43,64). However,
McKegeny, cited in Levy (43), reported that
many dialysis patients could return to work part
time (20 hours per week), but do not do so
because they would lose all benefits for their
treatment. McKegney also comments that dialy-
sis patients are still weak and anemic and have
intercurrent illnesses. Katz and Capron (39)
report better experience for dialysis patients in
the United Kingdom. There, 66 percent of pa-
tients are on home dialysis, which can be done
during sleep at night. Sixty-five percent of those
patients return to work full time.

CABG Patients

A study of 893 men at a median time of 14
months after CABG surgery was reported by
Rimm, et al. (65). Seventy-six of the men were
retired at the time of surgery, leaving 817 men of
all ages and occupational groups in the study.
The following six occupational groups were de-
fined: 1) professionals; 2) administrators, mana-
gers, officials, and providers; 3) clerical and
sales workers; 4) skilled workers, foremen, and
tradesmen; 5) metal processors, machinery

workers and factory workers; 6) semiskilled and
unskilled workers.

Of the 817 men working before surgery, 52.9
percent stayed in the same occupational group,
31.1 percent changed occupational group, and
17 percent retired. In the subgroup of 510 pa-
tients less than 55 years of age who were work-
ing before surgery, 56.1 percent stayed in the
same occupational group, 32.5 percent changed
occupational group, and 11.4 percent retired. In
the subgroup of patients 55 years of age and
older, 47.6 percent stayed in the same occupa-
tional group, 26 percent changed occupational
group, and 26.4 percent retired. In the latter age
group, persons in occupational groups 4, 5, and
6 had only a 60- to 70-percent overall return to
work. The authors found that the observed
retirement rate in the study population was 7.5
times that of a comparable U.S. male population
for those 35 to 54 years of age and 11.3 times
that for those who were older.

Crosby, et al. (24) found that at an average of
18 months after surgery for left main coronary
artery disease, 62 percent of 70 patients returned
to work; 32 percent retired on disability; and 6
percent who were able to work chose to retire.
Information disaggregated by age categories was
not presented in this study.

A Toronto study (75) assessed the proximity
to retirement age and its effects on employment
patterns after CABG surgery. Of 329 patients
(men and women), 178 were employed before
surgery (54 percent). Of these 178, 122 were
under 55 years of age, and 56 were older. Two
years after surgery, 81 percent of those under
age 55 and 75 percent of those over age 55 were
employed. Overall, 79 percent of the 178 pa-
tients returned to work.

Finally, in a review of the effect of CABG sur-
gery on work status, Mclntosh and Garcia (47)
mention a study of patients at Emory Univer-
sity. The effect of CABG surgery on patients’
work status was less than its effect on their exer-
cise tolerance levels. Its effect on work status
depended on individual economic considera-
tions (especially retirement provisions). Al-
though 90 percent of the patients observed at
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Emory had symptomatic improvement, only 50
percent returned to work after surgery.

The evidence with regard to positive occupa-
tional rehabilitation as a result of CABG surgery
is conflicting. Studies of patients in randomized
trials show a lesser return to work for surgical
patients than for medical patients (59). It seems
that even if the procedure is successful, many
patients seize the opportunity to retire, which is
at that time socially acceptable and legitimate.
Factors that influence this choice are the dura-
tion of postoperative recovery and the availabil-
ity of compensation or retirement benefits.

Artificial Heart Recipients

Thus, we have several proxies on which to
base estimates of probability of return to work
after artificial heart implantation. The percent-
age of cardiac transplant patients who return to
work is 20 to 25 percent (62). Because cardiac
transplantation leaves the recipient prone to in-
fections and rejection from the body’s immune
system, however, we believe that this percentage

SOCIAL COSTS

A comparison of the costs of the artificial
heart must include not only the charges to the
consumer, but future economic effects on soci-
ety as a whole. Below we discuss four prominent
issues that arise in connection with proposed
development of an artificial heart: 1) increased
social expenditures, 2) distributional issues, 3)
social costs of a nuclear device, and 4) oppor-
tunity costs.

Increased Social Expenditures

The extent of increased costs to society will
depend on the quality of the artificial heart in
clinical application. A highly effective device
could increase the productivity of midcareer re-
cipients and greatly benefit society. An inade-
guate device, however, would mean, in addition
to losses in productivity, the loss to society of its
investment in R&D, and charges for implanta-
tion, continuing medical care, welfare and
rehabilitation programs.

is lower than might be expected among recipi-
ents of an artificial heart.

Patients with coronary artery disease amena-
ble to surgery are often in much better medical
condition than those who would be receiving an
artificial heart. Thus, we believe that the return-
to-work figures for the coronary bypass group
represent an upper limit. From the study by
Rimm, et al. (65), we note a return-to-work per-
centage of 70 to 80 percent for CABG patients
under age 55 and from so to 70 percent for
CABG patients between age 55 and 65. We also
note an approximate percentage of 60 percent of
persons with advanced kidney disease on home
dialysis who are able to maintain a normal
working condition.

Thus, we would suggest as the overall per-
centage of previously employed artificial heart
recipients who might return to work after
surgery a lower limit of 20 percent (based on the
experience of heart transplant patients) and an
upper limit of 60 percent (based on the ex-
perience of CABG patients).

The potential burden on social security and
other retirement programs is related not only to
the reliability and effectiveness of the artificial
heart, but also to the quality of rehabilitation
and the desire of recipients to return to active
lives. The experience of cardiac transplant pa-
tients emphasizes the importance of psychoso-
cial and economic motivation for complete
rehabilitation. Likewise, the rapid diffusion of
CABG surgery, with its disappointing return-to-
work figures, suggests that considerable plan-
ning—with an eye toward comprehensive treat-
ment, counseling and restricted development
—should precede clinical application of the ar-
tificial heart to ensure the best possible results.

Given the large number of patients who might
benefit from artificial heart surgery, the cost
could run into the billions, as predicted by
Sapolsky in 1978 (70). Yuki Nosé, of the Cleve-
land Clinic, has expressed the opinion that
societal costs will equal those of present dialysis
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payments by medicare (which now exceed $1
billion).

From our own assumptions, if the average
cost of artificial heart surgery is $28,000 and
33,600 implantations are done each year, the
yearly aggregate cost for the surgery alone
would be $941 million (see table 2). Added to the
cost of surgery are continuing care costs—esti-
mated at $2,000 per patient per year—which will
increase incrementally as the number of pro-
cedures (and patients) accrues.

Using our figures (which are conservative
estimates) for the cost of implantation and the
pool of recipients, and applying these continuing
care costs ($2,000 per patient per year) to the
survival rates of heart transplant patients at
Stanford (i.e., 70-percent survival for the first
year and 5-percent attrition each succeeding
year, or 50-percent survival through 5 years)
yields the 5-year cost projections in table 13. As
can be seen in that table, first year costs for
33,600 implantations at $28,000 per procedure
would be about $941 million. Second year costs
would be $941 million for another 33,600 im-
plantations (at $28,000 per procedure) plus
maintenance costs of about $47 million for the
23,520 survivors (at $2,000 per survivor), or a
total of about $988 million. Third year costs
would be $941 million for another 33,600 im-
plantations plus maintenance costs of about $91
million for the survivors, or a total of about
$1,032 million. Fourth and fifth year costs,
calculated similarly, would be about $1,072
million and $1,109 million, respectively.

Even at these cost levels and projected patient
pools, the artificial heart (when distributed on a

large scale) will incur costs equivalent to present
dialysis payments within 1 year. If the implanta-
tion turns out to be more costly, then the pro-
gram will rapidly approach $2 billion annually.
The decision to finance hemodialysis and the re-
cent recommendation to finance cardiac trans-
plants through medicare indicates that the costs
of artificial heart implantation will probably be
federally financed. If the experience of hemo-
dialysis is typical of procedures supported by
public funds, then we can expect a progression
toward more relaxed patient selection criteria
for and widespread availability of the artificial
heart. Previously excluded candidates would
thus be included. As the recipient group is ex-
panded, and more resources are invested, the
marginal quality-of-life improvements and lon-
gevity improvements will lessen.

Though the impact of the artificial heart on
total population growth may be small, an in-
crease in the proportion of older citizens may
necessitate increased expenditures by social
security and medicare to cover rehabilitation
and early retirement. The present burden on
social security due to our expanding elderly
population is already well documented and of
fiscal concern. The burden of increased social
security expenditures will fall on all taxpayers. If
recipients of the device are substantially more
productive than they would have been without
it, costs of the program maybe made up through
increased tax revenue, as was predicted in the
1966 Hittman Report (35). Therefore, the devel-
opment of a strong comprehensive rehabilitation
program is crucial if the artificial heart is de-
signed for large-scale distribution.

Table 13.—Projected 5-Year Sequence of Total National Expenditures on Artificial Heart Implantation
and Patient Maintenance (dollars in millions)

First year Second year Third year Fourth year Fifth year
Implantation charges. . .. .................. $940.80 $940.80 $ 940.80 $ 940.80 $ 940.80
Maintenance
Year 1o .. oo — 47.04 47.04 47.04 47.04
Year2. . ..o — - 43.68 43.68 43.68
Year3. . .. — - - 40.32 40.32
Yeard. . ... — - - 36.96
Total COStS . . . ... oo $940.80 $987.84 $1,031 52 $1,071.84 $1,108.80

SOURCE: D. Lubeck and J. P. Bunker, 19S0. See text for assumptions.
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Distributional Issues

In the experimental years of the artificial heart
program, strict patient selection criteria (similar
to those for cardiac transplantation) would limit
distribution and reimbursement problems. How-
ever, as the procedure becomes established for
therapy, and medical criteria are relaxed, there
will be fewer clinical reasons to deny the artifi-
cial heart to an individual able to benefit from it.
Thus, financial considerations will gain in sig-
nificance.

Even the most conservative estimates of the
cost of the artificial heart project an amount that
would be a severe burden on many families. In-
surance companies, particularly in the early
years of the artificial heart’s availability, maybe
unwilling to shoulder the high costs of such an
innovative treatment, just as they have been in
the case of cardiac transplants. Yet, in recent
years, Americans more and more have come to
see access to available modes of health care as a
basic right that should not depend on one’s abili-
ty to pay. The decision to cover hemodialysis
under medicare is the most notable illustration.
In the case of the artificial heart, the demand for
public financing would be strengthened by the
fact that the device came into existence only
because citizens’ tax dollars financed its devel-
opment.

If artificial hearts do become available, the
Federal Government will be faced with a serious
dilemma—either to deny many citizens access to
a device sponsored by a Government research
program or to embark on a subsidization plan
that could run into billions of dollars annually.
Patient selection criteria and the mode of reim-
bursement will be the policy components that
establish the scope and equity of artificial heart
distribution. The challenge will be to design eco-
nomically realistic financing and allocation ar-
rangements that will not ration life on the basis
of the value of individual members to society.

Social Costs of a Nuclear Device

The social cost of a plutonium-fueled artificial
heart relates to the associated environmental
and social hazards. Plutonium is an extremely

toxic material. Each capsule (containing about
50 g of Pu-238) is the equivalent of many mil-
lions of lethal doses to a human being. From
manufacture through transportation and storage
to implantation, the materials would have to be
protected from accidents and thefts that might
result in breach of the capsule and release of the
Pu-238 into the environment. After a patient’s
death, the material would have to be quickly re-
covered and returned to the Government. Since
the basic premise of developing a device is that
the device will be widely distributed, it follows
that the safeguards associated with a nuclear
power source would also be widely applied. The
problems that could arise under conditions of
unexpected use, theft, terrorism, or accident are
dramatized by the estimate (with a very wide
range of variability) that if the 50 g of Pu-238 in
the artificial heart were to be distributed as an
ideally aerosolized particle, that particle would
be the equivalent of 1.7 billion doses of, lung
cancer (26).

In addition to these risks, another considera-
tion is the capital costs. At the current price of
Pu-238 ($1,000 per g), each device (containing
50 g of Pu-238) would cost $50,000 for fuel
alone. At 50,000 devices per year, the initial
costs for fuel alone would be $2.5 billion. If this
were financed at lo-percent simple interest per
year, the finance charge would be $250 million
per year. These costs would be added on to the
other costs previously mentioned.

Opportunity Costs

In considering the costs of the artificial heart
program, one must also take into account poten-
tial gains that might have accrued from other
social expenditures precluded by the primacy of
artificial heart development. Although spending
on one project does not automatically preclude
spending on another program, the development
and promotion of an artificial heart is likely to
reemphasize the importance of alternative ap-
proaches to the treatment of heart disease, as
well as increase social costs.

As noted earlier, distribution of the artificial
heart may proportionately raise social expendi-
tures financed through medicare and social secu-



32 Background Paper #2: Case Sudies of Medical Technologies

rity, so funds will have to be diverted from other
programs. This will be especially true if social
security, in the future, is partially financed from
general funds. There are additional potential
tradeoffs in the area of biomedical research.
Thus, for example, the question may be asked
whether the research funds that support the
training of new heart surgeons and technicians
will deter or undermine research on heart disease
prevention or other forms of treating car-
diovascular disease.

CARDIAC DISEASE PREVENTION

A perspective on heart replacement can be ob-
tained by comparing replacement with alter-
native programs that have the same criteria of
effectiveness (i.e., increased life expectancy) and
represent present investments for the future.
One alternative is to try to prevent the occur-
rence of heart disease by altering individual and
institutional patterns of behavior.

Independent risk factors that contribute to
premature cardiac disease are elevated serum
cholesterol, cigarette smoking, and high blood
pressure. Much of the evidence supporting the
importance of these factors stems from the
Framingham study, epidemiological studies that
compare affluent, technology-based societies
with those less affluent, and collaborating
evidence from population studies.

The evidence establishing a constellation of
risk factors related to coronary heart disease
(CHD) led NHLBI in 1970 to fund several dec-
ade-long, community-based clinical trials de-
signed to develop methods of risk reduction ap-
plicable to home, work, and community envi-
ronments. The Stanford Heart Disease Preven-
tion Program (SHDPP) was initiated in 1971 as
part of this NHLBI research.

To estimate the potential effectiveness of
modifying risk factors in preventing CHD in the
U.S. population, we have chosen to look at the
results of the SHDPP Three Community Educa-
tion Study. This study, completed in 1975, has
demonstrated increased community awareness
of heart disease factors, changes in targeted

Completion of the artificial heart, as noted in
the introduction to this case study, was pro-
jected to occur long before an effective cardiac
disease prevention program. However, today
there are several prevention programs that hold
the potential for reaching more people and at
less cost than the artificial heart. The alternative
of cardiac disease prevention is discussed in
more detail below.

behavior (reductions in smoking and cholesterol
levels), and a decrease in risk factors. It indicates
the great potential of prevention in reducing
death from CHD, though conclusive evidence
on whether a population or an individual will
experience an actual decline in mortality is not
yet available (more information about the
SHDPP study is presented in app. D).

Three comparable communities were selected
for the study: one control town (Tracy) and two
experimental towns (Gilroy and Watsonville).
The experimental towns received health educa-
tion through a mass campaign (radio, TV, news-
paper, and direct mail) over 2 years. Additional-
ly, high-risk individuals (those in the top quar-
tile) were exposed to two different treatments:
media education only (Gilroy) and a media pro-
gram enriched by face-to-face instruction (Wat-
sonville intensive instruction). Data were
gathered through regular interviews of a random
sample of 35- to 59-year-old men and women,
which measured knowledge about behavior re-
lated to CHD, as well as daily dietary and smok-
ing habits. After 2 years of intervention, a de-
crease in overall risks of 23 to 28 percent was re-
alized in the two experimental communities.
There was a small increase in risk in the control
group (27). Figure 2 summarizes the changes in
risk for each community.

In order to determine the effectiveness of risk
reductions, one must evaluate the frequency of
CHD risk factors in the population and the
degree of concentration within categories. Data
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Figure 2.— Percentage Change in Risk of CHD After
1 and 2 Years of Health Education in Various Study
Groups From Three Communities
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from the National Cooperative Pooling Project
(2) indicate that 8 percent of 30- to 59-year-old
men have three or more risk factors elevated; 30
percent have two or more factors elevated; 45
percent have one; and 17 percent have no ele-
vated risk factors. By combining risk factors

with their associated mortality, one finds that if
only 50 percent of those individuals in the cate-
gory of having two or more elevated factors par-
ticipated in a similar prevention program, there
would be a 23-percent reduction in new cases of
CHD. If all individuals in that category were to
participate, there would be as much as a
45-percent reduction in new cases.

Expected life extensions due to a directed
prevention program can only be very generally
estimated until more data are collected. Tsai
used multiple decrement and cause-related life
tables to estimate the improvement in life expec-
tancy due to a reduction in new cases of CHD
(76). He found that if CHD is reduced by 20 per-
cent, a member of the total population gains an
average of 1.26 years of life. However, if a
50-percent reduction in CHD is achieved (the
potential of a national program directed towards
those with two or more elevated risk factors),
the average gain is 3.7 years of life. These esti-
mates far surpass any overall population life ex-
pectancy increases that might result from the
availability of the artificial heart. *

In order to estimate the costs of a similar
prevention program on a national scale, we have
evaluated the media and personnel costs of the
SHDPP Three Community Education Study
(27). A summary of program costs over the
period from 1972 to 1975 is given in table
14. The total cost for the three media campaigns
for the two experimental communities was
$515,477. SHDPP has estimated that a similar
program on a national level would cost approx-
imately $1.5 billion.

We also reviewed another comprehensive
community program in Finland. The North Ka-
relia Project was carried out from 1972 to 1977
in the county of North Karelia, an area of
Finland with exceptionally high CHD rates (60).
The objective was to reduce the mortality and
morbidity of CHD among middle-aged men
(ages 25 to 59), through reduction of smoking,
serum cholesterol levels, and elevated blood
pressure. More than 10,000 subjects were
studied, with a participation rate of around 90
percent. Program activities were integrated with

e See extension of life estimates discussed earlier.
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Table 14.—SHDPP Expenses by Media Campaign

Campaign 1 Campaign 2 Campaign 3 Total
Mediacosts . ............... $120,150 $ 74,246 $33,930 $228,326
Personnel. . ................ 87,960 57,958 69,153 215,071
Surveys and data. . .. ........ 33,243 20,639 18,198 72,080
Total ........... .. ... .. .. $241,353 $152,843 $121,281 $515,477
Number of months . . ... ... ..
Average/month . . .. ......... $8,045 $12,737 $10,107 $9,546

SOURCE: Stanford Heart Disease Prevention Program, Stanford, Cal if,

existing social service structures and the media.
The activities involved providing health serv-
ices, advising individuals on changing personal
behavior, advising communities on environmen-
tal changes, training personnel, and providing
media information.

The results were evaluated by examining inde-
pendent population samples at the start and at
the end of the project in North Karelia and in a
matched reference county. An overall mean net
reduction of 17.4 percent among all males was
observed in the estimated CHD risk in North
Karelia. Changes in individual risk factors were
greatest for hypertension (down 43.5 percent),
followed by smoking (down 9.8 percent), cho-
lesterol levels (down 4.1 percent), and blood
pressure (down 3.6 percent). However, although
risk factors were reduced in North Karelia, the
change in mortality was statistically the same in
both communities in the study.

A precise economic comparison of the cost ef-
fectiveness of preventive programs v. the artifi-
cial heart is not feasible until more information
is available on the costs, risks, and benefits of
both approaches. The effectiveness of the artifi-
cial heart is still not known, since such a device
is not yet ready for clinical testing. By the same
token, the effectiveness of the SHDPP in reduc-
ing cardiac deaths remains to be documented,
though the program is effective in reducing cer-
tain CHD-related risk factors. An array of alter-
native programs (including heart transplants)
provides the context for decisions regarding
public funding of disease treatment.

The two programs—cardiac disease treatment
and prevention—could coexist in a beneficial
manner, as many of our consultants noted. John
Watson, of NHLBI, mentioned that the opportu-

nity and incentive to improve cardiac preven-
tion programs will continue, despite the ad-
vances due to the artificial heart. Yuki Nosé, of
the Cleveland Clinic, mentioned that expensive
treatment programs may also lead to better diag-
nostic equipment that may reverse or halt dis-
ease progression for those not improved by car-
diac disease prevention. The distribution and
cost problems of the artificial heart might be re-
duced if a prevention program were judiciously
used to reduce CHD to a level where those per-
sons in need of an artificial heart would have
easier access to it. Cost containment or private
health insurance program incentives could be
used to encourage this.

The data necessary for an economic evalua-
tion of the two programs that would compare
the average cost per patient and the marginal
cost per additional patient are not available.
However, we can make some general state-
ments. If the cost of an artificial heart will not
decline incrementally because it is a specialized
technology and production competition will not
be realized, then no cost savings will be realized
through mass production. In contrast, the types
of prevention programs undergoing clinical
trials now will have decreasing programing costs
as educational programs are standardized and
distributed more widely in classrooms and
through the mass media.

In assessing the cost effectiveness of a technol-
ogy still in the R&D stage, one must consider the
chances of attaining the desired effects and at
what level. There are still great uncertainties to
be resolved in the development of the artificial
heart (e.g., biomaterials and energy sources) and
in prevention programs (e. g., their effect on
reduction of cardiac deaths). A useful way to
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aim for future cost comparisons of these two ap-
proaches would be to collect information in a
central registry over the next decade on the

POLICY RECOMMENDATIONS

Artificial heart research represents the first
prototype of a comprehensive Federal Govern-
ment program to develop a concrete medical
device. As such, its significance extends beyond
the pure success or failure of the research to in-
clude the lessons that affect future Federal com-
mitment in applied health technology. In the fol-
lowing discussion, we address three areas of
public policy raised by artificial heart develop-
ment: 1) program administration, 2) regulation,
and 3) reimbursement and distribution.

Program Administration

The Federal circulatory-assist devices program
has led to useful therapeutic inventions (such as
the intra-aortic balloon and temporary LVADS),
yet the development of a clinically effective arti-
ficial heart appears to be decades in the future.
The manner in which research priorities are es-
tablished is of fundamental importance for the
artificial heart and alternative forms of treat-
ment.

Previous allocation decisions led to a research
strategy in which many identical contracts were
assigned in order to hasten the proliferation of
technological options, rather than the usual sys-
tem of investigator-initiated grants. Some con-
sultants expressed the opinion that this approach
resulted in unnecessary duplication of research
effort, that it discouraged many talented re-
searchers from becoming involved, and that the
resulting competition interfered with the full ex-
change of scientific information, thus com-
pounding the magnitude of the biomaterials and
energy source problems discussed earlier. The
relative lack of dissemination of information
may have substantially slowed the program’s
progress.

NHLBI has moved to correct these shortcom-
ings through annual meetings of contractors and
a larger emphasis on grants. A greater dialog be-

results of clinical trials of the LVADs and on the
outcomes of prevention programs.

tween Federal program administrators and re-
searchers should be encouraged early in any re-
search program to ensure widespread consensus
about the appropriate level, distribution, and
direction of research effort. If a mission-oriented
approach is deemed appropriate, it will be neces-
sary to have a careful evaluation of the knowl-
edge base that is necessary to identify areas of
study that may require further basic research.
An adversarial proceeding that focuses orga-
nized “skepticism” on the potential for success
may best uncover such areas.

The major responsibility for the evaluation of
the program rests entirely with the community
of surgeons, engineers, and administrators who
are directly involved in the research. In the early
years, this led to an emphasis on technological
issues and little consideration of the larger
societal needs and projected impact of the
device. We certainly acknowledge the attempts
by NHLBI to assess a broader range of outside
opinion through the 1969 Ad Hoc Task Force on
Cardiac Replacement (2) and the 1973 Artificial
Heart Assessment Panel (51). However, these
bodies were charged only with advising NHLBI
on internal policy in areas limited by their
charges, and they had no authority to evaluate
alternative research strategies and weigh relative
priorities for the allocation of public funds.

It appears that the most comprehensive
evaluation of the costs and benefits of artificial
heart research came from the Artificial Heart
Assessment Panel (51), which did not stand to
benefit directly from the program in question.
That panel was the first to examine in depth the
costs to society of using a nuclear power source.
The panel’s recommendation that nuclear engine
development be reemphasized led to the cessa-
tion of nuclear research by NHLBI. In the case of
the nuclear-powered artificial heart, taxpayers
might have recognized savings from an inde-
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pendent, broad-based analysis earlier in the pro-
gram, and the electrical systems under research
might be considerably more advanced today.

Given the central role of such analyses in deci-
sionmaking, it appears desirable to establish an
independent agency to consider the costs and
benefits—including the manifold social and eco-
nomic implications—of medical innovations. To
ensure that potential societal impacts are con-
sidered early in the research process, analysis of
the costs and benefits of medical innovations
might take place before the initial allocation of
funds by Congress. In rapidly changing areas of
biomedical understanding, independent analysis
should also be undertaken at intervals during the
life of a program to avoid ongoing expenditures
when more viable alternative approaches exist.
The National Center for Health Care Technol-
ogy (NCHCT) was established in 1978 to antici-
pate and evaluate the impact of health technol-
ogies and it represented a constructive step
toward such an independent authority. How-
ever, its responsibilities now belong to a study
section of the National Center for Health Serv-
ices Research (NCHSR), since NCHCT’s appro-
priations were not renewed in 1982,

Regulation

The greatest Federal control over biomedical
innovation is currently through regulating the
introduction of new innovations through com-
prehensive legislation covering drugs and med-
ical devices. A way to ensure that better infor-
mation is available for making these regulatory
decisions is discussed below.

The process of developing a new medical tech-
nology involves several types of testing—animal
studies, clinical trials, and experimental clinical
use. Considerable controversy surrounded the
decision to use the 2-week LVAD in clinical
trials of patients unable to resume cardiac func-
tion after open-heart surgery in 1975. Com-
pleted LVAD implants in animals had been suc-
cessful, but, as is true with most experiments in
animals, the results could not readily be trans-
lated to the clinical situation. At least one major
NHLBI contractor participated in the decision to

begin the clinical trials, raising serious questions
about conflict of interest.

Ultimately, clinical trials of 2- and 5-year ver-
sions of the LVAD are planned. Since each of
these longer term devices confronts the major
problems of the total artificial heart—energy
supply, actuator and engine design, durable and
hemocompatible materials—their testing can
provide an experimental model to assess the reli-
ability, economic costs, and quality of life ex-
pected from a total artificial heart. Before clin-
ical trials with these LVADs begin, adequate in-
formation on all LVADs under research should
be collected in order to select the best model for
testing. When clinical trials do take place, the
review process should set criteria and bound-
aries to confirm their safety and ensure the pro-
tection of human subjects. It is especially impor-
tant that local institutional review boards be
fully involved in decisionmaking (i.e., that they
not be bypassed on the grounds that the device
constitutes “emergency therapy”). The larger
implications of such criteria might constructive-
ly be addressed by the National Commission for
the Protection of Human Subjects of Biomedical
and Behavioral Research.

The Food and Drug Administration (FDA)
was recently given authority by Congress
through the Medical Device Amendments to de-
velop and enforce standards for the perform-
ance, efficacy, and safety of all medical devices.
No regulations have yet been written for the
LVAD or for the artificial heart. We recommend
that when FDA does develop regulations, it
coordinate efforts with NIH to develop a central
repository of all (private and NIH) data on
LVAD/artificial heart development, perform-
ance, and clinical results. In addition to data on
technical and protocol details, information
should be collected on patient status (i.e., socio-
economic status, age, race, sex) and details of in-
formed consent measures. Submitting this infor-
mation should be mandatory for all involved in
order to establish a knowledge base, and moni-
toring should take place to maintain quality con-
trol and compliance. This information should be
used in determining criteria or regulations for
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commercial marketing and device distribution,
as well as R&D.

The 1973 report of the Artificial Heart Assess-
ment Panel (51) called into question the active
search for a nuclear-powered artificial heart.
The panel expressed concern about the dangers
of walking-plutonium proliferation and of ex-
posure of the patient and relatives to higher than
acceptable levels of radiation. While suggesting
that development might proceed pending more
complete evidence of risk, the panel specifically
recommended against any experimental implan-
tation in humans.

The potential costs of a nuclear-powered
device may be very great. Aside from the health
risks to the individual, the strict safeguards
necessary to avoid theft or loss of plutonium
may well involve an unacceptable threat to the
guality of life of the recipient and raise many
thorny issues of civil liberties. However, there
remains to date no clear regulatory policy fully
excluding the possibility that a nuclear device
might be implemented in the future.

Meanwhile, the development of a clinically
acceptable energy alternative is progressing
slowly. The question arises, therefore, whether
research on the artificial heart is progressing
with the conscious or unconscious assumption
that a nuclear power source is still a viable alter-
native. Should we arrive on the brink of a suc-
cessful device that lacks only an efficient power
source, it would be difficult to resist the pressure
to go ahead with a nuclear engine. For this rea-
son, we believe it is important that a firm com-
mitment against the use of nuclear-powered
devices be reached.

Reimbursement and Distribution

As noted earlier in this case study, the cost to
an individual for artificial heart implantation
and continuing care will be very great. These ex-
penses will place access of the device out of the
hands of many needy patients, unless a plan for
socializing these costs is formulated. In the early
stages of availability, insurance companies

might well be expected not to assume the large
costs.

The prevailing trend already shows the Gov-
ernment assuming responsibility for ensuring
equitable access to expensive medical technol-
ogies even for those technologies initially devel-
oped without direct Government intervention
(e.g., the artificial kidney). When the Federal
Government underwrites the majority of re-
search for an innovation, as it has with the ar-
tificial heart, the issue of access assumes greater
significance. In our opinion, in such an instance,
the responsibility for ensuring equitable distri-
bution rests clearly on the Government. The
1973 Artificial Heart Assessment Panel noted
(51):

Particularly in view of the substantial com-
mitment of public funds for development of the
artificial heart, implantation should be broadly
available, and availability should not be limited
only to those able to pay. This objective can be
accomplished through either private or govern-
ment insurance mechanisms.

At the same time, a decision by the Federal
Government to assume this responsibility must
not be taken lightly. A decision to finance im-
plantation federally may well commit the Gov-
ernment to an annual outflow of several billion
dollars for a single therapeutic modality that will
have relatively little impact on national life ex-
pectancy. Such a commitment is so great as to
dwarf all of the funds spent to date on the devel-
opment of the artificial heart and other circula-
tory-assist devices. This commitment also imp-
lies planning and additional costs to ensure an
adequate inventory, facilities, and personnel for
implantation, continuing medical care, and re-
habilitation. The specific details of any cost-
sharing program will obviously affect the speed
and extent of clinical application. If there is no
incentive to centralize resources or to encourage
efficient use, the costs of application will rise as
the procedure diffuses throughout the country.
The absence of cost-containment incentives may
also result in a relaxation of medical criteria to
provide artificial hearts to patients not faced
with imminent death from cardiac disease.
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Although the current situation with the arti-
ficial heart represents a great responsibility, it
also presents an opportunity. Whereas advances
such as the computed tomography scanner were
introduced by private industry and could not be
effectively influenced by post hoc regulation, the
introduction and distribution of circulatory
device technology could be carefully controlled
by the Government on its own terms. We
strongly believe that the time for discussing this
matter is now. At this point, a clinically effective
artificial heart is still many years away. From the
perspective of a member of society, investment
in artificial heart devices may contribute no
more to saving his or her life and health than
would a comprehensive, effective cardiac dis-
ease prevention program. This fact gives us con-
siderable leeway in how we prefer to attack the
massive costs of heart disease in our society.

Calabresi and Bobbitt, in their book Tragic
Choices (13), introduce the concept of first and
second order decisions in the development and
allocation of lifesaving technologies. The first
order decision for the artificial heart is the deci-
sion about whether or not to proceed with its de-
velopment. The second order decisions are who
should receive the device and who will pay for
it. As Calabresi and Bobbitt point out, it is easier
to stop or change direction at the first order deci-
sion level than at the second.

The point at which Federal Government in-
tervention is most likely to have a real leverage
is at the first order decision level—whether to
continue to fund the research that might make
the artificial heart a clinical reality. If a
breakthrough were to occur that made a clinical-
ly acceptable device a reality, or even a strong
possibility, it is likely that the demand of heart
patients, their families, and physicians for this
potentially life-extending treatment would over-
whelm even carefully constructed regulatory

SUMMARY

Research to develop a permanently implanta-
ble artificial heart that could be used to replace a
failing natural heart has been funded by NHLBI

and financial checks on device diffusion. The
dialysis case is instructive here—nobody wants
to be put in the position of saying we will not
save identifiable lives because a procedure is too
expensive. Consideration of regulatory and re-
imbursement issues is important, both because it
may be effective to some limited degree in mak-
ing the diffusion of the artificial heart more ra-
tional and orderly and because it will heighten
awareness of the magnitude of the potential im-
pact of an artificial heart on the health care
system.

In an era of limited resources, it is imperative
that such a potentially expensive innovation as
the artificial heart be carefully compared with
other social and medical programs designed to
extend life and improve its quality. Such a com-
parison will require a full and candid under-
standing of the likely costs and benefits of the
device. We have found that before a complete
understanding of the impact of an artificial heart
may be achieved, two very important questions
must be resolved. First, the Government must
decide whether it is willing and has the capabili-
ty to ensure equitable access to the device—as-
suming this responsibility may substantially in-
crease the perceived cost of the program. Sec-
ond, the acceptance or rejection of a nuclear
power source should be made explicit—the nu-
clear heart device may substantially enhance the
attractiveness of the device from a clinical stand-
point, but will also involve substantial social
costs and risks. These two decisions will have a
marked influence on the balance of costs and
benefits of the device, and they should be fully
debated and resolved before a final commitment
to artificial heart development is reached. In-
sofar as we may be faced with a $1 billion to $3
billion annual ‘commitment in the future, the
time to make these decisions is now.

since 1964. At the program’s inception, there
was considerable optimism that the successful
development of such a device would provide a
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means of treating serious cardiac disease by
1970—well before biomedical advances were ex-
pected to produce effective preventive treat-
ment. But now, more than 15 years later, a total-
ly implantable artificial heart is still a distant
goal. This case study has reviewed the potential
benefits, costs, and risks of continued invest-
ment in this medical innovation, as well as the
technological problems that remain to be solved.

Cardiac disease kills over 800,000 persons
yearly. The number of people that might benefit
from total heart replacement depends on the
severity of concomitant illness, age restrictions,
access to emergency coronary care, and the
nature of the device itself. Our estimate of a pool
of 33,600 candidates yearly assumes that a pro-
spective candidate’s death is imminent, that cir-
culation can be supported long enough for trans-
portation to an institution with appropriate fa-
cilities, that the patient does not suffer from seri-
ous or chronic noncardiac disease, and that he
or she is under 65 years of age. A lower estimate
of 16,000 candidates is defined on the likelihood
of inadequate mobile coronary care and surgical
facilities, at least initially, in some parts of the
country. If the device is highly successful, we
estimate that there might be as many as 66,000
candidates annually.

If the artificial heart is perfected, it will have a
substantial impact on those who suffer from car-
diac disease now or in the future. We estimate
that the availability of the artificial heart may
extend the lives of such individuals, on the aver-
age, by 0.6 of a year (about 210 days). It might
extend the lives of randomly chosen 25-year-old
members of the population, on the average, by
about 0.0966 of a year (about 35 days). An op-
timistic estimate is that 60 percent of artificial
heart recipients employed prior to implantation
may return to work. The experience of patients
undergoing CABG surgery suggests that as few
as 50 percent of persons aged 55 to 65 years
would return to work; the experience of heart
transplant patients suggests that the lower limit
might be 20 percent. The range of estimates
varies with the reliability of the device and the
adequacy of rehabilitative care.

As the technology becomes available, it will
be nearly impossible to deny the demand for its
widespread use, as the recent history of hemodi-
alysis demonstrates. Even the minimum esti-
mates of the cost for an individual to receive an
artificial heart involve an amount that would be
a severe burden on most families. Our estimates
for the cost of manufacturing and surgically im-
planting an electrically powered device (not in-
cluding previous development costs) range from
$24,000 to $75,000 per patient; these are initial
costs. Continuing medical and technological
care could range from $1,800 to $8,800 per pa-
tient per year. Insurance companies will prob-
ably be unwilling to cover the high costs of this
treatment without special premiums or other in-
centives. Thus, the Federal Government will be
faced with a serious dilemma—to allow those
who cannot afford to pay privately to do with-
out a lifesaving device, or, alternatively, to de-
vote up to an additional $1 billion to $3 billion
annually to this new medical technology. Such a
commitment is so great as to dwarf all of the
funds spent to date on the development of the
artificial heart and other circulatory-assist
devices.

A decision to finance artificial heart implanta-
tion with Federal funds must not be taken light-
ly. It involves additional costs and planning for
adequate facilities, training of personnel, and a
strong program to rehabilitate patients who
must deal with the inconvenience and anxiety
related to daily recharging of batteries, potential
mechanical or electrical failure, and total reli-
ance on an implanted machine. Cost considera-
tions must also take into account potential loss
of other social programs displaced by the de-
velopment of the artificial heart. The artificial
heart may proportionately raise social expend-
itures financed through medicare and social
security that will have to come from other social
programs. Funds that support the training of
heart surgeons and technicians for a large-scale
implantation program may deter the urgency
with which research on cardiac disease preven-
tion or alternative treatments is pursued. Recent
work in cardiac disease prevention at Stanford
University (27) and in Finland (60) indicates that
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an effective prevention program definitely re-
duces the risk factors associated with CHD and
may have a greater potential to reduce death
from cardiac disease.

While artificial heart research has led to useful
therapeutic inventions and substantial advances
in understanding, the development of a clinical-
ly acceptable artificial heart seems unlikely to be
realized in the near future. As yet, neither a
hemocompatible material nor a portable power
source that can meet the specifications for a
long-term, implantable heart in laboratory test-
ing has been developed. Current prototypes of
2- and 5-year LVADs use electrical battery sys-
tems that still have mechanical and operational
liabilities. In clinical trials projected for the
mid-1980’s, these devices will provide an experi-
mental model to assess the reliability of the
engine under conditions of extended use, as well
as the quality of life that might be expected from
an artificial heart. Production and implantation
will also result in a more accurate picture of total
economic costs of the device and surgical pro-
cedure.

In addition to investment in battery-powered
devices, several million dollars of DOE funding
(primarily through the Energy Research and De-
velopment Agency) have been devoted to re-
search on a nuclear power source. Should we ar-
rive on the brink of a successful device that lacks
only an acceptable power source, it may be dif-
ficult to resist the pressure to go ahead with a
Pu-238 powered engine. The costs and risks of
such a device are enormous. Because of its dan-
gerous qualities and its value ($1,000 per g for a
device using 50 g of Pu-238), the material would
have to be closely guarded from manufacture,
through transportation and storage, to implan-
tation, until removal upon the death. Strict safe-
guards would have to be imposed on recipients
to protect them from health risks due to radi-
ation, physical injury, or kidnapping. In light of
these considerations, we believe it is important
that a firm commitment against the use of nucle-
ar-powered devices be made so that the ultimate
potential for a safe and acceptable heart device
may be evaluated.

The current situation with the artificial heart
represents a great responsibility, but also
represents an opportunity to control with care
the introduction of circulatory device technol-
ogy. At this time, a clinically effective artificial
heart is still many years away. From the perspec-
tive of a member of society, investment in artifi-
cial heart devices may be no closer to saving his
or her life and health than a comprehensive, ef-
fective cardiac disease prevention program. This
fact gives us considerable leeway in how we pre-
fer to attack the massive costs of heart disease in
our society. For this reason, we should compare
the benefits and costs of the artificial heart in
competition with other social and medical pro-
grams designed to extend life and improve its
quality. We must first decide whether to proceed
with development of the artificial heart, know-
ing that it will require a large commitment of
resources. If we assume this commitment, we
must then consider issues of who should receive
the device, who will absorb the costs of manu-
facture and implantation, and most important-
ly, what opportunities will be lost through an in-
ability to fund other social programs.

In sum, we believe that two major issues in-
volving the development of the artificial heart
must be resolved in order to comprehend fully
the device’s total impact. First, the Federal Gov-
ernment must decide whether it is willing and
has the capability to ensure equitable access to
the device—assuming this responsibility may
substantially increase the perceived cost of the
program. Second, the acceptance or rejection of
a nuclear power source should be made explicit
—the nuclear heart device may substantially
enhance the attractiveness of the device from a
clinical standpoint, but will also involve very
large social costs and risks. Because these two
decisions will have a marked influence on the
balance of costs and benefits of the device, they
should be fully debated and resolved before a
final commitment to artificial heart development
is made.
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APPENDIX A: THE ARTIFICIAL CARDIAC PACEMAKER

by Thomas Preston

The first totally implantable cardiac pacemaker
was implanted in Sweden in 1959. This was followed
by the development of implantable pacers by three
companies in the United States in 1960 (17,37,78).
Although animal investigations predicted a problem
with electrodes (rising excitation threshold), this
problem was considered manageable, and there were
widespread forecasts for a 5-year pacemaker longev-
ity. The 5-year longevity prediction was based on
battery capacity and calculated discharge rate. The
first commercially available pacemakers were de-
signed with the pulse generator and leads as one in-
separable unit, i.e., there was no design allowance
for replacement of the pulse generator alone, without
disturbing the electrical connections (leads) to the
heart. Although some investigators voiced caution
about heightened expectations (78), in general there
was optimism that a 5-year pacemaker was at hand
(17,37).

Risks

The major risk of permanent pacing—operation
mortality—initially was about 7.5 to 10 percent due
to the requirement for thoracotomy and epicardial
electrode placement. That risk was deemed accept-
able because of the poor prognosis of untreated pa-
tients and the dramatic relief of successfully paced
patients (see the section below on benefits). Other
risks that also usually meant pacemaker system fail-
ure included infection at any part of the operative
area (from epicardium with myocardial abscess to in-
fection around the pulse generator) and dehiscence
(bursting) of the pulse generator. In its worst mani-
festation, the patient had an acquired abscess with
draining fistula. These complications were relatively
common initially (5 to 10 percent), but not unex-
pected. Improved surgical technique solved most of
these problems.

Complications peculiar to pacemakers that were
relatively or totally unanticipated are discussed
below.

- Wire (eas) break. Fatigue of the metal leads re-
sulted in premature system failure at a high rate,
such that this was the primary limiting factor for
the first few years of permanent pacing. The
solution of this problem required engineering
analysis of fracture points and modes, followed
by multiple design changes. Although lead
breaks still occur, this complication was con-

trolled to an acceptable incidence over a period
of 6 to 7 years.

e High threshold of cardiac excitation. As noted
above, animal testing revealed this complica-
tion, which was medically unique to this tech-
nology. The biotechnical factors involved were
not well worked out until about 1967, and elec-
trode evolution pertaining to this feature still
continues. In the first 5 years of permanent pace-
makers, at least 10 percent of system failures
were from this cause.

® Battery failure. The predicted battery longevity
did not materialize until about 1975 because of
defects with the batteries and current shunting
due to structural defects within the pulse genera-
tor. Excluding all other failure modes, pulse gen-
erator longevity as limited by battery exhaustion
is listed in table A-1. The dramatic increase in
pacemaker longevity from 1975 to 1979 reflects
the development of a new technology battery
(lithium).

* “Runaway” pacemakers. Rarely, but dramati-
cally, pulse generators can fail with an acceler-
ated rate (up to 800 impulses per minute). In
some cases, this complication was fatal. Al-
though design changes have made this complica-
tion quite rare, it still occurs (e.g., recall of
American Pacemaker Co., June 1979).

® Electromagnetic interference. Interference
caused by extrinsic noncardiac signals can alter
pacemaker output signals. This problem was
greatly magnified by creation of the sensing (“on
demand”) pacemaker, which must sense cardiac
signals but reject all other electrical signals. This
complication (incorrect sensing) still occurs with
approximately 5 percent of implanted units.

® Competition with natural heart beats. Although
this complication was anticipated, it was not

Table A. 1.—Pacemaker Longevity Excluding Causes
of Failure Other Than Battery Exhaustion

Year pacemaker implanted Longevity (50%)

1961, ..o 6to 12 months
1965, . .. 12 months
1970. . .o 24 months
1975, 42 months
1979, .o 10 years (est)

SOURCES: S. Furman and D. Escher, Principlesand Techniques of Cardiac
Pacing (New York: Harper and Row, 1970); and M. Bilitch, “Perform-
ance of Cardiac Pacemaker Pulse Generators,” PACE 2:259, 1979,
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considered serious (78). Although it is an infre-
qguent occurrence, pacemaker stimulation during
the vulnerable period of a preceding natural beat
can precipitate ventricular fibrillation and death

59). proper sensing of natural depolarizations

Edemand function) precludes this complication,

but inadequate sensing still occurs with about 5

percent of implanted units.

e Surgical inexperience. The use of a prosthetic de-
vice posed new problems for surgeons. Many
complications—e. g., incorrect connection of
pulse generator to leads, improper positioning of
electrodes or pulse generator—are related to ex-
pertise in this particular operation. Furthermore,
normally functioning pacemaker systems have
been removed, because the surgeon and/or car-
diologist did not understand the proper func-
tioning of the system. Trauma to the device

drome appear to be a consequence of pacing, as

these disorders were relatively unknown prior to

permanent pacing, and investigations into these
disorders probably resulted from the innovation of

a treatment for them. Thus, the availability of

pacemakers led to investigation into nonheart

block causes of syncope. Pacemaker therapy was
applied to other presumed causes of syncope as
soon as a cause and effect relationship seemed to
exist, as in sick sinus syndrome. The universally
acknowledged success of pacing for heart block led
to an uncritical extension of the therapy to patients
with “preheart block” EKG patterns, and sinus
node dysfunction. Consequently, there are no data

(even uncontrolled) by which to judge the effect of

pacing on survival in these groups of patients.

Some believe that the widespread use of pacing for

preheart block syndromes does not increase sur-
through mishandling still occurs in the hands of vival (46). Of all patients receiving pacemakers,
the inexperienced. about 55 to 60 percent now survive 5 years (31).

® Manufacturing errors. « Treatment of symptomatic complete heart block.

® Sudden failure, From specifications and per- The advent of pacing led to legendary tales of how
formance of the batteries (for the first 15 years, the moribund rose to walk. For those who remem-
virtually all batteries were the same type), the ber the plight of patients with symptomatic com-
expected failure mode was a slow but detectable plete heart block, the benefit in terms of decreased
change in pacer rate. Unexpected, sudden failure syncopal episodes and increased activity level is
without prior detected rate change has occurred beyond question. For patients with other maladies,
and still does occur for a number of reasons however, the benefits are more questionable. Most
(lead break, component failure, short circuit, patients with light-headedness spells, or true syn-
etc. ). For a patient who is pacemaker dependent, cope, and without evidence of heart block or sinus
this mode of failure produces syncope (tempo- arrest associated with syncope, end up with pace-
rary suspension of circulation) or death. Sudden makers. Many are not improved.
unexpected failure is now uncommon (approxi- + Treatment of symptomatic bradycardia, Availabil-
mately 1 in 50 to 100 pulse generators), but oc- ity of pacing has created the option of adjunct ther-
curred with 5 percent or more of pulse genera- apy (e. g., large doses of propranolol) with pacing
tors for the first 10 years of permanent pacing. to avoid symptomatic bradycardia.

« Treatment of tachyrhythmias. An unanticipated
new use of pacemakers is in treatment of tach-
yrhythmias, using overdrive or interruption tech-
niques. This accounts for less than 1 percent of all
permanent pacing.

Benefits

. Survival. There never has been a well-controlled
study comparing survival of patients with and
without pacemakers, presumably because of the
apparent immediate and dramatic success of pace-
makers. Analysis of survival benefit has always
been made by comparison of prepacing and post-

Capital Investment

* Initial cost. The cost of hospitalization and hard-

pacing groups. Patients with complete (or inter-
mittent) heart block and syncopal episodes have a
I-year mortality of 50 percent (29,36), whereas
similar patients who are paced have a 2-year sur-
vival of 70 to 80 percent (68). Survival analysis of
patients paced for reasons other than complete
heart block is virtually impossible, as no “natural
history” data exist for other conditions. The
diagnoses of partial blocks and sick sinus syn-

ware was estimated easily and adequately at the
time of initiation of this technology.

. Followup care. The unanticipated complications of

systems failures meant greater than estimated fol-
lowup costs. | know of no studies in 1960-61 esti-
mating followup costs. Although the anticipation
was for 3 to 5 years of fault-free system perform-
ance, during the first 3 years of pacing, the average
system longevity was about 6 months. Some pa-
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tients had in excess of 15 operations (some more
than 20) in 3 to 5 years, most of them thoracotomy
(surgical incision of the chest wall). During the
next syears, the average system failure (any
failure requiring surgical correction, e.g., wire
break, displacement of catheter, generator failure)
was about 1 in 12 months of pacing (or greater).
Exclusive of complications requiring hospitaliza-
tion/operative repair, modern followup methods
now cost from $100 to $1,600 per year, depending
on the mode of followup. Office visits (minimum,
EKG; maximum, detailed pacemaker analysis at a
“pacemaker clinic”) vary from 2 to 6 years in
routine followup. Electronic monitoring (even in-
terrogation of implanted units) has become wide-
spread in this country during the last 10 years. It
can be done directly (with the patient present at a
clinic) or indirectly by telephone, with or without
automatic computer analysis. The availability of
such monitoring has made it mandatory in the
minds of most physicians, as this represents the
“best” means of followup. Indeed, there is now a
whole ancillary industry in this area. The artificial
heart, for which monitoring would be even more

necessary, will undoubtedly have more advanced
forms of electronic monitoring. Third-party payers
(Blue Cross/Blue Shield, medicare) now pay $30
per telephone call for pacemaker monitoring.
Many patients are monitored weekly (there is a
scale of allowable calls, as a function of the age of
the pacemaker), meaning a monitoring cost of
$1,560 per year. | anticipate a minimum of one call
per week for artificial heart patients.

Indirect cost (or gains), There are no data on
return to employment of paced patients, but for
those who were incapacitated from symptomatic
complete heart block, there is a return to normal
existence (excluding other limitations). Thus, for
the group heavily dependent on pacemakers, there
would appear to be a large net gain in return to
gainful employment. For others, the result is less
evident. To the degree that a patient is restored to
normal function, there should be an economic
gain. The countereffect, as seen with coronary
artery surgery, of legitimation of illness and retire-
ment may also be present. | know of no data on
this subject.
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APPENDIX B: CARDIAC TRANSPLANT COSTS

Table B-1.—Cardiac Transplant Hospitalization Costs, 1969.75

Professional Blood Drug

Days Insurance Grant fees credit credit Written off Total Cost/day
Year 1. ... 1788  $87,923.57 $ 493,385.20 $3,109.53 $ 325.00 - $36,485.96  $ 621,229.26 $347.44
Year2. . . . 841 144,561.47 129,443.33 150.00 485.00 — 31,318.31 305,958.11  363.80
Year 3. . . . 942 267,677.56 106,956.45 1,001.47 712.98% 18.40 796.85 377,163.71  400.39
Yeard. . . . 869 122,962.32 235,811.89 10,062.83 73.05 — 44,380.79 413,290.88  475.59
Year5. . . . 922 360,158.01 186,294.45 12,177.33 834.00 211.84 326.17 560,001.80 607.38
Year 6. ... 198 — 101,887.09 3,444.00 - - — 69,489.65 534.54

Total. . . 5,560 $983,282.93 $1,253,778.41 $29,945.16 $2,430.03$230.24 $113,308.08
Percent

of total — 4170 53% 1% - - 5%
Average/ $2,382,974.85 $428.59
person . . 69 $12,139.29 $15,478.75 $369.69 $30.00 $2.84 $1,398.87 100%
Average/ $29,419.44 $426..37
transplant 65 $11,433.52 $14,578.82 $348.20 $28.26 $2.68 $1,317.54 $27,709.01 $426.29

SOURCE: stanford Cardiac Transplantation Program, Stanford, Cal if.

Table B-2.—Cardiac Transplant Outpatient Costs, 1969-75

Professional Blood Drug

Visits Insurance Grant fees credit credit Written off Total Costl/visit
Year 1. . . . 466 $ 580.10 $ 19,768.80 $1,095.00 - - $21,443.90  $46.02
Year2. . . . 224 854.50 12,802.89 1,170.00 — — $ 877.95 15,705.34 70.11
Year 3. ... 112 74.85 8,434.04 - — 8,508.59 75.97
Yeard. . . . 468 7,774.72 41,269.30 6 3 2 . 6 4 851.95 50,528.61 107.97
Year5. . . . 523 5,970.50 48,956.87 1,620.90 — — - 56,548.27 108.12
Year 6. ... 110 — 9,306.10 786.00 — — — 10,092.10 91.75
Total. . . 1,903 $15,254.67 $140,538.00 $5,304.54 - - $1,729.90 $162,827.11 $85.56
Percent
of total — 9% 86% 4% — — 1 % 100% —
Average/
person . . 23 $188.33 $1,735.00 $65.49 - - $21.36 $2,010.21 $87.40
Average/
transplant 22 $177.38 $1,634.16 $61.68 - - $20.12 $1,905.34 $86.61

SOURCE: stanford Cardiac Transplantation Program, Stanford, Cal if,
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DIAGNOSTIC & MEASUREMENT INSTRUMENTATIOIN & DEVICES PROGRAM

Dr. Herbert L. Abrans
Dept of Radiol ogy

Petr Bent Brighm Hosp
721 Huntington Ave
Boston, MA 02115
(617) 734-8000 X2542

Ci neangi ographic Studies of the Cardiovascul ar

5 RO1L HL 20895-05

Dr. Donald W Baker
Ctr for Bi oeng

Univ of Washington
Seattle, WA 98195
(206) 543-6832

Noni nvasi ve Cardi ovascul ar Measur ement s

5 POL HL 07293-18

Dr. Dana H Ballard

Dept of Conputer Sci

Univ of Rochester

Rochester, NY 14627

(716) 275-3772

Anat omi cal Modela in Conputer-Ai ded
5 R23 HL 21253-03

Dr. Joe D. Bourland

Bi omedi cal Eng Ctr

Purdue University

West Lafayette, IN 47907

(317) 494-6151

Cardi ac Qutput from the Pneunocardi ogram
5 ROL HL 22321-03

Dr. Ruben D. Bunag
University of Kansas
Medi cal Cent er

Col | ege of Health Sci
Kansas City, Kansas66103
(913) 588- 7507

SystenNon-1Invasive Blood Pressure Measurement

5 ROL HL 22854-02

Dr. David A Chesler

Physics Research Lab

Mass  Ceneral Hospi t al

Boston, MA 02114

(617) 726- 3805

Gated Imaging with the MEH X-Ray
5 ROL HL 20274-03

Dr. B. Neil Cuffin

Mass Inst of Tech

170 Al bany St

Canbri dge, MA 02139

(617) 253-5562

Accuracy of Electric & Magnetic
2 R23 HL 24645-02

Dr. Cornelis J. Drost
Dept Physi ol ogy

NY State Vet College
Cornell University
Ithaca, NY 14853

(607) 256-2121

Accurate Transcutaneous Doppl er Bl oodfl ow Monitoring

5 ROL HL 19019-05

Measur enment s




DIAGNOSTIC & MEASUREMENT

Dr.

U of
School
323 E

Nancy C. Flowers
Louisville
of  Medici ne
Chestnut St
Loui sville, KY 40202
(502) 589- 4668
Recording & Analysis
2 ROL HL 19768-04

of

Dr. Fred K Forster

U of Washington

Dept of Mech Eng
Seattle, WA 98195

(206) 543-4910

Fluid Dynamic-Utrasonic

1 R23 HL 26706-01

Dr. Leslie A Geddes

Bi omedical Eng Cr

Purdue University

West  Lafayette, IN 47907
(317) 494-6151 x321
Indirect Mean Bl ood
2 ROl HL 18947-03

Dr. Edward A GCeiser

Dept. of Medicine
University of Florida

Gai nesville, FL 32610
(904) 392-3481

3-D Analysis of Ventricular
1 R23 HL 25621-01

Low Level

Aspect s

INSTRUMENTATION & DEVICES PROGRAM

Cardiac Signals

of Bl ood Turbul ence

Pressure

Contractil e Perfornmance

Dr. Don P. G ddens

Sch of Aerospace Eng
Georgia Inst of Tech
Atl anta, GA 30332
(404) 894-3044
Hemodynanmi cs of  Nor nal
5 ROL HL 22635-02

and Diseased Carotid Arteries

Dr. Raynond Grami ak
Univ of Rochester”
601 El mwod Ave
Rochester, NY
(716) 275- 2625
New Concepts in
5 ROL HL 15016-09

14642

Cardiac U trasound Technol ogy

Dr.
Dept

Craig J. Hartley

of Medi ci ne

The Methodi st Hosp

6516 Ber t ner

Houston, Tx 77030

(713) 790- 3252

U trasonic Instrunentation for
5 ROL HL 22512-03

Car di ovascul ar St udi es

Dr. Gabor T. Hernan

Dept of Conputer Sci

SUNY at Buffalo

4226 Ridge Lea

Armherst, NY 14226

(716) 831-1351

Comput er Technol ogy for Transaxial Tonography

5 ROL HL 18968-05




DIAGNOSTIC & MEASUREMENT INSTRUMENTATION & DEVICES PROGRAM

Dr. Mchael B. Histand Dr. Paul C. Lauterbur
Dept of Mech Eng Dept of Chenistry

Col orado State Univ SUNY at Stony Brook
Fort Collins, CO 80523 Stony Brook, Ny 11794
(303) 491-5544 (516) 246-5061

Noni nvasi ve  Measur enment of Cardi ac  Qut put Car di ovascul ar NVR

5 ROL HL 22326-03 5 ROL HL 19851-02

Dr. Cecil J. Hodson Dr. Richard L.Longini
Yale University Bi ot echnol ogy Program
333 Cedar Street Car negi e- Mel | on Uni v
New Haven CT 06510 Pittsburgh, PA 15213
(203) 432-4364 (412) 578-2528
Utrasonic Mnitoring of Visceral Blood Vessels An Optimal Fetal Heart
5 ROL HL 19791-03 2 ROL HL 20632-03

Dr. Adrian Kantrowtz Dr. Roy W Martin

Dept Cardiovasc Surg Dept Anest hesi ol ogy
Sinai Hosp of Detroit U of Washington

6767 West Cuter Dr Seattle, WA

Detroit, M 48235 (206) 545-1883

(313) 493-5775 Bl ood Flow Measurenent
Quantitating |In-Series Effects in Cardiac Arrhythmas5 ROL HL 14645-09

5 ROL HL 22274-02

Dr. Antti J. Koivo Dr. Wlliam e Moritz
School of Elec Eng Dept of Elec Eng

Purdue  Univ Univ of WAshington
West  Lafayette, [NA7907 Seattle, WA 98195
(317).493-9156 (206) 543-6049

The Use of Mcroprocessors in Medical Applications U trasonic Measurenent

1 ROL HL 22417-01

5 ROL HL 16759-06

by Utrasonic

of

Zeugmat ogr aphy

Moni t or

Car di ac

Ceonetry

Cat het er

and

Tip Method

Fl ow




DIAGNOSTIC & MEASUREMENT INSTRUMENTATION & DEVICES PROGRAM

Dynami cs

Fl ow

Dr. P. David Merowtz Dr. Erick L. Ritman

U of Wsconsin Dept of Physi ol ogy
Depar t nent of Sur gery Mayo Foundati on

600 Highland Ave 200 First St. SW

Madi son, W Rochester, MN 55901
(608) 263-5215 (507) 284-3495

Noni nvasi ve Conputerized Fluoroscopic Cardiac |magingCardiovascular and Lung
1 ROL HL 26586-01 2 PO HL 04664-20

Dr. Charles P. dinger Dr. WIliam P. Santanore
Dept of Neurol ogy Tenple University

Univ of Cincinnati Phi | adel phi a, PA

4305 Med Sci Bldg (215) 221-4724
Cincinnati, Chio 45267 Ventricul ar I nterdependence
(513) 872-5431 1 ROL HL 26592-01

Conput er Ai ded Bioacoustic Arterial Di agnosti cs

5 ROL HL 23671-02

Dr. T. Allan Pryor Dr. Richard K  Shaw
Dept of Biophysics School of Medicine
Latter-Day Saint Hosp Yale University

325 8th Ave 333 Cedar Street

Salt Lake CGCity, UT 84143 New Haven, CT 06510
(801) 322-5761 X255 (203)  436-8259

Conput er Controlled Two-Di nensi onal Echocar di ography Long Term Assessnent of
2 ROL HL 16487-06 5 ROL HL 22352-02

Dr. John M Reid Dr. Richard J. Spears
Inst of Applied Dept of Cardi ol ogy
Physiology & Medicine USC Schl of Medicine
556 18th Avenue 2025 Zonal Ave

Seattle, WA 98122 Los Angeles, CA 90033
(206)  442-7340 (213) 226-2152
Utrasonic Scattering Studies for Tissue Characteriza&-i®mnAnalysis of Single

5 ROL HL 24805-02

1 R23 25272-01

Pl ane

in Vascular Gafts

Coronary Ci neangi ogr ams




DIAGNOSTIC & MEASUREMENT INSTRUMENTATION & DEVICES PROGRAM

Dr. Donald E.Strandness

Dept of Surgery
Univ of Washington
Seattle, WA 98195

(206) 543- 3653
Utrasonic Evaluation in
2 ROL HL 20898-03

Direct Arterisl Sur gery

Dr. Louis E
Dept of Med
Pit Sinai Schl of Med

1 CGustave L Levy P1

New York, NT 10029

(212) 650-7785

Pul se- Doppl er Analysis of Left
1 ROL HL 25277-01

Tei chhol z

Ventricul ar

Dr. Fredrick L. Thurstone
Bi onedi cal Eng Dept
Duke University

Durham  NC 27706
(919) 684- 6185
Dynam ¢ Cardi ovascul ar Measurenent Using U trasound

5 ROL HL 12715-12

Dr. John G Webster
Dept. of Elec. Eng.
U of Wsconsin
1500 Johnson Dr.

Madi son, W 53706
(608) 263-1574
Portable Arrhythm a Monitor

1 ROL HL 25691-01

Functi on

Dr. Mrk L.
Dpt of Anesthesia

St anford Uni versity
St anford, CA 94305
(415) 497-6411

A Continuous Cardiac
5 ROL HL 24798-02

Yel der man

CQut put

Moni t or




BIOMATERIALS PROGRAM

Dr. Carence P. Afrey

Dept of Internal Hed

Met hodi st Hospi t al

6516 Bertner

Houst on, TX 77030

(713) 790-2155

Effects of Physical Forces on

5 ROL HL 16938-05

Dr. Harry R Allcock
Dept of Chemistry
Penn State Univ
University Park, PA
(814) 865- 3527 *
Pol ydi am nophosphazenes
5 ROL HL 11418-11

16802

Dr. Joseph D. Andrade
Dpt  of Bi oengi neering
University of Utah

Salt Lake City, Ul" 84112

(801) 581-8509

Synthetic Hydrogels as Blood
5 ROL HL 16921-06

Dr. Joseph D. Andrade

Dpt  of Bi oengi neeri ng
University of Utah

Salt Lake City, UT 84112
(801) 581-8509

Albumin and Henoconpatibility
2 ROL HL 18519-05

Bl ood

Tol erabl e

Mat eri al s

Dr. Joseph D. Andrade
Dpt  of Bi oengi neeri ng
University of Uah

Salt Lake City, UT 84112
(801) 581- 8509
Bl ood Interactions of

5 ROL HL 24474-02

Dr. Robert E. Apfel
Eng & Applied Sci Dpt
Yale University

New Haven, CT 06520
(203) 436-8674
Characterization of
5 ROL HL 22233-03

Dr. John Autian

Col l ege of Pharmacy

Univ of Tennessee

Ctr for Health Sci
Menphis, TN 38163

(901) 528-6020

Acute Toxicity Evaluation
5 ROL HL 24040-02

Dr. Sumer A
Dept of Chemcal Eng
Univ of M chigan

Ann  Arbor, M chi gan
(313) 764-7391

Pol yor ganophosphazenes ;
5 ROL HL 23288-02

Bar enber g

Tri bl ock

Bi omaterials by

Pol ymer s

El astic Property

of Biomaterials

48109

Mol ecul ar Motion & Thronbosis
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BIOMATERIALS PROGRAM

Dr. WiIlliam E
Dept of Anatony
Univ of M chigan

4734 Medical Sci 11

Ann  Arbor, M 48109

(313) 764-4379

Devel opnent of Cel | - Li ned
3 ROL HL 23345-02S1

Bur kel

or-Al'l an D. Cal | ow
Dept of Surgery
New Eng Med Ctr
171 Harrison Ave
Bost on, MA 02111

(617) 956- 5596
Platelet-Fibrin Dynamcs
5 ROL HL 24447-02

Hosp

Dr. Hanson Y.K  Chuang
Dept of Pathol ogy
University of Utah

School of Medicine

Salt Lake City, UT 84112
(801) 581-7773

Pl asma Proteins Adsorbed

7 ROL HL 25808-01

Dr. Hanson Y.K  Chuang
Dept of Pathol ogy
University of Uah

Salt Lake City, UT 84112
(801) 581-7773

I nteraction: Pr ot hr onbi n,

1 ROL HL 25807-01

Vascul ar

in Healing

to Artificial

Thr onbi n,

ATII |

Pr ost heses

Arterial

Organs

& Materials(512)

Sur f aces Tr ansi ent

Dr. Stusrt L.
Dept of Chem Eng
Univ of Wsconsin
1415 Johnson Dr

Cooper

Madi son, W 53706
(608) 262-3641
Protein and Thronbus Deposition

5 ROL HL 21001-03

Dr. Stuart L.Cooper
Dept of Chem Eng
Univ of Wsconsin
1415 Johnson Dr
Madi son, W 53706
(608) 262- 3641
Thronbotic Events at

5 ROL HL 24046-02

Dr. W Jean Dodds

Div of Lab & Research
NY St Dept of Health
Enpire St Plaza
Al bany, Ny 12201
(518) 457- 2663
Bl ood- Mat eri al s

5 ROL HL 24017-02

Dr. Robert C. Eberhart
Dept of Mech Eng
University of Texas
Eng Sci Bldg 610
Austin, TX 78712
471-7167
Analysis of Bl ood

5 ROL HL 19173-04

Traum

I nteractions: The

From M croporous

on Vascular Graft
Pol yneric Surfaces
Bri dge Problens

Oxygenat or s




BIOMATERIALS PRO(WWbI

Dr. Eugene C
Bi onedi cal Eng Dept
University of Mam
PO sx248294

Coral Gables, FL
(305) 284- 2442

Pl atel et Concentration
2 ROL HL 22455-03

Dr. L. Henry Ednmunds
Dept of Surgery
University of PA
3400 Spruce St
Phi | adel phi a,
(215) 662- 2091
Pl atel et Function
5 ROL HL 19055-05

PA19104

Dr. Suzanne
Dept of
Bayl or College of Med
1200 Moursund

Houst on, TX 77030
(713)  790-4567
Response of Cultured
5 ROL HL 23016-02

Gast on
Sur gery

Dr. Evan A. Evans

Dept of Bioned Eng
Duke University

Dur ham NC

(919) 684-5218

RBC Menbrane Adhesion
1 ROL HL 24796-01

Duri ng

Eckstein

33124

in the Marginal Layer

Ext racor por eal Per f usi on

Eski n

Endothelial Cells to Flow

& Deformation Energies

Dr. John L. d over

Pur due Uni versity

at I ndi anapol i s

I ndi anapol i s, I'N
(317) 630- 7491

Seeding of Endotheli al
1 ROL HL 24247-OlAl

Cells in Vascular

Dr. Donald E. Gegonis
University of Uah
Salt Lake City, UT
(801) 581-7899
Basic Studies on
1 ROL HL 26469-01

Bl ood- Pol yrer I nteractions

Dr. Frederick Ginnell
Dept of Cell Biology
University of Texas

5323 HarryHines Blv
Dal | as, TX 75235
(214) 688-2181

Bl ood- Mat eri al I nteractions:
5 ROL HL 24221-02

Adsorption of

Dr. Jesse D. Helluns
Dept of Chem Eng
Rice University

PO Box 1892

Houston, TX 77001
(713) 527-3497
Effects of Physical
5 ROL ill 18584-05

Forces on Platelets

Pr ost heses

Fi bronectin
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BIOMATERIALS PROGRAM

Dr. Anne P. Hiltner Dr. Ting-Cheng Hung

Dept Macronplec Sci School of Medicine

Case Western Res Univ U of Pittsburgh

University Circle Pi ttsburgh, PA 15261

Cl evel and, OH 44106 (412) 624-5369

(216) 368-4186 Study of Leukocyte Degradation Characteristics

Long Term Biodegradation of Elastomeric Biomaterials 1 ROL HL 25814-01
1 RO1 HL 25239

Dr. Cornelis A Hoeve Dr. Lucija Stacic Karic

Dept of Chenistry Inst of Med Sciences

Texas A&M University Pacific Medical Cr

Col l ege Station, TX 77843 Clay & Webster Sts

(713) 845- 3243 San Francisco, CA 94120

Cuidelines for Polyners Acting as Elastin Substitutes (415) 563-2323 X2416

5 ROL HZ 18441-03 Extracorporeal Circulation & Protein Denaturation
5 R23 HZ 21271-03

Dr. Allan S. Hcoffnan Dr. Sung Wan Kim

Bi oengi neering Ctr School of  Pharmacy

Univ of Washington University of Utah

Seattl e, WA 98195 Skaggs Hall

(206) 543-9423 Salt Lake GCity, UT 84112

Sur face Thr onbogenesi 8echanisns  and Prevention (801) 581-6801

5 POL HL 22163-03 Initial Events in Thrombus Formation on Surfaces
5 ROL HL 17623-07

Dr. Thomas A. Horbett Dr. Sung W Kim

Dept of Chem Eng School of Pharmacy

Univ of WAshington Uni versity of Utah

Seattl e, WA 98195 Skaggs Hal |

(206) 543-6419 Salt Lake City, UT 84112

Cellular Interactions wth Foreign Materials (801) 581-6801

2 ROL HL 19419-05 A Novel Approach to Nonthronmbogeni c Pol ymer Surfaces

2 ROL HL 20251-04




DEVICES AND TECHNOLOGY BRANCH
DIVISION OF HEART AND VASCULAR DISEASES
OF THE
NATIONAL HEART, LUNG, AND BLOOD INSTITUTE
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CIRCULATORY ASSIST & ARTIFICIAL HEART DEVICES PROGRAM

Dr. WIliam F. Bernhard
Chi |l drens Hospi t al

Medi cal Cent er

300 Longwood Ave

Bost on, MA 02115

(617) 734-6000 X3261

Eval uati on of a Left Ventricul ar-Aortic

5 ROL HL 20037-03

Dr. WIlliam F. Bernhard
Children’s Hospi t al

Medi cal Center

300 Longwood Avenue

Bost on, MA 02115

(617) 734-6000 X3261

Cl i ni cal Left Ventricular Bypass
1 ROL HL 25882-01

Dr. Erich E. Brueachke

St. Lukes Medical Ctr

1753 W Congresa Pk

Chicago, |IL 60612

(312) 942-7083

Devel opnent of a Transcutaneous
5 ROL HL 21632-03

Dr. John E. Chinoskey
Dept of Physi ol ogy

M chigan State Univ
East Lansing, H 48824
(517) 355-9269

Left Heart Failure Mdel for Testing Assist

5 ROL HL 24503-02

Dr. C Forbes Dewey
Dept  Mechani cal Eng
Mass Inst of Tech
Room 3-250
Canmbridge, MA02139
(617) 253-2235

Unsteady Flow in Arterial Bi furcations

5 ROL HL 21859-03

Dr. WIlliam H  Dobelle

Dept of Surgery

Col umbia University

630 West 168th St

New York, NY 10032

(212) 694-4198

Sinple Cardiac Assist (TALVB) Devices
5 ROL HL 23941-02

Dr. Leonard A R Celding
Dept Cardiothor Surg
Cleveland Clinic

4500 Euclid Ave

Cl evel and, OH44106

System(216)  444- 6915

in Mn

Physi ol ogi cal Studies of Chronic Nonpulsatile Blood

1 ROlL HL 26267-01

Dr. Robert K. Jarvik
Inst Bi onedi cal Eng
University of Utah

Bl dg 518

Salt Lake City, UT84112
(801) 581- 6991

Studies with Electric Total Artificial

5 ROL HL 24338-02

Hearts

Fl ow
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CIRCULATORY ASSIST & ARTIFICIAL HEART DEVICES PROGRAM

Dr. Adrian Kantrowitz

Dept of Surgery

Sinai Hosp of Detroit

6767 W CQuter Dr

Detroit, M 48235

(313) 272-6000 X8205

Active Prosthetic Mocardium
5 ROL HL 22329-02

Dr. Wllem Kolff

Inst for Biomed Eng

University of Uah

Bl dg 518

Salt Lake Gity, UT 84112

(801) 581-6296

Intra Aortic Balloon Punping in Small Animals
5 ROL HL 20803-04

Dr. WIllem Kol ff

Inst for Biomed Eng
University of Uah

Bl dg 518

Salt Lake City, UT 84112
(801) 581- 6991

Studies Towards An Acceptable Artificial Heart for

2 POL HL 13738-09

Dr. Bayliss C Mlnnis

Cullen College of Eng

University of Houst on

4800 Cal houn

Houston, TX 77004

(713) 749-1574

Automatic Controls for the Artificial Hear t
1 ROL HL 25029-0 Al

Dr. J. D. Mortensen

Uah Bioned Test Lab

520 Wakara Way

Salt Lake City, UT 84108
(801) 581- 6190
Chronic Total

Car di opul monary  Mechani cal Substitution

Effects on LV Function 5 ROL HL 22661-02

Dr. Yukihiko Nose

Dept Artificial O gns

Cleveland din Found

9500 Euclid Ave

Cl evel and, OH 44106

(216)  444-2470

Bi ventricular Assist and Repl acenent
5 ROL HL 24286-02

St udi es

Dr. Don B. Qsen

Div Artificial O gns

University of Uah

Salt Lake City, UT 84112

(801) 581-6991

Artificial Heart |Inplantater Cardiac Transplant
Manl ROL HL 24419-02

Dr. Don B. O sen

Div Artificial O gns

University of Uah

Salt Lake City, UT 84112

(801) 581-6991

Studies of the Pneumatic Artificial Heart in Calves
1 ROL HL 24561-01
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BLOOD PUMPS - Dr. Watson

Dr. Peer M Portner M. Robert L. Whalen
Andros, Inc. Thermo Electron Corp
2332 Fourth Street 101 First Ave

Berkl ey, CA 94710 Wal tham  MA 02154
(415) 849-1377 (617) 890- 8700

NO1- HV- 7- 2938 NO1- HV-7- 2934

Devel opnent of a Left Heart Assist Blood Punp Devel opment of a Left
Expi red: 9/ 14/ 80 FY 80: -O

Dr. David Ledernan Dr. Philip Litwak
Avco Everett Res Lab Thoratec Labs Corp
2385 Revere Bch Pkw 2023 8th Street
Everett, MA 02149 Emeryville, CA 94710
(617)  389-3000 (415) 658- 7787

NO1- HV- 7- 2937 NO1- HV-7- 2939

Left Heart Assist Blood Punps Devel op and Evaluate
Expi red: 9/ 14/ 80 FYy 80: -O

Dr. Yukihiko Nose

Cleveland dinic Fndn

9500 Euclid Ave

Cl evel and, OH 44106

(216) 444-2470

NO1- HV- 4- 2960

Devel opnent & Evaluation of Cardiac Prostheses

Expi red: 9/ 29/ 80

Dr. John C. Norman
Texas Heart |Inst
6720 Bestner St
Houst on, TX 77030
(713) 521-3121
NO1- HV- 7- 2936

Left Heart Assist
Expi red: 9/ 29/ 80

Devi ce

Devel opnent

Heart

Left

Assi st

Heart

Assi st

Bl ood Punp

Bl ood Punps




FABRICATION - Dr. Altieri

M. Victor Poirier

Thernmo Electron Corp.

101 First Ave.

Wal t ham MA 02154

(617) 890-8700

NO1- HV- 9- 2907

Fabrication of Cardiovascular Devices
FYy 80: $292,156

M. Keith S. Buck

Thoratec Labs Corp.

4204 Hollis St.

Eneryville, CA 94608

(415) 658- 7787

NO1- HV- 9- 2906.

Fabrication of Cardi ovascul ar Devices
FY 80: $207, 821

sai¥ojouyda] [P JO SAPMIG ISV (TH 42av] punoisyoog e 9.




CLINICAL EVALUATION: LEFT VENTRICULAR ASSIST DEVICES -

Dr. WIliam F. Bernhard

Chi |l drens Hospi t al

Medi cal Cent er

300 Longwood Ave

Bost on, MA 02115

(617) 734-6000 X3261

NO1- HV- 5- 3007

Clinical Evaluation: Mdel X LVAD
FY 80: $23,068

Expi red: 6/ 30/ 80

Dr. John C. Nornan

Texas Heart Inst

6720 Bestner Street

Houst on, TX 72025

(713) 521-3121

NO1- HV- 5- 3006

Cinical Eval uati on: Model VI LVAD
FY 80: $32,053

Expi red: 6/ 30/ 80

M. John M Keiser

Thermo Electron Corp

101 First Ave

Val t ham MA 02154

(617) 890-8700 X409

NO1- HV- 5- 3008

LVAD: dinical Evaluation of Tenporary Assist
FY 80: $31, 809

Expi red: 6/ 30/ 80

Dr.

Watson
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IMPLANTABLE LEFT HEART ASSIST SYSTEMS - Dr. Altieri, Dr. Watson

Dr . John Mi se Dr. John C. Nor man

Dr . Yuki hi ko  Nose M . Jack Chanbers

Aer oj et Gener al Corp Texas Heart Institute

POB 1322.2 Dept 2150 6720 Bestner St

Sacrament o, CA 95813 Houst on, TX 77030

(919) 355-2018 (713) 521-3121

NO1l- HV- 0-2911 NO1l- HV- 0- 2915

I npl ant abl e El ectrohydraulic Left Heart Assist Device I mpl antabl e Left Heart Assi st Devi ce
FY 80: $1, 076, 181 FY 80: $893, 361

Dr . Peer Portner M. David B. Cer nes

Andr os, Inc. Dr. WlIlliam F. Bernhard

2332 Fourth St Thermo Electron Corp.

Berkeley, CA 94710 101 First Ave

(415) 849-1377 Wal t ham, MA 02154

NO1l- HV- O- 2908 (617) 890-8700

I mpl antable Left Heart Assist Syatem NO1 NV-0-2914

FY 80: $1, 044,718 I mpl antable Left Heart Assi st Devi ce

FY 80: $1,083, 466

Dr. Param 1Singh

Dr . David Lederman

Avco Everett Res Lab

2385 Revere Bch Pkw

Everett, MA 02149

(617) 389- 300

NO1l- HV- O- 2913

I mpl antable Left Heart Assist Device
FY 80: $1, 038, 454
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PHYSICAL TESTING - Dr. Watson

Dr. Carl R MMllin

Monsanto Res Corp

1515 N cholas Rd

Dayton, OH 45407

(513) 268-3411 x211

NO1- HV-7-2918

Physical Testing of Circulatory Assist Device Polyners
Expi red: 8/ 31/ 80

Dr. Robert W Penn

Nat| Bureau of Stnds

Materials Res Inst

Gai t her sburg, MD 20760

(301) 921-2116

YOl- HV- 8- 0003

Physical Testing of Circulatory Assist Device Polyners
Expi red: 9/ 30/ 80

Dr. John L. Kardos

Washi ngton University

Li nden & Ski nker

St. Louis, MO 63130

(314) 863-0100 x4577

NOL- HV- 7- 2919

Physi cal Testing of Circulatory Assist Device Polynmers
Expired: 8/31/80




PHYSICAL TESTING - Dr. Altieri

Dr. Carl R MMllan
Monsanto Res Corp
1515 Nicholas Rd
Dayton, OH 45407
(513) 268-3411 x211
NO1- RV- O- 2909

Physical Testing of Circulatory Assiat Device Polyners
PY 80: $208, 762

Dr. John L. Kardoa

Washi ngton University

Li nden & Ski nker

St Louis, MO 63130

(314) 889-6062

NOL- HV- O- 2910

Physical Testing of Circulatory Assist Device Polyners
PY 80: $145,992
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ENERGY TRANSMISSION - Dr. Berson

Dr. Peer M Portner

Andr os, I nc

2332 Fourth Street

Ber kel ey, CA 94710

(415) 849-1377

NO1- NV-7-2933

El ectri cal Energy Transm ssion
Fy 80: $219, 323

Dr. Adrian Kantrow tz

Sinai Hosp of Detroit

6767 West CQuter Dr

Detroit, M 48235

(313) 493-5775

NO1- NV- 8- 2921

Per cut aneous Energy Transm ssion
Fy 80: $116, 263

Dr. Benedict D. T. Daly

St Elizabeth’s Hosp

736 Canbridge St

Bost on, MA 02135

(617) 956-5589

NO1- HV- 8- 2919

Per cut aneous Energy Transm ssion
Fy 80: $141, 092

Dr. Freeman Fraim
Therno El ectron Corp
101 First Ave
Wal t ham MA 02154
(617) 890-8700

NOL- HV- O 2903

Techni que Devel opnent

Syst ens

Syst ens

Devel op, Eval uate Transcutaneous Energy Transm ssion System

FY 80: $202, 507

I8 o Shjauag puv 'SYsyy ‘IS0 14P3H [Py 3y ‘64 Apris asv)




INSTRUMENTATION - Dr. Berson

Dr. Ralph W Barnes Dr. Charles A Histretta

Bowran G ay Univ of Wsconsin

School of Medicine Cinical Science Cr

300 Hawthorne Rd 600 Highland Ave

W nst on- Sal em N. C.27103 Madi son, W 53706

(919] 727- 4504 (608) 263- 8309

NO1- HV- 1- 2902 NOLl- HV  1-2905

Noni nvasive Detection of Atherosclerotic Lesions Noni nvasive Detection of Atherosclerotic Lesions
FY 81: $296, 830 FY 81: $296, 830

Dr. John D. Hestenes

Calif Inst of Tech

Jet Propulsion Lab

4800 OCak Grove Dr

Pasadena, CA 91103

(213) 354-2961

Imaging of Deep Arterial Lesions by Swept U trasound

Dr. WIlliam R Brody

Stanford University

Dept of Radiol ogy

Stanford, CA 94305

(415) 497-5226

NOL- HV- O- 2922

Energy Sel ective Methods for Intravenous Arteriography
FY 80: $246, 359

Dr. Donal d Sashin

Univ of Pittsburgh

RC 406 Scafe Hall

Pi ttsburgh, PA 15621

(412) 647-3490

NOL- HV- O- 2929

Noni nvasi ve Detection of Atherosclerotic Lesions
FY 80: $181, 251




INSTRUMENTATION - Mr. Powell

Dr. Ralph W Barnes

Bowman G ay

School of Medicine

300 S Hawt horne Rd

Wnston Salem N C 27103

(919) 727-4504

NO1- HV-7-2925

Utrasonic Imaging andrterial Measurements
Expi red: 9/ 14/ 80

Dr. Frank E. Barber

Harvard Med School

44 Biney St

Boston, MA 02115

(617) 732- 3582

NO1- HV-7-2927

Utrasonic |Imaging and Tisaue Characterization
Expi red: 9/ 29/ 80

Dr. John M Reid

Institute of Applied

Physi ol ogy & Medicine

701-16th Ave

Seattle, WA 98122

(206) 442-7330

NO1- HV- 7- 2926

Utrasonic Doppler |-ging wth Automatic Line
Expi red: 9/ 14/ 80

Dr. Titus C Evans

Mayo Foundati on

200 First Ave.

Rochester, MN 55901

(507) 282- 2511

NO1- HV- 7-2928

Utrasonic Imging with Flow Velocity Profiles
Expi red: 9/ 17/ 80

Dr. David WIson

SRI I nternational

Bi oengi neering Res

333 Ravenswood*Ave

Menl o Park, CA 94025

(415) 326-6200 X4918

NO1- HV- 2900

Dupl ex B-Scan |Imaging System for Abdonminal Arteries
FY 81: $346, 130

Dr. Leon Kaufmann

Univ of Calif at SF

400 G andview Dr

San Francisco, CA94080

(415) 952- 1366

NO1- HV- O- 2928

Noni nvasive Detection of Atherosclerotic Lesions
N 80: $87,361

Dr. Charles P. dinger
Univ of Cincinnati
Stroke Research Lab
4303 ?led Sci Bldg

Ci nci nnati, OH 45267
(513) 872-5431

NO1- HV- 7- 2924

Scannidgtrasonic Imaging with Flow & Tissue Characterization

FY 80: $266,478
Expi red: 9/ 1/ 80

Dr. Martin D. Fox

Univ of Connecticut

School of Eng

Storrs, CT 06268

(203) 486-4821

NO1-HV-7-2929

Crossed Beam Doppler and Sector Scans
Expi red: 9/ 1/ 80
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INSTRUMENTATION - Mr. Powell

Dr. David H Blankenhorn

Univ of So. Cal.

2025 Zonal Ave

Los Angeles, CA90033

(213) 224-7315

NO1- NV- 7- 2930

Enhanced X-ray Inmges and Utrasonic Tissue
Expired: 9/ 29/ 80

Dr. Theron W OQvitt
University of Arizona
Dept of Radiol ogy
Tucson, AZ 85724
(602) 626- 6007

NO1- HV- 7-2931

Par anet er s

El ectronic X-ray Inaging & New Contrast Agents

Expired: 9/ 1/ 80

Dr. Theron W Ovitt
Univ of Arizona

Dept of Radiol ogy
Health Sciences Cr
Tuscon, AZ 85724
(602) 626- 6007

NO1- NV-1-2901

Noni nvasive Detection of Atherosclerotic Lesions

Fy 81: $257,159




BIOMATERIALS - Dr. Pitlick

Dr. Peter Madr as

Dr. Robert C.Cumm ng
Avco Everett Res Lab
2385 Revere Bch Pkw
Everett, MA 02149
(617)389-3000

NO1- HV- O- 2912

Bl ood Compatibility of
FY 80: $142,885

Circulatory Assist

Dr. Edward WC. Wng
Avco Everett Res Lab
2385 Revere Bch Pkw
Everett, MA 02149

(617) 389-3000 X765
NO1- HV- 9- 2932
Pr ocur enent of
FY 80: $81,968

Standard Reference Materials

Dr. George Herzlinger
Avco Everett Res. Lab
2385 Revere Bch Pkw
Everett, MA 02149
(617) 389-3000 X305
NO1- HV-9-2901

Conpl enent - Bi omat eri al
Expi red: 3/ 31/ 80

I nteraction

M. Axel D. Haubold

Car bonedi cs

11388 Sorrento Vail

‘San Di ego, CA 92111

(714) 452-8484

NOL- HV- 4- 2928

Carbon Film Composites for Prosthetic Devices
Expired: 4/30/80

Devi ces

Dr. G C Berry

Car negi e- Mel | on I nst.
4400 Fifth Avenue

Pi ttsburgh, PA 15213
(412) 578-3131
NO1- HV- 3- 2949

I nterpenetrating
Expi red: 3/ 31/ 80

Pol ynmer

Dr. Paul Didisheim
Mayo Foundati on

200 First St. , SW
Rochester, MN 55901
(507) 284- 3049

NO1- HV- 9- 2915

Bl ood Conpatibility of
FY 80: $137,687

Circulatory Assist

M. Robert S. Ward

Thoratec Labs.Corp.
2023 Eighth Street
Ber kel ey, CA 94710

(415) 658- 7787
NO1- HV- 9- 2933
Pr ocur enent of
FY 80: $237,248

Standard Reference Materials

Net wordrs ~ Bi ol ogi cal

Appl i cation:

Devi ces




f310MATERIALS - Mr. Powell

M. M chael Szycher

Thermo Electron Corp.

101 First Ave

Waltham MA 02154

(617) 890-8700

NO1- HV- 32915

Devel opnent & Testing oflntegrally Textured Blood Punp Bl adders
FY 80: -O




BIOMATERIALS = PROGRAM

Dr. Wlliam W Lee
Stanford Res |nst

333 Ravenswood Ave
Menlo Park, CA 94025
(413) 326- 6200

Bl ood Conpatible
5 ROL HL 21769-03

Benzami dine Containing Polynmers

Dr. Robert 1.Leininger

Battelle Mem |nst

Col unbus Laboratories

505 King Avenue

Col unbus, OH 43201

(614) 424-7138

An Eval uation of Blood-Surface
5 ROL HL 24015-02

I nteractions

Dr. Jane B. Lian

Dept of Surgery

Childrns Hosp Med Ctr

300 Longwood Ave

Bost on, MA 02115

(617) 734-6000 X3619

Bl ood- Mat eri al I nteractions
5 ROL HL 24029-02

Dr. Reginald G WMason

Dept of Pat hol ogy

Uni versity of U ah

School of Medicine

Salt Lake City, UT 84112

(801) 581-7773

Endothelial Linings for Artificial Organs
7 ROL HL 25805-01

Dr. Reginald G Mason

Dept of Pathol ogy

University of Utah

School of Medicine

Salt Lake GCity, UT 84112

(801) 581-7773

An Inhibitor of Platelet Adhesion to Artificial Organs
7 ROL HL 25806-01

Dr. Larry V. Mlintire

Dept of Chem Eng

Rice University

PO Bx 1892

Houston TX 77001

(713) 528-4141 X410

Perfusion Lung: Role of Traumatized Leukocytes
5 ROL HL 17437-05

Dr. Syed Fazal Mhanmad

Dept of Pathol ogy

University of Utah

Salt Lake City, UT 84112

(801) 581-7773

Platelet Factor 3 and Blood-Mterial
1 ROL HL 25804-01

I nteractions

Dr. John A. Penner

Dept of Medicine

Col | ege of Human Med

B220 Life Sciences

E. Lansing, M 48824

(517) 353-6625

Control of Clotting on Biomaterials by Anticoagul ants
7 ROL HL 27042-01




BIOMATERIALS PROGRAM

Dr.

Dept
Uni v
Cent er

Ronal d P.

Medi ci nal

of
for

Qui nt ana
Chem
Tennessee
Hth Sci
Menphi s, TN 38163
(901) 528- 6085
Surface-Active Antithronbotic
5 ROL HL 22236-02

Dr. Ronald P. Quintana

U of Tennessee

Ctr for Health Sci

800 Madi son Avenue

Menmphis, TN 38163

(901) 528- 6085

Moieties Affecting Platelet

1 ROL HLGM 25884-01
Dr. Robert Rodvi en

Hear t Research Inst

Inst of Medical Sci

2200 Webster St

San Franci sco, CA 94114
(415) 563-2323 X2420

Bl ood- Material Interactions
5 ROL HL 24018-02

Dr. Edwin W Sal zman

Mass | nst Technol ogy

Bl dg 16 Rm 522

Canbridge, MA 02139

(617) 735-2000

Thr onbor esi stant Materials
5 RO1L HL 20079-04

Dr. Schul t z
Chemi cal Eng
M chi gan

2020 G C. Brown Lab
Ann  Arbor, M 48109
(313) 764-2383
Effect of Flow on
1 ROL HL 23379-01

Jerone S.
Dept of
Univ of

Agents for Prostheses Fibrin Fornation

Dr. Jerome S. Schultz
Dept of Chemical Eng
Univ of M chigan
2020 G C Brown Lab
Ann Arbor, M 48109
(313) 764-2383
InteractionBl ood Material

5 ROL-HL

Interface Interactions

24039-02

- Bi omat eri al

Dr. Mchael W
Dept of Chemical Eng
University of Toronto
Toront o, Ontario MS
(416) 978-4019
Heparini zed Material -
5 ROL HL 24020-02

Sefton

I A4

Bl ood I nteraction

Dr. Kenneth A Sol en

Dept of Chemical Eng

Bri gham Young Univ

350 CB

Provo, UT 84602

(801) 378-1211 X2587

Pul satile Pressures in M croenboli
1 ROL HL 25912-01

Filtrations




B1OMATERIALS PROGRAM

Dr. Robert E. Sparks

Dept of Chemical Eng

Washi ngton University

Linden & Ski nker

St. Louis, MO 63130

(314) 889-6003

Bi osorbabl e Thronboresistant
5 ROL HL 18764-05

Sur f aces

Dr. Salvatore P.
Dept of Mech Eng
Washi ngton University
Box 1185
St. Louis,
(314) 863-0100 X4343
Bl ood Cells: Physical
5 ROL HL 12839-11

Sutera

MO 63130

Properties, Structure

Dr. Leo Vronan
Downstate  Medi cal cr
450 C arkson Ave

Br ookl yn, NY 11203
(212) 836-6600 X223
Flow and Flexing at
5 ROL HL 23899-03

Bl ood/ Bi omat eri al

Dr. Alan G \Walton

Dpt Macronol eclr Sci

Case Western Res Univ

801 din Bldg

Cl evel and, OH 44106

(216) 368-4166

Program Project in Biological
5 POl HL 15195-04

Mat eri al s

& Function

Interface

Dr. Mchael C
Dept of Chem Eng
Univ of California

Ber kel ey, CA 94720

(415) 642- 4525

Hermol ysis Induced by Shear
5 ROL HL 23274-02

WIlians

Fl ow

Dr. Joseph E
Dept of
Bi shop Coll ege

3837 Sinmpsn-Strt  Rd

Dal | as, TX 75241

(214) 372-8170

Devel opment of Antithronmbogenic
2 ROL HL 21194-03

W son
Chemi stry

Pl astic Biomaterials

Dr. loannis V.
Dept of
MT

77 Mass Ave
Canbri dge, MA
(617) 253- 4469
Thr ombogeni c/ Non-t hr ombogeni c
5 ROL HL 24036-02

Yannas
Mech Eng

02139

Col | agen Fibers
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90 . Background paper #2 Case Studies of wesica Te€Chnologies

APPENDIX D: SHDPP MATERIALS

Table D-1.—SHDPP Three= Community Study Design

CommuniTY 1972 1973

Watsonville. . Baseline survey Media campaign
intensive instruc-
t ion for 2/3

Gilroy . . . . .. Baseline survey Media campaign

1974 1975
Second survey Media campaign Third survey Maintenance
intensive instruc- (low level)

tion for 2/3
Second survey Media campaign

media campaign
Third survey Maintenance

(low level)

media campaign

Tracy. . ... .. Baseline survey Second survey

Third survey

SOURCE: Stanford Heart Disease Prevention Program, Stanford, Calif.

Table D-2.—Demographic Characteristics and Survey Response Rates in Each of the Three Communities

Characteristics oft he community groups Tracy Gilroy Watsonville

Entire town (1970 census)

Population (total) . . . ... ... 14,724 12,665 14,569

Population (35 to 59 years of age). . .. ....... ... ... 4,283 3,224 4,115

Mean age of 35-to 59-year-old group (years) . .. ................... 47.0 46.2 47.6

Male/female ratio of 35-to 59-year-old group . . ... ................ 0.96 0.88 0.86

Random sample (ages 35 to 59)

Original sample . . . . ... 659 69 833
Natural attrition (migration or death). . . .. ..................... 74 79 107
Potential participants for all 3 surveys. . .. ........ .. .. ......... 585 580 726

Percentage of original sample . . .. ....... .. ... . . . ... 88.8% 88.0% 87.1%

Refusals and dropouts over 2 years. . ... ........ .t 201 183 303

Participants completing first and third survey . . . ... ....... ... ..., 418 427 449

Percentage of potential participants. . . .. ........... ... .. .. ..... 72% 74% 62%

Mean age at October 1972 (Years). . . . ... oottt 46.9 45.8 48.4

Maleffemale ratio. . .. ... . 0.84 0.78 0.75

Spanish speaking. . . . . ... 3.170 8.370 7.8%

Bilingual . . . ... 6.0% 17.970 9.5%

High school completed. . ... .......... e 68.5% 63.5% 64.7%

Annual family income of $10,000 . . ... ... ... ... 68.9% 65.3% 62.2%

SOURCE: Stanford Heart Disease Prevention Program, Stanford, Cal if.
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Table D-3.—Risk Indicator and Knowledge Scores:
Percentage Change From Baseline at 1,2, and 3 Followup Surveys

Treatment
Watsonville: media plus Watsonville: media only Gilroy: media only Tracy: control

Measurement face-to-face (N= 67) (N=37) (N= 85) (N=90)
Risk score

Followup 1. ......... - 27.8a - 11.6° — 81b 5.7

Followup 2. . . ....... -301b -25.6b -25.5b - 23

Followup 3. .. ....... -29.0C -231° - 16.1 - 8.0
Knowledge score

Followup 1. ......... 51 .6a 27.4 16.6° 22

Followup 2. .. ... .... 53.3a 27.7° 28.0° 4.8

Followup 3. .. ....... 57.0° 27.9° 33.9 14.0
Dietary cholesterol (mg/day)

Followup 1. ... ...... -40.7d -261b -29.8b -10.1

Followup 2. .. ....... - 37.1 -22.9b -31.8b - 65

Followup 3. ... ... ... -42.3b -27.2b -38.6b - 134
Dietary saturated fat (g/day)

Followup 1.......... -33.4b -20.9b -25.8b -11.1

Followup 2. . . . ... ... -30.5b - 17.0 -301b -51

Followup 3. ... ... ... -36.4b -23.9b -38.4b - 70
Relative weight

Followup 1. ... ...... —3.6a 0.0 - 0.3 - 0.7

Followup 2. .. ....... -15 0.0 -0.2 - 0.4

Followup 3. ... ... ... - 04 - 08 0.4 -0.8
Cigarette smokers (%)

Followup 1.......... -32.5d 0.0 - 151 - 6.4

Followup 2. .. ....... - 47.5a 0.0 - 151 - 10.6

Followup 3. ... ...... -50. oa 0.0 - 113 - 149

Eri\i[(P]EE'bThe treatment gro%tgﬂnesds%_{)eféndwlduals who attended baseline and all three annual followup surveys. Data are reproduced from Meyer, et al.

etween.group, (0] with each other group iS Significant: P ‘005

The between-group, one-tailed .t-test with Tracy is significant: p <0.05.

cThe %&Vweeﬁ- I'BU X oneutaltl edsi-teﬁ with Tracy and Gilroy is significant: P <005

dThe between-grou ,one.tauled t test with watsonville Control and Tracy iS signifiLalt: P <0.05.
eBetween-group difference isin the direction contrary to prediction.

SOURCE: Stanford Heart Disease Prevention Program, Stanford, Calif.

Table D-4.—SHDPP Expenses by Media Campaign

Campaign 1 Campaign 2 Campaign 3 Total
Mediacosts . ............... $120,150 $74,246 $33,930 $228,326
Personnel. . . ............... 87,960 57,958 69,153 215,071
Surveys and data. . . ......... 33,243 20,639 18,198 72,080
Total . ......... .. ... .. ... $241,353 $152,843 $121,281 $515,477
Number of months . . . .. ... ..
Average/month . . .. ......... $8,045 $12,737 $10,107 $9,545

SOURCE. Stanford Heart Disease Prevention Program, Stanford, Cal if
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