
Artificial Organs 

The artificial organs program at 
The Cleveland Clinic Foundation: 
past, present, and future1 

Yukihiko Nose, M.D., Ph.D. The artificial organs program at the Cleveland Clinic was re-
organized in 1967. Active circulatory support programs, metabolic 
and immunoassist programs, and biomaterials and biocompatibil-
ity programs have been established during the past 16 years. A 
skeletomuscular assist program is in the process of being integrated 
into the artificial organs program. The main emphasis in the 
circulatory assist program is on the development of a permanent 
totally implantable artificial heart. In addition, a clinical tempo-
rary ventricular assist device, a permanent implantable ventricular 
assist system (electrical and thermal), and a nonpulsatile circula-
tory support system are included in the circulatory assist program. 
The metabolic and immunoassist program is directed toward the 
development of a system to modulate the human immune system 
in an effort to treat and prevent metabolic and immunological 
diseases. The biomaterials and compatibility program is devoted 
to the study of the interaction between "human spare parts" and/ 
or artificial organs and human tissues and organs. Various types 
of innovative systems to replace or augment human organs are 
included in the scope of the artificial organs program, including 
the artificial heart, circulatory assist devices, artificial kidney, 
hepatic assist, pancreatic assist, immunoassist, oxygenator, and 
biomaterials. 
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Artificial organs research was started at T h e Cleveland 
Clinic Foundation when Willem J . Kolff, M.D., jo ined the 
staff in 1950. During his 17-year tenure, the artificial 
kidney became the most effective and widely used artificial 
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Total artificial heart research was initiated in 
1957 along with the introduction of various types 
of assisted circulation, including intra-aortic bal-
loon pumping. As early as 1956 a membrane 
oxygenator was developed and is in the main-
stream of cardiopulmonary bypass techniques to-
day. Aided by blood oxygenation techniques, the 
Cleveland Clinic is one of the leading medical 
institutions in open-heart surgery. 

T h e Cleveland Clinic was the first institution 
in the world to establish a "Department of Arti-
ficial Organs," specializing in research, develop-
ment, and clinical application of artificial organ 
technology for the advancement of therapeutic 
medicine. The Department of Artificial Organs, 
initially a part of the Research Division, later 
became a part of the Division of Surgery. It was 
composed of three groups: basic research, he-
modialysis, and cardiac perfusion. An active kid-
ney transplantation program including organ 
preservation technologies, using both living and 
cadaver donors, was initiated by the Department 
of Artificial Organs. 

When Dr. Kolff moved to the University of 
Utah in 1967, the Department of Artificial Or-
gans was abolished and an Artificial Organs Re-
search Laboratory was established. Now, 16 years 
later, it is worthwhile to recapitulate the activities 
of its programs and its fu ture goals. T h e Artificial 
Organs Research Laboratory, af ter demonstrat-
ing successful program developments, was redes-
ignated the Department of Artificial Organs in 
1971. In 1973 the Department 's facilities were 
expanded. It presently has 45 full-time investi-
gators, clinicians, and support personnel. Some 
of the Department 's current work is described in 
other papers in this issue: Kambic et al, Yozu et 
al, Smith et al, and Malchesky et al. Kambic et al 
outline the progress made in the cardiovascular 
program. T h e original paper by Yozu et al pre-
sents the preclinical evaluation of a biolized tem-
porary ventricular assist device. Smith et al out-
line the metabolic assist program, and Malchesky 
et al highlight a specific aspect of it. 

T h e artificial organs program is one of five 
research programs at the Cleveland Clinic. The 
Chairman of the Department of Artificial Organs 
is also the Scientific Director of the artificial 
organs program. 

Philosophy of the artificial organs program 
From its beginnings, the primary goal of the 

Department has been to meet the needs of clin; -
cians by providing improved artificial organ tech-

nologies, new methods of therapy, and new tools 
for the investigation of the disease process. It is 
hoped that by supplying various types of "human 
spare parts" and artificial organs for end-stage 
organ failure, the health and quality of life of 
patients can be improved. Our second major goal 
is the establishment of basic scientific programs 
that will lead to better understanding of human 
physiology when natural organs and tissues are 
replaced with man-made devices. T h e interac-
tions of biological tissues and organs with man-
made tissues and organs are continually investi-
gated. For example, the use of artificial kidneys 
in the treatment of chronic renal failure provided 
expanded knowledge of the essential renal func-
tions and the pathophysiology of end-stage renal 
failure. The availability of cardiac prostheses of 
known hemodynamic performance and control 
characteristics fur ther increases the knowledge 
in circulatory physiology and pathophysiology. 
T h e understanding of the biocompatibility of 
man-made tissues and organs provides new in-
sights in the understanding of the calcification 
(or atherosclerosis) processes, excessive tissue 
buildup (or carcinogenic) process, and other im-
munological processes occurring in the cardio-
vascular system with artificial or diseased natural 
surfaces. Artificial organs are unique tools for 
studying physiology and pathophysiology. 

The third goal is the development of innova-
tive concepts and approaches for the replacement 
or support of human organ systems, e.g., a pulse-
less circulatory system, selective macromolecule 
removal systems, and biolization (a process to 
make synthetics more biologically acceptable) of 
artificial surfaces. 

Recently, the direction of artificial organs has 
changed. In the past, emphasis had been on treat-
ment of end-stage disease. Emphasis is now on 
the development of technology for therapeutic 
treatment and prevention of disease and its pro-
gression. T h e most notable concept is that of 
immunomodulation, which affords treatment 
and prevention of various autoimmune diseases. 
T h e treatment of cancer and atherosclerosis may 
be possible through this process. 

Organization of the artificial organs program 
In fulfilling these goals it is essential that basic 

and clinical research programs be carried out by 
a multidisciplinary team. Table 1 lists the various 
types of engineers, scientists, and medical doctors 
and their wide variety of specialties and subspe-
cialties. T h e Department of Artificial Organs has 
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T a b l e 1 . D e p a r t m e n t o f Ar t i f i c ia l O r g a n s , f u l l - t i m e p e r s o n n e l ( A u g u s t 1 9 8 3 ) 

Scientists/engineers Medical Support 

Biochemist 1 Cardiologist 1 Nurse 1 
Biologist 1 Cardiovascular surgeon 7 Technician 11 
Biomedical engineer 3 Endocrinologist 1 Secretary 3 
Chemist 1 General surgeon 2 15 
Chemical engineer 3 Nephrologist 1 
Electrical engineer 1 Immunologist 1 
Mechanical engineer 3 Immunopathologist 1 

13 Internist 
Physiologist 
Veterinarian 

1 
1 
1 

17 
Total 45 

For individuals holding two or more specialty degrees, only the major and/or highest degree is tabulated. 

established a comprehensive research capability 
including in-house prototype hardware produc-
tion, various types of in vitro component and 
system performance test apparatus, and acute 
and chronic in vivo test facilities, including small 
and large animal housing. T h e experimental 
team can easily become a clinical team when 
developments reach the clinical stage. From the 
initiation of a concept through the fabrication of 
prototypes, evaluation of performance and reli-
ability, testing of efficacy and safety, to the final 
clinical application, all stages can be performed 
in the Department's facilities. This capability as-
sures the successful development and evaluation 
of various types of artificial organs. 

The Cleveland Clinic has traditionally given 
high priority to training postgraduate fellows. 
Eighteen research fellows from different parts of 
the world, including Asia, Europe, and South 
America, are studying in the areas of circulatory 
assist, hepatic assist, pancreatic assist, pulmonary 
assist, immunological assist, and biomaterials. 
T h e preferred term of training in the Depart-
ment of Artificial Organs is at least two years. 
Many of the Department 's alumni play leading 
roles internationally in implementation and de-
velopment of artificial organs. 

The Department's research activities have 
been divided into four areas: circulatory support, 
metabolic and immunological assist, biomaterials, 
and compatibility. A skeletomuscular assist pro-
gram is in the planning stages in conjunction with 
the Department of Orthopaedic Surgery. A suc-
cessful program can be assured only if there is 
close, integrated collaboration with clinical de-
partments. It is also important that each program 
combines the medical/biological and engineer-
ing specialties of its team members. Figure 1 
shows the Department 's table of organization. 

Each scientific program has dual leadership even 
though one program manager is specified. When 
the program is in the design, fabrication, or in 
vitro characterization stage, the engineering or 
scientific director is in charge, with the medical 
or biomedical director playing a secondary role; 
however, when the project progresses to in vivo 
or clinical studies, the medical/biological direc-
tor takes charge and the engineering/scientific 
director plays the secondary role. This dual lead-
ership provides a balance between the scientific 
and medical disciplines. 

Circulatory support program 
Table 2 lists the six active programs in this area. 

The initial emphasis on the total artificial heart 
with pneumatic actuation was reviewed critically 
in 1976. Until 1976, the feasibility of a total 
artificial heart was not demonstrated; however, 
in that year the Department of Artificial Organs 
was able to keep a calf alive on a total artificial 
heart for five months.1 Termination of the ex-
periment was due to the growth of the experi-
mental animal; the implanted cardiac prosthesis 
was too small to accommodate the circulatory 
needs of a 200-kg recipient. No major physiolog-
ical or hematological abnormalities were ob-
served during the period of total artificial heart 
implantation. At that time it was decided that the 
continuation of long-term survival Olympics 
would not contribute any additional information. 
The pneumatic actuation system requires an ex-
tracorporeal drive system with percutaneous ac-
tuation tubes. A patient with this type of total 
artificial heart would be tethered for life to the 
machine with the threat of infection through the 
percutaneous tubes. Therefore , although it was 
shown that a pneumatically actuated, biolized 
total artificial heart could be used clinically with-
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* Currently in the planning stage. 

Fig. 1. Artificial Organs: table of organization. 

out any fur ther development or modification, it 
was concluded that this system would have only 
limited clinical applications and could not provide 
full rehabilitation of the patient. T h e total heart 
objective was then shifted to the development of 
a completely implantable total heart system (Fig-
ure 2) that could promise a near-normal life-style 
for a patient. 

In clinical practice there are many occasions 
requiring circulatory support systems (Table 3). 
T o meet the variety of clinical needs, different 
systems are required. T h e extent to which tem-
porary assist devices can reverse myocardial dys-
function has not been clearly defined. Other 
areas of uncertainty remain: to what degree can 
a permanent left ventricular assist device support 
circulation, and who, among the total patient 
population really require ventricular replace-
ment? A strategy was established that called for 
the use of a minimal cardiac prosthesis. Progres-

Table 2. Circulatory support program 
Temporary ventricular assist program 
Permanent ventricular assist program 

Permanent implantable electrohydraulic LVAS 
Permanent implantable thermal-pneumatic LVAS 
Permanent implantable thermal-hydraulic LVAS 

Permanent implantable total artificial heart program 
Nonpulsatile circulatory support program 

LVAS = left ventricular assist system. 

sion should be from minor and short-term appli-
cation to major and long-term application. 

A universal multipurpose cardiac prosthesis 
that would be applicable for temporary, perma-

ARTIFICIAL HEART SYSTEM 

1 2 3 

PUMPING 
CHAMBER 

PUMPING 
CHAMBER 

PUMPING 
CHAMBER 

PUMPING 
CHAMBER 

BODY 

-SKIN 

Fig. 2. Cardiac prosthesis with pneumatic actuation (System 4) 
requires external drive system and power supply. The totally im-
plantable cardiac prostheses currently being developed at the Cleve-
land Clinic are a combination of systems 1 and 2. Power can be 
transmitted through intact skin to the implanted driving system. 
Without the outside power supply, the cardiac prosthesis will op-
erate with the implanted auxiliary power supply for 0 .5-2 hours 
with the electrical system and 8 - 1 0 hours with the thermal system. 
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T a b l e 3. Types of mechanical circulatory support 
devices 

A. Circulatory assist devices 
1. Temporary assist (2 weeks) 

a) left ventricular assist (TLVAD) 
b) right ventricular assist (TRVAD) 
c) biventricular assist (TBVAD)* 

2. Permanent assist (2 years) 
a) left ventricular assist (PLVAD) 
b) right ventricular assist (PRVAD) 
c) biventricular assist (PBVAD)* 

B. Heart replacement (total artificial heart) 
1. Temporary replacement (TTAH)* 

with heart transplantation ( 1 month) 
2. Permanent replacement (PTAH)* (2 years) 

* Two-pump system. 
Temporary assist: parts of all of the system can be outside the 
body; permanent prosthesis: preferably the entire system, including 
actuation, is implanted inside the body. 

nent , b iventr icular , and total assist was d e e m e d 
necessary. T h e deve lopmen t of such a universal 
cardiac prosthesis was begun in 1977. Also, a 
t empora ry clinical vent r icular assist p r o g r a m was 
init iated d u r i n g 1977 utilizing a commercial ly 
available external cent r i fuga l pump . 2 So far , 12 
patients have received this type of t empora ry 
circulatory assistance (Figure 3). Developments in 
the Cleveland Clinic's universal cardiac pros-
thesis have been con t inu ing since 1977 3 (Figure 
4). T h e basic design is a long-term implant inside 
the chest cavity. It is also designed to be coupled 
with various types of implantable energy and 
actuat ion systems u n d e r deve lopment in the 
Uni ted States t h r o u g h the National Insti tutes of 
Heal th . Adapta t ion of the C C F universal biolized 
p u m p is shown in Table 4. Th i s prosthesis has 
been applied clinically as a t empora ry ext racor-
poreal ventr icular assist device in 3 patients. Per-
manen t assist devices a re now in the system de-
velopment a n d evaluat ion stage. Goals fo r com-
pletion of preclinical studies a re 1987 fo r the 
electrically-powered system,4 and 1989 for the 
thermal energy-powered system/ ' Preclinical sys-
tem evaluation of the totally implantable artificial 
heart ' ' is expec ted to be comple ted by 1991 (Fig. 
5). T h e Cleveland Clinic circulatory assist pro-
g ram ' s clinical t ime line is shown in Figure 6. In 
addi t ion, projects on the deve lopment of bioma-
terials, hear t valves, ' and small vascular 
prostheses a re underway . 

O n e innovation in the Depa r tmen t of Art ificial 
O r g a n s has demons t r a t ed that totally pulseless 
circulation is possible.* Animals with two nonpul-
satile blood pumps can be main ta ined with near 

Fig. 3. Simple application of a temporary biventricular assist 
device utilizing commercially available centrifugal pumps. Seven 
left ventricular assists (three long-term survivors), two right ventric-
ular assists, and three biventricular assists have been performed to 
date. 

normal physiology for m o r e than t h r e e months ." 
If this type of circulatory suppor t is feasible, 
cardiac prostheses can be m a d e m u c h smaller , 
m o r e efficient , and m o r e du rab le wi thout hea r t 
valves o r a volume-shif t ing compl iance system.1 0 

PUSHER PLATE 

mT I 

ZMk 
INNER HOUSING 

ACTUATOR (Pneumatic) 

Fig. 4. Components of the multipurpose universal cardiac pros-
thesis. The same components are used in all the pumps, regardless 
of the intended clinical application. Various types of activators can 
be accommodated. 

OUTER HOUSING 
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Fig. 5. T h e future totally implantable total artificial heart. 
Two of the left ventricular assist systems currently under devel-
opment will be used for this application. The systems are im-
planted in the chest cavity, not in the pericardial cavity. This 
allows for its application not only in total replacement, but also 
in biventricular assist. 

Metabolic and immunologica l assist p rog ram 
T h e metabolic assist program was established 

in 1968 and was later expanded in 1978 to in-
clude immunological assist. Achievements are 
summarized in Table 5. Included in this program 
are developments in the artificial kidney, oxygen-

T a b l e 4 . A d a p t a t i o n o f C C F u n i v e r s a l b i o l i z e d 
p u m p 

1. Temporary I.VAD (CCF pneumatic) 
2. Permanent LVAD 

F.lectromechanical LVAD 
(TF.CO System) 

F.lectrohydraulic LVAD 
(Nimbus System) 

Thermopneumatic LVAD 
(Nimbus System) 

Thermohydraulic LVAD 
(University of Washington System) 

3. Total artificial heart 

Adaptable to most of developing circulatory support systems of the 
National Institutes of Health. 

ator, artificial pancreas, hepatic assist, artificial 
blood and plasma t reatment systems for macro-
molecule removal (immunoassist). T h e initial em-
phasis on the artificial kidney was redirected to 
the on-line plasma treatment systems for meta-
bolic and immunological assist dur ing 1974.1 ' At 
that time dialysis research had been oriented 
toward basic clinical studies, and interest arose in 
extending the extracorporeal t reatment technol-
ogies developed for management of renal failure 
to other disorders. In 1972, microporous hollow 
fibers and sheet membranes became available," 
which led to other innovations. T h e development 
of an effective hepatic assist remains a difficult 
problem, since t reatment of blood for metabolic 
disorders is much more complex and difficult 
than is t reatment of plasma. T h e availability of 
on-line plasma separation f rom whole blood pro-
vided incentives for fu r ther developments. At-
tempts to create an artificial liver were started 
more than 20 years ago,1" utilizing freeze dried 
liver tissue preparation; however, the nonavaila-
bility of proper microporous filter membranes 
halted this research for ten years. Metabolic assist 
devices using plasma filters and multiple sorbents 
were initiated in 1974,13 and in 1977, the De-
partments of General Surgery and Gastroenter-
ology cooperated in a clinical hepatic assist pro-
gram.1 4 T h e initial emphasis was on the treat-
ment of acute hepatic insufficiency, and later 
efforts were directed toward chronic liver sup-
port. ' ° One patient suffering f rom sclerosing cho-
langitis has been participating in the chronic liver 
support program for the last two years, and has 
received over 100 treatments. 

Selective removal of macromolecules with cas-
cade double filtration was initiated in 1975. Re-
alizing the limitations of this technology, in 1979, 
on-line t reatment of plasma for removal of mac-
romolecules in the treatment of autoimmune dis-
eases was developed by Malchesky et al and Nosé 
et al.11,16 In one technique, cryofiltration, the 
plasma is separated f rom whole blood with a 
membrane plasma separator and then passed 
through a cooling unit. Cryogel that forms dur-
ing the cooling process is removed by a second 
filter, the cryofilter (Figure 7 and 8). Cryogel 
differs from the classically measured cryoprotein; 
it is composed of various types of macromolecules 
including immunoglobulins, immune complexes, 
complement and activated complements, anti-
bodies and other substances together with fibrin-
ogen and a lbumin 1 ' 1 8 (Table 6). 

Patients suffering f rom autoimmune diseases 
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CCF CLINICAL ARTIFICIAL HEART TIME LINE 

CLINICAL 
PERMANENT 

CLINICAL 
INTERMEDIATE 

CLINICAL 
TEMPORARY 

ANIMAL 
EXPERIMENTATION 
ONLY 

• PERMANENT/TOTAL 
ARTIFICIAL HEART 

• Permanent Left 
Assist System-Thermal 

• Permanent Left Assist 
System-Electrical 

i Intermediate Total Artificial 
Heart—»Transplantation 

3 Clinical cases—Temporary Biventricular Assist • »-

10 Clinical cases—Temporary Ventricular Assist 

# 5 month calf with pneumatic 
Total Artificial Heart 

1 st Total Artificial 
• Heart in Dog (90 min) 

7'/ 1 1—I 1 I I I I I I I I i I I I I ' 
1957 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 

YEAR 

Fig. 6. T h e Cleveland Clinic Foundation, clinical artificial heart time line. 

genera te h igher levels of cryogel in comparison 
to those gene ra t ed f r o m normal plasma. Th i s 
cryogel is highly concen t ra ted in macromolecules 
associated with the disease state.1 9 Apprec iable 
reduct ions in pathologically re la ted macromole-
cules can be achieved in individual t r ea tments , at 
present , being used in the m a n a g e m e n t of rheu-
matoid arthri t is ; one pat ient has been t r ea ted fo r 
m o r e than t h r e e years. T h r e e t r ea tmen t s pe r 
week were necessary initially; however , only one 
t r e a tmen t every two mon ths appears to control 
her clinical symptoms. In 15 pat ients u n d e r g o i n g 
this technique , a 92% i m p r o v e m e n t has been 
shown. Similar results are be ing r e p o r t e d by 
o the r insti tutions using this technique . T h e s e re-
sults a r e much m o r e promis ing than plasma ex-
change (58%) or leukocytapheresis (85%). Over-
all improvemen t of 90% with cryofi l t rat ion treat-
men t is achieved when all publ ished results up to 
April 1983 a re reviewed. 2 Th i s m e t h o d of treat-
men t is also applicable to o the r a u t o i m m u n e dis-
eases a n d metabol ic diseases such as acute liver 
fa i lure with mul t io rgan fai lure. It may be possible 
to a r res t or reverse o the r diseases such as renal 
fai lure, ca rd iomyopathy , and atherosclerosis."1 If 
this is possible, t he n u m b e r of candidates fo r 
hemodialysis or cardiac prostheses may be re-
duced . With the high costs of hemodialysis main-
tenance (current ly 2 billion dollars a year and 
increasing)2 2 and the expected high cost of main-
taining patients with cardiac prostheses (5,000 to 

50 ,000 pro jec ted recipients pe r year),2 3 t he re-
duct ion of potent ial candidates for this main te-
nance is imperat ive. 

Results of studies at ou r insti tution a n d else-
where have shown tha t a l terat ion of h u m o r a l 
factors by cryofi l t rat ion subsequent ly alters eel-

Table 5. Metabolic assist program 
Accomplishments 

1968-1974 Development through clinical testing of two 
artificial kidneys 

I 968-present Development of analytical models for optimi-
zation of dialysis therapy 

1974-1977 Design of membrane oxygenator for cardio-
vascular surgery 

1973-1976 Research on biological agents for detoxifica-
tion in chronic renal failure 

1968-1970 Pioneering research on artificial blood and 
liquid-liquid type blood oxygenator 

1974-1978 Research on biocompatible sorbent technol-
ogy for blood detoxification 

1972-1976 Early development of membrane plasma sep-
aration technology 

1978-1982 Development of drug infusion systems, clini-
cal applications in insulin infusion 

1976-present Development and clinical application of 
membrane plasma separation with on-line 
sorptive detoxification using multiple sor-
bents for acute and chronic liver support 

1979-1980 Development of on-line plasma treatment sys-
tems for autoimmune diseases 

1980-present Clinical applications of cryofiltration, p.asma 
exchange and on-line plasma treatment sys-
tems 
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Fig. 7. Plasma separation and filtration circuit for clinical on-line removal of cryoproteins. 

lular immunology , normal iz ing its func t ion . 
T h e r e a re some indications that the removal of 
macromolecules such as immunosuppress ive 
acidic pro te ins a n d i m m u n e complexes might 

Fig. 8. Continuous cryofiltration system for treatment 
of immunological diseases. The primary filter can be seen 
on the left. T h e macromolecular filter and cooling unit are 
contained inside the large square lid on the right. 

p r o d u c e favorable results for the t r e a t m e n t of 
certain types of cancer . 

O t h e r projects of t he metabolic and i m m u n o -
logical assist p r o g r a m include the deve lopmen t 
of an open- loop miniatur ized insulin delivery 
p u m p 2 4 (Figure 9), and m e m b r a n e oxygena-
tors2"'26 (Figure 10). Both of these types of devices 
have a large clinical d e m a n d . A minia tur ized 
d r u g delivery p u m p can be used for insulin deliv-
ery to the diabetic pat ient , and also for various 
types of con t inuous d r u g delivery including an-
t icoagulation, cancer chemothe rapy , pain con-
trol, and nut r i t ional managemen t . T h e m e m -
b r a n e oxygena to r is useful for open-hear t sur-
gery as well as for ex t racorporea l respi ra tory 
suppor t . In the past, studies were carr ied o u t to 
suppor t renal func t ion with wearable systems. 
Isolated intestinal loops were crea ted in dogs a n d 
filled with dialysate and sorbents . 2 ' T o deve lop a 
biological r ep lacement for the natura l kidneys, 
soil bacteria were investigated2 8 fo r the ability to 
d e g r a d e ur inary waste products . Combina t ions 
of bacteria were isolated. T h e possibility exists 
that with certain types of bacterial combinat ions 
or enzyme systems a n d with water absorbents , an 
implantable renal rep lacement is feasible. 

T a b l e 6 . C o m p o s i t i o n o f c r y o g e l 

Cryoprotein Complement 

Immune complexes Activated complement 
Immunoglobulin Endotoxin 
Fibronectin Antibody 
Fibrinogen Albumin 

Composition of cryogel varies as a function of the disease state; it 
is affected by temperature, pH, electrolytes, and the addition of 
macromolecules such as heparin. 
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fection. All the cardiac prostheses p r o d u c e d since 
1977 in o u r D e p a r t m e n t have this type of surface 
t r ea tmen t . Because it does not p r o m o t e cellular 
deposi t ion, it may be ideally suited to small vas-
cular prostheses. Th i s is cur ren t ly be ing s tudied, 
as well as b lood compatibil i ty re la ted to hemodi -
alyzers, plasma filters, and oxygenators . 

Dur ing the last f o u r decades, cellulose m e m -
branes have been used for hemodialyzers . Since 
they a re effect ive fo r removal of u remic toxins, 
a n d since o the r types of m e m b r a n e s were not 
available, in-depth b lood compatibil i ty studies of 
hemodialyzers were not car r ied ou t until re-
cently. T h e t ransient reduc t ion of leukocytes at 
the onset of a dialysis p r o c e d u r e was not iced as 
early as 1 9 6 0 / ' bu t its impor t ance was not rec-
ognized for some t ime. La te r it was cons idered 
to be related to c o m p l e m e n t activation3 2 and 
could be alleviated if m o r e b lood-compat ib le 
polymeric m e m b r a n e s such as polymethylme-
thacrylate (PMMA) were used.3 3 Mult iple use of 
dialyzers p roduces less leukocyte reduc t ion a n d 
complemen t activation ,33 Fo rma ldehyde solution 
is used fo r sterilization in mult iple use of dialy-
zers. T h e surface of the dialyzer is covered by 
the pat ient ' s p ro te in a f t e r its first use; these sur-
face prote ins a r e subsequent ly crosslinked by an 
a ldehyde solution. Th i s is essentially the same as 
the "biolization process," a n d be t t e r b lood com-
patibility can be expec ted , as was shown by o u r 
blood p u m p studies. 

Var ious types of allergic or anaphylac togenic 
react ions have been r e p o r t e d a f t e r the use of 
cellulosic m e m b r a n e dialyzers. T h e r epea t ed ex-
posure of a fore ign surface to b lood d u r i n g 
chronic hemodialysis p roduces acute immunolog-

Fig. 10. Hand-held coil membrane oxygenator developed by 
the Cleveland Clinic. 

B i o m a t e r i a l s a n d compa t ib i l i t y p r o g r a m 

Initially, the biomaterials p r o g r a m focused on 
blood compatibili ty because one of the ma jo r 
p rob lems with the cardiac prosthesis had been 
t h romboembo l i c p h e n o m e n a . T h e in t roduct ion 
of smooth surface po lyu re thane a n d pseudo-
neo in t ima- fo rming surfaces m a d e possible the 
use of clinically acceptable p u m p systems. How-
ever, comple te el imination of t h romboembol i sm 
f r o m smooth surfaces a n d limitation of pseudo-
neoin t ima growth on fabric o r f locked surfaces 
were difficult to achieve. T h e in t roduct ion of the 
"biolization hypothesis" 29 and the biolized cardiac 
prosthesis3 significantly r educed t h r o m b o e m -
bolic occurrences even with implantat ions of the 
pumps for up to seven months . 

Typically, the biolized surface is c rea ted by 
coat ing the inside surface of the p u m p with pur-
ified gelatin and crosslinking it with aldehyde. 3" 
Th i s hydrophyl ic smooth surface does not a t t ract 
platelets or f ibrin. T rans i en t deposi t ion of white 
cells is seen two weeks a f t e r implantat ion; how-
ever , these white cells d o not remain on the 
biolized surface but general ly detach within a few 
days. Th i s a t t achmen t and d e t a c h m e n t process 
cont inues t h r o u g h t o u t the per iod of implanta-
tion. So far t he re has been no evidence of even 
partial monolayer cellular coverage in up to seven 
m o n t h s of implanta t ion . Th is biolized surface 
seems to be resistant to calcium deposi t and in-

Fig. 9. Small, open-loop insulin delivery pump that can 
be worn by the patient. T h e batteries and syringes enable 
delivery of approximately one week's supply of insulin. 

 on May 24, 2023. For personal use only. All other uses require permission.www.ccjm.orgDownloaded from 

http://www.ccjm.org/


102 Cleveland Clinic Quarterly Vol. 51, No. 1 

Hageman factor • 
(Factor XII) 

I 
Activated Hageman factor 

I 
Intrinsic Coagulation Cascade 

1 
Prothrombin »-Thrombin I 

Fibrinogen — > Fibrin 

prealbumin 
Hageman factor fragments 

Plasminogen • Plasmin 

I 
Fibrin — > Fibrinopeptides 

(or Fibrinogen) 

Coagulation system Fibrinolytic system 

C1 

C1 

1 C4 
C2 

C42 
C3-

(Kf) 

Prekallikrein —*• Kallikrein 

r - 1 
Kininogen—> Kinin 

(Bradykinin) 

Kinin system 

cn 
r 

Adherence 

P la te le ts—> Factor 3 

lysis 
> k 

C3b + C3a (anaphylatoxin) 

C5 j, 
C5b+C5a 

- C 6 I 

C7 4 
C567 

C8 I 
C9 4 

C 5 - 9 
— Cytolysis 

Fig. 11. The interrelation of the coagulation, complement, fibrinolytic, and kinin systems. (From 
Kokichi Kikuchi ed. Medical Immunology, Nankodo: Tokyo, 1980, p 109.) 

ical reactions if the dialyzer membrane is not 
biocompatible. Even though severe acute reac-
tions are few, such as 3.5/100,000 dialyses,34 

minor allergic reactions occur in about 1 % of the 

T a b l e 7 . E f f e c t s o f b i o c o m p a t i b i l i t y o f m a t e r i a l s 
u s e d f o r h e m o d i a l y z e r s 

I. Immunologically mediated acute complications 
Hypersensitivity 

Allergic reaction 
Anaphylactic shock 

Pyrogen reaction 
Transient reduction of leukocytes 
Transient hypoxia 
Transient hypotension* 

II. Immunologically mediated chronic complications 
Atherosclerosis 
Infection 
Immune deficiencies 
Malignant tumor 

* Sodium and fluid depletion may also cause this. 

patient population, and more than 10% of the 
patients show transient cardiopulmonary func-
tion derangement. Transient hypotension and 
transient hypoxia are the most notable symptoms. 
This type of complication may be related some-
what to the compatibility of dialyzers. The re is 
an indication of a close correlation between pul-
monary hypertension and transient reduction of 
leukocytes in sheep as acute immunological com-
plications. Chronic immunological complications 
of hemodialysis should not be overlooked. Since 
there is a high incidence of atherosclerosis, can-
cer, and infection among hemodialysis patients, 
multiple immunological challenges should be 
avoided (Table 7).™M 

Heparin is routinely used for extracorporeal 
circulation. The effects of its repeated use have 
been overlooked. However, our recent studies 
indicate there is a relationship between heparin 
and the transient reduction of leukocytes. T h e 
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compatibility of biomaterials cannot be inter-
preted only by the complement system. Our stud-
ies indicate that there is no direct or close corre-
lation between leukocyte reduction and comple-
ment system alone. T h e interrelation of the co-
agulation, complement, fibrinolytic, and kinin 
systems is shown in Figure 11. T h e Department 
plans fur ther studies to introduce methods and 
devices to reduce acute and chronic immunolog-
ical complications for the patient requiring re-
peated extracorporeal therapies. Cryofiltration 
removes activated complements and does not 
produce as many acute complications as hemo-
dialysis. Better polymeric membranes are becom-
ing available. In addition, immunomodulation is 
possible, thus assuring a better-planned treat-
ment system in the future. 

Skeletomuscular assist program 
Although various types of orthopaedic 

prostheses are widely used, fur ther improvement 
and development of new types of joints and bones 
are critically needed. T h e Department of Ortho-
paedic Surgery has been active in developing new 
and refined skeletomuscular assist prostheses, 
and in studying the biomechanical aspects of 
bones, joints, and muscles. Further study of the 
biomaterial aspects of these implants is war-
ranted. The skeletomusclar assist program is in 
the process of being integrated into the artificial 
organs program at the Cleveland Clinic. 

Conclusion 
The introduction and institution of new types 

of therapeutic artificial organs should reduce the 
number of end-stage organ failure patients. For 
example, the etiology of end-stage renal failure 
is largely of immunological origin, whereas end-
stage heart failure patients who are candidates 
for cardiac prostheses have either artheroscler-
otic coronary disease or cardiomyopathy, both of 
which are autoimmunological diseases. Plasma 
treatment of these diseases during the early 
stages could prevent fur ther progression. This 
would reduce the need for artificial organs. How-
ever, we believe the best medicine is prevention, 
which will afford longer life of better quality. It 
is my hope that, ultimately, there will be no need 
for artificial kidneys or hearts. 
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