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Abstract: In patients with end-stage heart failure, heart transplants are now an ingrained practice, as they
provide satisfying long-term results with good predictability and quality of life. The successful outcome has
evolved from the development of effective immunosuppression, recognition of allograft rejection through
diagnostic modalities and improvement in donor organ perfusion. Unfortunately, transplant availability is
constrained by the shortage of donor organs and is therefore considered a casuistic therapy. The outcome
is defined by unwanted effects of immunosuppressants, increased tumor occurrence and chronic transplant
angiopathies. In the long term, patients fear primarily the occurrence of renal insufficiency and secondly
osteoporosis with its skeletal complications and corresponding pain. Nevertheless, the overall quality of
life is not very limited; on the contrary, patients demonstrate a surprisingly meaningful lives 10-20 years
after the transplant. Their physical presentation is similar to those with varying co-morbidities. Most of the
20-year surviving patients are physically active and happy with their daily lives. Medical ambition has
seen heart transplantation become reality and develop into an influential force regarding heart surgery,
immunology, pharmacology, organ logistics and medical ethics. Its development has also molded our
definitions of death and has driven public and health care approval of medical advances. It has provided
a strong solidarity among politicians, sociologists, physicians and citizens. Problems regarding ethics
continue to endure, and will forecast heart transplants as a defining, but temporary era in human medicine.
The donor organ shortage has stimulated the use of resuscitated donor hearts and encouraged exploration
and advancement of mechanical circulatory support systems and xenotransplantation as alternatives in the

management of end-stage heart failure.
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Introduction transplantation in hospitals around the globe. In Germany, the
first two heart transplantations were performed in Munich,
which was resumed by Munich hospitals in the 80s, followed

by our group in Hannover in 1983.

The advent of heart transplantation has significantly influenced

the modalities in advanced heart failure treatment and is

now considered the therapy of choice for suitable patients.
Since Barnard’s first heart transplantation (1) on the 3rd of
December 1967, heart transplantation has been significantly
advanced through findings and insights of Shumway group
at Stanford University during the 70s (2). They established
a quality standard that enabled the implementation of heart
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After completing 72 heart transplants in the time frame
of 2 years (3) and with survival rates exceeding 20 years, our
group relocated to Berlin in April 1986, where we launched
an energetic transplantation program. Within 28 years of
relocation, we completed 1,804 heart transplants, of which
189 were in children, 52 as re-transplants and 101 conjoined
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Figure 1 Technique of orthotopic heart transplantation.

heart and lung transplants.

This report briefly describe our experience in heart
transplantation medicine with regards to the procurement
and preservation of donor organs, surgical technique
of heart transplantation, graft rejection monitoring,
immunosuppression and its graft-associated diseases
and sequelae as well as long term outcomes in terms of
growth of transplanted hearts, psychosocial development
of transplanted patients as well as survival. Likewise, this
report summarizes pertinent issues, i.e., extended donor
criteria using resuscitated hearts, transplantation for
congenital heart diseases and use of ventricular assist devices
as bridge to transplantation and ethical dilemma. Moreover,
an outlook to resolve the current donor organ shortage is

described.

Transplantation medicine
Donor organ perfusion

Donor organs are explanted after multiple successive brain
death confirmations, flushed with protective solutions,
cooled with ice and brought to the recipient, whereby
ischemic times are tightly regulated to under 4-5 hours. In
the mid-2000s, we began using mechanical ex vivo perfusion
using the Organ Care System (OCS) (see section on OCS)
which preserves the beating heart in a 34 °C perfused
oxygenated status from procurement to transport until
transplantation. This facilitated a longer extracorporeal
time (minimum 8 hours) which is highly applicable not only
when organ procurement takes place in a distant location
but also by minimizing the damage caused by cold ischemic
preservation.
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Techniques of beart transplantation

Most cardiac transplantations are implemented
orthotopically (Figure I), a technique greatly standardized
in such procedures. The bi-caval anastomosis technique
has largely replaced the bi-atrial approach due to lesser
tricuspid insufficiency (4). However, tricuspid insufficiency
has shown to be eliminated if the bi-atrial approach is
executed as exhibited and suggested by the Stanford Group
in the 1970s. Despite good long-term survival, execution
of a cardiac transplant heterotopically has largely been
deserted due to less encouraging outcomes.

Monitoring of graft rejection

Transplanted organs are at risk of suffering graft rejection
via cellular or humoral (antibody-mediated) mechanisms.
The early diagnosis of graft rejection, even before becoming
clinically evident, is playing an increasingly important role.
This has already been addressed back in the 70s, where the
Stanford group developed the percutaneous transvenous
endomyocardial biopsy, which for a while was considered
gold-standard in early diagnostics of graft rejection.
Nowadays, myocardial biopsy is indicated when rejection
is clinically or echocardiographically suspected, in order to
assess its character and severity. Since 1986 we use a non-
invasive intramyocardial electrocardiogram for monitoring
rejection (5,6). In this technique, we implant a telemetric
pacemaker with electrodes on the right and left ventricles
during the transplantation, enabling us to monitor the ECG
every night. It was documented that a decrease in the QRS
amplitude by 10% relative to previously measured values
is highly sensitive to a graft rejection process (Figure 2).
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Figure 2 Monitoring of graft rejection.

The evolution of the QRS amplitude also enables
documentation of the course of rejection. This monitoring
system likewise allows observation of patients that are not
in our proximity—for instance the monitoring of a patient
from Japan that was transplanted in our center and who
returned home for continued medical care.

Echocardiography in the form of tissue duplex or
strain and strain rate measurements are also important
non-invasive methods in the diagnosis of graft rejection,
however, it requires a certain level of expertise of the
examining physician and is bound to the transplant clinic.

It can be said that an acute graft rejection can be
diagnosed with certainty, provided the aforementioned
diagnostic modalities are implemented consistently.

Immunosuppression

Immunosuppression of transplanted patients has had a long
and tortuous history. An important turning point was the
introduction of cyclosporin-A, which was used for the first
time at the Stanford University in 1980 for heart transplants (7).

The initial form was a high-dose monotherapy with
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Date and time
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cyclosporine, which however was associated with significant
organ toxicity. The group of Cabrol in Paris introduced a
four-fold therapy with antithymocyte-globulin and steroids
for induction and delayed cyclosporin-A therapy (8). We
have practiced an induction therapy with antithymocyte-
globulin and a moderate continuous-threefold-therapy
with cyclosporin-A, Azathioprine or rather modern
antiproliferative mycophenolate mofetil and everolimus,
and steroids (3).

When acute graft rejection was suspected or confirmed,
we intensified the immunosuppression, initially by
giving methylprednisolone boluses or, in the case of
rejection persistence or hemodynamic deterioration,
antithymocyte-globulin and, if necessary, plasmapheresis
and immunoadsorption.

Outcome

Late graft-associated diseases and sequelae of
immunosuppression therapy

Transplant vasculopathy
Development of cardiac allograft vasculopathy (CAV) has
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become a contributor of mortality in the long-term follow-
up of transplant patients and is the most frequent cause for
necessity of re-transplantation. CAV is characterized by a
proliferation of vascular smooth muscle cells, that begins in
all vessel parts, develops differently in different regions, may
be masked by classic arteriopathies and may lead to acute
or chronic ischemia of the transplanted organ. However,
despite multiple immunologic and non-immunologic
risk factors having been identified in its pathogenesis, its
management remains insufficient, albeit the use of statins
and certain immunosuppression protocols providing
promising options. Although stenotic changes of epicardial
coronary arteries are manageable with interventional or
surgical revascularization in non-transplant patients, they
do not prove a prognostic advantage (8). This is due to
the additional frequent presence of distal microvascular
arteriopathies, which contribute to the occurrence of
fatal cardiac events and thus have a deleterious effect on
prognosis (9). The latter impedes on diagnoses made by
coronary angiography, which remain the gold standard in
the diagnosis of CAV due to their ubiquitous availability.

Tumor development

A persisting challenge for patients who underwent heart
transplantation is the development of neoplastic diseases,
foremost lymphomas and various iterations of post-
transplant lymphoproliferative diseases (PTLD). The
latter seems to arise as the consequence of continued
improvement of long-term immunosuppressants. A major
factor presumed to drive neoplastic transformation may also
be due to the Epstein Barr virus (EBV), as such cancers are
frequently seen to contain the EBV genome. The EBV-
seronegativity at transplantation suggests a higher potential
risk in children for the development of PTLD than in adult
patients (10). Furthermore, it has been postulated that an
induction therapy may enhance the possibility of developing
cytomegalovirus (CMV) disease and PTLD (11). However,
no causality could be demonstrated between induction
therapy and the incidence of CMV disease.

Other comorbidities

After transplantation, de novo pathologies may arise, or an
exacerbation of antecedent comorbidities may occur. Within
1 year after transplant, 75% have become hypertensive,
a figure that rises to 95% within 5 years post-transplant.
Thirty-five percent suffer renal insufficiency within
5 years post-transplant, with 10% having a creatinine level
of >2.5 mg/dL, 2-3% requiring long-renal replacement
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therapy and a few necessitating a kidney transplant. The
development of insufficient kidney function post-transplant
is grounded on the use of cyclosporin-A, the presence of
hypertension and atherosclerosis, ultimately requiring
specialized nephrological treatment (12).

Important side effects of the transplant and the
immunosuppressive treatment are the development of
hypertension, 75% of the patients develop this during
the first year after the transplant and after 5 years, it is
detectable in 95%. Similarly, 35% of patients develop renal
insufficiency within 5 years, and later on the number of
those who eventually need to be dialyzed and who may also
need a kidney transplant increases steadily. Late renal failure
is primarily associated with chronic cyclosporin-A intake. It
is lower in other forms of immunosuppression.

Hyperlipidemia, and especially hypercholesterolemia, is
noticeable in most of the patients and a significant proportion
of patients also develop diabetes mellitus 2—5 years after
transplant. The constant connection of the patients to
a specialized center is therefore of great importance for
monitoring and determines to a high degree the chance for
the patients to experience a good long-term result.

Cardiac transplant growth

Data regarding growth and development of cardiac
transplants in very young patients is insufficient and only
few address cardiac remodeling after transplant. Studies on
our patients have shown, that despite the use of steroids
and intensive immunosuppressive regimens, growth has
been normal (13). The transplanted organs showed normal
growth, despite the initial discrepancy between donor and
recipient weight and total body surface area (14) (Figure 3).
Relatively large or small donor organs were able to adapt to
the necessities of the recipients’ circulations within months
of implantation and reached weight and surface area
adequate sizes.

Psychosocial development of a beart transplant patient

Psychological evaluations of 182 patients in respect
to the mental ramifications of cardiac transplants
have demonstrated a significant effect of chronic
immunosuppressive therapy in combination with social
insecurity, with regards to the development of depression.
Overall, transplantation recipients do not fail to thrive
in psycho-social aspects, with scores similar to the wider
public (15). However, some suffer impairment, both in their
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Figure 3 Cardiac dimensions and volumes measured over time after transplantation. (A) RVEDD; (B) LVEDD; (C) RVEDV; (D) LVEDV;
(E) RV myocardial mass; (F) LV myocardial mass. RVEDD, right ventricular end-diastolic diameter; LVEDD, left ventricular end-diastolic
diameter; RVEDV, right ventricular end-diastolic volume; LVEDYV, left ventricular end-diastolic volume; RV, right ventricular; LV, left

ventricular.
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re-adjustment to their professional routine and in their
functional activity, in comparison to their colleagues.

Survival

In accordance to the ISHLT Report of 2019, the survival of
transplanted patients encompassed by the Stanford Group in
the 1980s reached a figure similar to the present (16). Survival
rates of our transplanted patients over the past 25 years
were 78%, 62%, 48%, 36% and 22% after 1, 5, 10, 15 and
20 years, respectively. This encompasses all patients including
those that have been transplanted after bridging with an assist
device or a total artificial heart. The results have deteriorated
especially during the last years due to the fact that patients
are only transplanted if they are categorized as “high-urgent”,
are intensive-care patients or are catecholamine dependent,
or are suffering from an acutely life-threatening complication
on an assist device, the latter representing the majority. Such
complications encompass infections of the assist device or
embolic events such as a stroke. Donor organ paucity has also
led to the use of organs from increasingly older donors that
do not possess optimal organ function.

Donor organ shortage

Lack of donor organ is regarded as the emergent issue
in transplantation medicine. Its scarcity resulted to a
decrease in number of transplantations and an enhanced
prolongation of recipient waiting times correspondent to
increase in mortality and progressive organ deterioration
while on the transplant waiting list.

Extended donor criteria

Albeit transplant medicine centered on young donors
(<35 years old), most demographic restrictions have been
modified, and organs from up to 70-year-old donors are
now transplanted, as long as there are no pathologies or
anomalies. In Europe, it is now common to transplant
hearts from donors up to 65 years old, with ventricular
hypertrophy or with a history of extended cardiac arrest.
Despite utilizing these marginal donors, donor organ
scarcity persists.

The use of resuscitated donor bearts in heart

transplantation

Expansion of organ donor criteria is an essential strategy
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to implement the limited organ availability. In light of the
scarcity of donor organs, the use of hearts from patients who
expired from cardiopulmonary arrest has been considered
[Donation after Circulatory Death (DCD)] to bridge the
gap. This idea was supported by the observation that donor
hearts retains viability and functionality after successful
donor resuscitation, provided that the donor normal cardiac
function is restored. Data from several retrospective review
support the notion that if standard donor and recipient
transplantation criteria are met, a history of donor cardiac
arrest should not preclude an organ for consideration for
clinical transplantation. A major factor is the duration of
circulatory arrest. Ali er al. (17) described the successful
transplantation of a heart retrieved from a donor who
suffered circulatory arrest for 23 minutes. Several groups
in Belgium, Australia, UK and the US have developed
concepts to sustain viability of donor organs before
explantation with the help of perfusion systems (18-20).
The criteria for brain death naturally play a major role in
this regard. Rajab and Singh (21) suggested OCS-assisted
perfusion of an organ obtained from a DCD donor, in order
to assess possible (long-term) restoration of cardiac function
and hence decide on transplant viability of that organ.
Future studies and improvements in regard to this topic are
still to be expected.

ocCs

The expanding deficit between allocation and necessity
for allografts in conjunction with altering the specifics of
both donors and recipients have preceded to the revival
of enthusiasm over mechanical perfusion to enhance the
quality and quantity of donor hearts for transplantation.

New perspectives have been created in transplant
medicine and its patients through the mechanical perfusion
of donor organs. So far, organs were disconnected from
their circulation and flushed with a cardioprotective
solution, transported in containers cooled to 4 °C and
transported to the transplant center within a few hours
to ensure implantation as swiftly as possible. A constant
mechanical perfusion with a blood-like solution at body
temperature may prolong conservation times and minimize
organ damage. In addition, donor organs that used to be
declared unusable, could now be revitalized.

The OCS is used to resuscitate and effectively
implant donor hearts from patients that have suffered a
cardiopulmonary death and is available in countries such
as the United Kingdom, Australia, Belgium and Austria
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(22,23). This system is also used for organs retrieved from
donors who have suffered from an irreversible brain death.

Prolonged conservation times enable transportation
of lungs and hearts from distant European countries to
Germany.

The donor heart is immediately connected to the
OCS system after explantation and kept in a contractility
state until its disconnection for implantation. The system
sustains cardiac viability through continuous perfusion
with oxygen-rich blood, which is enhanced by TransMedics
solutions designed to minimize inflammatory reactions and
sustain the cardiac tissue during transport. At least 1,100
mL of the donor’s blood is required for the system filtered
by a TransMedics blood collection set and, together with
the TransMedics solutions, is used to continually perfuse
the donor organ. Monitoring and control of hemodynamic
and metabolic parameters are vital during transport. Heart
transplantation and subsequent standard patient care is
performed (24).

"Transplant surgeons regard mechanical perfusion systems
a means to improve transplant medicine and increase the
number of donor organs. Although this system is used
in Germany for heart- and lung-transplantation, it is not
financed or covered by medical insurance companies (25).

Special issues
Transplantation for congenital beart diseases

The transplantation for complex congenital heart defects
and heart failure requires an individually adapted surgical
procedure (26,27). However, it is not merely the technical
modification in accordance with the original error or the
corrective surgery already carried out before the transplant (28)
but also the consideration of the chronic changes in the
systemic and pulmonary tract, which have sometimes occurred
over many years. Patients with a situs inversus can also be
transplanted with certain technical variations (29,30).

We had patients (n=17, 1.6-17 years of age) suffering
from transposition of the great arteries and who have
undergone an atrial switch operation or a complete
correction of the transposition can be managed with
intraoperative modifications of the atria and atrial septum.
It is also possible to successfully transplant patients post-
Fontan-operation (n=10; 5 children, 2-16 years old; 5
adults, 21-58 years old). In these cases, timing of the
transplantation is vital, as chronic changes of the systemic
venous circulation may have been established and are thus
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prone to higher risk of failure. However, there is a future in
the use of mechanical circulatory support systems for early
circulatory improvement (29).

Use of mechanical circulatory assist devices as a bridge to
transplantation

Successful implementation of circulatory support with the
aim in bridging time towards transplantation was performed
by us in Berlin, Germany in1987 in an adult and in 1990
in a child (31,32). The 8-year-old boy was supported by a
pulsatile-flow, paracorporeal left ventricular assist device
(LVAD) of adult size (32). This case led to the development
of ventricular assist devices for all ages, from infants to
adults in collaboration with the Berlin Heart company.
Up to date, these systems are the only support systems
available for and neonates and children (under 15-20 kg
body mass) (33,34). Additionally, many new devices have
been developed based on centrifugal mechanisms, in which
blood flow is not created in a pulsatile manner, but is rather
propelled continuously by a turbine (35,36).

These types of systems are quiet, require less energy
and have now been in practice for 8-9 years. The bridge-
to-transplant concept is still implemented today, having
paved the path towards developing permanent, implantable
mechanical circulatory support devices that, in light of
donor organ scarcity, are of vital importance in heart
transplantation and that may be considered in patients that
do not qualify for transplant, such as those over 65 years
of age. Especially in this age group, the number of heart
failure patients increase drastically, making the increased use
of such assist devices in these types of patients an expected
foresight.

Ethical dilemma

Heart transplantation, a procedure with which a terminal
patient may regain normal physical capacities within a short
period of time, is a humbling and fascinating experience.
This, however, does not entail a longer life expectancy,
being on average 10-12 years. Pathologies of the
transplanted organ itself, such as CAV, lead to limited life
expectancy, which is currently at most 30-35 years. During
this time, many patients may require re-transplantation to
remain alive. Donor organ paucity warrants the criticism on
the concept of re-transplantation, which must be weighed in
its importance compared to patients that await and require
their first transplantation.
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Over time, the risk of developing graft vasculopathy
increases, sometimes necessitating a re-transplant to avoid
mortality. Re-transplant outcomes are certainly poorer than
the outcomes of primary transplants, whilst additionally
entailing critical ethical problems. A potential ethical
resolution may involve the implementation of mechanical
circulatory support devices, which are conveniently
exchangeable in the event of device malfunction. Rapidly
technological advances in regard to these pumps may
eventuate their implementation for long-term support,
as is the present case in the older population and in fewer
instances in children.

Perspectives

Despite the extensive efforts to increase availability of
allografts, i.e., transplanting resuscitated donor hearts
and extracorporeal mechanical donor heart perfusion,
the scarcity of donor organ prevails, hence the search for
alternative to allografts have begun.

Xenotransplantation

Improvements are being seen in the results of organ and
cell allotransplants. The paucity of donor organs however
remains the largest problem of transplant medicine (37).
Xenotransplants between pigs and humans could lead to
an unlimited supply of organs and bridge the gap of organ
deficit (38).

Xenotransplantation is not a novel concept, having been
performed in multiple clinical trials in the past 300 years (39).
Examples include the clinical xenotransfusion of blood
performed by Jean Baptiste Denis in the 17" Century, porcine
corneal xenotransplantation in the early 19" century and
the xenotransplantation of non-human primates (NHPs) by
Reemtsma in the 1960s (39,40) and many more (41). A general
overview of the field of xenotransplant models for NHP from
pigs (until 1997) was published by Lambrigts et 4/. (42) and its
progress from 1997-2013 published in 2014 (43).

In recent years, results are improving in the use of
genetically altered pigs as organ donors, sparking hopes to
initiate such trials in clinical studies (44-46). New studies
are describing the preemptive selection of patients to
undergo the first clinical studies for xenotransplantation of
organs and of pancreatic islet cells (47).

Cardiac xenotransplantation
Mohiuddin ez al. (48) have shown long-term survival of

© Cardiovascular Diagnosis and Therapy. All rights reserved.

NHPs who received genetically modified, heterotopic
heart transplants from pigs. As a result of porcine genetic
modifications (GTKO.hCD37.hThrombomodulin) in
combination with a successful management plan based
on the use of chimeric monoclonal anti-CD30-antibodies
(mAb), humoral rejection and dysregulation of the
coagulation cascade could be prevented and the survival of
the xenotransplanted organ was ensured for over 900 days.
Iwase er al. (49) were able to successfully demonstrate
the prevention of T-cell activation with the combined
use of anti-CD30 mAB and belatacept in heterotopic
xenotransplantation models from pigs to baboons.

Ethical and regulatory aspects

Important considerations in the approach to clinical studies
surround xenotransplantation are ethical questions (50), the
acceptance of xenotransplantation by hospital staff (51) and
the general population with varying cultural and religious
backgrounds (52-54). Schuurman has recently discussed the
regulatory aspects of xenotransplantation in Europe and the
United States in multiple publications (55,56).

The future of xenotransplantation

With the experience gained (38,57) and new developments
(48,58,59) in xenotransplants, the first application of
pancreatic islet cells as xenotransplants can be reached (46).
The research community must decide upon: (I) whether
successful orthotopic heart transplantations in pig to NHP
models must precede clinical trials (60) and (II), whether
preclinical thresholds can be loosened with regards to
kidney xenotransplants (61).

The renaissance of xenotransplantation is apparent (45,62),
where survival of xenotransplanted cells and organs have
been prolonged with the use of costimulation blockers (63,64).
It is foreseeable that our increasing knowledge on the porcine
genome (65) will lead to further genetic manipulations in the
future. It can be said that the clinical application of cardiac
xenotransplantation is more in our reach than ever.
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